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Liu D, Wang S, Tomovic mm. Degradation modeling method for 
rotary lip seal based on failure mechanism analysis and stochastic process. 
Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 22 (3): 
381–390, http://dx.doi.org/10.17531/ein.2020.3.1.
Rotary lip seal is widely used in aircraft and its performance affects the safety of 
the aircraft. Hence, it is necessary to estimate useful lifetime and reliability of the 
seal. Degradation of rotary lip seal is always with random effects, which cannot be 
considered by theoretical failure mechanism analysis. Hence, in order to consider 
the random effects of rotary lip seal degradation, stochastic processes are applied. 
Furthermore, considering the monotonic degradation of the seal, gamma process 
and inverse gaussian process are selected as the candidate processes. To combine the 
candidate processes, Bayesian model averaging is introduced. Based on the failure 
mechanism analysis and numerical simulation, the theoretical wear path is predicted 
and corresponding linearization method is proposed. The measured degradation data 
is converted and the seal wear process is transformed to a linear degradation process. 
The model parameters and model probabilities are evaluated by fully Bayesian in-
ference method. The effectiveness of the proposed method is verified by comparing 
the predicting degradation and experimental observations. The proposed method 
can be used to evaluate reliability and useful lifetime of rotary lip seal. according to 
sensitivity analysis, an effective way to improve lifetime and reliability of the seal is 
to increase the wear depth threshold.

Liu D, Wang S, Tomovic mm. Metoda modelowania degradacji obroto-
wego uszczelnienia  wargowego w oparciu o analizę mechanizmu uszkodzenia i 
proces stochastyczny. Eksploatacja i niezawodnosc – maintenance and Reliability 
2020; 22 (3): 381–390, http://dx.doi.org/10.17531/ein.2020.3.1.
Obrotowe uszczelnienia wargowe znajdują szerokie zastosowanie w samolotach, a ich 
sprawność wpływa na bezpieczeństwo statków powietrznych. Oznacza to, iż szacowanie 
żywotności i niezawodności tego rodzaju uszczelnień ma kluczowe znaczenie. Degradacja 
obrotowego uszczelnienia wargowego jest zawsze związana z efektami losowymi, których 
nie uwzględnia teoretyczna analiza mechanizmu uszkodzenia. Dlatego też do oceny efek-
tów losowych degradacji obrotowego uszczelnienia wargowego wykorzystuje się procesy 
stochastyczne, takie jak proces gamma czy odwrotny proces gaussa. W przedstawionej 
pracy, wybrane procesy degradacji łączono za pomocą metody bayesowskiego uśredniania 
modeli. Na podstawie analizy mechanizmów uszkodzeń i symulacji numerycznej, konwer-
towano uzyskane w pomiarach dane degradacyjne, co pozwoliło na przekształcenie procesu 
degradacji obrotowego uszczelnienia wargowego w proces liniowy. Parametry modelu  
i prawdopodobieństwa oceniano za pomocą metody pełnego wnioskowania bayesowskiego 
na podstawie obserwacji degradacji. Skuteczność przedstawionej metody weryfikowano 
porównując przewidywane i obserwowane wartości degradacji. Proponowaną metodę 
można wykorzystywać do oceny niezawodności i żywotności obrotowego uszczelnienia 
wargowego. Przeprowadzona analiza czułości pokazuje, że skutecznym sposobem na 
poprawę żywotności i niezawodności omawianego typu uszczelnienia jest zwiększenie 
progu uszkodzenia w postaci maksymalnej głębokości zużycia.

Pawełczyk M, FulaRa S, SePe M, De luca a, BaDORa M. Mo-
nitorowanie oraz bazująca na danych predykcja parametrów roboczych 
przemysłowej turbiny gazowej. Eksploatacja i niezawodnosc – maintenance and 
Reliability 2020; 22 (3): 391–399, http://dx.doi.org/10.17531/ein.2020.3.2.
w artykule przedstawiono przegląd klasycznych i aktualnych metod przewidywania 
parametrów operacyjnych oraz potencjalnych usterek turbin gazowych. Dodatkowo zapre-
zentowano porównanie wybranych modeli opartych o uczenie maszynowe, w tym modeli 
wykorzystujące sztuczne sieci neuronowe.  Przeprowadzone badania dotyczyły analiz 
poziomu ciśnienia ze sprężarki turbiny gazowej lM2500 czwartej generacji (lM2500+G4) 
połączonej z dwustopniową turbiną roboczą. Badany parametr podlega sterowaniu i może 
posłużyć do wyrównania sił osiowych działających na łożysko główne wału wysokiego 
ciśnienia w celu zapewnienia stabilnej i niezawodnej pracy turbiny gazowej. Jednocześnie 
jego bezpośredni pomiar jest kosztowny stąd potrzeba dokonania pośredniego pomiaru  
z wykorzystaniem innych czujników zamontowanych na turbinie. Dane wejściowe do ana-
liz otrzymano dzięki uprzejmości producenta turbin, firmy BHGe. zawierają one parametry 
bezpośrednio pobrane z monitorowanych turbin gazowych. Modele uczenia maszynowego 
otrzymane w wyniku analizy charakteryzują się średnim błędem procentowym (MaPe) na 
poziomie poniżej 1%. Najmniejszym błędem charakteryzują się modele otrzymane przy 
zastosowaniu lasów losowych (Random Forest) oraz gradientowego wzmacniania regresji 
(Gradient Boosted Regression). Przetestowano także zastosowanie wielowarstwowych, 
w pełni połączonych sztucznych sieci neuronowych, których efektywność okazała się 
niższa od modelu opartego o algorytm lasów losowych. w podsumowaniu podkreślono 
wagę dostosowywania hiperparametrów i inżynierii cech. 

Pawełczyk M, FulaRa S, SePe M, De luca a, BaDORa M. 
Industrial gas turbine operating parameters monitoring and data-driven 
prediction. Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 
22 (3): 391–399, http://dx.doi.org/10.17531/ein.2020.3.2.
The article reviews traditional and modern methods for prediction of gas turbine 
operating characteristics and its potential failures. moreover, a comparison of machine 
learning based prediction models, including artificial Neural Networks (aNN), is 
presented. The research focuses on High Pressure compressor (HPc) recoup pressure 
level of 4th generation lM2500 gas generator (lM2500+G4) coupled with a 2-stage 
High Speed Power Turbine module. The researched parameter is adjustable and may 
be used to balance net axial loads exerted on thrust bearing to ensure stable gas turbine 
operation, but its direct measurement is technically difficult implicating the need to 
indirect measurement via set of other gas turbine sensors. input data for the research 
have been obtained from BHgE manufactured and monitored gas turbines and consists 
of real-time data extracted from industrial installations. machine learning models 
trained using the data show less than 1% Mean absolute Percentage error (MaPe) 
as obtained with the use of Random Forest and gradient Boosting Regression models. 
Multilayer Perceptron artificial Neural Networks (MlP aNN) models are reviewed, 
and their performance checks inferior to Random Forest algorithm-based model. The 
importance of hyperparameter tuning and feature engineering is discussed.

ÖzcaN e, DaNışaN T, yuMuşak R, eReN T. Planowanie utrzymania 
ruchu w elektrowniach wodnych w oparciu o model sztucznej sieci neuronowej 
wsparty wielokryterialnymi metodami podejmowania decyzji. Eksploatacja i 
Niezawodnosc – Maintenance and Reliability 2020; 22 (3): 400–418, http://dx.doi.
org/10.17531/ein.2020.3.3.
elektrownie to zakłady produkcyjne o dużej skali, których głównym celem jest nieprzerwa-
ne, niezawodne, wydajne, rentowne oraz przyjazne dla środowiska wytwarzanie energii. 
utrzymanie ruchu stanowi jeden z kluczowych czynników pozwalających na osiągnięcie 
tych szeroko zakrojonych celów, które określa się wspólnym mianem zrównoważonych 
dostaw energii. W elektrowniach, procesami utrzymania ruchu, realizowanymi w celu 
zapewnienia zrównoważonych dostaw energii, zarządza się z uwzględnieniem kosztów 
związanych z wymogami czasowymi, kosztów materiałów i robocizny oraz strat wytwa-
rzania energii. Ponieważ elektrownie wykorzystują tysiące różnych urządzeń, niezwykle 
ważne jest prognozowanie dat wystąpienia uszkodzeń oraz zapewnienie bezawaryjnego 
utrzymania ruchu. w przedstawionych badaniach, rozważano problem planowania utrzy-
mania ruchu sprzętu o wysokim poziomie krytyczności na przykładzie jednej z dużych 
elektrowni wodnych, która na koniec 2018 r. pokrywała jedną piątą zapotrzebowania 
Turcji na energię elektryczną. w pierwszym etapie badań, kryteria oceny określone przez 
ekspertów zatrudnionych w elektrowni ważono za pomocą powszechnie stosowanej  
w literaturze metody procesu hierarchii analitycznej (aHP) w celu ustalenia poziomów 
krytyczności poszczególnych elementów wyposażenia elektrowni. aby opracować osta-
teczny ranking priorytetowości elementów wyposażenia elektrowni na podstawie okre-
ślonych wcześniej wag, zastosowano technikę TOPSıS, która polega na porządkowaniu 
preferencji na podstawie podobieństwa do idealnego rozwiązania. Techniki tej użyto ze 
względu na jej zalety, których nie mają inne algorytmy oparte na relacji przewyższania 
(ang. outranking algorithms). Na podstawie wyników otrzymanych dla 14 głównych 
grup urządzeń o najwyższym poziomie krytyczności, określonym na podstawie danych 
pochodzących z elektrowni, oszacowano czasy pomiędzy dwiema awariami, a na ich 
podstawie zaplanowano działania konserwacyjne. w fazie szacowania, opracowano model 

ÖzcaN e, DaNışaN T, yuMuşak R, eReN T. An artificial neural 
network model supported with multi criteria decision making approaches 
for maintenance planning in hydroelectric power plants. Eksploatacja i 
Niezawodnosc – Maintenance and Reliability 2020; 22 (3): 400–418, http://
dx.doi.org/10.17531/ein.2020.3.3.
Power plants are the large-scale production facilities with the main purpose of reali-
zing uninterrupted, reliable, efficient, economic and environmentally friendly energy 
generation. maintenance is one of the critical factors in achieving these comprehensive 
goals, which are called as sustainable energy supply. The maintenance processes 
carried out in order to ensure sustainable energy supply in the power plants should 
be managed due to the costs arising from time requirement, the use of material and 
labor, and the loss of generation. in this respect, it is critical that the fault dates are 
forecasted, and maintenance is performed without failure in power plants consisting 
of thousands of equipment. in this context in this study, the maintenance planning 
problem for equipment with high criticality level is handled in one of the large-scale 
hydroelectric power plants that meet the quintile of Turkey’s energy demand as of 
the end of 2018. ın the first stage, the evaluation criteria determined by the power 
plant experts are weighted by the analytical Hierarchy Process (aHP), which is 
an accepted method in the literature, in order to determine the criticality levels of 
the equipment in terms of power plant at the next stage. ın order to obtain the final 
priority ranking of the equipment in terms of power plant within the scope of these 
weights, Technique for order of Preference by Similarity to ideal Solution (ToPSiS) 
is used because of its advantages compared to other outranking algorithms. as a 
result of this solution, for the 14 main equipment groups with the highest criticality 
level determined on the basis of the power plant, periods between two breakdowns 
are estimated, and maintenance planning is performed based on these periods. in the 
estimation phase, an artificial neural network (aNN) model has been established by 
using 11-years fault data for selected equipment groups and the probable fault dates 
are estimated by considering a production facility as a system without considering 
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the sector for the first time in the literature. with the plan including the maintenance 
activities that will be carried out before the determined breakdown dates, increasing 
the generation efficiency, extending the economic life of the power plant, minimizing 
the generation costs, maximizing the plant availability rate and maximizing profit 
are aimed. The maintenance plan is implemented for 2 years in the power plant and 
the unit shutdowns resulting from the selected equipment groups are not met and the 
mentioned goals are reached.

sztucznej sieci neuronowej (aNN) w oparciu o dane o uszkodzeniach, które wystąpiły  
w ostatnich 11 latach działania elektrowni, dla wybranych grup urządzeń. Przewidywane 
daty wystąpienia uszkodzeń szacowano, po raz pierwszy w literaturze, biorąc pod uwagę 
zakład produkcyjny jako system, bez uwzględnienia sektora produkcyjnego. Plan obejmuje 
działania konserwacyjne, które mają być przeprowadzone przed przewidywanymi datami 
awarii, w celu zwiększenia wydajności wytwarzania energii, przedłużenia żywotności 
elektrowni, minimalizacji kosztów wytwarzania energii, maksymalizacji wskaźnika 
dostępności elektrowni oraz maksymalizacji zysków. Opracowany plan konserwacji 
wdrażano w omawianej elektrowni przez 2 lata. w tym okresie nie odnotowano przerw 
w pracy jednostek wytwórczych spowodowanych awarią rozważanych grup urządzeń, co 
oznacza, że wspomniane cele zostały osiągnięte.

SHaO y, lıu B, waNG S, XıaO P. Nowatorska metoda priorytetyzacji 
przypadków testowych oparta na prognozowaniu błędów instrukcji kodu 
oprogramowania numerycznego. Eksploatacja i niezawodnosc – maintenance 
and Reliability 2020; 22 (3): 419–431, http://dx.doi.org/10.17531/ein.2020.3.4.
Metodę priorytetyzacji przypadków testowych (TcP) wykorzystuje się powszechnie do 
ustalania kolejności implementacji przypadków testowych, co przyczynia się do popra-
wy wydajności i alokacji zasobów w trakcie testowania regresyjnego oprogramowania. 
Tradycyjne techniki TcP oparte na pokryciu na poziomie instrukcji, metody/funkcji 
oraz klasy, wykorzystują pokrycie kodu programu tylko w celu ustalenia priorytetów 
przypadków testowych, bez uwzględnienia prawdopodobnego rozkładu błędów. Jednak 
dane o błędach oprogramowania są zwykle niezrównoważone zgodnie z zasadą Pareto. 
ınstynktownie, im bardziej wrażliwy jest kod pokryty przypadkiem testowym, tym wyższy 
jest jego priorytet. Poza tym, pokrycie na poziomie instrukcji jest bardziej szczegółową 
metodą niż pokrycie na poziomie funkcji lub pokrycie na poziomie klasy, które mogą 
dokładniej formułować strategie testowe. Dlatego w artykule przedstawiamy podejście 
do priorytetyzacji przypadków testowych oparte na prognozowaniu błędów instrukcji 
oprogramowania, które pozwala zmniejszyć ograniczenia obecnych technik opartych na 
pokryciu. wyodrębniono metryki instrukcji w kodzie źródłowym i zaimplementowano 
wstępne przetwarzanie danych w celu nauczania predyktora błędów. Następnie obliczono 
wskaźnik wykrywania błędów w przypadkach testowych poprzez połączenie strategii 
priorytetyzacji i wyników prognozowania. wreszcie, oceniono wydajność ustalania prio-
rytetów pod względem średnich procentowych błędów wykrytych w czterech zestawach 
danych typu open source. kompleksowo porównano wydajność proponowanej metody 
w ramach różnych strategii ustalania priorytetów i predyktorów. wyniki eksperymentów 
pokazują, że jest to obiecująca technika poprawy dominujących metod TcP opartych na 
pokryciu poprzez włączenie podatności na błędy na poziomie instrukcji. Ponadto stwier-
dzono również, że strategia dodatkowa cechuje się lepszą wydajnością niż strategie max 
i total, a wybór predyktora błędów wpływa na skuteczność strategii.

SHaO y, lıu B, waNG S, XıaO P. A novel test case prioritization 
method based on problems of numerical software code statement defect 
prediction. Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 
22 (3): 419–431, http://dx.doi.org/10.17531/ein.2020.3.4.
Test case prioritization (TcP) has been considerably utilized to arrange the implemen-
tation order of test cases, which contributes to improve the efficiency and resource 
allocation of software regression testing. Traditional coverage-based TcP techniques, 
such as statement-level, method/function-level and class-level, only leverages program 
code coverage to prioritize test cases without considering the probable distribution 
of defects. However, software defect data tends to be imbalanced following Pareto 
principle. instinctively, the more vulnerable the code covered by the test case is, the 
higher the priority it is. Besides, statement-level coverage is a more fine-grained me-
thod than function-level coverage or class-level coverage, which can more accurately 
formulate test strategies. Therefore, we present a test case prioritization approach based 
on statement software defect prediction to tame the limitations of current coverage-
based techniques in this paper. Statement metrics in the source code are extracted and 
data pre-processing is implemented to train the defect predictor. and then the defect 
detection rate of test cases is calculated by combining the prioritization strategy and 
prediction results. Finally, the prioritization performance is evaluated in terms of 
average percentage faults detected in four open source datasets. We comprehensi-
vely compare the performance of the proposed method under different prioritization 
strategies and predictors. The experimental results show it is a promising technique 
to improve the prevailing coverage-based TcP methods by incorporating statement-
level defect-proneness. moreover, it is also concluded that the performance of the 
additional strategy is better than that of max and total, and the choice of the defect 
predictor affects the efficiency of the strategy.

DzıeRwa a, GałDa l, TuPaJ M, DuDek k. Badania odporności na 
zużycie wybranych materiałów poddanych procesowi nagniatania ślizgowego. 
eksploatacja i Niezawodnosc – Maintenance and Reliability 2020; 22 (3): 432–439, 
http://dx.doi.org/10.17531/ein.2020.3.5.
w artykule przedstawiono wyniki badań wpływu procesu nagniatania ślizgowego realizo-
wanego z wykorzystaniem różnych ceramik na wielkość zużycia oraz siłę tarcia elemen-
tów stalowych. Dodatkowo badaniom poddano powierzchnie po procesach szlifowania, 
docierania oraz polerowania. Skojarzenie materiałowe stanowiły tarcze stalowe ulepszone 
cieplnie do twardości 40±2 HRc oraz kulki ze stali100cr6 o twardości 62 HRc. Badania 
zrealizowano przy trzech prędkościach poślizgu: 0,16 m/s, 0,32 m/s oraz 0,48 m/s. Badania 
udowodniły możliwość  poprawy wybranych właściwości tribologicznych par trących 
dzięki zastosowaniu procesu nagniatania ślizgowego a także pozwoliły na ustalenie 
szeregu zależności pomiędzy parametrami charakteryzującymi strukturę geometryczną 
powierzchni oraz parametrami tribologicznymi.

DzıeRwa a, GałDa l, TuPaJ M, DuDek k. Investigation of wear 
resistance of selected materials after slide burnishing process. Eksploatacja 
i Niezawodnosc – Maintenance and Reliability 2020; 22 (3): 432–439, http://
dx.doi.org/10.17531/ein.2020.3.5.
The article presents the research on the impact of slide burnishing process carried 
out with use of various ceramics on friction and wear of steel elements. in addition, 
surfaces after grinding, lapping and polishing processes were tested. The tribological 
couple was made of steel discs, toughened to a hardness of 40 ± 2 HRc, and balls 
made of 100cr6 steel with a hardness of 62 HRc. The tests were carried out at three 
sliding speeds: 0.16 m/s, 0.32 m/s and 0.48 m/s. The research proved the possibility 
of improving selected tribological properties of friction pairs thanks to the use of slide 
burnishing process and also allowed to establish a number of relationships between the 
parameters characterizing the surface topography and the tribological parameters.

RODRıGueS J, cOSTa ı, TORReS FaRıNHa J, MeNDeS M, MaRGal-
Ho L. Prognozowanie stanu oleju silnikowego za pomocą sztucznych sieci 
neuronowych i analizy składowych głównych. Eksploatacja i niezawodnosc – 
Maintenance and Reliability 2020; 22 (3): 440–448, http://dx.doi.org/10.17531/
ein.2020.3.6.
Bezpieczeństwo i wydajność silników takich, jak silniki Diesla czy gazowe, a nawet 
turbiny wiatrowe, zależą od jakości i stanu oleju smarowego. Stanu oleju silnikowego 
ocenia się na podstawie ponad dwudziestu zmiennych, z których każda ulega wahaniom 
w zależności od typu i zachowania silnika oraz innych czynników. w niniejszym artykule 
opisano model, który pozwala na automatyczną klasyfikację stanu oleju, z wykorzystaniem 
sztucznych sieci neuronowych i analizy składowych głównych. Badania przeprowadzono 
na podstawie danych uzyskanych od dwóch przewoźników pasażerskich działających na 
terenie jednego z krajów położonych na południu europy. wyniki pokazują, że każda 
 z monitorowanych zmiennych ma znaczenie dla określenia idealnego czasu na wymianę 
oleju. Podczas gdy w wielu przypadkach w badanych przedsiębiorstwach możliwe było 
zwiększenie odstępów czasowych między działaniami konserwacyjnymi, w innych, idealny 
moment wymiany oleju został przekroczony.

RODRıGueS J, cOSTa ı, TORReS FaRıNHa J, MeNDeS M, MaR-
gaLHo L. Predicting motor oil condition using artificial neural networks 
and principal component analysis. Eksploatacja i niezawodnosc – main-
tenance and Reliability 2020; 22 (3): 440–448, http://dx.doi.org/10.17531/
ein.2020.3.6.
The safety and performance of engines such as Diesel, gas or even wind turbines 
depends on the quality and condition of the lubricant oil. assessment of engine oil 
condition is done based on more than twenty variables that have, individually, varia-
tions that depend on the engines’ behaviour, type and other factors. The present paper 
describes a model to automatically classify the oil condition, using artificial Neural 
networks and Principal component analysis. The study was done using data obtained 
from two passenger bus companies in a country of Southern Europe. The results show 
the importance of each variable monitored for determining the ideal time to change 
oil. in many cases, it may be possible to enlarge intervals between maintenance 
interventions, while in other cases the oil passed the ideal change point.
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wıęcławSkı k, Mączak J, SzczuROwSkı k. Electric current as 
a source of information about control parameters of indirect injection fuel 
injector. Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 
22 (3): 449–454, http://dx.doi.org/10.17531/ein.2020.3.7.
The article discusses results of the laboratory experiments in which fuel injectors used 
in indirect injection internal combustion engines were tested. During the experiments, 
numerous dosing cycles of the injectors were performed while changing the control 
parameters, due to which, the dosing characteristics were developed and influence of 
applied parameters on the resultant fuel flow determined. Simultaneously, the voltage 
and electric current waveforms in the injector coil were recorded, due to which finding 
links between the electric current characteristics and the determinants of the injector 
work was possible. The investigation has shown that parameters of electric current 
constitute a precise criterion for assessing the operation of the solenoid valve, because 
fuel flow is created due to the work ofelectric current. Thus, by observing the changes 
in the current flowing through the valve coil,it is possible to monitor precisely the 
correctness of the process of opening the flow and the electric current intensity, at 
which the flow began and to determine the mechanical quantities such as fuel dose 
and pressure. as a result, a characteristic is developed, that provides the links between 
the fuel pressure and the electric current at the point of lifting the needle, which is 
quite a novel approach. Such a characteristic can be used in diagnostics and control 
of fuel injectors as well as all kinds of electromagnetic valves. 

wıęcławSkı k, Mączak J, SzczuROwSkı k. Przebieg prądowy jako 
źródło informacji o parametrach sterowania wtryskiwaczem paliwowym 
wtrysku pośredniego. Eksploatacja i niezawodnosc – maintenance and Reliability 
2020; 22 (3): 449–454, http://dx.doi.org/10.17531/ein.2020.3.7.
artykuł przedstawia wyniki eksperymentów laboratoryjnych polegających na testowaniu 
wtryskiwaczy paliwowych stosowanych w silnikach spalinowych z wtryskiem pośrednim. 
Podczas eksperymentów wykonano wiele cykli dawkowania wtryskiwaczy zmieniając 
parametry sterowania, dzięki czemu opracowano charakterystyki dawkowania i określono 
wpływ stosowanych parametrów sterowania na wynikowy przepływ paliwa. Jednocześnie 
rejestrowano przebiegi napięcia i natężenia prądu elektrycznego w cewce wtryskiwacza, 
dzięki czemu możliwe było powiązanie charakterystyk prądowych z determinantami pracy 
wtryskiwacza. wykazano, iż parametry prądowe są precyzyjnym kryterium oceny pracy 
zaworu elektromagnetycznego, ponieważ dzięki wykonanej przez prąd pracy powstaje 
przepływ paliwa. zatem poprzez obserwację zmian prądu płynącego przez cewkę zaworu, 
można precyzyjnie monitorować prawidłowość procesu otwierania przepływu oraz na-
tężenie prądu, przy którym przepływ się rozpoczął oraz określać wielkości mechaniczne 
jak dawka i ciśnienie paliwa. wynikiem badań jest opracowanie charakterystyki wiążącej 
ciśnienie paliwa z natężeniem prądu w punkcie podnoszenia iglicy, co jest podejściem 
nowatorskim. Taka charakterystyka może być wykorzystana w diagnostyce i sterowaniu 
wtryskiwaczy paliwowych oraz wszelkiego rodzaju zaworów elektromagnetycznych.

yaN S, Ma B, waNG X, cHeN J, zHeNG c. Maintenance policy for 
oil-lubricated systems with oil analysis data. Eksploatacja i niezawod-
nosc – Maintenance and Reliability 2020; 22 (3): 455–464, http://dx.doi.
org/10.17531/ein.2020.3.8.
Maintenance of oil-lubricated systems plays a significant role in reducing unexpec-
ted system failures and improving machine availability. This paper deals with the 
oil-lubricated systems subject to gradual degradation that revealed by metal wear 
debris monitored using oil analysis. oil-lubricated systems usually undertake several 
preventive maintenances during operation, after each maintenance, the system typical 
restores to an intermediate state between good-as-new state and bad-as-old state due 
to system aging such as cumulative wear. Furthermore, oil-lubricated systems often 
operate continuously in mission execution with availability constraints. However, 
existing literature still lacks a method to integrate the availability constraints with 
the system aging into the cause of optimizing the maintenance policy. To fill this 
gap, this paper develops a maintenance policy optimization method to determine 
the optimal maintenance threshold joint considering the availability constraints and 
the system aging. a case study of the power-shift steering transmission systems 
modelled by a wiener process is presented to illustrate the proposed method in 
practical application.

yaN S, Ma B, waNG X, cHeN J, zHeNG c. Polityka utrzymania ruchu 
układów smarowanych olejem w oparciu o dane z analizy oleju. Eksploatacja  
i Niezawodnosc – Maintenance and Reliability 2020; 22 (3): 455–464, http://
dx.doi.org/10.17531/ein.2020.3.8.
konserwacja układów smarowanych olejem odgrywa istotną rolę w eksploatacji maszyn, 
umożliwiając zmniejszenie liczby nieoczekiwanych uszkodzeń i poprawiając dostępność 
maszyn. Niniejszy artykuł dotyczy układów smarowanych olejem ulegających stopniowej 
degradacji, którą można mierzyć za pomocą analizy oleju, monitorując zawartość drobin 
metalu powstających na skutek zużycia. Podczas swojej pracy, układy smarowane olejem 
zwykle poddawane są kilkakrotnie przeglądom zapobiegawczym. Po każdej konserwacji, 
układ wraca do stanu pośredniego między stanem fabrycznej nowości (as good as new) 
a stanem "jak przed konserwacją" (as bad as old), co wynika ze starzenia się systemu, 
m.in. skumulowanego zużycia. co więcej, systemy smarowane olejem często działają 
w sposób ciągły, wykonując misje z ograniczeniami dostępności. Jednak w istniejącej 
literaturze wciąż brakuje metody, która pozwalałaby na zintegrowane ujęcie ograniczeń 
dostępności i starzenia w celu optymalizacji polityki utrzymania ruchu. aby wypełnić tę 
lukę, w niniejszym artykule opracowano metodę optymalizacji polityki utrzymania ruchu, 
dzięki której można określić optymalny próg konserwacji z uwzględnieniem zarówno 
ograniczeń dostępności jak i starzenia się systemu. Możliwość praktycznego zastoso-
wania zaproponowanej metody zilustrowano na podstawie studium przypadku układów 
przekładni kierowniczych zamodelowanych za pomocą procesu wienera.

kOwalczyk J, MaDeJ M, OzıMıNa D. Ocena właściwości eksploatacyj-
nych proekologicznej cieczy chłodząco-smarującej zawierającej asparaginian 
cynku. Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 22 (3): 
465–471, http://dx.doi.org/10.17531/ein.2020.3.9.
w pracy przedstawiono wyniki badań wpływu cieczy chłodząco-smarującej z asparagi-
nianem cynku na jakość technologiczną warstwy wierzchniej obrabianych elementów. 
asparaginian cynku dotychczas nie był stosowany w takich rozwiązaniach, głównie 
wykorzystywany był w medycynie i farmakologii. w badaniach przeprowadzono analizę 
porównawczą proekologicznego chłodziwa zawierającego asparaginian cynku z kla-
sycznym chłodziwem opartym na bazie oleju mineralnego. ciecze chłodząco-smarujące 
poddano badaniom toksyczności oraz wykonano kontrolowany proces eksploatacji narzędzi  
w czasie toczenia poprzecznego. wyniki badań wskazują, że zastosowanie chłodzenia 
cieczą na bazie asparaginianu cynku redukuje parametry chropowatości obrabianego 
materiału nawet o 35%, korzystnie wpływając na jakość finalną detalu.

kOwalczyk J, MaDeJ M, OzıMıNa D. Evaluation of performance 
characteristics of the environmentally friendly cutting fluid with zinc 
aspartate. Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 
22 (3): 465–471, http://dx.doi.org/10.17531/ein.2020.3.9.
The effect of the cutting fluid with zinc aspartate on the quality of the workpiece surface 
layer is reported. until now, zinc aspartate has been used primarily in medicine and 
pharmacology. This paper compares the ecological cutting fluid containing zinc aspar-
tate with a classic mineral oil-based coolant. Toxicity tests and a controlled process of 
tool wear during face turning were performed. Test results indicate that the use of zinc 
aspartate-based cutting fluids contributes to the reduction of the material roughness 
parameter values up to 35%, benefitting the final quality of the workpiece. 

aNDReJıOva M, GRıNcOva a, MaRaSOva D. Analiza właściwości 
wytrzymałościowych zużytych tkaninowych taśm przenośnikowych z różnymi 
typami rdzenia po renowacji górnej okładki. Eksploatacja i niezawodnosc – 
Maintenance and Reliability 2020; 22 (3): 472–481, http://dx.doi.org/10.17531/
ein.2020.3.10.
Przenośniki  taśmowe znajdują zastosowanie jako urządzenia transportowe  w wielu ga-
łęziach przemysłu. Nośnym i pociągowym elementem przenośnika taśmowego jest taśma 
transportowa, która zbudowana jest z rdzenia i okładek. Podczas pracy, taśmy narażone 
są na obciążenia, które prowadzą do ich uszkodzenia. Dlatego konieczne jest aby taśma 
transportująca materiał posiadała wymagane właściwości mechaniczne. kluczowymi 
właściwościami mechanicznymi taśmy przenośnikowej są właściwości wytrzymałościowe. 
zależą one w dużym stopniu od tkaninowego rdzenia taśmy, a w szczególności od rodzaju 
materiałów, z których jest zbudowany, oraz typu włókien wchodzących w skład jego osno-
wy (biegnących w kierunku wzdłużnym) i wątku (w kierunku poprzecznym), jako że to 
właśnie rdzeń przenosi wszystkie naprężenia rozciągające taśmy przenośnika. Tkaninową 
taśmę transportową uważa się za materiał kompozytowy, składający się z rdzenia (poliamid 
P i poliamid–poliester eP) oraz warstw wierzchnich (okładek). koszty taśmy stanowią 

aNDReJıOva M, GRıNcOva a, MaRaSOva D. Analysis of tensile 
properties of worn fabric conveyor belts with renovated cover and with 
the different carcass type. Eksploatacja i niezawodnosc – maintenance and 
Reliability 2020; 22 (3): 472–481, http://dx.doi.org/10.17531/ein.2020.3.10.
conveyors are the means of transportation used in many industries. The load-bearing 
and tractive component of a belt conveyor is a conveyor belt which consists of a 
carcass and cover layers. During an operation, belts are exposed to loads that cause 
damage to the belts. it is therefore necessary to ensure that a conveyor belt possesses 
required mechanical properties during the transport of material. The key mechanical 
properties of a conveyor belt are tensile properties. They are significantly affected 
by the fabric carcass of a conveyor belt. The tensile properties of conveyor belts are 
largely affected by the carcass materials. They are also affected by the types of fibres 
in the longitudinal (warp) and transverse (weft) directions of the fabric carcass because 
the carcass transfers all tensile stresses of the conveyor belt. a fabric conveyor belt is 
regarded as a composite material, consisting of the carcass (polyamide P and polyami-
de-polyester EP) and the cover layers. The costs of a conveyor belt represent 10-30 
% of the price of the entire conveyor. ıt is therefore reasonable to prefer only those 
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conveyor belts that show the properties prescribed by relevant norms. The subject of 
the article is worn conveyor belts with renovated top cover (renovated conveyor belts). 
The tensile properties are used to assess the suitability for further use of renovated 
conveyor belts in practice. The article presents the analysis of tensile properties of 
renovated fabric conveyor belts in relation to the carcass type. The observed results 
were compared applying the DoE method, regression and correlation analysis, and 
the method of statistic induction. all the conclusions, made based on the above-listed 
methods, are identical for the examined tensile properties. The results indicate that 
the examined tensile properties of conveyor belts have not undergone any significant 
change after the renovation of the top cover layer.

10–30% ceny całego przenośnika, dlatego do użycia powinno dopuszczać się jedynie takie 
taśmy przenośnikowe, które wykazują właściwości określone w odpowiednich normach. 
Przedmiotem artykułu są zużyte taśmy przenośnikowe z odnowioną górną okładką (od-
nowione taśmy przenośnikowe). właściwości wytrzymałościowe wykorzystano do oceny 
przydatności odnowionych taśm do dalszego wykorzystania w warunkach praktycznych. 
w artykule przedstawiono analizę właściwości wytrzymałościowych odnowionych taśm 
tkaninowych w funkcji  typu rdzenia. zaobserwowane wyniki porównano stosując metodę 
DOe, analizę regresji i korelacji oraz metodę indukcji statystycznej. wszystkie wnioski 
uzyskane w oparciu o wyżej wymienione metody są identyczne dla badanych właściwości 
wytrzymałościowych. wyniki wskazują, że badane właściwości wytrzymałościowe taśm 
przenośnikowych nie ulegają istotnej zmianie po renowacji górnej okładki.

STeTTeR R, GÖSeR R, GReSSeR S, Tıll M, wıTczak M. Projektowanie 
tolerujące uszkodzenia zwiększające niezawodności systemu zmiany biegów 
pojazdu autonomicznego. Eksploatacja i niezawodnosc – maintenance and 
Reliability 2020; 22 (3): 482–492, http://dx.doi.org/10.17531/ein.2020.3.11.
Niezawodność systemów technicznych może być znacznie ograniczona w przypadku 
braku odpowiedniej akomodacji uszkodzeń, która może doprowadzić do awarii systemu 
mogącej mieć katastrofalne konsekwencje. w celu przeciwdziałania temu niepożądanemu 
zjawisku, w ostatnich latach opracowano szereg algorytmów sterowania tolerującego 
uszkodzenia, umożliwiających odpowiednią akomodację uszkodzeń. Dodatkowo, 
oczywistym jest, że sposób projektowania danego systemu może ułatwić lub utrudnić 
funkcjonowanie powyższych algorytmów. Może one również sam w sobie umożliwiać 
odpowiednią akomodację uszkodzeń. Tak sposób projektowania, projektowanie tole-
rujące uszkodzenia, jest przedmiotem niniejszej pracy na przykładzie systemu zmiany 
biegów w autonomicznych pojeździe wyścigowym. Powyższy pojazd współzawodniczy  
w  znanych studenckich zawodach wyścigowych pojazdów autonomicznych. Oczywistym 
jest fakt,  że w tego typu zawodach, niezawodność pojazdu i jego zdolność akomodacji 
uszkodzeń jest szczególnie ważna. w pracy rozważa się różne element projektowania 
tolerującego uszkodzenia systemu zmiany biegów opisanego na podstawie ustalonego 
modelu konkretyzacji produktu.

STeTTeR R, GÖSeR R, GReSSeR S, Tıll M, wıTczak M. Fault-to-
lerant design for increasing the reliability of an autonomous driving gear 
shifting system. Eksploatacja i niezawodnosc – maintenance and Reliability 
2020; 22 (3): 482–492, http://dx.doi.org/10.17531/ein.2020.3.11.
The reliability of technical systems can be greatly reduced if possible faults cannot 
be accommodated but lead to system shut-down with sometimes catastrophic conse-
quences. The algorithms and systems of fault-tolerant control were developed in the 
last years into a powerful tool to accommodate such faults. additionally, it became 
obvious that the design of a technical system can ease or hinder the application of 
these tools and can also lead to the accommodation of faults be itself. This kind of 
design – fault-tolerant design – and its components are presented in this paper on 
the example of a shifting system for the gear box an autonomous driving race car. 
This race car competes in the well-known formula student driverless competition; 
in such competitions the reliability of the car and the capability to accommodate not 
avoidable faults is of paramount importance. The different elements of fault-tolerance 
incorporated in the design of the gear shifting system are explained on the basis of 
an established model of product concretization. 

ŠkeRlıč S, SOkOlOvSkıJ e, eRčulJ v. Obsługa techniczna samochodów 
ciężarowych: międzynarodowe badanie kierowców ciężarówek. Eksploatacja i 
Niezawodnosc – Maintenance and Reliability 2020; 22 (3): 493–500, http://dx.doi.
org/10.17531/ein.2020.3.12.
Od czasu wdrożenia nowoczesnych metod obsługi technicznej, kierowcy powinni zostać 
zintegrowani z całym systemem obsługi technicznej, aby przejąć kompetencje zawodowe 
pracowników obsługi technicznej. w tym celu przeprowadzono międzynarodowe badanie 
na próbie 249 kierowców ciężarówek w celu ustalenia, w jaki sposób obsługa techniczna 
w firmach transportowych wpływa na rolę kierowców ciężarówek w utrzymaniu floty. Na 
podstawie opracowanego modelu równania strukturalnego (SeM) ustalono, że zbudowanie 
efektywnej infrastruktury serwisowej w firmach transportowych umożliwia aktywny udział 
kierowców ciężarówek w systemie obsługi technicznej firmy. kierowcy są zdolne do na-
prawy drobnych usterek, ale tylko wtedy, gdy są proaktywni, co wpłynie na ich zachowanie 
zapobiegawcze. Może to być bardzo korzystne dla firm transportowych, ponieważ wyniki 
pokazują, że pojazdy są użytkowane bardziej wydajnie i w lepszym stanie technicznym. 
wyniki stanowią zatem ważną wskazówkę dotyczącą poprawy obsługi technicznej  
w firmach transportowych poprzez rozwój nowych kompetencji kierowców ciężarówek  
i poszerzanie istniejącej wiedzy w zakresie rozwoju nowoczesnej obsługi technicznej.

ŠkeRlıč S, SOkOlOvSkıJ e, eRčulJ v. Maintenance of heavy 
trucks: an international study on truck drivers. Eksploatacja i nieza-
wodnosc – Maintenance and Reliability 2020; 22 (3): 493–500, http://dx.doi.
org/10.17531/ein.2020.3.12.
Since the implementation of modern approaches in operation maintenance, drivers 
are expected to be integrated into the entire system of maintenance in order to take 
over the professional competencies of maintenance workers. For this purpose, an 
international study was conducted on a sample of 249 truck drivers, with the aim to 
determine how maintenance in transport companies affects the role of heavy truck 
drivers in fleet maintenance. Based on the developed SeM model, it was determined 
that building an efficient maintenance infrastructure in transport companies enables 
the active participation of truck drivers in the company’s maintenance system. Drivers 
are capable of repairing minor failures, but only if they are proactive, which will affect 
their preventive behaviour. This can greatly benefit transport companies, as the results 
show that the vehicles are utilised more efficiently and in a better technical condition. 
The results therefore represent an important guideline for improving maintenance in 
transport companies, developing new competencies of truck drivers and upgrading 
existing knowledge in the development of modern operation maintenance.

PaSzkOwSkı W. Modelowanie zjawisk wibroakustycznych z zastosowaniem 
metody parametryzacji sygnału fonicznego. Eksploatacja i niezawodnosc – 
maintenance and Reliability 2020; 22 (3): 501–507, http://dx.doi.org/10.17531/
ein.2020.3.13.
w artykule zaproponowano oryginalny sposób modelowania zjawisk wibroakustycznych 
eksploatowanych maszyn/urządzeń z zastosowaniem metody parametryzacji sygnału 
fonicznego. Sposób ten rozszerza dotychczasowe podejście do tego rodzaju badań  
i polega na uwzględnianiu efektów psychoakustycznych towarzyszących emisji energii 
wibroakustycznej. Proponowane rozwiązanie opiera się na wyznaczeniu współczynników 
mel-cepstralnych badanego sygnału i jego klasyfikacji, ze względu na oddziaływanie hała-
su. Przedstawiono weryfikację zastosowania metody na przykładzie badań oddziaływania 
źródeł hałasu drogowego.

PaSzkOwSkı W. Modeling of vibroacoustic phenomena using the 
method of parameterizing the audio signal. Eksploatacja i niezawod-
nosc – maintenance and Reliability 2020; 22 (3): 501–507, http://dx.doi.
org/10.17531/ein.2020.3.13.
The article proposes an original way of modeling vibroacoustic phenomena of 
exploited machines/devices using the method of audio parameterization. This 
method extends the current approach to this type of research and consists in taking 
into account the psychoacoustic effects associated with the emission of vibroaco-
ustic energy. The proposed solution is based on the determination of mel-cepstral 
coefficients of the examined signal and its classification, due to the impact of noise. 
ıt was presented verification of the method on the example of studies on the impact 
of road noise sources.

lıaNG H, Mı J, Baı l, cHeNG y. Imprecise sensitivity analysis of 
system reliability based on the Bayesian network and probability box. 
Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 22 (3): 
508–519, http://dx.doi.org/10.17531/ein.2020.3.14.
Sensitivity analysis measures how changes in system inputs affect outputs. Previously, 
a large amount of sensitivity analysis research was relevant to the precise probability 
that is regarded as an ideal condition of engineering. Due to insufficient test samples 
and the low accuracy of test data, system reliability with hybrid uncertainty is difficult 
to be described as a precise value. as a profusion of highly integrated electrome-
chanical equipment is applied in modern life, it is impossible to apply sufficient 
resources to eliminate the stochastic property of every component, which necessitates 

lıaNG H, Mı J, Baı l, cHeNG y. Niedokładna analiza czułościowa nieza-
wodności systemu w oparciu o sieć bayesowską i pole prawdopodobieństwa 
(p-box). Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 22 
(3): 508–519, http://dx.doi.org/10.17531/ein.2020.3.14.
celem analizy czułościowej jest badanie w jakim stopniu zmiany danych wejściowych 
systemu wpływają na dane wyjściowe. Dotychczasowe badania z wykorzystaniem 
analizy czułościowej były związane z dokładnym prawdopodobieństwem postrzeganym 
w inżynierii jako warunek idealny. Przy niewystarczającej wielkości badanej próby  
i niskiej dokładności danych testowych, niezawodność systemu o hybrydowej niepewności 
trudno opisać w sposób dokładny. Biorąc pod uwagę fakt, że we współczesnym świecie 
wykorzystuje się duże ilości wysoce zintegrowanych urządzeń elektromechanicznych, 
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the identification of highly sensitive components to efficiently reduce imprecision. 
Hence, based on the theory of imprecise probability, imprecise sensitivity analysis 
has become a popular research topic in the last decade. in this paper, a method for 
uncertain system reliability and imprecise sensitivity analysis is proposed based 
on a Bayesian network, a probability box and the pinching method. The feasibility 
and accuracy of the combined method are fully verified through the evaluation and 
analysis of a numerical example and a case study of an electromechanical system, 
and the highly sensitive components that heavily influence the imprecision of system 
outputs are accurately identified.

niemożliwa jest alokacja wystarczających zasobów w celu wyeliminowania właściwości 
stochastycznych każdego elementu. Oznacza to, że aby zredukować niedokładność, 
konieczna jest identyfikacja komponentów o wysokiej czułości. Dlatego też popularnym 
przedmiotem badań ostatniej dekady stała się niedokładna analiza czułości, bazująca na 
teorii niedokładnego prawdopodobieństwa. w artykule zaproponowano metodę analizy 
niezawodności niepewnego systemu jak również niedokładnej analizy czułościowej  
w oparciu o sieć bayesowską, pole prawdopodobieństwa i metodę pinch point. Możliwość 
wykorzystania i dokładność metody zostały w pełni potwierdzone na podstawie przykładu 
liczbowego jak również studium przypadku systemu elektromechanicznego; proponowana 
metoda pozwoliła na poprawne określenie wysoce czułych elementów systemu, które  
w dużym stopniu wpływają na niedokładność danych wyjściowych układu.

Ma B, yaN S, waNG X, cHeN J, zHeNG c. Określanie progu awarii na 
podstawie podobieństwa jako metoda pozwalająca na przewidywanie trwałości 
resztkowej systemu. Eksploatacja i niezawodnosc – maintenance and Reliability 
2020; 22 (3): 520–529, http://dx.doi.org/10.17531/ein.2020.3.15.
w przypadku systemów podlegających degradacji, dokładne określenie progu awarii syste-
mu stanowi niezbędny warunek dokonania trafnej prognozy jego trwałości resztkowej oraz 
późniejszej optymalizacji strategii konserwacji rutynowych. w artykule zaproponowano 
metodę wyznaczania progu awarii opartą na ilościowym pomiarze podobieństwa między 
systemem użytkowanym obecnie a systemami użytkowanymi uprzednio. Podobieństwo 
formułuje się na podstawie funkcji średniej ważonej, a następnie oblicza na podstawie 
wypukłej formy kwadratowej w celu zminimalizowania wariancji między obecnie użytko-
wanym systemem a uprzednimi systemami. Dzięki dokładnemu określeniu progu awarii 
systemu w czasie rzeczywistym uzyskuje się lepszą prognostykę trwałości resztkowej 
obecnie użytkowanego systemu. w końcowej części pracy, w celu zilustrowania i nu-
merycznego porównania ulepszonej wydajności proponowanej metody, zaprezentowano 
studium przypadku obejmujące kilka układów przeniesienia napędu monitorowanych 
przy użyciu analizy spektralnej oleju.

Ma B, yaN S, waNG X, cHeN J, zHeNG c. Similarity-based failure 
threshold determination for system residual life prediction. Eksploatacja 
i niezawodnosc – maintenance and Reliability 2020; 22 (3): 520–529, http://
dx.doi.org/10.17531/ein.2020.3.15.
an accurate determination of the system failure threshold is an essential requirement 
in achieving an appropriate system residual life prediction and a reasonable planned 
maintenance strategy optimization afterward for degradation systems. This paper 
proposes a failure threshold determination method based on quantitative measu-
rement of the similarity between the operating system and the historical systems. 
The similarity is formulated by a weighted average function and then calculated by 
a convex quadratic formulation to minimizing the variance between the operating 
system and the historical systems. With an accurate determination of the system failure 
threshold in real-time, a better prediction of the residual life for the operating system 
is achieved. Finally, a real case study for several power-shift steering transmission 
systems monitored using oil spectral analysis is adopted to illustrate and numerically 
compare the improved performance of the proposed method.

ceRaN B, ORłOwSka a, kROcHMalNy k. Metoda wyznaczania 
szybkości spadku wydajności stosu ogniw paliwowych typu PEMFC na 
podstawie przesunięcia charakterystyki napięciowo-prądowej. Eksploatacja  
i niezawodnosc – maintenance and Reliability 2020; 22 (3): 530–535, http://
dx.doi.org/10.17531/ein.2020.3.16.
artykuł przedstawia model matematyczny przeznaczony do wyznaczenia szybkości 
spadku wydajności stosu ogniw paliwowych. Szybkość spadku wydajności stosu ogniw 
jest wyznaczana na podstawie wartości napięcia średniego stosu. zaproponowany model 
wykorzystano do wyznaczenia krzywej mocy i wskaźników eksploatacyjnych stosu ogniw 
paliwowych o mocy nominalnej 50 kw po 14 000 h ciągłej pracy. Model wykorzystano 
także do wyznaczenia szybkości zmiany wartości napięcia średniego jedenastoletniego 
stosu ogniw paliwowych o mocy 1,2 kw. w obu badaniach wyznaczono wartości wskaź-
ników eksploatacyjnych oraz ich różnice względem wielkości nominalnych.

ceRaN B, ORłOwSka a, kROcHMalNy k. The method of deter-
mining PEMFC fuel cell stack performance decrease rate based on the 
voltage-current characteristic shift. Eksploatacja i niezawodnosc – main-
tenance and Reliability 2020; 22 (3): 530–535, http://dx.doi.org/10.17531/
ein.2020.3.16.
The article presents mathematical model designed to estimate the rate of performance 
decrease in fuel cell stack. The fuel cell stack performance decrease rate is determined 
on the basis of stack average voltage measurements. The proposed model is used 
to determine power curve as well as exploitation indicators of fuel cell stack with a 
nominal power of 50 kw after 14 000 hours of continuous operation. The model is 
also used to determine the average voltage drop for the eleven-year fuel cell stack 
with a nominal power of 1,2 kW. in both studies, the values of exploitation indicators 
as well as their differences in relation to nominal values are determined.

walkeR P, DOROSzuk B, kRól R. Badania symulacyjne przesypu 
wzdłużnego przenośnika taśmowego. Eksploatacja i niezawodnosc – ma-
intenance and Reliability 2020; 22 (3): 536–543, http://dx.doi.org/10.17531/
ein.2020.3.17.
Przesyp jest miejscem przenośnika taśmowego, w którym pojawia się ryzyko wystąpienia 
awarii, występują straty energii oraz może dochodzić do uszkodzenia taśmy odbierającej 
urobek. Poza bezawaryjnym funkcjonowaniem przesyp powinien dla zminimalizowania 
oporów ruchu taśmy zapewnić także centralne podawanie urobku, zapobiegać rozsypywa-
niu się transportowanego materiału, nie dopuszczać do powstawania zatorów, ograniczać 
proces defragmentacji urobku, a także minimalizować emisję hałasu oraz pyłów do otocze-
nia. zapewnienie stawianych wymagań wiąże się z koniecznością stosowania m.in. zaawan-
sowanych badań symulacyjnych. w artykule przeprowadzono analizę przepływu strugi 
urobku przez wybrany przesyp wzdłużny, stosowany w podziemnej kopalni rud miedzi. 
Przy użyciu metody elementów dyskretnych DeM dokonano oceny zjawisk zachodzących 
podczas przesypywania rudy na przenośnik odbierający, wskazano kluczowe zmienne 
opisujące jego pracę, a także zaproponowano działania udoskonalające pracę przesypu, 
zorientowane na zwiększenia jego energooszczędności oraz zmniejszenia negatywnego 
oddziaływania transportowanego nosiwa na taśmę przenośnika odbierającego.

walkeR P, DOROSzuk B, kRól R. Analysis of ore flow through 
longitudinal belt conveyor transfer point. Eksploatacja i niezawodnosc – 
Maintenance and Reliability 2020; 22 (3): 536–543, http://dx.doi.org/10.17531/
ein.2020.3.17.
a transfer point is an element of a belt conveyor prone to increased energy losses 
and to the risk of failure. it is also a location in which the receiving belt is particu-
larly susceptible to damage. Except failure-free operation, a transfer point should 
offer minimal belt resistances to motion by ensuring that the transported material is 
placed centrally on the receiving belt, both spillage of the material and blockages 
are prevented, the process of particle defragmentation is limited, and also that noise 
and dust emissions to the environment are reduced. Ensuring that the above requ-
irements are met requires inter alia the use of advanced simulation tests. The article 
analyzes the flow of ore particles stream through a longitudinal transfer point used 
in an underground copper ore mine. Discrete Element method was used to identify 
the phenomena which occur while transferring ore onto the receiving conveyor. The 
research allowed key variables affecting the transfer point performance to be iden-
tified. ıt also resulted in a proposal of actions which can improve the performance 
of the transfer point and which are focused on saving energy and on minimizing the 
damage and wear of the receiving belt.

kaRaBacak ye, GÜRSel ÖzMeN N, GÜMÜşel l. Worm gear condi-
tion monitoring and fault detection from thermal images via deep learning 
method. Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 
22 (3): 544–556, http://dx.doi.org/10.17531/ein.2020.3.18.
Worm gearboxes (Wg) are often preferred, because of their high torque, quickly 
reducing speed capacity and good meshing effectiveness, in many industrial appli-
cations. However, Wgs may face with some serious problems like high temperature 
at the speed reducer, gear wearing, pitting, scoring, fractures and damages. in order 
to prevent any damage, loss of time and money, it is an important issue to detect and 
classify the faults of Wgs and develop the maintenance plans accordingly. The present 
study addresses the application of the deep learning method, convolutional neural 
network (cNN), in the field of thermal imaging that were gathered from a test rig 

kaRaBacak ye, GÜRSel ÖzMeN N, GÜMÜşel l. Monitorowanie stanu 
i wykrywanie błędów przekładni ślimakowej na podstawie termogramów  
z wykorzystaniem metody głębokiego uczenia. Eksploatacja i niezawodnosc – 
Maintenance and Reliability 2020; 22 (3): 544–556, http://dx.doi.org/10.17531/
ein.2020.3.18.
w wielu zastosowaniach przemysłowych preferuje się przekładnie ślimakowe, ze względu 
na ich wysoki moment obrotowy, możliwość szybkiej redukcji prędkości i dobrą sprawność 
zazębienia. Jednakże przekładnie tego typu narażone są często na poważne problemy, takie 
jak wysoka temperatura przy reduktorze prędkości czy też zużycie, pitting (wżery), zatarcie, 
pęknięcie lub uszkodzenie kół zębatych. zapobiec takim uszkodzeniom, i związanym  
z nimi stratom finansowym i czasowym, można poprzez wykrywanie i klasyfikowanie 
błędów przekładni i odpowiednie opracowanie planów konserwacji. Niniejsze badanie 



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 3, 2020vIII

w skRóciE – abstRacts

operating on different loads and speeds. Deep learning approaches, have proven their 
powerful capability to exploit faulty information from big data and make intelligently 
diagnostic decisions. Studies concerning the condition monitoring of Wgs in the 
literature are limited. This is the first study on wGs with infrared thermography rather 
than vibration and sound measurements which have some deficiencies about hardware 
requirements, restricted measurement abilities and noisy signals. For comparison, 
cnn was also trained, with vibration and sound data which were collected from 
the healthy and faulty Wgs. The results of fault diagnosis show that thermal image 
based cNN model on wG has achieved 100% success rate whereas the vibration 
performance was 83.3 % and sound performance was 81.7%. as a result, thermal 
image based cnn model showed a better diagnosing performance than the others 
for Wgs. moreover, condition monitoring of Wgs, can be performed correctly with 
less measurement costs via thermal imaging methods.

dotyczy zastosowania metody głębokiego uczenia oraz splotowych sieci neuronowych 
(SSN) do monitoringu stanu przekładni na podstawie termogramów zarejestrowanych na 
stanowisku testowym pracującym przy różnych obciążeniach i prędkościach. Podejścia 
oparte na uczeniu głębokim umożliwiają efektywne wykorzystanie informacji o błędach 
pochodzących z dużych zbiorów danych i podejmowanie trafnych decyzji diagnostycznych. 
Niewiele z dostępnych publikacji poświęconych jest monitorowaniu stanu przekładni 
ślimakowych. Niniejsza praca jako pierwsza przedstawia badania przekładni ślimakowej  
z zastosowaniem termografii zamiast zwyczajowo prowadzonych pomiarów drgań i dźwię-
ku, które mają pewne wady dotyczące wymagań sprzętowych, ograniczonych możliwości 
pomiarowych i głośności sygnałów. SNN opartą na danych termicznych porównano  
z siecią, którą uczono na zbiorach danych wibracyjnych i akustycznych pochodzących  
z prawidłowo działających i uszkodzonych przekładni ślimakowych. wyniki diagnostyki 
uszkodzeń pokazują, że model SSN przekładni ślimakowej oparty na obrazie termicznym 
osiągnął stuprocentową (100%) skuteczność, podczas gdy skuteczność modeli opartych na 
danych wibracyjnych i akustycznych wyniosła, odpowiednio, 83,3% i 81,7%. Tym samym, 
model SNN oparty na obrazie termicznym pozwalał na trafniejsze diagnozowanie przekład-
ni ślimakowej niż pozostałe modele. Ponadto zastosowanie metod opartych na termografii 
pozwala na poprawne monitorowanie stanu przy niższych kosztach pomiaru.

ułaNOwıcz l, JaSTRzęBSkı G, SzczePaNıak P. Metoda szacowania 
trwałości lotniczych napędów hydraulicznych. Eksploatacja i niezawodnosc – 
Maintenance and Reliability 2020; 22 (3): 557–564, http://dx.doi.org/10.17531/
ein.2020.3.19.
w dotychczasowej praktyce szacowania trwałości zespołów lotniczych napędów hydrau-
licznych stosowany jest wariant, który wymaga prowadzenia długotrwałych badań zespo-
łów napędu do czasu ich przejścia w stan niezdatności. Badania tego typu, umożliwiające 
szacowanie trwałości a posteriori, są kosztowne i długotrwałe. ıstnieje więc potrzeba 
poszukiwania nowych strategii szacowania trwałości. w artykule zaprezentowano metodę 
szacowania trwałości zespołu napędu hydraulicznego opartą o kontrolę jego zmiany stanu 
technicznego. kontrola stanu technicznego umożliwia wykrycie we właściwym czasie 
stanu przed awaryjnego zespołu hydraulicznego. Novum metody jest wykorzystanie, do 
wykrycie stanu przed awaryjnego zespołu, zasady wyznaczania uprzedzających toleran-
cji parametru kontrolnego. Tolerancje uprzedzające stanowią zbiór wartości parametru 
kontrolnego zawartych między poziomami granicznym i przed awaryjnym (dopuszczal-
nym). ıntensywność wyczerpywania się trwałości (intensywności starzenia, zużywania) 
ma losowy charakter. W artykule przedstawiono stochastyczny opis zmiany parametru 
kontrolnego oraz wynikające z niego empiryczne zależności funkcji gęstości prawdo-
podobieństwa czasu przeprowadzania sprawdzeń parametru kontrolnego (okresowość 
kontroli) i funkcji gęstości prawdopodobieństwa zmiany wartości parametru kontrolnego. 
Opisano wzajemne związki obu tych funkcji. Przedstawiono zależności umożliwiające 
wyznaczenie wartości dopuszczalnej parametru kontrolnego i okresowość sprawdzeń 
parametru kontrolnego po przekroczeniu wartości dopuszczalnej. zaprezentowano przy-
kład szacowania trwałości tłoczkowej pompy hydraulicznej z samolotu użytkowanego 
w Siłach zbrojnych RP. Dla wybranych parametrów kontrolnych pompy hydraulicznej 
wyznaczono ich wartości dopuszczalne oraz czas pierwszej kontroli parametru kontrol-
nego po przekroczeniu wartości dopuszczalnej. zaprezentowana metoda wiąże trwałość 
z fizycznymi mechanizmami zużywania się zespołów. Przedstawiona metoda może być 
wykorzystana w pracach mających na celu określanie zasobu pracy urządzeń technicznych. 
umożliwia ona użytkowanie urządzeń technicznych według strategii stanu technicznego 
z kontrolowaniem parametrów.

ułaNOwıcz l, JaSTRzęBSkı G, SzczePaNıak P. Method for esti-
mating the durability of aviation hydraulic drives. Eksploatacja i nieza-
wodnosc – Maintenance and Reliability 2020; 22 (3): 557–564, http://dx.doi.
org/10.17531/ein.2020.3.19.
Throughout previous practice, estimating the life of aviation hydraulic drive 
assemblies has been utilizing a variant, which requires conducting long-lasting 
studies of the drive assemblies until they move to the unfitness state. Such 
studies, which enable estimating life a posteriori, are costly and long-lasting. 
Hence the need to look for new strategies for estimating life. The article presents  
a method of estimating the durability of a hydraulic drive assembly based on the 
control of its change in technical condition. inspection of the technical condition 
enables timely detection of the condition before the emergency hydraulic assembly. 
The novelty of the method is to use, to detect the condition before the emergency 
team, the principle of determining the pre-emptive control parameter tolerance. 
Pre-emptive tolerances are a set of control parameter values between threshold 
levels and pre-emergency (allowable) levels. The intensity of depletion of durability 
(intensity of aging, wear) is random. The paper presents a stochastic description of 
the control parameter change and the resulting empirical relationships between the 
control parameter verification time probability density (verification periodicity) and 
the control parameter value change probability density. The inter-relations between 
these two functions were described. it also presents empirical relationships enabling 
the determination of the permissible value for the control parameters and the perio-
dicity of the control parameter checks after exceeding the limit value. an example 
of estimating the life of a hydraulic piston pump on-board an aircraft operated in 
the Polish air Forces was shown. The permissible values and the time for the first 
control parameter verification after exceeding the limit value were determined for 
selected control parameters of the hydraulic pump. The proposed method binds life 
(fitness time) with the physical wear mechanisms concerning the assemblies. ıt can 
be applied in work aimed at determining the resource life of technical equipment. 
Furthermore, it enables utilizing technical equipment according to a technical state 
strategy with monitoring the parameters. 

kOTelkO M, MacDONalD M, kulaTuNGaMP, MaRSzalek 
z. Upper-bound estimation of load-carrying capacity of perforated 
cold-formed thin-walled steel lipped channel columns under compression 
loading. Eksploatacja i niezawodnosc – maintenance and Reliability 2020; 
22 (3): 565–573, http://dx.doi.org/10.17531/ein.2020.3.20.

upper-bound estimation of the load-capacity of cold-formed steel sections (TWcFS) 
with perforations, subjected to axial compression is presented. The estimation is 
performed on the basis of the yield line analysis ((yla).  TwcFS lipped channel 
sections with two sets of perforations (on the web and on the flanges) are under 
investigation. The comparison of experimental results, FE simulation results, Euro-
pean code ultimate strength predictions and upper-bound estimation based on yla 
approach is carried out and presented. Some conclusions concerning an applicability 
of the yla approach for ultimate strength prediction of perforated TwcFS structural 
members are derived. 

kOTelkO M, MacDONalD M, kulaTuNGaMP, MaRSzalek z. 
Oszacowanie górne nośności perforowanych zimno formowanych prętów cien-
kościennych poddanych ściskaniu. Eksploatacja i niezawodnosc – maintenance 
and Reliability 2020; 22 (3): 565–573, http://dx.doi.org/10.17531/ein.2020.3.20.
w artykule przedstawiono wyniki górnego oszacowania nośności cienkościennych prętów 
zimno formowanych z perforacjami, poddanych osiowemu ściskaniu. Oszacowanie to 
jest oparte na metodzie załomów plastycznych. Rozpatrywano dwa warianty perforacji 
(środnika i pasów) cienkościennych prętów ceowych z żebrami końcowymi. Przeprowa-
dzono analizę porównawczą wyników eksperymentu, wyników symulacji numerycznych 
MeS oraz wyników obliczeń wg wzorów normatywnych normy europejskiej z wynikami 
oszacowania górnego nośności opartego na metodzie załomów plastycznych. Sformuło-
wano wnioski dotyczące możliwości zastosowania tej metody do szacowania nośności 
cienkościennych prętów zimno formowanych z perforacjami. 
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1. Introduction

Dynamic seals are commonly applied in aircrafts, such as hydrau-
lic system and fuel system [20, 37]. in order to meet the requirements 
of modern air-craft fuel system and hydraulic system, such as high 
speed and high sealed pressure, dynamic seals have been paid more 

and more attention [9, 14, 21]. Furthermore, rotary lip seal is always 
used in fuel system, resulting in the failure of the rotary lip seal may 
lead to an incredible disaster. Hence, rotary lip seal is focused in the 
presented research.

Di LIu
Shaoping Wang
Mileta M. ToMovIc

DegraDation moDeling methoD for rotary lip seal 
baseD on failure mechanism analysis anD stochastic process

metoDa moDelowania DegraDacji obrotowego uszczelnienia 
wargowego w oparciu o analizę mechanizmu uszkoDzenia 

i proces stochastyczny
Rotary lip seal is widely used in aircraft and its performance affects the safety of the aircraft. Hence, it is necessary to estimate 
useful lifetime and reliability of the seal. Degradation of rotary lip seal is always with random effects, which cannot be considered 
by theoretical failure mechanism analysis. Hence, in order to consider the random effects of rotary lip seal degradation, stochastic 
processes are applied. Furthermore, considering the monotonic degradation of the seal, Gamma process and inverse Gaussian 
process are selected as the candidate processes. To combine the candidate processes, Bayesian model averaging is introduced. 
Based on the failure mechanism analysis and numerical simulation, the theoretical wear path is predicted and corresponding lin-
earization method is proposed. The measured degradation data is converted and the seal wear process is transformed to a linear 
degradation process. The model parameters and model probabilities are evaluated by fully Bayesian inference method. The effec-
tiveness of the proposed method is verified by comparing the predicting degradation and experimental observations. The proposed 
method can be used to evaluate reliability and useful lifetime of rotary lip seal. According to sensitivity analysis, an effective way 
to improve lifetime and reliability of the seal is to increase the wear depth threshold.

Keywords: Rotary lip seal, Failure mechanism analysis, Stochastic process, Degradation modeling, Bayesian 
model averaging.

Obrotowe uszczelnienia wargowe znajdują szerokie zastosowanie w samolotach, a ich sprawność wpływa na bezpieczeństwo 
statków powietrznych. Oznacza to, iż szacowanie żywotności i niezawodności tego rodzaju uszczelnień ma kluczowe znaczenie. 
Degradacja obrotowego uszczelnienia wargowego jest zawsze związana z efektami losowymi, których nie uwzględnia teoretycz-
na analiza mechanizmu uszkodzenia. Dlatego też do oceny efektów losowych degradacji obrotowego uszczelnienia wargowego 
wykorzystuje się procesy stochastyczne, takie jak proces Gamma czy odwrotny proces Gaussa. W przedstawionej pracy, wybrane 
procesy degradacji łączono za pomocą metody bayesowskiego uśredniania modeli. Na podstawie analizy mechanizmów uszko-
dzeń i symulacji numerycznej, konwertowano uzyskane w pomiarach dane degradacyjne, co pozwoliło na przekształcenie pro-
cesu degradacji obrotowego uszczelnienia wargowego w proces liniowy. Parametry modelu i prawdopodobieństwa oceniano za 
pomocą metody pełnego wnioskowania bayesowskiego na podstawie obserwacji degradacji. Skuteczność przedstawionej metody 
weryfikowano porównując przewidywane i obserwowane wartości degradacji. Proponowaną metodę można wykorzystywać do 
oceny niezawodności i żywotności obrotowego uszczelnienia wargowego. Przeprowadzona analiza czułości pokazuje, że sku-
tecznym sposobem na poprawę żywotności i niezawodności omawianego typu uszczelnienia jest zwiększenie progu uszkodzenia  
w postaci maksymalnej głębokości zużycia.

Słowa kluczowe: Obrotowe uszczelnienie wargowe, mechanizm uszkodzenia, proces stochastyczny, modelowa-
nie degradacji, bayesowskie uśrednianie modeli.

LIu D, Wang S, ToMovIc MM. Degradation modeling method for rotary lip seal based on failure mechanism analysis and stochastic pro-
cess. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 381–390, http://dx.doi.org/10.17531/ein.2020.3.1.
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a fundamental sealing mechanism of rotary lip seal with reverse 
pumping action is based on the profile of sealing lip and the shaft-seal 
interference [15]. By pumping fluid from the air-side to the liquid-
side, this reverse pumping action can prevent leakage [5, 29, 30, 31]. 
Reverse pumping rate is one of the most important sealing perform-
ance indicators. Leak is likely to occur and the seal is likely to fail 
when reverse pumping rate is small enough. Furthermore, without the 
shaft-seal interference, the reverse pumping action will be destroyed 
and the seal will fail.

Several researches on analyzing degradation mechanism of the 
rotary lip seals have been published. guo et al. have performed a se-
ries of experiments to analyze degradation of the seal during storage, 
aging in oil and using in system [6,7,8]. The authors argue that the 
rubber aging is the most important failure factor for the seals during 
storage. The roughness of sealing lip surface deceases with rubber 
aging, resulting in the reverse pumping action weakening. Sealing lip 
wear is the most important failure factor for rotary lip seal during us-
ing in system. Seal wear changes the lip profile, decreases the shaft-
seal interference and weakens the reverse pumping action. a storage 
lifetime assessment method has been proposed in our previously pub-
lished paper [10]. Hence, the useful lifetime of rotary lip seal and 
sealing lip wear are focused in the presented research.

Based on finite elements (FE) analysis method and archard wear 
equation, several researches have been published to numerically study 
the seal wear process. To analyze the wear of the seal used in down-
hole equipment, Li et al. [35] presented a numerical analysis method 
for hydraulic seals. The high temperature and high pressure condi-
tions are focus. The proposed method has been validated by compar-
ing the simulation results with experimental observations. Based on 
the above numerical method, li et al. [36] proposed a thermal-struc-
tural coupled FE analysis method. The thermal behavior is coupled 
with structural analysis. a mesh reconstruction strategy is used to de-
scribe the evolution of seal geometry caused by wear. The proposed 
method can be used to provide a suggestion for the applications con-
sidering the temperature effects. considering the effects of lubricating 
characteristics on the seal wear, we have proposed a multiscale wear 
simulation method for rotary lip seal [11]. The proposed method has 
been verified by experimental observations and used to study the re-
lationship between shaft roughness and seal wear. Based on the above 
method, the relationship between the shaft texture and seal wear has 
been numerically studied in [12]. This work provides insight into the 
relationship between geometric features of textured shaft and the seal 
wear. Based on the above wear simulation method, the theoretical 
degradation path of rotary lip seal can be modeled and the theoreti-
cal lifetime of the seal can also be predicted based on the simulation 
results [3, 4]. 

Based on failure mechanism analysis, the theoretical wear path 
and theoretical lifetime can be predicted. However, the degradation of 
rotary lip seal is always with random effects, which cannot be consid-
ered in theoretical failure mechanism analysis. Stochastic processes 
are normally introduced in degradation modeling to take into account 
the random effects [38]. Hence, in order to consider random effects 
of rotary lip seal degradation, stochastic processes are applied in the 
present research [13, 23]. 

using stochastic process to model the degradation of rotary lip 
seal, the degradation process, degradation path and model parame-
ters need to determine. The degradation process of rotary lip seal is 
a monotonous process. generally, inverse gaussian (ig) process and 
Gamma process are suitable to describe monotonous processes [26, 
28]. Hence, ig process and gamma process are used to model the 
degradation process of rotary lip seal in the presented research. gen-
erally, under enough sample conditions, akaike information criterion 
(aic) and Bayesian information criterion (Bic) can be used to select 
the best degradation process among the candidate processes based on 
degradation dataset [16, 17]. However, due to the small sample con-

dition of rotary lip seal, it is difficult to select the best degradation 
process based on aic or Bic. normally, Bayesian model averaging 
(Bma) method can be used to combine the candidate degradation 
processes [18, 27]. Hence, Bma method is used to combine gamma 
process and ig process in the presented research. 

The best degradation path among the candidate paths also can be 
selected by aic and Bic under enough sample conditions. For exam-
ple, in [24], the best degradation path among the candidate degrada-
tion paths, including paths with constant, monotonic, and S-shaped 
degradation rates, is selected based on aic. However, similar to deg-
radation process, under small sample conditions, it is also difficult 
to determine degradation path based on degradation dataset. gener-
ally, degradation path reflects the theoretical degradation feature and 
can be predicted based on failure mechanism analysis [33]. Hence, in 
the presented research, the theoretical degradation path of rotary lip 
seal is predicted based on failure analysis and numerical simulation. 
Furthermore, the degradation process is always transformed to a lin-
ear degradation process by converting the degradation observations 
based on a linearization approach, which is given based on the above 
theoretical path [1, 34]. Generally, the model parameters and proc-
ess probabilities can be evaluated by Bayesian inference method with 
monte carlo simulation method [2, 19, 25].

as discussed above, based on failure mechanism analysis and sto-
chastic process, a degradation modeling method for rotary lip seals 
are proposed. comparing to the previously published researches on 
degradation modeling and reliability analysis on rotary lip seal, the 
distinguished features of this paper are as follows: (1) Stochastic proc-
ess is introduced to consider the randomness of the seal degradation. 
(2) Degradation path is predicted based on the failure mechanism 
analysis and numerical simulation. Based on the calculated theoreti-
cal path, the measured degradation data is converted and the rotary lip 
seal degradation process is transformed to a linear process. (3) Bma 
method is applied to handle process uncertainty issue, evaluate the 
model parameters and process probabilities.

Furthermore, the presented research is further study of the au-
thors’ previously published paper [13] and corresponding application 
on rotary lip seal. To meet engineering practice, in the presented re-
search, the method to predict the degradation path and corresponding 
linearization method are proposed for rotary lip seal. The degradation 
modeling and reliability analysis method is not be limited to linear 
degradation process anymore compared to the previously published 
paper. This improvement makes the stochastic process based degra-
dation modeling method become more practicable and available in 
engineering practice.

The rest of this paper is as follows: Section 2 presents the sto-
chastic process based degradation modeling method. in Section 3, 
the theoretical degradation path and the linearization method are pro-
posed based on failure mechanism analysis. ın Section 4, the model 
parameters and process probabilities are estimated by Bayesian infer-
ence method. in Section 5, the effectiveness of the proposed method 
is demonstrated. ın Section 6, discussion and conclusions are pre-
sented.

2. Stochastic process based degradation modeling 
method

2.1. Bases of stochastic process

a degradation process, which can be described as stochastic proc-
ess, has the following properties:

 (a) Y(t) has independent increments, e.g. Y(t4) - Y(t3) and Y(t2) - Y(t1) 
are independent only if t4> t3>t2>t1; 
The initial degradation (b) Y(0)≡0;
The increments Δ(c) Y follow
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 ∆ ∆ΛY t f t( ) ( )( )~ ,,θθ  (1)

where ΔY(t)=Y(t+Δt)-Y(t) and ΔΛ(t)= Λ(t+Δt)-Λ(t), Λ(t) is a monot-
onic function, and θ is model parameter vector.

The form of probability density function (PDF), f, is determined 
by the selected degradation process, gamma process and ig process 
in the presented research. The form of monotonic increasing function 
Λ(t) is determined by the degradation path. in the presented research, 
it is transformed to linear process based on linearization method and 
the theoretical degradation path, which is calculated by degradation 
mechanism analysis and numerical simulation. The model parameters 
and model probabilities can be evaluated based on degradation da-
taset, including degradation observations vector Y and observation 
time vector T:

 [ ]1 2, , ny y y=Y 
 (2)

 [ ]1 2, , nt t t=T 

 (3)

where yi means i-th degradation observation, ti means i-th correspond-
ing observation time and n is the observation size.

2.2. Linear IG process based degradation model

The degradation process of the seal is transformed to linear proc-
ess. in linear ig process, the degradation Y follows ig distribution, 
as:

 Y t t t( ) ( )~ ,ig ig igµ λ 2   (4)

where μig and λig are the process parameters. The PDF of ig distribu-
tion, x~ig(aig,big), is given by:

 ( ) ( )2igig
ig ig ig 3 2

ig
,b exp , 0

2 2
b x abf x a x

x a xπ

 −
 = − >
  

 (5)

Hence, the corresponding PDF of the degradation y is given by:
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given the predefined failure threshold, D, the corresponding reli-
ability function is given by:
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where Ф is cumulative probability function (cDF) of standard gaus-
sian distribution.

The corresponding mean time to failure (mTTF) is given by [22]:
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(8)
where ϕ(.) is PDF of standard gaussian distribution.

2.3. Linear Gamma process based degradation model

The degradation process of the seal is transformed to linear process. 
in linear gamma process, the degradation Y follows gamma distribu-
tion, as:

 Y t t( ) ( )~ ,ga ga gaµ λ   (9)

where μga and λga are the process parameters. The PDF of gamma 
distribution, y~ga(aga,bga), is given by:

 f y a
a b

y y ba
a

ga ga ga
ga ga

gaga
ga,b exp /( ) =

( )
−( )−1 1

Γ
    (10)

where Γ(⋅) is gamma function.

Hence, the corresponding PDF of the degradation is given by:

 f y t y
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tga ga ga
ga ga ga
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 (11)

The corresponding reliability function is given by:
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The corresponding mTTF is given by [32]:

 MTTF D
ga ga

ga ga ga
θθ( ) = +

µ λ µ
1

2
  (13)

2.4. BMA model fusion method

considering monotonic degradation of rotary lip seal, ig process 
and gamma process are selected as candidate degradation processes. 
as discussed above, under enough sample conditions, the best fitting 
degradation process among the candidate processes can be selected by 
aic and Bic. However, due to the small sample condition of rotary 
lip seal, it is difficult to select the best fitting degradation process 
among the candidate degradation processes. Hence, ig process and 
gamma process are combined by Bma method. Based on Bayesian 
inference, the posterior model probabilities can be inferred based on 
eq. (14) and used to fuse the candidate models:

 ( ) ( ) ( )
( ) ( )

1 1
2

1

,
,

,
i

i i
i

P M L M
P M

P M L M
=

=

∑

Y T
Y T

Y T
  (14)

where L(Mi|Y,T) is likelihood of model Mi, P(Mi|Y,T) is posterior 
probability of that the model Mi is the true model for degradation da-
taset, Y and T, P(Mi) is the prior for model probability of Mi. Further-
more, in the following parts of this paper, M1 means Mig, M2 means 
Mga, and:
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3. Failure mechanism analysis of rotary lip seal

as discussed above, seal wear is the most important failure factor 
for the seal during using in system and selected to be the degradation 
indictor in the presented research. Hence, the theoretical wear proc-
ess is seemed as the theoretical degradation path of rotary lip seal. in 
this section, the wear simulation method for the seal, proposed in our 
previously published paper [11], is used and combined with moving-
node updating strategy [4] to calculate the theoretical wear path. The 
maximum wear depth is selected as the degradation indicator of the 
seal, because it is much bigger than the minimum wear depth and the 
most significant wear is generally given with the most attention [11]. 
Furthermore, without the shaft-seal interference, the reverse pumping 
action will be destroyed and the seal will fail. Hence, the failure thresh-
old of wear depth, Dw, is set as the initial shaft-seal interference.

3.1. Wear analysis of rotary lip seal

Based on our previously published wear simulation method and 
moving-node updating strategy, the main wear degradation simulation 
methodology is shown in Fig. 1, where hw is wear depth, kL is wear 
module, pn is normal pressure, Lx is circumferential length of simula-
tion space of microscale mixed lubrication model, Ly is axial length of 
that, U is translational speed of shaft and ω is rotational speed of shaft. 
Four steps need to perform to predict the theoretical wear path. First, 
evaluate lubrication characteristics and calculate wear module based 
on the microscale mixed thermo-elasto-hydrodynamic (TEHD) lubri-
cation model. Second, simulate the normal pressure based on macro-
scale FE model of the seal. Third, calculate wear depth based on the 
above wear module and normal pressure. Finally, update the sealing 
lip profile and FE model. Repeat the above steps until the degradation 
time limitation is reached.

3.2. Theoretical degradation path and the corresponding 
linearization approach

Based on the above wear model and numerical simulation, the 
theoretical wear depth curve is predicted. By fitting the simulation 
results, the fitted theoretical wear path is obtained, which can be given 
by Eq. (17). Furthermore, the corresponding fitting results are shown 
in Fig. 2. it can be seen that, the theoretical wear path is not one of the 
common used degradation paths. namely, even though under enough 
sample conditions, it is still difficult to selected the best fitting degra-
dation path among the candidate paths based on aic or Bic, because 
the theoretical wear path may not be included in the candidate paths. 
Hence, it is necessary to predict the wear path of rotary lip seal based 
on degradation mechanism analysis:

 ( )w 54.98ln 170.1 282.2h t= + −   (17)

Fig. 2. Fitting results

Based on the above theoretical wear path, the linearization ap-
proach is given as follows. To transform the wear depth degradation 
path to a linear degradation path, the degradation of rotary lip seal is 
defined as:

 w 282.2
54.98 170.1

h

y e
+

= −
  (18)

By transforming the degradation observations, the wear depth, 
based on Eq. (18), the wear depth path is 
transformed to a linear degradation path, 
as:

 ( )t tΛ =                    (19)

Furthermore, the failure threshold, D, 
is also transformed from the failure thresh-
old of wear depth, Dw, based on Eq. (18). 
namely:

 w 282.2
54.98 170.1

D

D e
+

= −
        (20)

4. Parameters estimation

Fully Bayesian inference is applied to 
estimate the model parameters and model probabilities. considering 
small sample conditions of rotary lip seals and lack of prior related 
information, the priors are obtained based on mLE results for single 
candidate model.

4.1. Maximum likelihood estimation for IG process

given the gradation dataset, Y and T, the corresponding likeli-
hood function of ig process is given by:
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Fig. 1. Schematic diagram of wear degradation model
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where Mig means ig process and θig=(μig,λig) is corresponding pa-
rameter vector.

The corresponding log-likelihood function is given by:
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(22)

The corresponding derivatives are given by:
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where:

 

A n

B y

C t

D
t

y

j
j

n

j
j

n

j

jj

n

ig

ig

ig

ig

=

=

=

=



















=

=

=

∑

∑

∑

2

1
2

1

1
2

1

   (24)

Hence, the maximum likelihood estimation (mLE) of θig=(μig,λig) 
is given by:
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4.2. Maximum likelihood estimation for Gamma process 

The likelihood function of gamma process is given by:
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where θGa=(μGa,λGa) is parameter vector of Gamma process and 
mga means gamma process.

The corresponding log-likelihood function is given by:
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The corresponding derivatives are given by:
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where ψ x
x
x

( ) = ( )
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'
, ( )' xΓ  means derivative function of ( )xΓ  

and:
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Hence, the mLE of θga=(μga,λga) can be calculated based on:
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4.3. Priors

Based on the above mLE results, the priors of model parameters 
are set by Eq. (31) and Eq. (32), respectively. For the illustrative ex-
ample in the presented research, the variances are set to be one-tenth 
of mLE results. it should be noted that the above mLE neglects the 
relationship between the candidate models. Hence, the above mLE 
results are not the final evaluation results and can be used to set the 
priors of model parameters.
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where µ λ
∧ ∧

ig ig and   are the mLE results for ig process, as shown 

in Eq. (25). µ λ
∧ ∧

ga ga and   are the mLE results for gamma process, 
eq. (30). TN(·,·,0,+∞) means truncated normal (TN) distribution and 
the corresponding PDF is given by:
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The model prior probabilities generally can be determined based 
on expert experience and previous degradation data. However, the 
non-informative priors are always used under non prior information 
conditions. in the presented work, adopting non-informative prior, the 
priors of model probabilities are set as:

 1 2 0.5p p= =  (34)

4.4. Fully Bayesian inference

Fully Bayesian inference method is introduced to evaluate the 
model parameters and model probabilities, Eq. (35). The posterior 
distributions of model parameters and model probabilities can be 
obtained based on eq. (36) using software OpenBuGS by Markov 
chain monte carlo (mcmc) method. Furthermore, mean values of 
posterior distributions are used to evaluate the model parameters and 
model probabilities.
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where θ1=θig, θ2=θga, θ=(θ1, θ2). π(θk) is the priors of model pa-
rameters of k-th candidate model and set based on the mLE results, 
as shown in Section 4.3. π(Mk) is priori probability of k-th candidate 
model and non-informative prior is used, as shown in eq. (34).

4.5. Estimation procedure

The parameters estimation procedure is shown in Fig. 3. Three 
steps need to perform to evaluate the model parameters and model 
probabilities. First, based on the degradation dataset, calculate 
mLE of each candidate model. Second, the priors are set based 
on the mLE results and non-informative prior. Finally, based on 
above priors and likelihood function, the posterior distributions 
of model probabilities and model parameters are obtained by fully 

Bayesian inference method. Furthermore, the model probabilities 
and model parameters are evaluated based on the mean values of 
the above posterior distributions. The algorithm for the case study 
in the presented research is as shown in algorithm 1. nS is begin-
ning number of the transformed degradation observation and nE is 
ending number transformed degradation observation. in the case 
study, nineteen degradation observation are measured. Further-
more, to demonstrate the effectiveness of the proposed method, 
the last four transformed degradation observations are retained as 
cross-validation observations. Hence, the beginning number nS=15 
and the ending number nE=18.

algorithm 1. Simulation for case study in the presented research

Predict the theoretical wear path based on the wear analysis meth-
od, see Section 3.1.
Fit the simulation results of seal wear depth, Eq. (17)
Convert the experimental observations of wear depth based on 
Eq. (18).
Convert the failure threshold of wear depth to the threshold of the 
defined degradation based on Eq. (20).
For i=nS: nE
Calculate the MLE of the candidate models based on the first i 
transformed degradation observations, see Section 4.1 and Sec-
tion 4.2.
Set the priors of the model parameters and model probabilities 
based on the above MLE results, see Section 4.3 and Eq. (31)-
Eq (34).
Infer the model parameters and model probabilities based on the 
above priors and Bayesian inference, see Section 4.4.
Estimate the model parameters and model probabilities based on 
the mean values of the above inferring results.
Predict the degradation at the (i+1)-th predicting time.
End for
Calculate the reliability curve based on the above estimated re-
sults.
Calculate the MTTF curve based on the above estimated results.

5. Case study

in order to validate the proposed method, a typical rotary lip seal has 
been tested. The tested seal is as same as that presented in Ref. [12].

5.1. Experimental approach

The schematic diagram and photograph of the test bench are 
shown in Fig. 4. The motor is used to drive the shaft. The speed sensor 
is installed between the motor and shaft to measure the shaft speed. in 
the presented case, the shaft speed is 5000 rpm. There are two rotary 
lip seals are installed in the test bench. The bottom one is the tested 
sample. The top one is only used to seal the tank. a thermocouple 

is put into the sealing tank to measure oil temperature, 
which is controlled by adjusting the flow rates of oil in 
and oil out. in the presented case, the oil temperature is 
controlled around 25℃. Furthermore, the sealed pres-
sure is also controlled by adjusting the flow rates of oil 
in and oil out. The sealed pressure is 0.2 mPa in the 
presented case. The sealing lip profile is measured by a 
profilometer. The seal wear depth is recorded every 20 
hours for the first 15 observations and 50 hours for last 
4 observations.

4.2. Discussions

The degradation plots of the seal wear depth by ex-
periment are shown in Fig. 5. it can be seen that it is 

Fig. 3. Parameters estimation procedure
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radation process. namely, the theoretical wear 
path and the corresponding linearization method 
are suitable and effective. in the presented case, 
to validate the proposed degradation modeling 
method, the observations are transformed based 
on the above method, Eq., and are used to evalu-
ate the model parameters and probabilities. Fur-
thermore, to demonstrate the effectiveness of 
the proposed method, the last four transformed 
degradation observations are retained as cross-
validation observations.

The prediction procedure is shown in algo-
rithm 1. For example, to predict the degradation 
at 350 hours, based on the first fifteen trans-
formed degradation observations, for each can-
didate model, the parameters are evaluated by 
mLE. The mLE results are shown in Table 1. it 
should be noted that the above mLE calculation 
neglects the relationship between the candidate 
models. Hence, the above mLE results are not 
the final estimation results and just used to set 
the priors of model parameters.

Based on the above mLE results, according to Eq. (31) and Eq. 
(32), the priors for the model parameters are set as Eq. (37) and Eq. 
(38), respectively:
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To predict the degradation at 350 hours. Based on the above pri-
ors of model probabilities and model parameters, the model param-
eters and model probabilities are estimated by fully Bayesian infer-
ence method, eq. (36), with McMc method using OpenBuGS [13]. 
The posterior model probabilities are shown in Fig. 7. it can be seen 
that both the gamma process and the ig process are possibly the true 
degradation model for the seal. Hence, it is necessary to consider the 
degradation process uncertainty and combine the candidate processes. 
Furthermore, the mcmc simulation results for model parameters are 
shown in Table 2. The mean values are used to evaluate the model 
parameters. Based on the above evaluated model probabilities and 
model parameters, the degradation at 350 hours can be predicted. 

Furthermore, to validate the predicting accuracy of the proposed 
method, the last four degradation observations are retained as cross-
validation observations. The prediction procedure is as same as the 
above predicting procedure for predicting the degradation at 350 
hours. namely, the all observations measured before the predicting 
time are used to estimate the model probabilities and model param-
eters for predicting the degradation at the predicting time. The pre-
dicting results are shown in Fig. 8. Based on the predicting results and 
the last five transformed degradation observations, it can be seen that 

difficult to predict the degradation path of the seal wear depth. Hence, 
it is necessary to predict the degradation path based on the failure 
mechanism analysis. in the presented research, the measured seal wear 
depth is transformed to the defined degradation, Eq.. The transformed 
degradation observations are shown in Fig. 6. ıt can be seen that the 
transformed degradation observations obviously follows a linear deg-

Fig. 4. (a) Schematic diagram of the test bench and (b) Photograph of the test bench

Table 1. MLE results based on the first fifteen degradation observations 

Parameter μIG λIG μGa λGa

MLE results 1.0563 0.0065 0.2113 2.9212

Fig. 5. Observed degradation data

Fig. 6. Transformed degradation observation
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the proposed method can predict the degradation of the seal precisely. 
Hence, the effectiveness of the proposed method has been verified.

Based on the proposed method, the reliability curve and useful 
lifetime distribution of the seal can also be given, Fig. 9 and Fig. 10, 
respectively. according to the reliability curve, the rotary lip seal can 
guarantee high reliability, better than 0.9, for the first 700 hours. Then 
the reliability of the seal quickly decreases from 700 hours to 900 
hours. after 900 hours, the rotary lip seal is too unreliable to be used. 
according the useful lifetime distribution, it has high probability that 
the useful lifetime is around 800 hours. Furthermore, according to the 
reliability curve and useful lifetime distribution, the high reliable use-
ful lifetime is about 750 hours for the tested rotary lip seal.

Based on the proposed method, the mTTF can also be evaluated. 
To investigate the sensitivity of mTTF to the failure threshold of the 
seal wear depth, Dw, the mTTFs under different failure thresholds are 
calculated and shown in Fig. 11. in the presented case, the initial seal-

shaft interference is 100um. The reverse pumping action is based on 
the seal-shaft interference, so the failure threshold of seal wear depth 
should be smaller than the initial seal-shaft interference. The mTTF is 
about 654.5 hours when the failure threshold is set to be 90um, while 
the MTTF increases to 816 hours when the failure threshold is set to 
be 100um. namely, the mTTF is very sensitive to the failure thresh-
old, especially when it approaching to the initial interference. Hence, 
an effective way to improve useful lifetime of the seal is to increase 

Table 2. Model parameters’ MCMC simulation results based on the first 
fifteen degradation observations

Parameter Mean Standard 
deviation

Upper band 
(2.5%)

Lower band 
(97.5%)

μIG 1.058 0.3233 0.4266 1.692

λIG 0.02298 0.01666 0.0009685 0.06204

μGa 0.3745 0.0584 0.2771 0.5051

λGa 2.889 0.4354 2.094 3.798

Fig. 7. Posterior probabilities of candidate models

Fig. 8. Degradation prediction

Fig. 11. Relationship between MTTF and failure threshold of maximum wear 
depth

Fig. 9. Reliability curve depth

Fig. 10. Useful lifetime distribution
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Based on the proposed method, the mTTF, reliability curve and 
useful lifetime distribution of the tested rotary lip seal can also be 
evaluated. The sensitivity of mTTF to the failure threshold of seal 
wear depth is analyzed. it can be seen that the mTTF is very sensitive 
to the failure threshold, especially when it is approaching to the initial 
interference. Hence, an effective way to improve useful lifetime of the 
seal is to increase the failure threshold of the seal wear depth, for ex-
ample improving reverse pumping effect by texturing shaft surface.

The presented work provides a foundation to evaluate the useful 
lifetime and reliability of rotary lip seals. Future works will focus on 
how to improve the reverse pumping action and seal wear by texturing 
the shaft surface.
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the failure threshold of seal wear depth, for example improving re-
verse pumping effects by texturing shaft surface.

6. Conclusions

in this paper, a degradation modeling method for rotary lip seal is 
proposed based on failure mechanism analysis and stochastic process. 
Stochastic process is introduced to consider randomness of rotary lip 
seal degradation. considering monotonous degradation of rotary lip 
seal, gamma process and ig process are selected as the candidate 
models and combined by Bma method. The theoretical wear path is 
predicted by the failure mechanism analysis and numerical simula-
tion. a linearization method is proposed based on the theoretical wear 
path. in order to transform the degradation process of rotary lip seal to 
a linear process, the measured degradation data is transformed based 
on the linearization method. The model parameters and probabilities 
are evaluated by fully Bayesian inference method. The effectiveness 
of the proposed method has been verified by comparing the predicting 
degradation and experimental observations.
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The article reviews traditional and modern methods for prediction of gas turbine operating characteristics and its potential fail-
ures. Moreover, a comparison of Machine Learning based prediction models, including Artificial Neural Networks (ANN), is pre-
sented. The research focuses on High Pressure Compressor (HPC) recoup pressure level of 4th generation LM2500 gas generator 
(LM2500+G4) coupled with a 2-stage High Speed Power Turbine Module. The researched parameter is adjustable and may be 
used to balance net axial loads exerted on thrust bearing to ensure stable gas turbine operation, but its direct measurement is 
technically difficult implicating the need to indirect measurement via set of other gas turbine sensors. Input data for the research 
have been obtained from BHGE manufactured and monitored gas turbines and consists of real-time data extracted from industrial 
installations. Machine learning models trained using the data show less than 1% Mean Absolute Percentage Error (MAPE) as 
obtained with the use of Random Forest and Gradient Boosting Regression models. Multilayer Perceptron Artificial Neural Net-
works (MLP ANN) models are reviewed, and their performance checks inferior to Random Forest algorithm-based model. The 
importance of hyperparameter tuning and feature engineering is discussed.

Keywords: gas turbine, machine learning, data-driven prediction, HP recoup pressure analysis.

W artykule przedstawiono przegląd klasycznych i aktualnych metod przewidywania parametrów operacyjnych oraz potenc-
jalnych usterek turbin gazowych. Dodatkowo zaprezentowano porównanie wybranych modeli opartych o uczenie maszynowe,  
w tym modeli wykorzystujące sztuczne sieci neuronowe.  Przeprowadzone badania dotyczyły analiz poziomu ciśnienia ze sprężarki 
turbiny gazowej LM2500 czwartej generacji (LM2500+G4) połączonej z dwustopniową turbiną roboczą. Badany parametr podle-
ga sterowaniu i może posłużyć do wyrównania sił osiowych działających na łożysko główne wału wysokiego ciśnienia w celu 
zapewnienia stabilnej i niezawodnej pracy turbiny gazowej. Jednocześnie jego bezpośredni pomiar jest kosztowny stąd potrzeba 
dokonania pośredniego pomiaru z wykorzystaniem innych czujników zamontowanych na turbinie. Dane wejściowe do analiz 
otrzymano dzięki uprzejmości producenta turbin, firmy BHGE. Zawierają one parametry bezpośrednio pobrane z monitorowan-
ych turbin gazowych. Modele uczenia maszynowego otrzymane w wyniku analizy charakteryzują się średnim błędem procentowym 
(MAPE) na poziomie poniżej 1%. Najmniejszym błędem charakteryzują się modele otrzymane przy zastosowaniu lasów losowych 
(Random Forest) oraz gradientowego wzmacniania regresji (Gradient Boosted Regression). Przetestowano także zastosowanie 
wielowarstwowych, w pełni połączonych sztucznych sieci neuronowych, których efektywność okazała się niższa od modelu opar-
tego o algorytm lasów losowych. W podsumowaniu podkreślono wagę dostosowywania hiperparametrów i inżynierii cech. 

Słowa kluczowe: turbina gazowa, uczenie maszynowe, predykcja bazująca na danych, analiza pomiarów 
ciśnienia sprężarki.

1. Introduction

operational reliability of complex mechanical energy generation 
system is a key in assuring stable and cost-effective power supply for 
long-term commercial, industrial and communal purposes. one of the 
key systems used to deliver energy is currently, and for the foresee-
able future, gas turbine. gas turbine in-service monitoring proved to 
be useful in potential failure diagnosis and prevention as well as in 
its emission monitoring [36]. appropriate gas turbine utilization, for 
example in de-rated temperature mode, may have significant contri-
bution to decrease in harmful exhaust emissions [20] as well as to 
extend reliable operation of the system [1]. in this article accumulated 
gas turbine operating service data has been studied to predict key pa-
rameters. 

Prediction of gas turbine performance is one of the key factors 
researched. in-service performance deterioration and system unrelia-
bility are significant contributors to a gas turbine utilization planning. 
System failure or even single percent of power reduction can result 
in significant impact throughout life cycle. overhaul is the optimum 
remedy to restore desired parameters, but for the planning purposes, 
it should also be modelled and postponed if possible. moreover, per-
formance deterioration (and system failure) proved to be difficult to 
monitor and predict using installed gas turbine due to sensor accuracy, 
instrumentation aging, assembly constraints and control challenges. 
Therefore, maintenance planning should be based on multiple param-
eter’s analysis and results integration using specialized model [12].  

There are several typical examples of monitoring systems, that 
have been studied in the past. Historically, standard gas turbine tests 

PaWełczyk M, FuLara S, SePe M, De Luca a, BaDora M. Industrial gas turbine operating parameters monitoring and data-driven 
prediction. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 391–399, http://dx.doi.org/10.17531/ein.2020.3.2.
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have been used to create performance maps and model typical gas 
turbine behavior. instrumentation proved to be one of the most im-
portant challenges, limiting data acquisition capability [11]. gas tur-
bine integrity issues, cost of engine testing and limited acquisition 
capabilities are responsible for this restraint [35]. moreover, tests of 
the heavyweight gas turbines (75 mW and more) are not carried out 
before gas turbine delivery due to cost and assembly reasons. 

multiple statistical methods have been developed over time to 
preview, model and decrease gas turbine life cycle cost. Traditional 
analytical methods include, among others: Failure mode and Effects 
analysis (FmEa), Fault Tree analysis (FTa), and markov analy-
sis. an example of the Failure mode and Effects analysis (FmEa) 
supplemented by statistical failure rate model has been discussed by 
Mingazov and korobitsin [29]. The results of such model application 
may allow to assess different gas turbine systems reliability.  non-tra-
ditional reliability monitoring methods and novel approaches to reli-
ability monitoring include vague lambda-tau methodology [23], fuzzy 
sets [37] and numerical assessment based on Piecewise Deterministic 
Markov Process and Quasi Monte carlo methods [10]. The Petri Net 
model fed by Failure Tree analysis (FTa) has also been presented and 
discussed by verma and kumar [35]. To address system unreliability, 
the fuzzy sets application has been studied by several authors, example 
of which is described by Huang et all [18]. The results obtained using 
these methods are promising, however they also require rough estima-
tion of expected reliability to proactively choose appropriate model-
ling method. The dynamic nature of gas turbine can also be taken into 
consideration. The power generation system deteriorates over time 
and thus its reliability is time dependent. Binary Decision Diagram 
(BDD) has been proposed to address a multi-phase network system as 
discussed by lu et al. [26]. The industrial gas turbine system opera-
tion may also be considered as phased-mission system (PmS) since 
their operation mode usually consists of numerous repetitive phases. 
Therefore, a flexible truncation limit may be applied to BDD problem 
explosion. While the truncation application is necessary to model in-
creasing number of phases, the flexible truncation allows retention of 
the truncation error at low level as presented by Lu et al. in [27]. 

The statistical-based analytical models are the most frequently 
used methods for Engine Health monitoring (EHm). Trend analy-
sis is one of the standard methods used to compare current gas tur-
bine parameters with warning levels [32]. Pattern recognition can be 
employed in limited time frames (or sliding windows) to detect gas 
turbine behavior anomaly and potential failure. kalman filters are 
applied to define parameter changes that result in least square error. 
artificial neural networks (ann), support vector machines (Svm) 
and particle swarm optimization (PSo) techniques are also utilized 
to improve the accuracy of the predictions [6,7,16,21,33]. ıt has been 
proven that a hybrid PSo-Svm based model can result in a regres-
sion accuracy of approximately 95% [13]. ıt is also worth noting that 
described methods can achieve top results only when 
applicable dataset is available in vast quantities for 
multiple sensors (implicating Big Data solutions). in 
general, it can be concluded that the physical mod-
els derived from full or partial operating parameters 
provide the most accurate results [22, 24]. 

as discussed, performance optimization and 
hardware ageing modelling are crucial to maintain 
high efficiency of the propulsion system and to 
monitor health condition of the critical components. 
usually, only selected parameters are remotely 
monitored. The limited data acquisition requirement 
allows minimization of costs associated with the in-
stallation of additional sensors in hardly accessible 
turbine locations. in addition, the benefit of install-
ing advanced sensors to monitor system perform-
ance and components health status must be balanced 

against the risk of gas turbine downtime due to sensor malfunctions 
and potential secondary damages of gas turbine components caused 
by sensor failure itself. a scenario of gas turbine life-cycle optimiza-
tion with several operational parameters used as input to advanced 
models estimating online gas turbine performance and components 
ageing has been presented by Baker Hughes team [28]. The team con-
cluded that algorithm’s prediction accuracy together with data quality 
and proper expertise are important to model accurately long-term gas 
turbine behavior and to provide correct maintenance insights to on-
site operators [28]. 

To ensure consistently high accuracy required, data exploration of 
each input and corresponding data processing is required [17]. While 
main gas turbine control parameters are redundant and transducer out-
puts are processed by the control software according to robust selec-
tion criteria and technical board approved logic, some parameters are 
obtained directly from a single sensor and hence a predictive model-
ling may help to create a baseline for consistency check. 

2. Presentation of the problem 

This paper discusses the use of machine learning (mL) algorithms 
to estimate chosen parameter (in this case, the secondary flow pres-
sures, particularly the HP recoup pressure) with respect to the main 
gas turbine control parameters in order to troubleshoot instrumenta-
tion anomalies or detect deviations from the expected baseline. The 
primary goal is to predict long-term HP recoup pressure and hence 
enable consistent performance prediction and potential early detec-
tion of components degradation. 

The HP recoup pressure is an adjustable parameter, that enables 
balancing of net axial loads exerted on thrust bearing and ensures op-
eration within desired threshold. The control method and applicable 
system have been described and patented by Badeer [2]. 

The presented research is based on data obtained from 4th gen-
eration lM2500 gas generator (lM2500+G4) coupled with a 2-stage 
High Speed Power Turbine module gE challenge competition [19]. a 
cross section of Lm2500 gas turbine is shown on Fig. 1. The Lm2500 
is an industrial derivative of the General electric (Ge) cF6 aircraft 
engine (engine originally developed for aviation purposes and then 
refurbished for stationary operation) [3, 14]. This study focuses on 
PGT25+G4 gas turbine delivering 34 Mw with thermal efficiency of 
41% [5].

The presented study shows analytical comparison of the gas 
turbine engine pressure parameter prediction with respect to other 
operational (numerical) and geometrical (categorical) parameters. 
categorical parameter is represented by separately provided pressure 
orifice size, available only for limited number of gas turbines. The 
orifice plate is built in the HP Recoup pressure line to allow flow rate 
measurement and is causing an irrecoverable pressure loss [30]. The 

Fig. 1. Researched industrial & marine gas turbine configuration, based on [8]
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potential impact of the orifice size on the researched HP Recoup pres-
sure parameter prediction has been also studied.

3. Mathematical modelling and models implementa-
tion

Since turboshaft engine consists a close-loop system, by design, 
researched recoup pressure is mutually depended on other turbine en-
gine parameters. This feature makes it suitable for multistep predic-
tion, as the best model can be identified in such condition [31]. 

3.1. Mathematical models 

Typical starting point for all machine learning challenges are 
linear models. This include linear regression (logistic regression in 
instance of models with categorical values included) with linear coef-
ficients κ = (κ1, κ2, …, κn) and biases assigned to each of the input 
variables to minimize the output sum of squares between the training 
labels and predictions via linear approximation:

 κ̂ =Æ minκ = −
κ

κX y2
2  (1)

where Xκ = y is linear equation with coefficient κ and κ̂  is predicted 
value.  

While continuous numerical inputs for the model are normalized 
(as discussed later in this article) to prevent data range discrepancies 
from affecting the resultant model, additional options are available to 
prevent high coefficients from being assigned to selected parameters, 
while keeping the others small (and effectively eliminating them from 
the prediction process). This is implemented by imposing additional 
penalty parameter on the size of coefficient in the cost function cal-
culation process. For ridge regression (also known as Tikhonov based 
regression or L2) the penalty is assigned to a sum of squared weights. 
For LaSSo (Least absolute Shrinkage and Selection operator or L1) 
regression penalty value is only assigned to the sum of absolute values 
of the model weights (which can allow removal of redundant feature 
from the model), while elastic net model allows utilization of both 
routines at the same time. This process forces linear model weight to 
remain small, which typically leads to less overfitting [34]. The pen-
alty value is tuned to obtain minimum testing set prediction error:

 κ̂ = − +min
κ

κ α κ
1

2 2
2

1m
X y

j
 (2)

where mj is a number of samples, α is constant and 1κ  is ℓ1-normal 
to coefficient κ. 

LaSSo/ridge/elastic net cv models have additional cross valida-
tion routines built into them to automatically split the entire dataset 
into all possible train/test combinations to allow model generalization 
on the entire dataset, while maintaining dataset split. This happens on 
the expense of model performance as cross validation split of 5 will 
require training of 5 models, rather than one. LassoLarsic is compu-
tationally cheaper alternative to this process. 

Bayesion Ridge Regression models provides a probabilistic es-
timate for a regression problem. The model utilizes multiple param-
eters to obtain similar regularization pattern to ridge regression. The 
parameters are estimated by maximizing the marginal log likelihood. 
Bayesian Ridge Regression provides a different weight set than those 
obtained using ordinary Least Squares method: 

 p pκ λ κ λ| |( ) = ( )− 0 1,   (3)

where λ is Gaussian distribution for probabilistic model of output pa-
rameter κ. 

kernel models allow for dataset dimensionality modification/re-
duction, which allows model to create an artificial hyperspace split 
between model parameters, which can result in better model perform-
ance. This method can be applied on models such as Support vector 
machine (Svm), which can be used for either classification (Support 
vector classifier or Svc) or regression (Support vector Regression) 
tasks. Svm works by finding a set of optimum linear split in high 
dimensional space, using a subset of training points in the decision 
function (support vectors). While different kernels can be used to 
achieve optimum model performance nonlinear kernels are computa-
tionally expensive, especially for large datasets. 

Random Forest model consists of multiple decision trees (with 
exact decision tree numbers determined based on hyperparameter tun-
ing), which are averaged to classify target feature properly. During 
construction of each tree a node split is randomly generated to best fit 
random sub-sample of the features. The randomness results in in-
crease of forest classifier bias, but, due to averaging, the model vari-
ance also decreases. This compensates the adverse effect leading to 
higher quality prediction. The algorithm processes original dataset by 
proposing a randomly generated shallow trees, usually bootstrapping 
(randomly sampling with replacement) original dataset for to augment 
original training dataset. once trained, a prediction is made for every 
tree in the forest and individual estimates are combined to achieved 
optimum testing set performance. For regression problem (no cate-
gorical feature included) the overall result is a mean of individual pre-
dictions. For classification problem (orifice size included) each tree 
provides a weighted confidence for each class, which are then aver-
aged across all trees. The result is the class with the highest confi-
dence to minimize general mean-squared generalization error L for 
the numerical prediction ŷi  and its corresponding true label yi :

 ˆL y y
i

N
i i= −( )

=
∑

1

2  (4)

The binary nature of the Random Forest model can be partially 
compensated by iteratively reducing the error rate for each of the 
created trees, by building regression tree on negative gradient of a 
loss function, quite similarly to neural network training process. This 
method is called gradient boosted decision trees (gBDT) [25,38]. it 
works by processing a small number of decision trees (which in this 
instance are base learners) and using a learning rate to adjust tree defi-
nition to minimize aggregation of the loss function ( ), ( )i iL y F x , by 
reducing individual tree error: 

 ( )( )*

1
min ,

N
i i

T i
T arg L y F x

=
= ∑  (5)

artificial neural networks (ann) model training process, often 
called Deep Learning (for 3 hidden layers or more). Typical neural 
network relies on a predefined input and output vector and inner 
stacked layers utilizing mathematical transformations of input data as 
shown on Fig. 2. anns work by processing input vector through a set 
of linear functions followed by nonlinear activation (recently almost 
popular being Rectified Linear unit or ReLu) in a process called feed 
forward propagation. This is followed by loss (for a single batch) and 
cost (for entire dataset) value computation based on predefined cost 
function. Then, for each weight, a gradient with respect to specific 
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parameter is computed using a chain rule and cost value. Finally, all 
weights are updated sequentially using process called backpropaga-
tion. 

considering that deep neural networks, especially convolutional 
neural networks for image processing, (utilizing a combination of 
convolutional, pooling and dense neural networks) usually consist of 
10+ layers, it is useful to represent given neural network via high level 
representation. The example of 3 hidden layer network with 4 nodes 
in each layer, 3 inputs and 2 outputs has been shown on Fig. 3. 

This high level, generalized representation is often used 
in Deep learning frameworks such as keras, PyTorch. while 
Scikit-learn offers simple neural network implementations, 
those frameworks, while working on top of low level backends 
(Tensorflow), offer much more flexibility and significant reduc-
tion in training and inference (model implementation) time, 
typically due to effective processing routines for direct imple-
mentation on cPu/gPu (and recently, TPu).

3.2. Models Implementation

models obtained in the following analysis were devel-
oped using Python 3.6, modules such as Numpy/Pandas (data 
processing), Scikit-learn (machine learning) and keras/Tensor-
flow (artificial neural networks) frameworks. model was it-
eratively developed, with certain analysis thresholds established 
through set of tests. 

in order to properly establish acceptability threshold for 
model’s results a benchmark method has been proposed. it con-
sists of three metrics used to compare results of applied machine 
learning models: mean absolute Percentage Error (maPE), 
Root-mean-Square Error (RmSE) and coefficient of Determi-

nation (R2). The three parameters have been chosen as they represent 
a basis for qualitative and quantitative comparison of the researched 
methods. maPE metric allows valuable insight into the absolute mag-

nitude of the error, while RmSE provides additional in-
tuition into scaled residual size. R2 score represents a 
statistical measurement of model fit into predicted da-
taset. Target feature mean has been assumed as baseline 
prediction, resulting in RMSe of 0.83, MaPe of 9.24% 
and R2 score of 0 (per R2 score definition). 

The first step in predictive modelling is data explora-
tion, which allowed to limit the number of features used as 
predictive maintenance system input. Data cleaning pipe-
line implementation allowed dataset feature size reduc-
tion from 4568 columns to 382. any parameter with more 
than 3% missing data has been removed. For remaining 
parameters missing data has been replaced with median 
for all other features. additionally, all outliers (exceeding 
+/− 6 Sigma deviation) were removed (entire data row 
removal) to prevent errors further on in the analysis. 

Furthermore, categorical geometry feature – flow 
orifice size – has been provided and added to the dataset. 

Subsequent analysis has shown that geometry have significant predic-

Fig. 2. Overview of Artificial Neural Network (ANN) densely connected architecture with 2 hid-
den layers

Fig. 3. An example high level representation on densely connected neural network. For the pur-
pose of analyzed research 3 hidden layer network with up to 20 inputs, up to 100 nodes 
for each layer and 1 output has been used

Fig. 5. Data normalization techniques: a) N=2000 normally distributed input dataset; 
b) centering procedure applied on the dataset (dimensional mean subtracted 
from each datapoint); c) Standard deviation-based normalization of centered 
data; d) Principal Component Analysis (PCA) applied on the initial dataset; e) 
Whitening transformation applied on input dataset

Fig. 4. Distribution of the target feature (gas turbine pressure) 
with fitted normal distribution. As input dataset (after 
initial preprocessing) consisted of multiple serial num-
bers, the resultant dataset is multinomial. No ensemble 
subgrouping has been used due to sufficient model pre-
dictive capacity
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tive power and as such all rows, where geometrical data was not avail-
able, were dropped. Resultant target feature (pressure) distribution is 
shown on Fig. 4.

High predictive power of the model has been ensured by ranking 
remaining features based on Pearsons’s correlation coefficient cal-
culated between each of 380 analyzed parameters and target feature. 
Feature independence has been ensured by analyzed the relationship 
between pairs and picking only sensors, which would allow physics-
based explanation and higher correlation value with target feature. 
This approach has been chosen (instead of proceeding with typical 
correlation tests like Pearson’s or chi-Squared) to streamline data-
set reduction through project approval board. This allowed reduction 
of input dataset to 45 features. as such remaining 45 features were 
additionally tested with random forest feature estimator. combined 
feature mark considered both regression correlation and random for-
est estimator mark. Best 20 features were used in the further analysis 
and combined with geometry categorical feature. Random 5% of the 
dataset were retained as model test set.

input data set could be normalized in order to allow more effec-
tive computation paradigm and better convergence for neural network 
processing. Typical normalization steps consist of combination of ze-
ro-centering/normalization. Similarly, Principal component analysis 
(Pca) is used as an efficient way of both data normalization and di-
mensionality reduction. Finally, data whitening transformation ensures 
that mean data mean value is concentric with coordinate system origin 
point as well as that all the axis in the dataset have the same variance. 
These normalization methods have been presented on Fig. 5. Due to 
variable nature of turbine operating parameters input dataset has not 
been normalized. This approach has been tested on validation dataset 
and has shown more consistent results then normalizing input data. 

For each of the predefined model combination data has been pre-
processed to better fit specified model, then a test/train split has been 
created using random number seed and test set size of 0.25 (25% of 
the dataset was retained for testing) followed by classifier training, 
model storage and result view for postprocessing. Example of Linear 
Regression model implementation is shown on Figure 6. ıt shows lin-
ear Regression model implementation. 

Fig. 6. Example of mathematical model implementation: Linear Regression 
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4. Machine Learning Simulation and Results Discus-
sion 

in order to properly establish acceptability threshold for model’s 
results a benchmark method has been proposed. it consists of three 
metrics used to compare results of applied machine learning models: 
mean absolute Percentage Error (maPE), Root-mean-Square Error 
(RmSE) and coefficient of Determination (R2). The three parameters 
have been chosen as they represent a basis for qualitative and quan-
titative comparison of the researched methods. maPE metric allows 
valuable insight into the absolute magnitude of the error, while RmSE 
provides additional intuition into scaled residual size. R2 score rep-
resents a statistical measurement of model fit into predicted dataset. 
Target feature mean has been assumed as baseline prediction, result-
ing in RMSe of 0.83, MaPe of 9.24% and R2 score of 0 (per R2 
score definition). 

Figure 7 shows an example of HP Recoup pressure parameter 
prediction postprocessing using Deep Learning model with 5-fold 
cross validation. Similar plots were created for each of the other 31 
algorithms evaluated in this article. Figure 7 shows test set target fea-
ture range sorted ascending and its corresponding prediction using 
optimized Deep Learning model (as an example). 
The figure shows that while model error is gener-
ally consisted throughout entire model, the error 
increases significantly for certain feature inputs 
across entire target feature range. To prevent 
single set of measurements from triggering false 
negative alarms for the customer due to large 
model error it has been decided to smooth out the 
overall outcome using rolling average of the last 
100 predicted values. 

The result error has been shown on the chart 
in red and represents +/−MaPe band for the 
used rolling average window. as shown, it sig-
nificantly reduces a single misprediction impact 
on overall maintenance system with a drawback 
of increase in system response time (up to 500 
minutes of real time operations, depending on the 
parameter recording frequency). as overall sys-
tem architecture is still being adjusted, the exact 
approach to filter out outlier predictions is not yet 
fully defined.

altogether, 11 Scikit-learn machine learning models have been 
trained and used for comparison purposes followed by keras (with 
Tensorflow backend) artificial neural network (ann) sequential 
dense models. Each model training process has been proceeded with 
extensive hyperparameter/parameter tuning on reduced dataset. 

First, linear models, such as Linear Regression, Ridge Regres-
sion Model,Ridge cross-validation Regression Model, kernel Ridge 
Regression, Lasso Regression, Lasso cross-validation and Elastic 
net model have been tested followed by Bayesian Ridge Regression 
model (based on Bayes’ theorem, that was applied to aviation gas 
turbines [4]). Then, more recently developed machine learning mod-
els, such as Support vector Regression model, Random Forest, and 
gradient Boosting were analyzed. Finally, artificial neural networks 
(ann) with up to 3 hidden layers have been tested to allow compari-
son of established machine learning models to Deep Learning model. 

The results of analysis are shown on Fig. 8 and 
9 and summarized in Table 1. The most effec-
tive prediction has been achieved using Random 
Forest Regression model (0.018 RMSe, 0.122% 
maPE and 0.9995 R2). Results acquired for the 
model, which included additional geometrical 
information (orifice size), were 0.01% higher 
(measuring the coefficient of Determination, 
R2) than for the same model without additional 
data. Lower R2 results were achieved with gra-
dient Boosting Regression and simple Deep 
Learning model with 3 layers of artificial neu-
ral networks (ann). These models, however, 
achieved higher MaPe results (above 0.6% and 
1.2% respectively). The first linear model that 
showed high R2 value was Support vector Re-
gression model achieving 0.155 RMSe, 1.258% 
MaPe and 0.965 R2 (additional geometrical 
data did not result in significant accuracy in-
crease). 

Random Forest model has achieved highest 
performance using 80 estimators, while gradi-
ent Boosted model shown lowest error rate with 

245 estimators (and hinge at approximately 50 estimators). 
as mentioned briefly in the previous chapter, in case of artificial 

neural networks (ann) models, training process consists of calcu-
lation of predefined loss function for given outputs and calculating 

Fig. 7. Deep Learning model results. Due to large number of available datapoints (rows) Rolling Average 
of 100 samples (RA100) has been used to better visualize model results

Fig. 8. The Root-Mean-Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) compari-
son for chosen Machine Learning models. Models with additional geometrical parameter (orifice 
size) are marked with asterix (*)
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partial derivatives across different layers for all 
weights (parameters representing connection 
strength between nodes) and biases (parameters 
used to adjust the model output to fit best data 
set). Recent years have shown increase in model 
efficiency through implementing new design of 
activation functions (including ReLu, used in 
this analysis), initialization methods, regulariza-
tion methods, learning rate adjustment (includ-
ing aDam, also used in this thesis) and input 
sampling (SgD) while gPu/TPu based increase 
in computation power significant reduction in 
training time. While computer disc memory size 
consistently increases, introduction of Batch 
gradient Descent allows training on theoreti-
cally infinite size dataset by subsampling it into 
smaller pieces capable of fitting into memory. 
as such Deep Learning allows user to oper-
ate and generalize much larger problems and 
enables end-to-end solution generation for any 
machine learning problem. This contrasts with 
machine learning models such as Svc, which 
are limited by memory size and can only oper-
ate on user predefined features. 

Different size of 3 hidden layers have been 
tested within a range of 25-100 and an incre-
ment of 25 for each layer. optimum perform-
ance has been obtained for a network with 25 
nodes in the layer 1, 25 nodes in layer 2 and 100 
nodes in layer 3.

initially team considered utilization of ad-
ditional categorical feature, HP Recoup pres-
sure orifice size. The analysis has shown that it 
did not play significant role in case of complex 
models’ application, such as Random Forest or 
gradient Boosting. at the same time most of 
the linear models showed significantly higher 
R2 results for models with additional data. For 
example, lasso Regression had 5.6% R2 score 
higher while kernel Ridge Regression (general-
ly one of the least performing models) achieved 
54.9% difference.  

Presented approach has been validated on 
gas turbines with operational range very simi-
lar to the training data, which partially skews 
presented results up. Expansion of available 
dataset for additional gas turbines with further 
hyperparameter tuning should increase model 
generalization capability while maintaining its 
high accuracy. Furthermore, analysis consid-
ered multivariate approach for single output, 
which results in time series information loss 
and relatively high point-to-point model results 
variation discovered during data postprocessing. 
variation could be handled by simple methods 
like rolling average. Further increase in model 
accuracy can be achieved by extracting data 
sequence information. For example, Recurrent 
neural network could be used on top of prelim-
inary model (mL/DL) results to reduce target 
feature variation and increase accuracy.

Fig. 9. Coefficient of Determination (R2) comparison for chosen Machine Learning models. Models with 
additional geometrical parameter (orifice size) are marked with asterix (*)

Table 1. Comparison of RMSE, MAPE and R2 for researched Machine Learning models. Models with 
additional geometrical parameter (orifice size) are marked with asterix (*)

RMSE % MAPE R2 Score:

Random Forest Regression * 0,018 0,122 1,000

Random Forest Regression 0,019 0,125 0,999

Gradient Boosting Regression * 0,060 0,606 0,995

Gradient Boosting Regression 0,074 0,752 0,992

ANN 3 layers 50x75x50 neurons * 0,122 1,294 0,978

ANN 3 layers 25x100x25 neurons * 0,131 1,449 0,975

Support Vector Regression 0,156 1,259 0,965

Support Vector Regression * 0,156 1,259 0,965

ANN 3 layers 25x100x100 neurons * 0,159 1,803 0,956

ANN 2 layers 50x25 neurons * 0,175 2,013 0,952

Bayesion Ridge Regression * 0,220 2,270 0,930

Elastic Net Regression * 0,221 2,316 0,929

Lasso Regression * 0,221 2,315 0,929

LassoCV Regression * 0,221 2,315 0,929

LassoLarsIC Regression * 0,224 2,337 0,928

Ridge Regression * 0,224 2,335 0,928

Linear Regression * 0,224 2,336 0,928

Linear Regression 0,287 3,006 0,881

LassoLarsIC Regression 0,287 3,008 0,881

Ridge Regression 0,287 3,006 0,881

Bayesion Ridge Regression 0,287 2,998 0,881

Elastic Net Regression 0,288 3,030 0,880

Lasso Regression 0,288 3,037 0,880

LassoCV Regression 0,288 3,037 0,880

Kernel Ridge Regression 0,515 5,873 0,617

ANN 3 layers 25x25x100 neurons * 0,416 4,572 0,582

ANN 3 layers 50x100x100 neurons * 0,422 4,728 0,581

ANN 3 layers 50x25x75 neurons * 0,479 5,478 0,543

Kernel Ridge Regression * 0,646 7,606 0,398

RidgeCV Regression * 0,779 8,814 0,125

RidgeCV Regression 1,865 21,447 -4,023
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5. Conclusions

The presented study shows comparison of the gas turbine engine 
HP Recoup pressure prediction. it may be used for gas turbine pre-
dictive maintenance planning, potentially allowing gas turbine cost 
model improvement and optimization, as shown by Deloux et al. [9]. 
The applicability of numerical machine learning (mL) based predic-
tion models for gas turbine operating parameters prediction has been 
demonstrated. To specify acceptable model threshold a basic (target 
data average) benchmark has been proposed and used. in order to al-
low quantitative comparison between different models 31 machine 
learning algorithms have been tested, including artificial neural net-
works, random forests, boosted random forest and Svc. Best results 
were obtained for random forest regression due to its quick gener-
alization capability enabling ensemble solution with relatively low 
computational power. gradient boosting methods also have shown 
high accuracy due to residua minimization approach utilized in al-
gorithm design. artificial neural networks or deep learning methods 
were also shown application potential, showing high accuracy results 
with only 3 hidden layers. While computational requirement for deep 
learning hyperparameter tuning are significantly higher than those of 
random forest regressor [15], ann model can be easily tuned and 
adjusted for other, similar problems (transfer learning), while major-
ity of machine learning algorithms must be completely retrained for 
new purposes. 

moreover, data tests showed that additional geometrical data 
(such as orifice size, available for chosen gas turbines in researched 
dataset) is not always crucial to improve prediction quality, although 
it improves overall accuracy of the model and should be used if avail-
able, if only to check for model overfitting. Relatively simple nu-
merical model result’s comparison leads to most appropriate model, 
that guarantees high accuracy. currently artificial neural networks 
(ann) architectures could also offer valuable insight such as predic-
tion confidence, which would be critical for applications such as pre-
dictive maintenance.

Lastly, the developed methodology is applicable to any of the gas 
turbine parameter, when reference physics-based models and dataset 
from sufficiently large fleet are available to validate the accuracy of the 
data-driven algorithms developed. achieved results showed that high 
accuracy may be obtained using the same input data, but with different 
machine learning algorithms after extensive hyperparameter tuning.
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w oparciu o moDel sztucznej sieci neuronowej 

wsparty wielokryterialnymi metoDami poDejmowania Decyzji
Power plants are the large-scale production facilities with the main purpose of realizing uninterrupted, reliable, efficient, econom-
ic and environmentally friendly energy generation. Maintenance is one of the critical factors in achieving these comprehensive 
goals, which are called as sustainable energy supply. The maintenance processes carried out in order to ensure sustainable energy 
supply in the power plants should be managed due to the costs arising from time requirement, the use of material and labor, and the 
loss of generation. In this respect, it is critical that the fault dates are forecasted, and maintenance is performed without failure in 
power plants consisting of thousands of equipment. In this context in this study, the maintenance planning problem for equipment 
with high criticality level is handled in one of the large-scale hydroelectric power plants that meet the quintile of Turkey’s energy 
demand as of the end of 2018. In the first stage, the evaluation criteria determined by the power plant experts are weighted by the 
Analytical Hierarchy Process (AHP), which is an accepted method in the literature, in order to determine the criticality levels of 
the equipment in terms of power plant at the next stage. In order to obtain the final priority ranking of the equipment in terms of 
power plant within the scope of these weights, Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is used 
because of its advantages compared to other outranking algorithms. As a result of this solution, for the 14 main equipment groups 
with the highest criticality level determined on the basis of the power plant, periods between two breakdowns are estimated, and 
maintenance planning is performed based on these periods. In the estimation phase, an artificial neural network (ANN) model has 
been established by using 11-years fault data for selected equipment groups and the probable fault dates are estimated by con-
sidering a production facility as a system without considering the sector for the first time in the literature. With the plan including 
the maintenance activities that will be carried out before the determined breakdown dates, increasing the generation efficiency, 
extending the economic life of the power plant, minimizing the generation costs, maximizing the plant availability rate and maxi-
mizing profit are aimed. The maintenance plan is implemented for 2 years in the power plant and the unit shutdowns resulting from 
the selected equipment groups are not met and the mentioned goals are reached.

Keywords: Artificial neural networks, hydroelectric power plants, failure period estimation, maintenance plan-
ning, AHP, TOPSIS.

Elektrownie to zakłady produkcyjne o dużej skali, których głównym celem jest nieprzerwane, niezawodne, wydajne, rentowne 
oraz przyjazne dla środowiska wytwarzanie energii. Utrzymanie ruchu stanowi jeden z kluczowych czynników pozwalających 
na osiągnięcie tych szeroko zakrojonych celów, które określa się wspólnym mianem zrównoważonych dostaw energii. W ele-
ktrowniach, procesami utrzymania ruchu, realizowanymi w celu zapewnienia zrównoważonych dostaw energii, zarządza się  
z uwzględnieniem kosztów związanych z wymogami czasowymi, kosztów materiałów i robocizny oraz strat wytwarzania energii. 
Ponieważ elektrownie wykorzystują tysiące różnych urządzeń, niezwykle ważne jest prognozowanie dat wystąpienia uszkodzeń 
oraz zapewnienie bezawaryjnego utrzymania ruchu. W przedstawionych badaniach, rozważano problem planowania utrzyma-
nia ruchu sprzętu o wysokim poziomie krytyczności na przykładzie jednej z dużych elektrowni wodnych, która na koniec 2018 
r. pokrywała jedną piątą zapotrzebowania Turcji na energię elektryczną. W pierwszym etapie badań, kryteria oceny określone 
przez ekspertów zatrudnionych w elektrowni ważono za pomocą powszechnie stosowanej w literaturze metody procesu hierarchii 
analitycznej (AHP) w celu ustalenia poziomów krytyczności poszczególnych elementów wyposażenia elektrowni. Aby opracować 
ostateczny ranking priorytetowości elementów wyposażenia elektrowni na podstawie określonych wcześniej wag, zastosowano 
technikę TOPSIS, która polega na porządkowaniu preferencji na podstawie podobieństwa do idealnego rozwiązania. Techniki tej 
użyto ze względu na jej zalety, których nie mają inne algorytmy oparte na relacji przewyższania (ang. outranking algorithms). Na 
podstawie wyników otrzymanych dla 14 głównych grup urządzeń o najwyższym poziomie krytyczności, określonym na podstawie 
danych pochodzących z elektrowni, oszacowano czasy pomiędzy dwiema awariami, a na ich podstawie zaplanowano działania 
konserwacyjne. W fazie szacowania, opracowano model sztucznej sieci neuronowej (ANN) w oparciu o dane o uszkodzenia-
ch, które wystąpiły w ostatnich 11 latach działania elektrowni, dla wybranych grup urządzeń. Przewidywane daty wystąpienia 
uszkodzeń szacowano, po raz pierwszy w literaturze, biorąc pod uwagę zakład produkcyjny jako system, bez uwzględnienia sektora 

Özcan e, DanIşan T, yuMuşak r, eren T. an artificial neural network model supported with multi criteria decision making appro-
aches for maintenance planning in hydroelectric power plants. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 
400–418, http://dx.doi.org/10.17531/ein.2020.3.3.
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produkcyjnego. Plan obejmuje działania konserwacyjne, które mają być przeprowadzone przed przewidywanymi datami awarii, 
w celu zwiększenia wydajności wytwarzania energii, przedłużenia żywotności elektrowni, minimalizacji kosztów wytwarzania 
energii, maksymalizacji wskaźnika dostępności elektrowni oraz maksymalizacji zysków. Opracowany plan konserwacji wdrażano  
w omawianej elektrowni przez 2 lata. W tym okresie nie odnotowano przerw w pracy jednostek wytwórczych spowodowanych 
awarią rozważanych grup urządzeń, co oznacza, że wspomniane cele zostały osiągnięte.

Słowa kluczowe: sztuczne sieci neuronowe, elektrownie wodne, szacowanie czasu między uszkodzeniami,  
planowanie utrzymania ruchu, AHP, TOPSIS.

1. Introduction

in today’s conditions where competition is increasing, enterprises 
need to increase their profitability in order to ensure their continuity 
in their activities or to include plans aimed at minimizing the total cost 
resulting from these activities. These plans are of great importance 
in order to manage the operational activities that can be classified 
under the titles of production, personnel, material and maintenance 
in a systematic and effective manner. Especially in order to realize 
these targets, it is critical that the machinery, equipment and devices 
in the production facilities perform the expected functions in a timely, 
uninterrupted, high quality and reliable manner. in this respect, plan-
ning of the maintenance activities contributes greatly to the effective 
management of the other three main processes (production, personnel 
and material), while systematic management of maintenance planning 
activities plays an important role in achieving improvements in opera-
tional efficiency. 

Besides contributions provided by the mentioned maintenance 
planning activities, it is necessary to optimize all the costs in accord-
ance with the operating conditions as maintenance costs can reach 15-
70% of the various production costs varying according to the type of 
operation [11]. according to the most commonly used method, main-
tenance cost is composed of labor, spare parts and service costs which 
are spent for maintenance [19]. in case of stoppages caused by mal-
function or any maintenance application in the enterprise, the losses 
for each time period in which production cannot be realized should be 
considered as cost and included in the management process. The most 
important point to be considered here is the monitoring, inspection 
and follow-up taking them under control of maintenance performance 
parameters such as the mean time between failures (mTBF), failure 
stop rate (FSR) and fault repair time (FRT). Recording the data in 
which the maintenance performance indicators are mentioned in the 
maintenance practices realized by the enterprises is one of the impor-
tant factors that will contribute to this process. 

at the same time, hydroelectric power plants are critical with 
about one fifth share in Turkey’s energy mix [21]. Therefore, a large-
scale hydroelectric power plant in Turkey is selected as application 
field, and this plant has 6,111 equipment. ıt is not possible to carry out 
maintenance so many equipment in terms of continuity of generation 
and minimization of the costs. in fact, every equipment in the power 
plant does not directly affect sustainable energy generation. in other 
words, the level of impact of equipment on sustainable energy supply 
can be expressed as the level of risk (criticality level) of equipment 
in terms of power plant. For this reason, prioritization of maintenance 
activities according to criticality levels of equipment would not be 
deviated the power plant from its sustainable energy supply goal but 
would serve this comprehensive purpose. Furthermore, considering 
that the purpose of the maintenance is to extend the time of the fault-
free operation of the equipment, it will be possible for an equipment 
to reach this goal in the most appropriate way (especially in terms 
of cost efficiency) by the maintenance before the possible downtime. 
From this point of view in this study, a new maintenance planning 
methodology is proposed for the efficient maintenance management 
and hence an efficient power plant management, which includes the 
maintenance performance indicators in a big-scale hydroelectric pow-

er plant with the aim of achieving continuous, reliable, efficient, eco-
nomic and environmentally friendly electricity generation [58]. 

First, 9 criteria which affect the criticality level of the equipment 
in the power plant are weighted by aHP, and the obtained weights are 
used in ToPSiS algorithm for calculating the risk levels of equipment 
in terms of sustainable energy supply in the power plant. it is deter-
mined that 14 equipment groups have the maximum risk level in this 
ranking obtained for 6,111 equipment. This calculation is consistent 
with real life in terms of threatening the uninterrupted, reliable, effi-
cient, economic and environmentally friendly power generation when 
14 equipment groups fail. Then, an aNN model is established by us-
ing 11-years fault data including maintenance performance indicators 
for selected equipment groups and possible fault dates are estimated, 
and maintenance schedule is based on the estimated date of the failure 
for each equipment for the first time in the literature. as a result of 
the implementation of this schedule in the power plant for 2 years, the 
generation stoppages resulting from the lack of maintenance in the se-
lected equipment groups are reduced by 100%. ın addition, increasing 
the generation efficiency, extending the economic life of the power 
plant, minimization of generation costs, maximization of power plant 
availability and profit maximization are achieved. 

in the second section of the study, the studies in literature about 
the problem in a broad perspective are included. in the third section, 
the methods used in the study are given with use case and the applica-
tion phase is described in section 4. The study is completed with sec-
tion 5 where the results and recommendations are presented. 

2. Related literature

multi-criteria Decision making (mcDm) is an approach that 
makes decision-making more effective when there are often con-
flicting and/or related, qualitative and quantitative criteria [31]. The 
fact that the problem parameters are qualitative or quantitative in the 
decision-making process and that these parameters should be evalu-
ated together make the mcDm a practical and comprehensive evalu-
ation strategy. For this reason, in many studies in the literature, many 
mcDm methods, such as aHP [33,39,77], analytic network Proc-
ess (anP) [73], ToPSiS [10], ELimination Et choix Traduisant la 
Realité (elecTRe) [24], Preference Ranking Organization Method 
for Enrichment Evaluation (PRomETHEE) [9] and vlsekriterijum-
ska Optimizacija ı kOmpromisno Resenje (vıkOR) [26] are used 
in different problem areas such as location [36], project [44,66], staff 
[4], supply chain [81] and strategy selection [15], and health appli-
cations [47]. Furthermore, energy related decision-making problems 
have also intrinsically multiple criteria structures and therefore, ana-
lytical approaches for effective solutions for these problems are need-
ed. in this context and within the frame of the advantages of mcDm 
stated above, this approach provides effective results in solving many 
problems related with energy. Especially, the reviews performed by 
Mardani et al. [50] and kumar et al. [40] have proved the importance 
of the mcDm to be very important for the problems in energy related 
studies. another point that is noteworthy is that the usage of method 
combinations composed of one more than techniques under mcDm 
approach for problem solving have enabled us to receive effective 
results. For example, zyoud and Fuchs-Hanusch [92] have proved 
that the studies in which aHP and ToPSiS which are also used in 
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this study are integrated, are more effective than the separate usage of 
the methods. The studies performed by Özcan et al. [58] and kumar 
et al. [41] in the hydroelectric power plants, and Sindhu et al. [72] in 
the solar power plant are the important studies that integrate these 
two methods. in this study, the solution is started with aHP method 
due to the subjectivity reduction, ease of application, widespread use 
and flexibility of integration with linear programming, fuzzy logic 
and especially sorting algorithms [39,77,82]. in the second phase, 
the ToPSiS method is preferred because of the easy and effective 
way to perform the alternative ranking [10]. another method used in 
the study, the ann is used together with these mcDm methods in a 
few studies in the literature [8,42,76,84]. Today, aNN frequently en-
countered among artificial intelligence methods such as fuzzy logic, 
genetic algorithms etc. is used for solving the many types of problems 
about classification [46,90], diagnostics [3,91], scheduling [45] and 
prediction [2,80,89] in the wide sectoral range such as atmospheric 
sciences [23], transportation [20], finance [87], health [69] and en-
ergy [37]. 

Recently, prediction studies focused on ann [70,89] and obtain-
ing effective results is one of the factors that highlight this method. 
in addition, traditional prediction methods have been sufficient due 
to the long-term linear problems in the prediction studies in previous 
years [13,59]. nowadays it is not reasonable to assume that the prob-
lems are linear because of the dynamic and variable structure of real-
life problems [25]. Therefore, these methods are incomplete in some 
respects in nonlinear problems. in contrast to the traditional prediction 
models, ann models learn the structure of the problem from histori-
cal data on the problem and captures a fine functional relationship 
between the parameters even if the problem is difficult. This is the 
most important feature of ann models, which shows their superior-
ity compared to traditional ones in nonlinear problems. Therefore, the 
use of ann models is more effective for problems that are especially 
difficult to solve where sufficient data or observation can be obtained 
[18,62,86]. ın addition, it is necessary to transfer large amounts of 
data from the system examined in deep learning applications [61]. 
However, there are 285 faults in the hydroelectric power plants, where 
the problem is addressed, in the 11-year period. While this size of data 
set is insufficient for deep learning methods, it is sufficient for ann 
method. Therefore, ann method was preferred in this study inste-
ad of both traditional statistical methods and deep learning methods. 
Energy-related problems are often complex, and therefore the ann 
method is used effectively in forecasting problems related to ener-
gy. The literature reviews performed by Suganthi and Samuel [74] on 
electricity demand, Weron [85] on electricity prices, and Wang and 
Srinivasan [83] on energy usage, evidence by the fact that the ann is 
frequently used in the energy related studies.

ann can learn the process based on historical data and obtain 
highly accurate estimation results even if changes occur in the proc-
ess [55]. in addition, the applications of artificial intelligence, includ-
ing the ann, in power plants aim to minimize human intervention 
in processes. in other words, these practices aim to reduce the de-
pendence on staff in all process management, including maintenance 
planning, because of the threats that they may cause [51]. as a result 
of these objectives and the advantages mentioned above, ann has 
taken place in the maintenance planning problem in the energy sector. 
Examples of maintenance planning literature in the energy sector are 
summarized below:

messai et al. [53] performed a system design that forecasts the 
temperature of the fuel rod temperature sensor in the nuclear reactor 
core by a Bayesian network, which is a special ann model. ayo-
deji et al. [6] assessed the performance of the simulation with two 
ann models predicting the location and size of the fault before the 
malfunction occurred in the operator support system. as with these 
studies, ann models not only use environmental variables such as 
outdoor temperatures or radiation, but also the condition variables of 

the equipment as internal temperature for different operating times. 
in this way, faults can be detected before affecting production and 
a quantitative risk measurement can be realized. From this point of 
view, Polo et al. [57] made the malfunction mode and energy pro-
duction estimation of critical equipment for photovoltaic power plant 
with ann.

most of the maintenance planning studies carried out with ann 
in the renewable energy field are carried out in wind power plants 
which are advantageous due to simple production structure accord-
ing to other renewable energy plants. The study of Schlechtingen and 
Santos [67], which deals with offshore wind turbines, is based on the 
Supervisory control and Data acquisition (ScaDa) data of 10 wind 
turbines of the same type with 2 mW installed capacity. By using 
these data, two different ann models are constructed for fault es-
timation and the results are compared. Faults are evaluated as first 
and second faults on a day-by-day basis and temperature values are 
estimated. Based on these estimations, the fault is detected at the earli-
est 50 days ago. kusiak and li [43], the other researchers working on 
the estimation of faults, estimated the failures in three phases based 
on data from ScaDa of 4 wind turbines. ın this study, the first stage 
is to determine the presence of the fault, the second stage is the esti-
mate of the severity of the fault and the final stage is the specific fault 
estimation. Three-phase fault estimation is modeled by using neural 
network (nn), neural network Ensemble (nn Ensemble), Boosting 
Tree algorithm (BTa) and Support vector machine (Svm) methods 
and it was able to find the problem 5-60 minutes before failure oc-
curred. another study on wind turbines is performed by chen et al. 
[16]. ın this study, adaptive-Network Based Fuzzy ınference Systems 
(anFiS) which is a smart approach to classify faults in wind turbines 
is used unlike fault estimation. There are other studies using the an-
FıS method. The second study of Schlechtingen and Santos [68] is 
also an example to the anFiS usage for maintenance planning. in this 
study, a system for monitoring wind turbines with anFiS which is a 
combination of ann and fuzzy logic analysis, is proposed according 
to ScaDa data. in the continuation of the study, some sample appli-
cations of the system such as hydraulic failure, cooling system failure, 
anemometer failure and turbine control device failures are shown. Sun 
et al. [75] presented a generalized ann model to estimate deviations 
of parameter data such as rotor speed, output power and component 
temperature collected in ScaDa. instead of testing the model on two 
states and using a single estimation model, multiple prediction models 
which are trained with different types of sample data are integrated to 
determine the deviations of the status parameters of the wind turbine. 
it is shown that the proposed method is more effective than the tradi-
tional single model-based method in the definition of turbine devia-
tion values. in another study about wind turbines, Bi et al. [12] devel-
oped a new system that gives an alarm 13-20 hours before the current 
system by using ScaDa data for generator with ann and anFiS 
integration. Bangalore and Patriksson [7] carried out an exemplary 
study of hybrid models on wind turbines. in this study, implementa-
tion of ann based status monitoring method is presented for a wind 
turbine and the system has been able to detect the fault 2 months in 
advance. They also proposed a mathematical optimization model for 
preventive maintenance scheduling. Finally, lu et al. [49] predicted 
the economic life of rotor, transmission and generator equipment in 
the wind turbine with ann.

When the studies are examined in the literature, the ann method 
is frequently used in fault prediction studies without considering the 
sector. The review on fracture mechanics using artificial intelligence 
methods by Nasiri et al. [56] classified the studies under the titles of 
fault mode and mechanism identification, damage and fault detection 
and diagnosis, error and error detection, the diagnosis and mechanical 
fracture parameters. as a result of the review, they confirmed that the 
aNN method is used in 46% of the studies examined. This finding 
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proves that the ann method is effectively used in the failure estima-
tion problems.

in this study, the time estimation between the two faults (in other 
words, mean time between failures-mTBF) is discussed, and in the 
literature, studies on maintenance planning based on fault estimations 
based on maintenance performance parameters and evaluating the 
system in the light of these parameters come to the fore. For example, 
in order to investigate system reliability, komal and Sharma [38] ap-
plied three techniques based on ann and genetic algorithm for the 
washing system in a paper factory, Jiang et al. [34] modeled the effect 
of climate and environmental conditions in wind turbines using the 
regression method, and vedachalam and Ramadass [78] carried out 
an exemplary design for dynamic command system. For the predic-
tion of MTBF, which is effective in maintenance planning [34], chen 
et al. [17] performed the mTBF estimation for a cnc machine using 
the Dgm model because mTBF is an important parameter in the reli-
ability of complex equipment. Braglia et al., presented a multivari-
ate statistical approach that supports the classification of mechanical 
components in terms of MTBF [14]. They proposed a new approach 
to differentiate the operating parameters due to the differences in 
mTBF, and the determination of mTBF of mechanical parts, depend-
ing on the specific operating conditions. unlike other authors, Jones et 
al. [35], adoghe et al. [1] and illias et al. [32] performed their studies 
by conducting investigations on malfunctions. Jones et al. [35] calcu-
lated the failure rate of the system with Bayesian network for mainte-
nance planning in a manufacturing industry and used 1 / mTBF ratio 
in this calculation. adoghe et al. [1] performed the statistical analysis 
of the failure data using the serial correlation coefficient and Laplace 
test methods, and thus, they provided the selection of critical compo-
nents having the highest risk index in terms of system reliability, and 
they presented an effective maintenance planning program to address 
these critical components. Thus, they proposed a reliability- centered 
maintenance methodology based on statistical analysis for an electri-
cal distribution system. illias et al. [32] used dissolved gas analysis 
with a combination of ann and three PSo techniques to estimate the 
initial failure of the transformer. in the ann model, they used 100 
input data from 6 gas types, and considered the fault data, thermal 
error, low density and high- density parameters as output data. They 
categorized these data as training, verification, and test sets. apart 
from these studies, liu et al. [48] used the MTBF for the reliability 
of the cNc grinder and yang et al. [88] used the maintenance failure 
repair time parameter.

Following the above explanations of the studies using ann about 
maintenance planning, the differences of this study from other studies 
in the literature are as follows:

in the literature, different artificial intelligence methods are used • 
for maintenance planning problem, and the fault can be detected 
at the earliest 2 months ago. This study is based on the mTBF 
parameter, which presents a different philosophy between fault 
estimation studies. in this study, it is detected the faults earlier 
than other studies in the literature, and the estimation is made in 
periods between 201 and 1461 days. Predicting the faults in such 
an early stage proves the applicability of the model developed 
in real life problems, considering the length of the preliminary 
preparation and implementation process required for mainte-
nance.
in this study, maintenance planning is performed based on • 
mTBF estimation. Similar studies in terms of mTBF estimation 
in maintenance planning are often carried out for wind turbines. 
in these studies, a few equipment (such as turbine rotor, trans-
mission, generator or generally turbine for other power plants) 
is considered because these machines have not complex struc-
ture. However, hydroelectric power plants are the most complex 
one among the all renewable energy power plants. in this re-
spect, this is the first study on maintenance planning based on 

the mTBF parameter in the literature, which deals with complex 
hydroelectric power plants in a system. 
Furthermore, hydroelectric power plants are the most mature • 
renewable energy technology and therefore, these big-scale and 
complex plants affect the countries’ energy mix more than the 
wind turbines (e.g. the shares of hydro and wind in total electric-
ity generation in Turkey as of the end of 2018 are 20% and 6.3% 
respectively [21]). accordingly, hydroelectric power plants are 
the most critical renewable resource for sustainable energy sup-
ply in the world. Therefore, it can be said that the effect of main-
tenance at these facilities on the sustainable energy supply is 
much higher than the wind turbines.
another fact that makes this study stand out is the use of aHP-• 
ToPSiS-ann method integration in terms of increasing the 
level of analyticalness in this problem field, which together with 
all these features make the study different. it is thought that this 
study will contribute significantly to the literature due to all 
these differences.

3. Methods

3.1. AHP

The aHP method developed by Saaty is used as a singular or sup-
portive method in many decision-making problems and its popularity 
is increasing day by day. This method allows people to define priori-
ties between criteria and alternatives in the decision-making process, 
together with qualitative and quantitative judgments [79].

The following are the implementation steps of aHP [65]:

Step 1: Determination of goal, criteria, sub-criteria, alternatives and 
hierarchical structure

This phase includes the aim of the decision maker, the criteria af-
fecting this goal, and the determination of the relationships between 
them through the addition of alternatives (Figure 1).

Step 2: Performing the pairwise comparison for criteria and alterna-
tives for each criterion

it is carried out by experts by comparing all criteria and alter-
natives according to their severity. at this stage, the 1-9 preference 
scale, which is developed by Saaty and given in Table 1 is used.

Fig. 1. Hierarchical structure [65]

Step 3: Calculation of priority vector

The vector weights (w) are calculated using the pairwise com-
parison matrix, normalization of A.w = λmax.w, and the following 
equation:
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Step 4: Calculation and control of the consistency ratio (CR)

CR is calculated as the result of the ratio of the consistency index 
(CI) to the random consistency index (RI - Table 2) (Eq.3). Eq.2 is 
used to calculate the CI:

 
CI n nmax= −( ) −( )λ / 1  (2)0

   /  CR CI RI=  (3)

if CR<0.1, the pairwise comparison matrix is consistent. other-
wise, pairwise comparisons should be checked and revised, and the 
above calculations should be repeated.

Step 5: Analysis of the scores

The highest value alternative is chosen as the best alternative.

3.2. TOPSIS

TOPSıS was developed by Hwang and yoon in 1981 and is a 
method commonly used in real life multi-criteria decision problems. 
This method allows decision-makers to compare and sort alternatives. 
ToPSiS ranks the alternatives based on the maximum distance from 
the negative ideal solution, and minimum distance to the positive ide-
al solution. after all, the method chooses the closest alternative to the 
ideal solution. The method consists of 6 steps [31].

Step 1: Creating the decision matrix

in the rows of the decision matrix, the alternatives are listed and 
the criteria which affects the decision-making process are given in the 
columns.

Step 2: Creating the standard decision matrix

a standard decision matrix is created with eq. 4:

 
m

2
ij kj
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r aij / a

=
= ∑  (4)

Step 3: Creating the weighted standard decision matrix

The weighted standard decision matrix is   obtained by multiply-
ing each weight value calculated for the criteria by the value of the 
relevant criterion in the standard decision matrix.

Step 4: Creating the positive ideal (A*) and negative ideal (A-) solu-
tions

according to the assumption that the criteria show a tendency to 
monotonous increasing and monotonous decreasing, the maximum 
and minimum ones of the values in the weighted standard decision 
matrix are determined for obtaining the positive and negative ideal 
solution sets.

Step 5. Calculating the separation measures

The distance of the criteria values of each decision point in the 
matrix to the ideal and negative ideal solution is calculated by using 
eq. 5. and eq. 6:
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Step 6: Calculating the relative closeness to ideal solution 

The relative closeness to the ideal solution *
iC  is calculated by 

using the separation measures according to the Eq. 7:
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ci* is in the range 0-1. if ci*=1, the corresponding decision point 
is absolutely close to the ideal solution. on the other hand, ci*=0 represents the absolute closeness of the decision point to the negative 
ideal solution [5].

3.3. Artificial neural network

ann is a processor that has a natural tendency to put into practice 
the stored information based on experience. The ann is similar to 
the human brain in two respects: the information is obtained by the 
network through a learning process and the so-called synaptic weight 
between neurons is used to store information [28]. The emergence 
and development of this method is as follows: mcculloch and Pitts 
[52] are taken the first steps for the ann by setting up a simple neural 
network with a small electrical circuit. This network is emerged by 
imitating the computational ability of the human brain. ın 1949, Hebb 
[30] described the basic theory of learning in his book, The organiza-
tion of Behavior. Rosenblatt [63] found the perception of perceptron 
in 1958 is an important development for aNN. ın 1969, Minsky and 
Papert [54] proved that the perceptron sensors could not solve the 

Table 1. Saaty’s preference scale [65]

Importance Values Value Definitions

1 Equal importance of both factors

3 Factor 1 is more important than factor 2

5 Factor 1 is much more important than factor 2

7 Factor 1 has a very strong importance com-
pared to factor 2

9 Factor 1 has an absolute superior importance 
to factor 2

2, 4, 6, 8 Intermediate values – when compromise is 
needed

Table 2. RI values for different n values [65]

n 1 2 3 4 5 6 8 9 10 11 12 13

RI 0 0 0,58 0,9 1,12 1,24 1,41 1,45 1,49 1,51 1,48 1,56
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XOR problem and suggested that two-layer feed-forward networks 
could be used. Rumelhart et al. [64] developed the back-propagation 
algorithm for multi-layered neural networks in 1986. after this proc-
ess, progress has also been made so far [29,89]. 

a simple neural network structure consists of inputs, weights, ag-
gregation function, activation function and output element (Figure 2). 
The inputs consist of numerical values from the outside of the system 
or from neurons. The effect of input to the cell on the network refers 
to weights. aggregation function performs a linear combination of 
the inputs of the neuron by calculating the net input to the cell. The 
numerical sum of these two vectors gives the net input and it is sent 
to the activation function [28]. The activation function is a non-linear 
function that shows the network’s data structure [22]. There are many 
activation functions such as sigmoid, hyperbolic tangent, logarithmic 
sigmoid and purelin. 

Fig. 2. A simple ANN structure [28]

ann architecture is divided into single-layer and multi-layer ar-
tificial neural networks. The multi-layered structure is used in more 
complex problems and the single-layered structures are used in sim-
pler problems. Due to the use of multi-layered networks in the com-
plex problems of energy [74,83,85], multi-layered structure is utilized 
in this study.

4. Case Study

in particular, population growth, industrialization and urbaniza-
tion with constantly evolving technology, the demand for electricity in 
Turkey is increased by an annual average rate of 5.6% in the last dec-
ade. at the same period, electricity consumption per capita in Turkey 
has reached from 2,052 kwh to 3,373 kwh with 64,4’% increase. Hy-
droelectric power plants met about one-fifth of electricity consump-
tion, which realizes 292,171,618 kwh as of the end of 2018 [21], 
in Turkey with these significant increasing rates. Therefore, uninter-
rupted electricity generation in hydroelectric power plants has critical 
importance in terms of energy supply security for Turkey. consider-
ing the fact that one of the two pillars of sustainable energy supply in 
electricity generation power plants is maintenance management, the 
critical importance of maintenance planning in hydroelectric power 
plants is seen. 

in this context, especially the unwanted stoppages in the large-
scale hydroelectric power plants and the damages caused by them 
have to be considered as important problems. Because, these stop-
pages affect the energy supply security of the country negatively, not 
only the plant owner organization. considering that the power plant 
with 5 units of 200 Mw and 6,111 equipment is operated in accord-
ance with the operational directives, it is focused on the maintenance 
planning problem in this study, and it is reached the result of not car-
rying out the maintenance within a systematic plan is concluded with 
undesirable long-term stoppages in the plant. 

it is not possible to apply a standard maintenance policy for all 
equipment in such a large plant, due to the high level of impact of 

maintenance on costs.  For this reason, first, the most critical equip-
ment groups which stop the electricity generation in the power plant 
and interfere with the generation quality and reliability are determined 
with aHP-ToPSiS combination. Based on the fact that the plant can 
provide sustainable energy supply with appropriate maintenance to 
be applied to these equipment groups, an ann model is proposed by 
using 11-years fault data of them. as a result, possible fault periods of 
the most critical equipment of the power plant are obtained by using 
this model. maintenance before the estimated breakdown dates is an 
accepted strategy that prevents the occurrence of faults, and conse-
quently, a maintenance plan is prepared in line with this strategy and 
the results of the application are presented. The implementation stages 
of the study are presented in Figure 3.

4.1. Determining the critical equipment

at this stage, which is carried out according to the ToPSiS meth-
odology, the evaluation criteria specified in Table 3 are determined 
first. The evaluation criteria are determined by referring to the opin-
ions of the experts working in the plant and by taking into account all 
factors affecting the criticality level of each equipment for the plant 
and are determined to be related to each equipment. 

in Table 3, the verbal value is assigned to each equipment accord-
ing to each criterion using the parameters column specified under the 
criteria. The numerical equivalents of the parameters are created by 
utilizing the views of the power plant experts when considering the 
assumption of “all indicators must be numerical” for implementing 
the ToPSiS method.  While determining the numerical equivalents 
of the parameters, a scale consisting of integers between 0-10 is used, 
and the highest score (10) is given to the parameter which directly 
affects the electricity generation in the power plant (unit shutdown). 
other parameter scores are determined by considering the highest 
scores given between all the criteria and the scores given between 
each criterion.

upon completion of this stage, the initial decision matrix which 
dimension is 6,111 x 9 is obtained and TOPSıS methodology is started.  
ın order to determine the criticality levels of 6,111 equipment under 9 

Fig. 3. Application steps
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criteria in terms of power plant, the evaluation criteria weights are cal-
culated with aHP at first. The cR of the pairwise comparison matrix 
formed between the criteria is calculated as 0.051, and it means the 
relevant matrix is consistent. The weight of the 9 criteria as a result of 
the calculations made on this consistent matrix are given in Table 4.

Weighted normalized decision matrix is formed by using the crite-
ria weights calculated with aHP and, ideal and negative ideal solution 

sets are determined. Then, the separation measures are calculated for 
each equipment with eq.5 and eq.6. Finally, equipment priority levels 
(ci*), which are defined as relative closeness to ideal solution, of each 
equipment are found by using Eq.7. 

according to the priority levels of the equipment calculated with 
ToPSiS, the most critical equipment in terms of power plant is found 
as turbines, generators and disconnectors with a value of 0.837 ci*. 

Table 3. Evaluation criteria 

Criteria Criteria Parameters Numerical Equivalents of 
the Parameters

C1 Warehouse backup

Never 3

Sometimes 2

All the time 1

C2 Maintenance pre-conditions

Unit shutdown 7

Shutdown by situation 6

Shutdown by time 5

Maintenance without back up 2

Shutdown does not require 1

C3 Additional work requirement
Required 5

Not required 1

C4 Failure period

Monthly 8

Quarterly 5

Semi - annually 3

Annually 2

Long term 1

Unknown 1

C5 Possible consequences

Unit shutdown 10

Problem in emergency situation 9

Load reduction 8

Running without back up 7

Equipment shutdown 6

Security problem 6

Deficient function 2

Damage in associated equipment 2

Problem in start 1

Fluid consumption increase 1

C6 Availability of measuring 
equipment

Yes 3

No 1

C7 Static, dynamic or electrical 
property of equipment

Mechanical-dynamic 2

Mechanical-static 1

Electrical 1

I&C 1

C8 Fault shooting time

One week 9

More than one day 3

Unknown 3

2-8 hours 2

Less than 2 hours 1

C9 Detectability of failure
Difficult 3

Easy 1
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This value is considered as 100 full score to ensure the ease of cal-
culations and the scores of all remaining equipment are recalculated 
accordingly. as a result of this process, power plants experts have 
determined that the equipment which directly affects the sustainable 
power generation have 95 and more scores. in this context, the most 
critical 14 equipment in the power plant which determines the scope 
of the study are given in Table 5. 

4.2. Failure date estimation of the critical equipment

in this study, it is focused on the mTBF which is one of the main-
tenance performance parameters for determining the possible break-
down dates of the 14 most critical equipment of the power plant. On 
the first step of the prediction stage, the input parameters affecting the 
breakdown are determined by 8 power plant professionals, each hav-
ing 10 to 25 years of hydroelectric power plant operation and mainte-
nance experience and their occupations are industrial, electrical, elec-
trical-electronic and mechanical engineer. Equipment type, pressure 
effect, economic life of the equipment, fault repair time and predictive 
maintenance effect are determined as input parameters. The output 
parameter is determined as the number of days between two faults 
of each equipment based on the fault data recorded since 2005. Since 
the numerical use of data in the ann models has a positive effect on 
the education of the network, the data obtained are converted to nu-

merical form. The data set used in the study is given in annex-1. The 
process of distinguishing data is one of the factors affecting the educa-
tion of the network. Because, with the application of different training 
and test data groupings, it has been observed that the test results have 
changed although the structure of the network is not changed. The 
success of artificial neural network application is closely related to 
the approaches and experiences to be applied. Determining the ap-
propriate structure in the success of the application is another factor 
that greatly influences the results of the model. ın this context, 80% 
(228 faults) of the 285 faults that occurred in 11 years were used for 
training in the network and the remaining part (57 faults) was used 
to test the performance of the network. The 228-training data are al-
located with rates of 70-15-15 in maTLaB as training, validation and 
test data respectively. Weights are estimated during the training phase. 
The generalization ability of untrained data is preserved during the 
validation phase. in the testing phase, the error rate is calculated.

multiple attempts should be made to find the appropriate results 
in the network model. These trials are carried out in three stages. First, 
the process is continued until the learning is achieved. in other words, 
trials are maintained until the deviations from the target values fall 
below a certain rate. if the proximity to the target values is provided, 
the learning is stopped for the network, and the samples which are 
not shown in learning phase are submitted to the network, and thus, 
test phase is started. if the deviation between the test results and the 
targeted values is not acceptable, improvements are made by backing 
to the learning stage of the network, and this process is continued until 
it is close to both learning and test objectives. Therefore, the process 
after the completion of the data related to the study is continued by 
examining the ann models. The studies on ann models are con-
ducted with maTLaB program and the network model and algorithm 
to be used are investigated [55]. The network type, number of layers 
in the network, number of neurons in each layer, types of learning and 
activation function types used in network training, learning and mo-
mentum coefficients and the number of iterations are changed sepa-
rately according to the results obtained during the study. The ann 
architecture proposed in this study selected by comparison of network 
trial results as in most studies in the literature [11,14,28,46,60,71, 
etc.]. The suitability of the ann model with 285 data was examined 
by comparing the results of approximately 150 trials rather than the 
vapnik – chervonenkis dimension theory. Learning and generaliza-
tion errors of each ann model were observed, and the model with the 
lowest error rate, and no memorization in the performance graph was 
chosen. as a result, it was concluded that 5-20-10-1 ann model was 
suitable for solving this problem with 285 fault data that occurred in 
the 11-year time period in the hydroelectric power plant. The network 
structure is given in Figure 4. 

Figure 5 shows the network with the best regression graph results 
among the networks established by changing the above-mentioned 
parameters. 2 hidden layers are used in this selected network, and the 

Table 4. Criteria weights 

Criteria Weights

C1 Warehouse backup 0.051

C2 Maintenance pre-conditions 0.241

C3 Additional work requirement 0.029

C4 Failure period 0.071

C5 Possible consequences 0.400

C6 Availability of measuring equipment 0.062

C7 Static, dynamic or electrical property of 
equipment 0.055

C8 Fault shooting time 0.029

C9 Detectability of failure 0.062

Table 5. The most critical equipment of the power plant 

Rank Equipment Score

1 Turbine 100

2 Generator 100

3 Disconnector 100

4 Intake structure 98

5 Butterfly valve 98

6 Main power transformer 97.5

7 Brake system 97.5

8 Compressed oil tank 96.9

9 Cooling water structure 96.9

10 Wicket gate 96.8

11 Relay 96.7

12 Excitation transformer 96.7

13 Speed governor 95.9

14 Circuit breaker 95

Fig. 4. Network structure
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number of neurons in these layers are 20 and 10, respectively. in the 
network structure, purelin and tansig functions were used as transfer 
functions respectively, and learngdm was used as a learning function. 
moreover, Levenberg-marquardt algorithm was used in the training 
of the network. “Epoch=1000”, “performance goal=0”, “learning 
rate=0.01”, “momentum constant=0.9” and “maximum validation 
failures=6” were taken as stopping criteria.  These are the stopping 
criteria in the ann module in the maTLaB program.

Fig. 5. Regression graphs of selected network

The performance of the network is tested with unused data in the 
training of the network. The mean absolute Percentage Error (maPE) 
and R2 values of the performance tested network are obtained as 0.03 
and 0.91, respectively. The values are consistent with the perform-
ance values of the studies examined in the literature. Therefore, this 
network is selected for the failure date estimation problem handled in 
this study. as a result of the estimation phase, the breakdown periods 

are determined for each critical equipment. The average fault period 
for the equipment is given in Table 6. Finally, maintenance plans are 
applied in such a way that they will be performed before to the failure 
dates. 

5. Conclusions and Recommendations

Electricity generation power plants are continuous production fa-
cilities focused on sustainable energy supply, which consist of conti-
nuity, reliability, efficiency, economy and environmental sensitivity. 
in order to achieve this comprehensive objective, it is necessary to 
comply with the operating rules determined by the power plant manu-
facturers and to implement the effectively managed maintenance 
processes simultaneously. in this context, it is a necessity to manage 
the maintenance processes to be carried out in the power plants, and 
the most critical and complex phase of maintenance management in 
electricity generation power plants, which consists of thousands of 
equipment, is maintenance planning. From this point of view in this 
study, a maintenance planning is performed with the integration of 
aHP-TOPSıS-aNN for 14 equipment with the highest importance in 
one of the large-scale hydroelectric power plants which meet about 
quintile of Turkey’s energy demand.

This study has the feature of being the first in the literature in 
terms of both the use of these methods in an integrated manner and 
creating a maintenance schedule with mTBF estimation in hydroelec-
tric power plants. in the studies examined in the literature, condition-
based fault estimations are made for a single equipment or machine 
system. However, in this study, a preliminary qualification is per-
formed for all equipment in a large-scale hydroelectric power plant 
and the most critical equipment are selected by analytical methods 
in wide perspective. in hydroelectric power plants where the main-
tenance activities are costly in terms of material, manpower and time 
requirements, and generation losses, these selected equipments are di-
rectly affecting the sustainable energy generation in the power plant. 
in this context, only the effective maintenance planning to be applied 
to these equipments meet the main target of the power plant and this 
corresponds exactly with the real-life plant management. The selected 
equipment is determined not only for a single service of the plant but 
also for its mechanical, electrical and electronic equipment. in this 
context, a structure covering the entire power plant is established. in 
addition to this, considering the lack of measuring sensors in all of 
the equipment, the possibility of arriving at very close time intervals 
of the signals and the difficulty of interfering with the equipment, 
and the costs about equipping all of the equipment with measuring 
sensors, the occurrence of failure etc., interfering with the equipment 
before the failure occurrence by using the signals of the sensors called 
as predictive maintenance have no effective results at the power plant. 
Because, prolonged and unexpected faults have often occurred, and 
the expected output from the plant could not be obtained for the plant 
owner and country. However, by performing the proposed mainte-
nance planning approach within the scope of the study, significant 
improvements are achieved in the power plant in terms of increasing 
generation efficiency, extending the economic life of the power plant, 
minimization of generation and maintenance costs, maximization of 
availability ratio and profit maximization. 

Hajian and Styles stated that in this state the output trains the tar-
gets very well for training, testing and validation and the R-value is 
over 0.9 also in this case the test set error and the validation set error 
have similar characteristics, so the ann response is satisfactory [27]. 
our ann model is also suitable for explanation in this sentence. Fur-
thermore, in the proposed model, two-stage test application and the 
error rate were found to be 0.03, which is an accepted rate in the litera-
ture. in addition, the purpose of the model is to ensure energy supply 
security by keeping downtime caused by malfunction to a minimum. 
When maintenance planning is made according to the model results, 

Table 6. Average fault periods of critical equipment 

Rank Equipment Average Fault Period
(Day)

1 Turbine 1,096

2 Generator 1,095

3 Disconnector 733

4 Intake structure 730

5 Butterfly valve 201

6 Main power transformer 1,091

7 Brake system 731

8 Compressed oil tank 367

9 Cooling water structure 365

10 Wicket gate 1,457

11 Relay 1,461

12 Excitation transformer 722

13 Speed governor 372

14 Circuit breaker 728
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it has been observed that the stoppages caused by malfunctions are 
prevented and the results are effective in this sense.

in order to validate the maintenance schedule obtained as a result 
of this study and to determine the added-value, relevant maintenance 
schedule has been implemented in 1 unit of the power plant for 2 
years. in this context, no unit shutdowns have occurred due to lack 
of maintenance in 14 selected equipment as a result of maintenance 
activities carried out the power plant. When the malfunction data are 
analyzed, it is determined that the time required to eliminate such a 
malfunction varies between 8 hours and 20 days. in other words, a 
minimum of an 8-hours shutdown has been prevented and a potential 
loss of 1.6 million kwh of energy has not occurred.

one of the maintenance strategies required for hydroelectric pow-
er plants is revision maintenance. This maintenance strategy needs 
to be implemented at an average of 2 years at the plant where the ap-
plication is carried out for each unit, and an average of 110 calendar 
days is needed. The proposed maintenance schedule is also positively 
affected the revision maintenance performed. This is because only the 
necessary maintenance processes are carried out to include all stages 
of implementation in the power plant which has previously applied 
only the corrective maintenance strategy. Thus, the revision period is 
reduced to 82 days. This means a 34% improvement. considering that 
the unit could not be used in electricity generation during the revision 

period, a total of 134.4 million kwh energy is gained for the 28-days 
difference between the pre- and post- period of proposed approach. 
These results show that the power plant owner gains millions of liras, 
as well as Turkey has an important contribution to the energy supply 
security.

as a result of the implementation of the entire maintenance sched-
ule, the added-value will be increased as a result of the implementation 
of the said plan in the other units of the plant. The above-mentioned 
additives of the study can be considered as important contributions to 
the literature when evaluated with the bullets mentioned at the end of 
the second section. 

in addition, as a continuation of this study, the entire process of 
the operation should be reevaluated over the fault-free operation pe-
riod of the power plant and a new network design can be made that 
learns the effect of maintenance on the system as well as a period that 
learns the faults. 
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Annex 1
Table 7. Data set

Equipment Pressure effect Economic life of the 
equipment Fault repair time Predictive mainte-

nance effect Breakdown periods

Intake structure 81 1.550 288 0 960

Cooling water structure 56 3.300 281 4 937

Butterfly valve 80 1.753 257 12 856

Relay 6 4.002 238 52 298

Disconnector 3 2.675 232 0 772

Butterfly valve 80 1.341 230 0 287

Intake structure 72 1.723 228 1 761

Relay 4 3.010 226 0 282

Cooling water structure 63 3.006 214 4 268

Speed governor 81 2.941 212 4 708

Disconnector 1 0.677 208 12 694

Cooling water structure 70 2.151 203 0 254

Cooling water structure 70 2.013 198 0 248

Butterfly valve 90 1.505 198 0 659

Excitation transformer 12 1.317 191 0 239

Cooling water structure 70 3.437 190 4 237

Turbine 80 2.871 188 4 235

Generator 90 2.687 181 0 603

Speed governor 90 2.676 179 4 596

Intake structure 81 1.293 173 0 216

Excitation transformer 16 1.342 167 0 418

Speed governor 90 3.077 165 4 413

Disconnector 2 0.345 165 0 206

Wicket gate 12 4.018 164 12 2466

Generator 100 2.848 160 0 200

Disconnector 2 0.183 159 0 529



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 3, 2020410

sciENcE aNd tEchNology

Relay 6 2.675 157 0 392

Turbine 80 2.443 156 0 520

Relay 10 2.848 153 0 383

Cooling water structure 56 2.430 152 0 506

Relay 6 2.337 147 0 35

Turbine 72 1.889 146 4 486

Compressed oil tank 72 1.670 145 2 2169

Main power transformer 12 2.866 143 52 2143

Butterfly valve 100 1.259 141 0 470

Speed governor 81 2.009 141 0 197

Circuit breaker 35 2.838 140 0 35

Turbine 72 2.159 133 0 333

Wicket gate 18 2.852 133 0 186

Butterfly valve 90 1.924 132 12 441

Wicket gate 12 2.842 131 0 184

Butterfly valve 90 1.838 131 12 437

Brake system 4 2.306 130 2 1957

Turbine 80 1.205 130 0 182

Turbine 80 1.550 129 0 322

Excitation transformer 20 1.424 128 0 320

Excitation transformer 12 1.508 127 0 318

Speed governor 81 3.204 127 4 178

Turbine 64 2.730 124 4 310

Speed governor 81 1.873 124 0 99

Butterfly valve 100 1.510 123 0 172

Turbine 64 1.978 121 4 303

Excitation transformer 20 1.923 120 4 1801

Circuit breaker 30 2.850 120 0 96

Relay 8 4.010 119 52 167

Butterfly valve 100 1.925 119 12 29

Generator 100 2.838 119 0 95

Speed governor 90 2.001 118 0 71

Relay 10 2.507 117 0 164

Speed governor 81 2.405 116 0 93

Generator 90 3.677 115 4 1730

Relay 10 3.838 115 52 1725

Wicket gate 6 2.345 114 0 91

Speed governor 72 3.079 113 4 29

Speed governor 72 2.401 112 0 157

Relay 8 3.950 111 52 1661

Main power transformer 12 2.009 110 0 154

Generator 90 2.507 109 0 87

Butterfly valve 100 1.171 108 0 151

Disconnector 1 2.338 108 0 86

Cooling water structure 63 3.444 107 4 150

Circuit breaker 25 3.010 105 0 123

Wicket gate 12 2.513 105 0 84

Wicket gate 18 2.682 104 0 146

Turbine 80 1.891 104 4 83
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Main power transformer 6 2.870 103 52 82

Speed governor 81 2.144 100 0 140

Speed governor 90 2.277 96 0 77

Speed governor 90 1.868 96 0 26

Wicket gate 18 2.508 96 0 134

Cooling water structure 56 2.014 93 0 30

Excitation transformer 16 1.927 93 4 130

Circuit breaker 35 3.015 93 0 74

Relay 8 2.345 93 0 25

Wicket gate 12 2.673 91 0 128

Speed governor 81 2.271 90 0 126

Disconnector 1 0.678 90 12 29

Main power transformer 12 2.873 89 52 71

Compressed oil tank 80 1.171 88 0 123

Speed governor 81 2.273 88 0 70

Speed governor 90 2.412 87 0 31

Main power transformer 6 3.004 86 52 121

Intake structure 90 1.295 84 0 117

Turbine 64 3.157 84 4 117

Circuit breaker 35 2.505 83 0 99

Cooling water structure 63 2.866 82 4 1224

Speed governor 72 2.145 80 0 32

Turbine 64 2.293 79 0 111

Relay 10 2.352 79 0 110

Circuit breaker 25 2.517 78 0 29

Wicket gate 12 3.003 77 0 108

Main power transformer 6 3.436 77 52 1152

Speed governor 72 2.136 76 0 107

Circuit breaker 20 3.018 71 0 27

Wicket gate 6 2.518 70 0 84

Relay 6 2.680 70 0 24

Circuit breaker 30 2.675 68 0 82

Circuit breaker 25 3.020 65 0 15

Circuit breaker 25 2.520 60 0 29

Relay 6 2.682 60 0 31

Wicket gate 12 2.345 56 0 15

Circuit breaker 20 3.015 55 0 13

Intake structure 72 1.551 51 0 6

Intake structure 81 1.372 50 0 6

Intake structure 90 1.372 50 0 5

Cooling water structure 56 3.301 49 4 8

Circuit breaker 25 2.838 49 0 6

Relay 8 2.352 49 0 5

Circuit breaker 30 3.003 48 0 7

Circuit breaker 30 2.843 47 0 5

Circuit breaker 25 2.680 47 0 6

Circuit breaker 25 3.018 47 0 8

Circuit breaker 30 3.017 47 0 15

Circuit breaker 30 2.520 47 0 7
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Circuit breaker 35 2.682 47 0 35

Circuit breaker 30 2.680 47 0 5

Circuit breaker 35 2.342 46 0 6

Circuit breaker 30 2.838 46 0 4

Circuit breaker 30 3.003 46 0 8

Circuit breaker 20 2.505 46 0 5

Circuit breaker 20 2.517 45 0 7

Circuit breaker 25 2.835 45 0 4

Wicket gate 18 2.520 45 0 21

Circuit breaker 25 2.340 45 0 6

Butterfly valve 80 1.924 45 12 5

Circuit breaker 25 2.683 44 0 4

Wicket gate 12 2.350 44 0 7

Speed governor 81 2.409 44 0 21

Circuit breaker 20 2.512 44 0 8

Butterfly valve 80 1.173 44 0 6

Circuit breaker 20 2.670 44 0 4

Speed governor 81 2.011 44 0 5

Speed governor 90 2.147 43 0 23

Speed governor 90 1.879 43 0 15

Circuit breaker 25 2.668 43 0 4

Speed governor 72 2.411 43 0 6

Speed governor 72 2.409 42 0 8

Circuit breaker 25 2.342 42 0 4

Speed governor 72 2.011 41 0 4

Circuit breaker 35 2.687 41 0 27

Speed governor 72 1.880 41 0 8

Intake structure 90 1.551 41 0 9

Speed governor 90 1.868 40 0 4

Circuit breaker 20 3.003 40 0 3

Circuit breaker 20 2.835 39 0 3

Speed governor 72 1.876 39 0 8

Circuit breaker 25 2.687 39 0 3

Circuit breaker 30 3.020 39 0 9

Circuit breaker 35 2.683 38 0 3

Circuit breaker 30 2.835 38 0 24

Circuit breaker 20 2.670 38 0 15

Cooling water structure 70 2.151 38 0 1

Main power transformer 9 3.436 38 52 8

Circuit breaker 35 2.342 38 0 3

Circuit breaker 20 2.352 37 0 27

Speed governor 81 2.409 37 0 3

Circuit breaker 30 2.845 37 0 9

Speed governor 81 2.011 36 0 3

Circuit breaker 25 2.852 36 0 18

Speed governor 72 2.009 36 0 3

Circuit breaker 30 2.683 35 0 9

Speed governor 90 1.876 35 0 3

Circuit breaker 20 3.018 35 0 1
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Circuit breaker 20 2.843 35 0 28

Relay 6 2.345 35 0 10

Intake structure 72 1.296 34 0 14

Wicket gate 6 2.502 33 0 9

Circuit breaker 25 3.017 33 0 10

Circuit breaker 30 2.672 33 0 28

Circuit breaker 25 2.853 32 0 12

Circuit breaker 35 2.852 32 0 2

Speed governor 90 2.411 32 0 20

Circuit breaker 25 3.010 32 0 1

Circuit breaker 25 2.842 32 0 15

Circuit breaker 35 2.685 32 0 2

Circuit breaker 30 2.668 31 0 2

Circuit breaker 35 2.345 31 0 13

Circuit breaker 30 3.012 31 0 10

Circuit breaker 35 2.520 31 0 2

Circuit breaker 30 2.505 31 0 2

Circuit breaker 25 2.505 30 0 2

Speed governor 90 2.012 30 0 24

Circuit breaker 25 2.352 30 0 2

Speed governor 90 2.405 30 0 11

Circuit breaker 35 2.350 29 0 2

Speed governor 72 2.941 29 4 2

Circuit breaker 35 2.520 29 0 1

Speed governor 90 2.411 29 0 2

Speed governor 72 2.325 20 0 2

Circuit breaker 20 2.342 28 0 23

Speed governor 81 2.144 28 0 2

Speed governor 63 2.011 28 0 12

Speed governor 72 2.144 27 0 2

Brake system 3 1.802 27 0 2

Relay 8 3.950 27 52 19

Intake structure 90 1.296 27 0 17

Circuit breaker 20 2.853 26 0 2

Circuit breaker 25 2.345 26 0 1

Speed governor 72 2.409 25 0 1

Circuit breaker 20 2.348 25 0 28

Circuit breaker 25 2.342 25 0 18

Cooling water structure 63 2.013 25 0 13

Speed governor 90 2.277 23 0 1

Circuit breaker 30 2.343 23 0 1

Circuit breaker 20 2.345 23 0 10

Generator 100 2.502 21 0 19

Speed governor 72 2.273 21 0 1

Relay 4 2.682 21 0 0

Circuit breaker 30 3.003 20 0 60

Circuit breaker 20 2.668 20 0 28

Compressed oil tank 80 1.672 19 2 58

Relay 8 2.340 19 0 58
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Intake structure 81 1.372 19 0 1

Speed governor 72 2.011 19 0 1

Circuit breaker 35 3.015 19 0 0

Circuit breaker 35 2.340 19 0 56

Cooling water structure 56 2.156 19 0 15

Wicket gate 12 2.337 18 0 54

Excitation transformer 12 1.923 18 4 1

Circuit breaker 20 2.508 18 0 54

Circuit breaker 30 2.337 18 0 54

Relay 4 4.010 18 52 0

Wicket gate 18 2.352 18 0 53

Cooling water structure 63 2.154 18 0 53

Turbine 80 1.717 18 4 53

Circuit breaker 35 2.683 17 0 14

Relay 8 2.678 20 0 52

Speed governor 63 2.011 15 0 1

Circuit breaker 30 2.838 17 0 51

Circuit breaker 35 2.510 17 0 51

Excitation transformer 16 1.425 17 0 50

Circuit breaker 35 2.347 16 0 13

Circuit breaker 35 2.680 16 0 21

Intake structure 72 1.372 16 0 0

Generator 90 3.677 15 4 1

Speed governor 90 2.148 15 0 20

Speed governor 81 1.880 15 0 45

Speed governor 90 1.869 15 0 22

Circuit breaker 30 2.685 15 0 23

Circuit breaker 20 2.340 15 0 0

Circuit breaker 25 2.350 15 0 12

Speed governor 90 2.013 15 0 44

Turbine 72 2.874 15 4 44

Turbine 72 1.372 15 0 44

Wicket gate 18 2.340 14 0 43

Circuit breaker 30 2.350 14 0 41

Circuit breaker 20 2.345 14 0 11

Wicket gate 6 2.502 13 0 40

Brake system 4 1.802 13 0 40

Speed governor 81 2.411 13 0 1

Cooling water structure 70 2.867 13 4 38

Speed governor 90 2.144 12 0 10

Speed governor 90 2.137 12 0 37

Circuit breaker 25 2.845 12 0 37

Speed governor 72 1.876 12 0 36

Circuit breaker 30 2.668 12 0 0

Circuit breaker 20 2.518 12 0 21

Speed governor 63 1.877 12 0 35

Circuit breaker 30 2.352 11 0 0

Circuit breaker 35 2.518 9 0 0

Circuit breaker 30 2.342 9 0 0
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Circuit breaker 25 2.668 7 0 0

Relay 10 2.343 7 0 70

Disconnector 3 0.187 7 0 68

Circuit breaker 25 2.515 7 0 68

Wicket gate 18 2.348 7 0 66

Turbine 64 1.715 6 4 64

Wicket gate 6 2.685 6 0 62

Speed governor 72 2.415 6 0 62

Main power transformer 9 2.011 6 0 61

Speed governor 81 2.408 6 0 61

Butterfly valve 90 1.173 6 0 61

Circuit breaker 30 2.342 6 0 0

Speed governor 81 1.876 5 0 0
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1. Introduction

Software testing, as an indispensable stage in software develop-
ment life cycle, aims to discover defects in a software artefact as much 
as possible to assure its quality and reliability [10]. it is a very costly 

and resources consuming task that accounts for higher than 50% of 
development costs [15]. in previous work [51], test case selection 
(TcS), test case minimization (Tcm) and TcP are three techniques 
maximize the value of test suites. TcP is often used to improve the 
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a novel test case prioritization methoD baseD on problems of 
numerical software coDe statement Defect preDiction

nowatorska metoDa priorytetyzacji przypaDków testowych 
oparta na prognozowaniu błęDów instrukcji koDu 

oprogramowania numerycznego
Test case prioritization (TCP) has been considerably utilized to arrange the implementation order of test cases, which contributes 
to improve the efficiency and resource allocation of software regression testing. Traditional coverage-based TCP techniques, such 
as statement-level, method/function-level and class-level, only leverages program code coverage to prioritize test cases without 
considering the probable distribution of defects. However, software defect data tends to be imbalanced following Pareto principle. 
Instinctively, the more vulnerable the code covered by the test case is, the higher the priority it is. Besides, statement-level cover-
age is a more fine-grained method than function-level coverage or class-level coverage, which can more accurately formulate 
test strategies. Therefore, we present a test case prioritization approach based on statement software defect prediction to tame 
the limitations of current coverage-based techniques in this paper. Statement metrics in the source code are extracted and data 
pre-processing is implemented to train the defect predictor. And then the defect detection rate of test cases is calculated by com-
bining the prioritization strategy and prediction results. Finally, the prioritization performance is evaluated in terms of average 
percentage faults detected in four open source datasets. We comprehensively compare the performance of the proposed method 
under different prioritization strategies and predictors. The experimental results show it is a promising technique to improve the 
prevailing coverage-based TCP methods by incorporating statement-level defect-proneness. Moreover, it is also concluded that 
the performance of the additional strategy is better than that of max and total, and the choice of the defect predictor affects the 
efficiency of the strategy.

Keywords: software defect prediction, test case prioritization, code statement metrics, machine learning, soft-
ware testing.

Metodę priorytetyzacji przypadków testowych (TCP) wykorzystuje się powszechnie do ustalania kolejności implementacji przy-
padków testowych, co przyczynia się do poprawy wydajności i alokacji zasobów w trakcie testowania regresyjnego oprogramo-
wania. Tradycyjne techniki TCP oparte na pokryciu na poziomie instrukcji, metody/funkcji oraz klasy, wykorzystują pokrycie 
kodu programu tylko w celu ustalenia priorytetów przypadków testowych, bez uwzględnienia prawdopodobnego rozkładu błędów. 
Jednak dane o błędach oprogramowania są zwykle niezrównoważone zgodnie z zasadą Pareto. Instynktownie, im bardziej wrażli-
wy jest kod pokryty przypadkiem testowym, tym wyższy jest jego priorytet. Poza tym, pokrycie na poziomie instrukcji jest bardziej 
szczegółową metodą niż pokrycie na poziomie funkcji lub pokrycie na poziomie klasy, które mogą dokładniej formułować strategie 
testowe. Dlatego w artykule przedstawiamy podejście do priorytetyzacji przypadków testowych oparte na prognozowaniu błędów 
instrukcji oprogramowania, które pozwala zmniejszyć ograniczenia obecnych technik opartych na pokryciu. Wyodrębniono me-
tryki instrukcji w kodzie źródłowym i zaimplementowano wstępne przetwarzanie danych w celu nauczania predyktora błędów. Na-
stępnie obliczono wskaźnik wykrywania błędów w przypadkach testowych poprzez połączenie strategii priorytetyzacji i wyników 
prognozowania. Wreszcie, oceniono wydajność ustalania priorytetów pod względem średnich procentowych błędów wykrytych  
w czterech zestawach danych typu open source. Kompleksowo porównano wydajność proponowanej metody w ramach różnych 
strategii ustalania priorytetów i predyktorów. Wyniki eksperymentów pokazują, że jest to obiecująca technika poprawy dominu-
jących metod TCP opartych na pokryciu poprzez włączenie podatności na błędy na poziomie instrukcji. Ponadto stwierdzono 
również, że strategia dodatkowa cechuje się lepszą wydajnością niż strategie max i total, a wybór predyktora błędów wpływa  
na skuteczność strategii.

Słowa kluczowe: przewidywanie błędów oprogramowania, priorytetyzacja przypadków testowych, metryki 
instrukcji kodu, uczenie maszynowe, testowanie oprogramowania.
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effectiveness of some performance objectives associated with regres-
sion testing [7, 10, 21, 26, 35, 36], but it does not increase software 
costs like TcS and TSm by ignoring some meaningful test cases [9]. 
it prioritizes the test suite used according to certain test goals and 
strategies to optimize the speed of the defect detection rate, which is 
conducive to improving testing efficiency and reducing time and re-
source costs. With the expansion of application scenarios, it has been 
successfully applied in different test areas, such as graphical user in-
terface testing [7, 20], web application testing [13].

TcP can schedule the execution of test cases in a specific order 
in order to enhance the defect detection rate, that is, to discover most 
defects as early as possible by prioritizing the most relevant test cases. 
it can be roughly grouped into multiple major dimensions [21, 51], 
such as requirement-based TcP [1, 22, 41], search-based TcP [26], 
coverage-based TcP [35], history-based TcP [40]. For instance, some 
researchers have studied the impact of requirement-based or search-
based TcP methods on improving defect detection rates. For example, 
arafeen et al. [1] and  krishnamoorthi et al. [22] showed that using 
requirement information in test case sequencing can improve testing 
efficiency. There are two common coverage strategies: total and addi-
tional. li et al. [26] employed search-based heuristics TcP approach-
es (e.g.2-optimal greedy, hill climbing, genetic algorithms) to deal 
with the nP-hard problem for regression testing. compared results 
on Siemens suite and space programs showed that genetic algorithms 
perform well. ın addition, Spieker et al. [40] used neural networks 
and reinforcement learning to automatically select and prioritize test 
cases in continuous integration testing and tamed history-based TcP 
adaption problem. among all TcP approaches, the coverage-based 
prioritization approach is one of the most commonly used in TcP [8, 
17, 21, 27, 35, 36], such as statement-level coverage, branch-level 
coverage, method/function-level coverage and class-level coverage. 
The structural coverage-based method usually prioritizes test cases 
based on coverage, such as the total number of classes or methods 
covered. For example, Rothermel et al. [11, 35, 36] proposed a series 
of TcP methods including additional and total strategies combined 
with code coverage information. Henard et al. [17] comprehensively 
compared well-established white-box (e.g. total statement, additional 
branch) TcP techniques with black-box (e.g. input model diversity) 
ones. it is found that defects detected by the two techniques have high 
overlap and small performance differences. However, the black-box 
TcP techniques are more suitable for testing without source code. 
on the contrary, coverage objects considered in white-box TcP are 
source code, which is also the object concerned in this paper.

unlike software reliability models [33, 38], software defect pre-
diction can forecast defect prone or the number of defects in a software 
system, which is conducive to allocate testing resources efficiently. 
Furthermore, previous work [29, 32, 34, 43, 46, 48, 50] has suggested 
that using the defect-proneness of a defect predictor to rank makes 
sense for test cases. in other words, the more the code tends to finds 
defects, the higher the defect detection rate. current defect predictors 
are mainly oriented to modules (e.g. class level [16], method/function 
level [25, 28, 37, 39, 44]), which are a relatively coarse granularity 
for TcP. For instance, Tonella et al. [43] integrated user knowledge 
through the case-based ranking machine learning algorithm with mul-
tiple, diverse TcP indexes. The method can handle partial, inconsist-
ent and high-level data in a low-cost knowledge acquisition manner. 
The preliminary results showed that it is close to the optimal strategy 
for moderate test suite size (no more than 60). wang et al. [7] present-
ed quality-aware test case prioritization which leverages an unsuper-
vised statistic defect prediction (cLami [30]) and a static bug finder 
(FindBugs [19]) to detect defective code and then revise the existing 
coverage-based methods by considering the weighted detective code. 
empirical results performed on 7 open-source Java projects showed 
that it could improve coverage-based methods for test cases. Xiao et 
al. [48] designed a clustering-based TcP approach that utilized the de-

fect-proneness probability based on the results of a method-level de-
fect prediction model. The approach used a support vector machine to 
build the defect-proneness prediction model and employed k-means 
to calculate the optimal number of clusters. However, it only consid-
ered four code metrics: Line of code, total operators, total operands 
and cyclometric complexity. Lachmann et al. [23] proposed a system-
level black-box TcP approach based on a support vector machine, 
which utilized test case history and natural language-based test case 
descriptions to prioritize. The method is compared with random and 
manual prioritization on the two subject systems, which show that it 
is beneficial to improve the defect detection rate. mirarab et al. [29] 
provided a TcP approach based on the class-level Bayesian networks 
defect prediction model, which integrated software defect-proneness, 
code modification information, and test coverage data. The obtained 
results on a Java application showed that the approach has better test 
performance when there are a reasonable number of defects. Paterson 
et al. [32] proposed a TcP strategy (g-clef) based on defect prediction 
(Schwa) to reorder a test suite. They utilized code attributes such as 
the number of authors and revisions to configure Schwa, and com-
pared g-clef on three groups of strategies: single-version, test execu-
tion history and software history. The results revealed that applying 
defect prediction to rank test cases was appealing. 

However, as mentioned above, most of the current work focused 
on TcP methods based on coarse-grained software defect prediction 
models, such as class-level [29], method/function-level [7, 48], sys-
tem-level [23]. Moreover, some techniques [32, 48] leverage only a 
small amount of metric information or user experience [43] to build 
defect-proneness models. if the granularity can be subdivided into the 
code statement-level, more accurate test resource allocation or case 
prioritization can be formulated, such as white-box TcP based on 
statement coverage [21, 35, 36]. However, these methods rank test 
cases in terms of the total number of statements covered without con-
sidering the probable distribution of code defects, that is, assuming 
that defects are evenly distributed in the source code. nevertheless, 
the distribution of defects is skewed in most cases, with approximate-
ly 80% of defects occurring in 20% of the code [5]. ın this paper, 
the defect-proneness probability of all valid statements in the code is 
predicted to guide coverage-based TcP. Therefore, integrating state-
ment-based software defect prediction into a coverage-based test case 
prioritization has great theoretical and practical engineering value.

Furthermore, to the best of our present knowledge, there is no 
software defect prediction model that can predict defect prone of code 
statements. The key issue is how to select and extract statement met-
rics from source code. Besides, the existing mainstream research [29, 
32, 34, 43, 46, 48, 50] only incorporates a single predictor into the 
TcP methods and does not compare the effects of various predictors 
on defect detection rate of test cases.

To overcome these shortcomings, we put forward a novel test case 
prioritization method based on software code statement defect predic-
tion (TcP-ScSDP). The main idea of our method TcP-ScSDP is first 
to inject defects and extract code statement features to form a labelled 
defect dataset and perform data pre-processing on it. and then a su-
pervised machine learning algorithm (e.g. random forest) is selected 
to build a software defect prediction model based on code statements. 
The model can assess the defect probability of statements and achieve 
the fine-grained prediction at the statement-level. Taking the white 
box test cases based on code coverage as the subject (test set), the 
prioritization strategy is utilized to calculate the defect detection rate 
of each test case. Finally, the weighted average percentage of defect 
detection is utilized to measure the ranking results. it can be observed 
that the code statement-level defect prediction method can not only 
improve the prediction granularity problem, but also fill the gap of 
the test case prioritization method based on the code statement-level 
defect-proneness prediction.

our contributions to the current research are as follows:
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We propose a software defect prediction model based on code (1) 
statement-level, which addresses the problems of acquiring 
statement metrics and prediction granularity.
We incorporate code statement level software defect prediction (2) 
into the test case prioritization process, which improves the 
defect detection rate.
We systematically compare the effects of four common priori-(3) 
tization strategies and three classic predictors on test perform-
ance and find that the additional strategy is to the max and 
total ones and the choice of predictors has an impact on the 
prioritization strategy.
We present an empirical evaluation using four open-source (4) 
projects from the Software infrastructure Repository (SiR). 
The experimental results indicate that our proposed TcP-ScS-
DP is effective and feasible.

The remainder of this paper is organized as follows: The remain-
der of this paper is organized as follows: Section 2 presents the test 
case prioritization based on code statement defect prediction. Sec-
tion 3 is devoted to the experimental setup. Experimental results and 
discussion are described in Section 4. Some threats to validity are 
described in Section 5. Finally, conclusions and future work are gen-
eralized in Section 6.

2. Test case prioritization based on code statement 
defect prediction

2.1. The proposed overall framework

The proposed method TcP-ScSDP is divided into two parts, 
code statement level defect prediction, and the prioritization strategy. 
The framework is presented in Fig. 1. The software defect prediction 
method based on code statement-level is a more fine-grained predic-
tion than the traditional method based on function level or class level, 
which helps to solve the problem of unable to predict accurately. First-
ly, metrics and defect information of code statements are extracted 
from the source code and software test report to form a labeled train-
ing dataset. and selecting a supervised learning algorithm (e.g. RF, 
gBRT, LRm) to train a software defect prediction model. Similarly, 
the features of the new software code statements are used as the vali-
dation test dataset. Secondly, the proposed prediction model is used to 
forecast the defect proneness of each line of code statement. Then we 

apply the test case priority such as total strategy and additional strat-
egy [35] to calculate the defect probability of each test case. Finally, 
the test cases are sorted in terms of the probability of defects.

2.2. Software defect prediction based on code statement 
level

2.2.1. Description of program code statement features

a key issue in statement-based software defect prediction is the 
way to extract code features. Traditional code feature (attribute or 
metric) such as mccabe, Halsted, and other metrics describes a mod-
ule static metric information [28]. and machine learning algorithms 
are utilized to build the relationship between software module metrics 
and defect. The main difference from the traditional code features is 
that code vocabulary is used as independent variables in the software 
defect prediction based on code statement.

Regardless of the programming language, source code is com-
posed of three vocabularies: language keywords, operators and op-
erands.

Language keywords, called reserved words, indicate an identi-• 
fier that has a special meaning defined in advance by program-
ming language. They can be used to describe a data type, the 
logical structure of a control program, and so on. in general, they 
cannot be used arbitrarily as variable names, method names, 
class names, package names, and parameters.

operators are symbols that represent specific • 
operations and can be used to construct program 
language expressions. common operators are 
mainly divided into five categories: arithmetic 
operators, relational operators, logical opera-
tors, assignment operators, as well as operators 
that complete bit operations - bitwise operators.

an operand is an entity on which an operator • 
acts and specifies the number operation variable 
in the instruction.

For example, the american national Stand-
ards institute (anSi) defines 32 language 
keywords for c programs. according to the 
characteristics of the programming language, 
four keywords are designed: type, control, data 
storage, and other keywords, among which 
type keywords indicate the type of data, con-
trol keywords are responsible for the logic of 
the processing program, store keywords declare 
variable range. Some of these types can be re-
fined in combination with the functional struc-

Table 1. 32 C language keywords defined by ANSI-C.

Type Description

Type keywords
Basic type: void, char, int, short, long, double, float, 

signed, unsigned
Complex type: enum, struct, union

Control key-
words

Cycle control: for, do, while
Condition control: if, else, switch, case, default

Jump control: break, continue, goto, return

Storage key-
words auto, extern, register, static

Modifier key-
words const, sizeof, typedef, volatile

Fig. 1. The proposed test case prioritization framework based on statement-level defect prediction
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ture. as shown in Table  1, control keywords can be divided into loop 
control, condition control, and jump control.

operators are binary operators that assign the right operand to the 
left. operators in c language are mainly divided into five categories, 
as shown in Table  2.

obviously, there may be differences between keywords and op-
erators for different programming languages, which are related to its 
own characteristics and design style. Java keywords are shown in Ta-
ble 3. By comparing the keywords of c and Java language, we can see 
that c is a structured oriented language and Java is a typical object-
oriented programming language. Therefore, there are many keywords 
describing classes in Java, such as abstract and interface, which are 
impossible to appear in c. ın addition, although Java provides key-
words such as try and catch for exception handling mechanisms, there 
is little difference between c and Java in a logic structure such as 
control and type keywords.

2.2.2. Feature extraction based on code statement

in the previous section, it was emphasized that the program code 
is composed of three vocabularies, that is, most of the defects in the 
code are basically related to them. For example, the wrong variable 
type, the wrong operator, and the wrong operand are defined respec-
tively. Regardless of the defects that may be caused by the code run-
ning environment, the defects are highly related to these vocabularies. 
in this paper, keywords, operators, operands, and lines are mainly uti-
lized as the metrics of each line of code for statement-based software 
defect prediction, as illustrated in Table  4.

Fig. 2 shows the process of extracting features from valid state-
ments, which do not contain comment lines, empty lines, and brack-
ets. The current code is line 8, including 1 basic type, 2 arithmetic 

operators, 3 variable operands, etc. The features and a de-
fective class label together constitute the original dataset of 
software defect prediction.

2.2.3.  Feature selection

it is a known fact that attribute selection has been ex-
tensively used in SDP [2, 16, 18, 24, 28, 45]. However, the 
following issues may arise during model training without 
using attribute selection (or feature selection): 1) The noise, 
redundancy and irrelevant features may be included. as all 
features collected in a dataset can be used for different tasks, 

not all of which contribute to SDP evaluation. 2) The accuracy, in-
terpretability and generalization ability of the predictor may be af-
fected.

attribute selection can be primarily split into filter-based and 
wrapper-based approaches. The wrapper-based method obtains the 
best attribute subset by interacting with the learner feedback, while 
the filter-based method evaluates the feature subset on the training 
set without relying on the learner. compared with the filter-based 
method, the wrapper-based method is inclined to more computation-
ally complexity. Hence, a filter-based attribute selection method is 
preferred.

in this study, the classic correlation-based feature selection (cFS) 
filter method [14] is employed in software defect prediction [2, 3, 6]. 

Table  2. List of C language operators

Arithmetic operators Relational operators Logical operators Bitwise operators Assignment operators

+:addition or unary
plus
-:subtraction or unary 
minus
*:multiplication
/:division
%:remainder
++:prefix increment
–:prefix decrement

==:equal to
!=:not equal to
>:greater than
>=:greater than or
equal to
<:less than
<=:less than or equal to

&&: logical AND
||:logical OR
!:logical NOT

&:bitwise AND
|:bitwise OR :bit-
wise complement
∼:bitwise exclu-
sive OR
<<:left shift
>>:right shift

=:basic assignment
+=:addition assignment
-=:subtraction assignment
*=:multiplication assignment
/=:division assignment
%=:remainder assignment
&=:bitwise AND assignment 
|=:bitwise OR assignment
∼=:bitwise XOR assignment
<<=:left shift assignment
>>=: right shift assignment

Table  3. List of Java language keywords

Keywords Description

Access Modifiers Private, protected, public

Class, Method, and Abstract, class, extends, final, implements, interface, native, 
new

Variable Modifiers Static, strictfp, synchronized, transient, volatile

Process control Break, continue, return, do-while, if-else, for, instanceof, 
switch-case-default

Exception handling Try catch, throw, throws

Package Import, package

basic data types Boolean, byte, char, double, float, int, long, short, null, true, 
false

variable reference Super, this, void

reserved word Goto, const

Fig.  2 The process of code feature extraction.
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a subset of metrics is treated as input rather than all attributes of the 
dataset according to the heuristic function. This function (Equation 1) 
assigns a high score to a subset of metrics that are highly related to the 
class and have a low correlation with each other. Redundant metrics 
are therefore discriminated against because they are highly associated 
with one or more other metrics.

 e
( 1)
cf

s
ff

r
M rit

k k k r
=

+ − 

  (1)

Where merits is the metric subset containing k metrics, cfr is the av-
erage metric-class correlation, and ffr  is the average metric-metric 
intercorrelation.

2.2.4. Building the prediction model

The software defect prediction model based on valid code state-
ments is a method that uses a predictor to find the relationship be-
tween features and the defect class label. generally, software defect 
prediction models are trained and tested on the same project dataset 
[25, 28, 37, 39]. However, it is difficult to build the software defect 
prediction model when there is not sufficient historical data [44]. ın 
order to avoid this problem, features and the defective label of the 
context scene are obtained by selecting similar tested software from 
other projects as training samples. in addition, metrics of the con-
text scene is extracted from the tested software code as new data. By 
building and testing the statement-based prediction model in the train-
ing dataset and the new target testing dataset respectively, the prob-
ability of defect proneness of each line of code is calculated, as shown 
in Fig. 3.

Fig. 3. The proposed software defect prediction framework based on code 
statementlevel

There is no difference between the defect prediction 
based on code context scenario and the traditional ap-
proach based on method/function or class defect predic-
tion in the construction phase. The main difference lies in 
feature extraction that has been introduced in the previous 
part. There are plenty of machine learning methods, in-
cluding supervised learning, unsupervised learning, and 
semi-supervised learning. common supervised learning 
algorithms have been investigated for software reliability 
prediction and software defect prediction, such as naive 
Bayes (NB) [2, 16, 28], linear Regression Model (lRM) 
[34], non-linear classifiers (e.g. support vector machines 
(SvM), neural network (NN)) [3, 49], ensemble learning 
(e.g. random forest (RF), bagging, gradient Boost Regres-
sion Tree (GBRT)) [25, 47], and tree/rule-based classifiers 
(e.g. OneR, RıPPeR, decision tree (c4.5), decision table 

(DT), partial decision trees (PaRT)) [28, 42]. existing software defect 
predictors are mainly used for classification and ranking. classifica-
tion aims to predict software sample entities into defect proneness or 
non-defect proneness and the ranking task is to prioritize the samples 
according to the predicted code defect proneness probability. com-
pared with software defect classification, ranking results are more 
flexible and easier to use. Defect prediction can guide software test-
ing to optimize resource allocation, which is essentially a test priority 
determination problem. This article uses code metrics for training to 
forecast the probability of defect proneness in code statements and 
then ranks them. Fig. 4 shows an example of the prediction results of 
the proposed method with the actual program code.

Fig. 4. An example of defect prediction result based on code statement-level

ın Fig. 4, the leftmost column is the code line, the middle column 
is the defect prediction probability, and the right is the source code. 
We can see from this example that the software code statement-level 
defect prediction is feasible and has great research potential.

2.2. Test case Prioritization

The TcP problem is formalized as follows [35]:
assumption T: a Test suite; PT: The set of permutations of T; f: a 

function from PT to the real numbers.

Problem:  find T PT′∈  for ( )( )T T PT′′ ′′∀ ∈  meets 
( ) ( )f T f T′ ′′≥  , where ( )T T′′ ′≠ .

in the formal description, PT represents all possible TcP suites. 
The input of function f is the specified priority order generated by 
the ranking target, and the output result is linked to the ranking tar-
get. generally speaking, typical ranking targets include code cover-

Table  4. Simple description of code metrics

Features Description

Keywords Basic types, modified words, complex types, storage types, branch 
control, loop control, jump control, unique keywords, total keywords

Operators Arithmetic operators, relational operators, logical operators, assign-
ment operators, unique operators, total operators

Operands Constant operands, variable operands, function operands, unique 
operands, total operands

Lines Total line, comment line, blank line, code & comment

Defect Bug
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age, defect detection rate, defect important, test cost and so on. in this 
paper, the code coverage-based TcP method concentrates on three 
aspects: prioritization strategy, prioritization criteria, and prioritiza-
tion search.

Prioritization criteria describes the coverage criterion of the inter-
nal structure of the program code, such as method coverage, statement 
coverage, branch coverage and modified condition/decision coverage 
(mc/Dc), which reflects the test adequacy. This paper associates 
code statement defect-proneness prediction with statement cover-
age to achieve test case sequencing. Prioritization search refers to the 
search algorithm used in sorting test cases such as greedy algorithm, 
genetic algorithm [26]. Most studies have adopted the greedy method, 
and empirical studies [11, 36] also prove that the greedy method is a 
simple and efficient ranking method. Prioritization strategy refers to 
the method used to prioritize test cases in a test suite. The typically 
used prioritization methods are as follows [11, 35]:

Random prioritization: it assigns the priority of test cases in the • 
test case set without any sorting criteria. it is used as a baseline 
for performance comparison in this paper.
optimal prioritization: it is based on the fact that each test case • 
in the test suite can expose software errors, and determines the 
optimal sorting of test cases to maximize the defect detection 
rate. However, it is not a practical method because it requires 
pre-determining the defect information, which is often not avail-
able before testing. it was chosen to serve as an upper bound 
on the effectiveness of ranking strategies to distinguish the gaps 
between various strategies and the optimal solution.
Total prioritization: it is a completely static strategy that directly • 
counts the coverage of each test case in the test suite. The defect 
detection rate of test cases is calculated according to the code 
coverage and the test cases are sorted.
additional prioritization: it is a feedback mechanism strategy • 
that takes into account overall coverage. Software entities (e.g. 
functions, statements, branches) covered by test cases are no 
longer considered. Therefore, after executing a test case, the 
covered software entities are eliminated and the remaining test 
cases are reordered. With the continuous execution of test cases, 
software entities will gradually be covered. When they are all 
covered, these entities need to be reset to the uncovered state, 
and the above process is repeated for the remaining test cases.
max prioritization: it takes the maximum defect prediction prob-• 
ability of the covered program code as the defect detection rate 
and the test cases are prioritized.

Prioritization strategy is usually combined with sorting criteria 
and sorting search. it is closely related to the average percentage 
faults detected (aPFD) value, and different prioritization strategies 
often lead to different prioritization results. in this paper, we adopt a 
greedy search method based on code statement coverage to prioritize 
test cases on different strategies.

2.3. The defect detection rate of test cases

The proposed TcP-ScSDP determines the priority of test cases 
by their defect detection rate–a measure of how quickly defects are 
detected during software testing [11, 35]. Fig.  5 shows an example of 
defect detection rates for the total, additional and max prioritization 
strategies. it can be seen that the defect detection rate varies with the 
prioritization strategy.

Where the probability is obtained from software defect prediction 
based on code statement. The defect detection rate is computed ac-
cording to the selected prioritization strategy and the code coverage 
of the test case. For example, the defect detection rate of test case 1 
is 0.686 in total, 0.387 in max and 0.686 in additional, and the defect 
detection rate of test case 2 is 0.672 in total, 0.209 in max and 0.343 in 
additional prioritization. it is worth noting that the additional strategy 

is a feedback strategy, which will eliminate the covered code after the 
last test. after the defect detection rate of test cases is obtained and 
sorted, the aPFD value is finally calculated.

Fig. 5. Defect detection rate of test cases under different ranking strategies

3. Experimental setup

3.1. Research questions

in order to study the performance of the proposed method TcP-
ScSDP systematically and objectively, we present three questions as 
follows:
RQ1: What is the performance comparison of different prioritization 
strategies?

To answer this question, we compared the aPFD values under 
the five prioritization strategies of random, optimal, max, additional 
and total. among them, the random strategy and the optimal strategy 
are used as a comparison baseline to evaluate the test performance of 
total, max and additional strategies.
RQ2: How do different software defect predictors affect test case pri-
oritization?

The test prioritization task in this paper is the result of software 
defect prediction based on the code statement-level. its test perform-
ance depends on the defect predictor. To answer this question, we 
choose LRm, gBRT and RT classifiers for comparative analysis.

3.2. Benchmark classifiers

For experimental comparison research, three distinct types of ma-
chine learning methods are used: Linear Regression model (LRm), 
Random Forest (RF), and gradient Boosting Regression Tree (gBRT). 
The three classifiers are widely used in software defect prediction and 
show superior prediction performance [25, 34, 47]. ın addition, be-
cause this paper is a test case prioritization based on code statement-
level defect prediction, all three algorithms can well support the de-
fect prediction.

LRm: a curve that is called the best fitting curve is utilized to fit 
the data points, and the fitting process is called regression. When the 
curve is linear, the process is called the linear regression. The main 
idea of linear regress model is to use the pre-determined weights to 
combine the attributes to represent the categories.
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 0 1 1 2 2+ + + + k kx w w a w a w a= ⋅ ⋅ ⋅   (2)

where x  is a class label, 1 2, , , ka a a⋅ ⋅ ⋅ is an attribute value, 
1 2, , , kw w w⋅ ⋅ ⋅  is a weight value. in general, LRm can be resolved by 

the least square method.

RF: it is an improved decision tree algorithm, which is a typical 
bagging ensemble learning, mainly to handle the over-fitting problem 
of decision tree. it has the advantages of high accuracy, not easy to 
overfit and can handle high-dimensional data [47]. ıt uses multiple 
the mechanism of decision trees for voting to improve the prediction 
results. assume that random forest is composed of m trees, where 
each tree is generated by a certain amount of training samples n. in 
order to ensure the generalization ability of random forest, n sam-
ples are generated by bootstrapping and the final prediction results 
are obtained by bagging.

gBRT: it is a gradient boosting algorithm, which was first put 
forward by Friedman [12]. it fits a regression tree by using the fast-
est descent approximation method, that is, using the value of the 
negative gradient of the loss function in the current model as the ap-
proximate value (pseudo-residual) of the residual of the lifting tree 
algorithm in the regression problem. in simple terms, each tree in a 
progressive gradient regression tree is learned from the residuals of 
all previous trees.

3.3. Benchmark datasets

in this paper, four open-source c program datasets are chosen as 
experimental objects, which are Gzip, Grep, Flex and Sed. among 
them, Gzip is a widely-used file compression program of gnu free 
software, Grep is a text search tool running under Linux which can 
search text using specific pattern matching including regular expres-
sions, Flex is a program for SQl lexical analysis in linux environ-
ment and sed is a tool for running Linux instructions. These programs 
are intensively studied in the field of software engineering [4, 17]. 
Their source code and related materials can be accessed from SiR. 
according to the defect information found in the historical version of 
these codes, defect injection is carried out selectively, in which the de-
fect of the deleted class and non-modified code class are not injected. 
Table 5 describes the basic information of the datasets.

3.4. Performance evaluation measures

The goal of test case prioritization is to find as many software 
defects as early as possible, so as to they can be fixed early in test-
ing. it can improve the effectiveness of software testing and shorten 
the software development life cycle. generally, aPFD is invoked as 
the performance evaluation indicator of the priority ranking method. 
Suppose there are n  test cases in a test case T, m defects found in a 
defective set F, and the test case rank T ′ , its aPFD is as follows:

 APFD TF TF TF TF
m n n

i m= −
+ + ⋅ ⋅ ⋅ + + ⋅ ⋅ ⋅

+1 1
2

1 2
*

 (3)

in Equation 3, iTF is the position of the first test case with de-
fect i  found in sorting strategy T ′ . The aPFD value ranges from 
0 to 1. The higher its value is, the better the test case prioritization 
is. For instance, there is a test case set as shown in Table 6. ıf it is 

sorted according to 1 10T T− , the aPFD value of the test sequence is

0.46APFD = . if it is sorted according to 10 1T T− , the aPFD value 
of the test sequence is 0.7875APFD = .

4. Experimental results and discussion

in order to systematically study the problems raised, four open-
source program datasets of SiR website are taken as experimental 
objects. Taking the set of Siemens programs (Gzip, Grep, Flex and 
Sed) as the data source, data samples are established through the au-
tomatically extracted code features and defect label as training data-
set of the prediction model. and the testing dataset is removed from 
the training dataset to avoid over-fitting seen in Table 7. a prediction 
model trained from the historical data across other projects is utilized 

to predict defects in the project to solve 
the problem of insufficient historical 
defect data. For instance, assuming 
that the training dataset is {Grep, Flex, 
Sed} then the Gzip program is the test-
ing dataset, and then the Gzip program 
is the testing dataset.

aiming at the first problem RQ1, 
five test case prioritization strategies, 
max, total, additional, random and 
optimal, are compared. Because the 
random strategy has randomness in se-
lecting test cases, the average result of 
20 times will be used as a comparison 

value to objectively evaluate its performance. in addition, for the sec-
ond problem RQ2, three different predictors, lRM, RF, and GBRT, 

Table 5. An overview of subjects used in this study

Dataset Size Injected 
defects

Defect rate per 
thousand lines 
of code (KLOC)

Number of test
cases Source Description

Gzip 5680 37 6.51 279 SIR File compression utility

Grep 10068 47 4.67 669 SIR Text search tool

Flex 10459 32 3.06 447 SIR SQL parsing tool

Sed 14427 27 1.87 261 SIR Linux command run tool

Table 6. Correspondence between test cases and defects.

Test Case 
ID

Defect ID

F1 F2 F3 F4 F5 F6 F7 F8

T1

T2

T3 ※ ※

T4 ※ ※ ※

T5 ※ ※

T6

T7 ※ ※ ※ ※

T8 ※ ※

T9 ※

T10 ※ ※ ※

Table 7. Case studies

Training Testing (case study)

Grep, Flex, Sed Gzip

Gzip, Flex, Sed Grep

Gzip, Grep, Sed Flex

Gzip, Grep, Flex Sed
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are used to analyse the impact of on the ranking of test cases. Fig. 6-9 
show the alberg diagrams [31, 34] of the experimental results, where 
the x-axis indicates the proportion of test cases used in the total test 
cases and the y-axis indicates the percentage of defects found in the 
total defects.

Fig. 6. Results on Flex dataset from different combinations of predictors and 
test prioritization strategies

4.1. RQ1: What is the performance comparison of different 
prioritization strategies?

From the observation of Fig. 6-9 and Table 8, it can be seen that 
the performance of different prioritization strategies is different.

The optimal strategy has the best performance, which is the up-• 
per theoretical limit of test case prioritization. The aPFD values 
of the optimal strategy in Gzip and Sed are 0.933 and 0.948, 
respectively.

The random strategy has the worst performance, which is caused • 
by its indiscriminate random selection of test cases. its aPFD 
values in Gzip, Grep, Flex and Sed are 0.628, 0.65, 0.62 and 
0.551, respectively, which are close to the theoretical values of 
0.5. However, the actual result of the random strategy is higher 
than the theoretical value. This is because the corresponding 
relationship between the designed test cases and defects is not 
one-to-one, that is, a defect can be found by multiple test cases, 
which is closer to the actual test situation. This leads to an in-
creased probability of finding defects in the test case set. There-
fore, the probability of finding defects in the test case is higher 
than the theoretical value.
The curve of the max strategy on the • Gzip and Sed datasets is 
closer to that of the total (see Fig. 8 and Fig. 9), and it is closer 
to the additional strategy on the Grep and Flex datasets (see 

(a) LRM

(b) RF

(c) GBRT

 (a) LRM

(b) RF

(c) GBRT

Fig. 7. Results on Grep dataset from different combinations of predictors and 
test prioritization strategies
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Fig. 7 and Fig. 6). The aPFD values of the max strategy are 
generally higher than those of the total strategy (see Table 8). 
However, the starting curve of the total is higher than the max, 
which indicates that the total is actually better than the max in 
the early stage of testing. This is mainly because the total is on 
the overall coverage strategy. it is easier to prioritize test cases 
with wider coverage in the early stage so that the probability of 
finding defects is higher. However, it is prone to falling into the 
situation of repeatedly covering the tested code later in the test-
ing. The max strategy takes into account the greatest probability 
of detecting defects in the code. although it is not as good as the 

total strategy in the early stage of testing, it is easier to prioritize 
the execution of defective test cases in the later stage.
The additional is a strategy with excellent performance, which • 
is only slightly lower than the optimal strategy. although the 
additional is not as good as the max on Grep and Flex datasets 
in some cases, the overall curve in the figures shows that the 
additional is worse than the max and total. This is because both 
the max and total are static strategies, while the additional is 
a dynamic one. after each test execution, the defect detection 
rate of the test case will be readjusted according to the cover-
age of the test code. This feedback method is helpful for the 
additional strategy to optimize its test case selection behaviour 
in real-time.
in addition, compared with the random strategy, the test per-• 
formance gain curves of the three TcP strategies max, total and 

 (a) LRM
 (a) LRM

(b) RF
(b) RF

(c) GBRT

(c) GBRT

Fig. 8. Results on Gzip dataset from different combinations of predictors and 
test prioritization strategies

Fig. 9. Results on Sed dataset from different combinations of predictors and 
test prioritization strategies
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optimal are convexly shown in Fig.  10. as the proportion of test 
cases increases, the test performance difference tends to increase 
firstly and then decreased. Moreover, when 20%-30% of the test 
cases are selected, three test performance gain curves reach the 
maximum and the efficiency ratio is the largest.

Fig. 10. The test performance gains of the three strategies max, total and op-
timal compared to the random strategy

on the whole, the performance of the test case prioritization strat-
egy is optimal, additional, max, total and random in turn from high 
to low. in order to quantitatively analyse the performance difference, 
the aPFD average values under different classifiers and test case pri-
oritization strategies are calculated as shown in Table 8. The aver-
age value is used as total, max, additional and optimal strategies are 
0.7918 (-16.05%), 0.8451 (-10.72%), 0.8473 (-10.50%), and 0.9523 
respectively. The percentiles in parentheses are the performance loss 
ratio relative to the optimal strategy. The smaller the loss ratio, the 
better the ranking.

Based on the above results, the following conclusions can be 
drawn: The proposed model is suitable for test case prioritization. in 
the test case prioritization methods, the aPFD performance of the ad-
ditional strategy is preferable to max strategy and total strategy.

5.2. RQ2: How do different software defect predictors affect 
test case prioritization?

This problem explores the impact of different defect prediction 
classifiers on test results. it can be found that from Table  8 that differ-
ent predictors have an impact on the additional, max and total strate-
gies, while the optimal and random strategies will not be disturbed 
because they are not related to the predictor. For the convenience of 
analysis, this section analyses the performance of the three predictors 
on Gzip, Grep, Flex and Sed by taking the additional strategy as the 
object as illustrated in Figure 11.

it can be seen from Fig. 11 that using the RF-based predictor 
for the additional test case prioritization strategy is better than using  

the LRm-based or gBRT-based on Gzip, Grep, Flex and Sed datasets. 
Especially on the Grep dataset, the test performance is significantly 
higher than the other two predictors. This shows that the choice of the 
predictor has an influence on the test case prioritization based on code 
statement level defect prediction, and its degree of influence is also 
inconsistent with the different experimental objects.

Based on the above results, the following conclusions can be 
drawn: The prediction performance of the defect predictor will affect 
the efficiency of the test case prioritization method, that is, different 

(a) Flex dataset (b) Grep dataset

(c) Gzip dataset (d) Sed dataset

Fig. 11. Impact of LRM, RF and GBRT predictors on the additional prioritization strategy
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defect predictors will bring different prediction probabilities to the 
test case prioritization.

5. Threats to validity

as an empirical study, its potential limitations must be taken into 
account when interpreting its results. This section describes several 
potential threats to the validity of our models.

5.1. Internal Validity

internal validity mainly refers to the correctness and reproducibility 
of our empirical results. We implement all the baseline predictors (RF, 
lRM and GBRT) with default settings invoking weka to reduce the 
potential possibility to make mistakes. The optimal parameters of the 
predictors may be different for different defect datasets, which may lead 
to different results. However, it does not hinder the feasibility and ef-
fectiveness of the test case prioritization based on code statement-level 
software defect prediction. and all the algorithms involved adopting 
the same data pre-processing (e.g. cFS-based attribute selection [14]) 
to minimize redundancy. Besides, we have double-checked all of our 
experiments, but there may be a few errors.

5.2. External Validity

External validity relates to the generalization ability of our em-
pirical results. The proposed approach was compared and analysed 

in four selected subjects, which may have data quality issues. and 
the attributes collected are all code statement metrics from SiR Re-
pository and the samples are abstracted at code statement level from 
c programming language. although our proposed model could be 
employed in other programming languages (i.e., Java, c++), we can-
not guarantee the same empirical results. Besides, we only employed 
the three prevailing defect classifiers (RF, LRm, and gBRT). as we 
all know, there are a large number of predictive classifiers [6, 25, 
47]. we could not validate all other algorithms due to time and space 
constraints. However, it does not dispute that choosing different pre-
dictors affects test case prioritization results. To reduce the external 
threats, more programming languages, high-quality defect datasets, 
and the predictors should be utilized in the future.

5.3. Construct Validity

construct validity refers to the suitability of the test performance 
evaluation measure. There are some several measures [7], such as 
average severity of faults detected (aSFD), coverage effectiveness 
(cE), total percentage of faults detected (TPFD), average percentage 
faults detected (aPFD). However, in fact, there is no studies have ap-
plied all of the measures to evaluate test case prioritization. We chose 
carefully the most commonly used measure aPFD to prioritize test 
cases. Besides, in order to reduce construct validity, we also use the 
alberg diagram to visually describe the curve of the proportion of 
found defects to the total number of defects as the proportion of test 
cases to the total number of test cases increases.

6. Conclusion

This paper proposes a novel test case prioritization method based 
on code statement-level defect prediction named TcP-ScSDP, which 
takes into account the possible distribution of defects and prediction 
granularity. The proposed feature set for measuring code statements 
first is used as the input for the statement software defect prediction 
model, and data pre-processing is performed on the software defect 
dataset. Secondly, the predictor is applied to predict the defect prone-
ness probability of valid code statements. Then the defect detection 
rate of all test cases is calculated by using the test case prioritization 
strategy, and they are sorted from high to low. Finally, aPFD is used 
to evaluate the prioritization.

experimental results on 4 open source datasets show that the pro-
posed approach is feasible and effective, and the test performance will 
be affected by the predictor and the test case prioritization strategy.

our future work will focus on the following aspects: (1) collect 
more open source software projects, programming languages (e.g. 
c++, Java) and predictors (e.g. neural network, k nearest neighbour), 
as mentioned earlier, to validate the generality of our method. (2) op-
timize the test case prioritization strategy to improve software testing 
efficiency.
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Table 8. APFD values under different prioritization and predictors

Dataset prioritization
Machine learning algorithm

LRM RF GBRT

Gzip

Max 0.740 0.739 0.731

Total 0.701 0.740 0.698

Additional 0.794 0.821 0.766

Random 0.628 0.628 0.628

Optimal 0.933 0.933 0.933

Grep

Max 0.910 0.910 0.908

Total 0.746 0.894 0.751

Additional 0.746 0.941 0.766

Random 0.650 0.650 0.650

Optimal 0.964 0.964 0.964

Flex

Max 0.900 0.900 0.908

Total 0.776 0.907 0.802

Additional 0.855 0.943 0.874

Random 0.620 0.620 0.620

Optimal 0.964 0.964 0.964

Sed

Max 0.814 0.873 0.808

Total 0.801 0.886 0.799

Additional 0.880 0.889 0.892

Random 0.551 0.551 0.551

Optimal 0.948 0.948 0.948
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investigation of wear resistance of selecteD materials 
after sliDe burnishing process

baDania oDporności na zużycie wybranych materiałów 
poDDanych procesowi nagniatania ślizgowego*

The article presents the research on the impact of slide burnishing process carried out with use of various ceramics on friction and 
wear of steel elements. In addition, surfaces after grinding, lapping and polishing processes were tested. The tribological couple 
was made of steel discs, toughened to a hardness of 40 ± 2 HRC, and balls made of 100Cr6 steel with a hardness of 62 HRC. The 
tests were carried out at three sliding speeds: 0.16 m/s, 0.32 m / s and 0.48 m/s. The research proved the possibility of improv-
ing selected tribological properties of friction pairs thanks to the use of slide burnishing process and also allowed to establish a 
number of relationships between the parameters characterizing the surface topography and the tribological parameters.

Keywords: surface topography, friction, wear.

W artykule przedstawiono wyniki badań wpływu procesu nagniatania ślizgowego realizowanego z wykorzystaniem różnych cera-
mik na wielkość zużycia oraz siłę tarcia elementów stalowych. Dodatkowo badaniom poddano powierzchnie po procesach szli-
fowania, docierania oraz polerowania. Skojarzenie materiałowe stanowiły tarcze stalowe ulepszone cieplnie do twardości 40±2 
HRC oraz kulki ze stali100Cr6 o twardości 62 HRC. Badania zrealizowano przy trzech prędkościach poślizgu: 0,16 m/s, 0,32 m/s 
oraz 0,48 m/s. Badania udowodniły możliwość  poprawy wybranych właściwości tribologicznych par trących dzięki zastosowaniu 
procesu nagniatania ślizgowego a także pozwoliły na ustalenie szeregu zależności pomiędzy parametrami charakteryzującymi 
strukturę geometryczną powierzchni oraz parametrami tribologicznymi.

Słowa kluczowe: struktura geometryczna powierzchni, tarcie, zużycie.

DzIerWa a, gałDa L, TuPaj M, DuDek k. Investigation of wear resistance of selected materials after slide burnishing process. eksplo-
atacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 432–439, http://dx.doi.org/10.17531/ein.2020.3.5.

List of abbreviations and symbols:

F30 – value of the friction force obtained for the sliding distance equal 
to 30 m,

Fśr – average value of the friction force,
Hm  – maximum values of the microhardness of the surface layer,
σmax– maximum values of residual stresses of the surface layer, 
Sal  – fastest-decay autocorrelation length,
Sk – core roughness depth,
Sku – kurtosis,
Spd – peak density,
Spk – reduced peak height,
Sq – root mean square height of the surface,
Ssk – skewnees,
Svk – reduced valley depth, 
Sz – maximum height of the surface,
vD – wear volume of the discs,

1. Introduction

any new technical object constructed in accordance with the re-
quirements contained in the design and technological documentation 
has its own, full operational potential. During operation, and in the 
result of work performed this potential is decreased, in the result of 
the occurring physicochemical changes of elements, i.e. the wear of 

friction pairs, material fatigue, corrosive processes, etc. [13]. These 
changes can reduce reliability, increase failure rate, or reduce object 
performance. Destruction processes occur in the result of working con-
ditions, referred to as wear [36], which cause a sudden or gradual loss 
of performance of the elements. Because wear in most cases leads to a 
reduction in the operating potential of machines and their components 
it should be countered. This countermeasures should start at the design 
stage, with appropriate selection of elements of the tribomechanical 
assembly, so as to reduce wear during operation. in addition to design, 
a number of technological methods of wear prevention are also ap-
plied. These can include, among others, the following [1, 4, 38]:

use of heat and thermo-chemical treatment (e.g. harden nitrid-• 
ing, carburizing, cyaniding), 
use of plastic forming of metals (e.g. hammering, burnishing),• 
applying overlays and coatings (e.g. chemical nickel plating, • 
hard facing).

Burnishing is one of the surface treatments that can delay wear 
processes [22]. it includes ways such as roller burnishing [11], roller 
finishing, slide burnishing [17] and even similar techniques like shot-
peening [9, 16]. ın the case of slide burnishing, a hard and smooth 
burnishing element is pressed against the machined surface with the 
appropriate force, causing sliding friction in the burnishing zone and, 
as in the consequence of this process, smoothing of the surface and 
beneficial changes in the properties of the surface layer of the object 
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[31]. By using slide burnishing, we can improve hardness of the [28, 
33], attain good surface smoothness [14, 25, 30], form compressive 
stresses in the top layer [2, 32] and obtain a top layer free of abrasive 
contaminants. These features favorably affect a number of functional 
properties, including the tribological wear [5, 24], fatigue strength 
[33, 34] and corrosion resistance [28, 37].

ın [6] the authors conducted tests of burnishing 6061 series alu-
minium alloy. They proved that by using appropriate machining pa-
rameters, it is possible to reduce the friction coefficient of friction 
couples by 48% and weight loss by 60-80%.. Hamadache et al. [10] 
applied the burnishing process to Rb40 steel. The tests have demon-
strated the severalfold increase in wear resistance, compared to sam-
ples after machining processes. The results of the research carried out 
by the authors of [18] demonstrate the beneficial effect of burnishing 
on the reduction of the friction coefficient and the wear of polymers in 
relation to the non-burnished samples. Polyurethane and polyformal-
dehyde were tested. The reduction of the friction coefficient in tribo-
logical tests for both polymers reached a maximum of 32%, while the 
wear was reduced by a maximum of 38%, when compared to samples 
subjected to machining processes. The degree of reduction of both the 
friction coefficient and the wear depended strongly on the initial value 
of the surface roughness. Revankar et al. [26] studied the tribological 
properties of the Ti-6al-4v titanium alloy. They tested surfaces fol-
lowing the machining and burnishing processes, for a range of initial 
process input parameters. it was proved that for the most favorable 
parameters there was a 52% reduction in wear and a 64% reduction in 
friction coefficient compared to machined samples. Whereas the au-
thors of [24] examined the wear resistance of two-phase HSla steel 
alloys subjected to burnishing process. it was observed that a greater 
reduction in wear was recorded in the case of samples burnished with 
a greater load.. The purpose of the work [35] was to determine the 
possibilities of limiting 316l steel damage caused by impact wear 
without disturbing the material structure. Burnishing was selected as 
the finishing treatment of the steel surface. Studies have demonstrated 
a 53-62% reduction in wear traces compared to the non-burnished 
samples. Janczewski et al.  [12] studied low density and high mo-
lecular weight (LDPE) polyethylene samples. milling and burnishing 
processes were selected as the finish. Burnishing proved to modify 
the lDPe surface and dramatically reduce wear by approx. 58% com-
pared to milled samples. 

During the studies on the influence of burnishing on the tribologi-
cal properties of friction couples, in their vast majority, diamond or 
diamond composite is used as the burnishing element, which makes 
it a relatively expensive solution. There is little mention of the use of 
cheaper burnishing elements applied in particular to numerically 
controlled machine tools to improve these properties. The possi-
bility of wider application of ceramic materials [3, 26] for their 
improvement would undoubtedly lead to a reduction of costs 
associated with the burnishing process, in particular in the case 
of obtaining surface quality at a level similar to that obtained as 
a result of using diamond tooling. it would, at the same time, 
eliminate or reduce labor-intensive finishing operations such as 
honing, grinding, polishing or superfinishing.

The present work presents the research on the impact of 
burnishing process carried out with use of various ceramics 
on selected tribological properties of steel - steel couples. in 
addition, our comparative analysis included standard machin-
ing processes used in machine construction, such as polishing, 
grinding and lapping. 

2. Experimental

Tribological tests were carried out on a T-11 pin/ball - disc 
tribological tester, in the ball - disc configuration. The tribo-
logical couple was a stationary ball bearing with a hardness of 

62±2 HRc and a disc made of 42crMo4 steel with a hardness of 40±2 
HRc. The finishing treatment of the discs consisted of burnishing 
processes completed with various types of ceramic balls (al2o3, Sic, 
Wc). Burnishing was performed using a vertical Hass vF-3 machin-
ing center using 3 different pressure forces of the tool: 30, 70 and 100 
n. a single tool pass was used at a constant feed rate of 0.05 mm. 
in addition, discs in which grinding, polishing and lapping processes 
were the finishing treatment were tested. isometric views of the sur-
faces of selected discs are presented in Fig. 1. in turn, Table 1 summa-
rizes selected parameters of the surface topography of the tested discs 
[20]. For discs after the burnishing process the following designations 
were used:

al• 30, al70 and al100 when the burnishing element was al2o3 
ceramics (indexes denote the pressure force applied during bur-
nishing),
Sic• 30, Sic70, Sic100 when the burnishing element was Sic ce-
ramics,
Wc• 30, Wc70, Wc100 when the burnishing element was Wc ce-
ramics.

in addition, the grinding, polishing and lapping processes were 
designated ‘Sz’, ‘POl’ and ‘DOc’ respectively. The sliding distance 
in all variants was 282.6 m, which corresponded to 30 minutes of the 
test. The tests were carried out at a load of 9.81 n and at three sliding 
speeds: 0.16; 0.32 and 0.48 m/s. During the tests, the friction force was 
measured, while after the tests the amount of wear was determined us-
ing a Talysurf cci Light white light interferometer. measurements of 
wear were made at four positions 900 apart, obtaining areas of 3.3 mm 
x 3.3 mm. Then, profiles were generated perpendicular to the wear 
track and the area of wear was calculated using TalyMap Gold 6.0 
software. The next step was to calculate the volumetric wear of discs 
according to the formula (1):

 VD dS= 



π m3  (1)

where:
d – diameter of the wear track [mm],
S – cross-sectional area of the wear track [mm2].

all tests were repeated at least 3 times. Residual stress measure-
ments were carried out with use of a portable Xstress 3000 G3R X-ray 
diffractometer. The measurements used the sin 2ψ method [7] during 
which the angle of incidence ψ was in the range of −45° to + 45°, 
divided into 7 tilt positions. exposure time was set to 40 s. The X-ray 

Fig. 1. Isometric views of selected discs: a) burnished sample Al70, b) burnished sample 
SiC70, c) polished sample, d) ground sample
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penetration depth was set to 10 μm and the XTronic software was 
used to compute the residual stresses. For each sample, residual stress 
was determined in 2 directions perpendicular and parallel to machin-
ing traces.

Microhardness measurements were carried out on a Brivisor kl2 
microhardness tester with HmE measuring electronics by means of 
static indenter induction using the vickers method, with a constant 
load of P = 4.9 N. The impact time of the pyramid indenter with quad-
rilateral base with a double-wall angle of 136° was ca. 15 s. Surface 
microhardness of the examined samples was measured on microsec-
tions made at an angle of 5°. 

3. Results and discussion 

Figures 2-4 present the results of the tests. One by one the average 
values of volumetric wear of the tested disc surfaces for all sliding 
speeds (Fig. 2), the average values of the friction force obtained after 
the running-in process (Fig. 3) and the values of the friction force 
obtained for the sliding distance equal to 30 m (Fig. 4) are presented. 
Table 2 presents the maximum values of residual stress σmax and mi-
crohardness Hm as well as confidence intervals u (σmax), u (Hm) of 
all samples subjected to tribological tests. Figure 5 shows the cross-
sectional areas of wear of selected discs (al70 and POl), and Figure 6 
shows examples of friction force curves for these frictional pairs at a 
sliding speed of 0.16 m/s.

at the lowest sliding speed of v = 0.16 m/s, the largest volumetric 
wear was observed for the frictional pair with the polished disc. in this 
case the value of vD parameter was 0.694 mm3 and corresponded to 
the highest value of the friction force obtained for the sliding distance 
equal to 30 m (7.522 n) and the highest average value of the friction 
force Fśr (8.308 n). The smallest value of vD parameter at the sliding speed of v = 0.16 m/s was calculated for the burnished sample al70 

and it was 0.439 mm3. For this sample, the lowest average friction 
force Fśr was also observed, and it was 7.808 n. The friction coeffi-
cient µ ranged from 0.79 (al70 sample) to 0.85 (polished sample).

an increase in the sliding speed to 0.32 m/s caused an increase in 
the value of volumetric wear of most samples and a slight decrease 
in the average value of the friction force and the value of the friction 
force obtained for the sliding distance equal to 30 m. Similar to the 
lowest sliding speed, the sample al70 had the lowest value of wear 
volume and it was 0.796 mm3. in the case of al70 sample the average 
value of friction force Fśr and F30 parameter were also the smallest – 
7.022 N and 6.677 N respectively. The highest values of measured 
parameters were obtained for the polished sample. The vD parameter 
for this sample achieved 1.262 mm3. The friction coefficient µ de-

Table 1. Selected surface topography parameters of tested discs 

Sq Ssk Sku Sz Sal Spd Sk Spk Svk

Al30 0.28 -0.898 4.36 2.84 0.0256 750 0.527 0.131 0.461

Al70 0.142 -1.24 6.12 1.8 0.0172 612 0.336 0.1741 0.325

Al100 0.186 -1.116 4.98 2.44 0.0185 672 0.426 0.148 0.389

SiC30 0.227 -1.07 5.14 2.56 0.214 304 0.385 0.1335 0.395

SiC70 0.117 -0.801 4.71 2.19 0.115 493 0.222 0.0538 0.17

SiC100 0.192 -0.569 3.89 1.98 0.166 468 0.351 0.0944 0.301

WC30 0.207 -0.951 5.9 3.76 0.0107 790 0.445 0.144 0.35

WC70 0.3 -0.321 3.86 3.46 0.379 574 0.465 0.119 0.387

WC100 0.226 -0.869 4.11 2.86 0.189 687 0.458 0.123 0.379

SZ 0.258 -0.277 3.81 3.92 0.0086 843 0.603 0.123 0.333

POL 0.0189 -0.17 2.9 0.319 0.214 1170 0.0319 0.01 0.0181

DOC 0.094 -0.59 4.39 1.3 0.0264 1020 0.198 0.0608 0.137

Fig. 2. Volumetric wear of disc sample

Fig. 3. Average friction force of disc samples

Fig. 4. Friction force of disc samples obtained for the sliding distance equal 
to 30 m
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creased in comparison to the lowest sliding speed and ranged from 
0.72 (al70 disc) to 0.81 (polished disc).

an increase in sliding speed to 0.48 m/s caused a very substantial 

increase in the volumetric wear of all samples compared to the wear 
observed at lower sliding speeds. al70 sample was again characterized 
by the lowest wear volume at this sliding speed, however the low-
est values of Fśr and F30 were observed for the sample al30. The vD 
parameter of the al70 sample was 3.796 mm3. The highest value 
of volumetric wear was again measured for the polished sample 
and it was 5.759 mm3. in turn, the highest values of the Fśr and 
F30 parameters were recorded for the lapped sample and it was 
7.598 N and 7.284 N, respectively. The lower value of the fric-
tion coefficient was at a similar level as at the sliding speed of 
0.32 m/s, while the upper value slightly decreased compared 
to this speed. The friction coefficient was in the range of 0.72 
(al30 sample) to 0.77 (lapped sample).

The highest values of maximum compressive stresses were 
obtained for the burnished samples Sic100 and Wc100. The meas-
ured values of these discs were –376.1 MPa and –349.6 MPa 
respectively. in turn, the highest maximum value of surface mi-
crohardness was observed for the burnished surface topography 
al100. Despite this, mentioned samples were characterized by 
relatively high volumetric wear of the discs among the samples 
subjected to the slide burnishing process. The lowest values of 
the vD parameter were observed for al70 and Sic30 discs at the 
sliding speed of 0.16 m/s, again for al70 and Sic30 discs at the 
sliding speed of 0.32 m/s, as well as for al70 and Wc30 discs at 
the sliding speed of 0.48 m/s.

To illustrate the wear mechanism of worn surfaces, a sur-
face topography analysis and scanning microscope (vega3) 
analysis were performed. Surface topography analysis showed 
the formation of a one-directional texture after tribological 
tests. The values of Str (texture aspect ratio of the surface) 
were in the range of 6.98–13.06% and they were characteristic 
for anisotropic surfaces after abrasive wear. Figure 7 shows 
isometric views of al70 and PoL discs after tribological tests, 
as well as slices of their worn surfaces. For the al70 sample the 
Str parameter equaled to 8.44%, and for the polished sample 
it was 9.13%.

also, SEm analysis (Figure 8) confirms abrasion as the 
dominant wear mechanism. as a result, a complete change in 
the surface topography was observed. The tracks of wear on 

the disc surfaces include elongated craters in the sliding direction, 
and smoothed areas with longitudinal grooves resulting from plastic 
deformation. The presence of delaminations on the worn surface of 
discs was also observed.

Table 2. Maximum values of residual stress σmax and microhardness Hm of 
the surface layer

Sample σmax  
[MPa]

u (σmax) 
[MPa]

Hm  
[HV]

u (Hm) 
[HV]

Al30 –212.6 ±18.6 380.1 ±11.6

Al70 –298.1 ±17.8 389.4 ±14.2

Al100 –309.8 ±26.2 404.2 ±14.8

SiC30 –270.3 ±18.6 399.6 ±13.4

SiC70 –301.6 ±24.8 388.2 ±11.6

SiC100 –376.1 ±28.6 399.7 ±12.2

WC30 –288.7 ±26.1 382.4 ±13.9

WC70 –344.6 ±28.7 403.5 ±12.2

WC100 –349.4 ±24.4 398.8 ±11.4

SZ –37.2 ±8.7 381.4 ±12.2

POL –179.2 ±12.4 385.2 ±14.6

DOC –96.8 ±10.2 384.1 ±13.8

Fig. 5 Cross-sectional areas of worn discs: Al70 (a) and POL (b) at the sliding 
speed of 0.16 m/s, 

Fig. 6. Friction force versus sliding distance for selected worn discs Al70 (a) oraz POL 
(b) at a sliding speed of 0.16 m/s

Fig. 7. Isometric views of the discs Al70 (a) and POL (b) after tribological tests and 
details of their worn surfaces Al70 (c) i POL (d)
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The coefficient of the linear correlation R was used to 
search for dependency between tribological parameters and 
parameters characterizing the surface topography. The value of 
the correlation coefficient ranges from –1 to 1. The higher its 
absolute value, the stronger the linear relationship between the 
variables. The value R = 1 or R = − 1 indicates the complete 
linear dependency between the features, while R = 0 indicates 
lack of such relation. a strong linear dependency occurring at 
all sliding speeds was found for vD-Ssk (skewnees) and vD-
Sku (kurtosis) pairs. These dependencies are shown in Figure 
9. The skewness Ssk, also known as the asymmetry coefficient, 
characterizes the symmetry of the ordinate distribution of the 
roughness height relative to the mean plane [15]. according 
to [27], a negative value of this factor indicates a plateau like 
surface, while a positive one indicates the predominance of 
peaks. all tested discs were characterized by a negative value 
of the Ssk parameter, which ranged from − 0.17 (polished disc) 
to − 1.24 (al70 disc). in turn, the Sku parameter is determined 
by the measure of the peaks or sharpness of the surface height 
distribution. For the normal distribution of the ordinates Sku = 
3 [8]. Samples subjected to tribological tests were character-
ized by normal ordinate distribution or close to normal one. in 

the case of volumetric wear of discs and the Ssk parameter, the 
coefficient of linear correlation R ranged from 0.77 (for v = 0.48 
m/s) to 0.83 (for v = 0.16 m/s), and for vD and Sku parameter 
the coefficient of linear correlation R achieved values between 
− 0.72 (for v = 0.16 m/s) and − 0.78 (for v = 0.32 m/s) and it 
was inversely proportional. The smallest values of volumetric 
wear of discs were achieved for the minimum values of the Ssk 
parameter and the maximum values of the Sku parameter. nega-
tive skewness can improve contact conditions by reducing the 
plasticity index, what can speed up the reduction in wear vol-
ume. Surfaces with a low value of Ssk and a high value of Sku 
can be „traps” for wear particles. in the case of the research in 
dry friction conditions and at ambient temperatures, wear par-
ticles typically have from about 10 to 100 µm. it seems that 
some of the particles were so small that the valleys of surface 

topography acted as traps for some of the wear products and helped 
to reduce the wear intensity. The situation could be different in the 
case of tests at elevated temperature, and comprehensive studies on 
the structure of wear products resulting from the friction process were 
conducted by the authors [39, 40].

a strong linear dependency occurring at all sliding speeds was 
also found for volumetric wear and parameters characterizing the ab-
bott-Firestone curve: Spk (reduced peak height), Svk (reduced valley 
depth) and Sk (core roughness depth). The relations between Spk and 
Svk are presented in Fig. 10. The areas marked in red indicate a higher 
value of the vD parameter, and the green one (in particular dark green) 
with less wear of the discs. analyzing the obtained results, it can be 
seen that the increase in the Spk and Svk parameters corresponded 
to a decrease in the wear volume of the discs. The Svk parameter al-
lows the evaluation of the lubricating properties of surfaces and is a 
measure of the ability to maintain fluid through the mating surfaces. 
in turn, higher values of the Spk parameter characterize surfaces with 
high peaks, which makes the area of initial contact relatively small 
and the force applied per unit of surface large. Therefore, the Spk 
parameter may represent the nominal height of the material that will 
be removed at the initial stage of the operation - running in [19]. an 
increase of Spk parameter leads to a reduction in the real contact sur-
face, which may limit the impact of adhesive effects. The authors of 
[29] suggest that the Spk/Svk ratio is more important than the value 

Fig. 8. Worn surfaces of the discs Al70 (a) and POL (b) at the sliding speed of v = 0.16 
m/s

Fig. 9. Dependencies between wear volume VD and Ssk (a, c, e) and Sku (b, d, 
f) parameters at the sliding speed of: a, b) v = 0.16 m/s; c, d) v = 0.32 
m/s; e, f) v = 0.48 m/s

Fig. 10. Dependencies between wear volume VD and Spk i Svk parameters at the 
sliding speed of: v = 0.16 m/s (a), v = 0.32 m/s (b), v = 0.48 m/s (c)
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of these parameters separately. in all examined surface topographies, 
the Svk parameter was greater than Spk, which made the tribological 
couples tend to reduce the coefficient of friction (especially with a 
negative value of the Ssk parameter). The dependency between the 
Sk parameter and the wear volume of the discs seem to be particularly 
important. The Sk parameter controls the tribological properties of the 
elements after the running-in period. in the case of discs with a small 
roughness height this is particularly important because the running-in 
period in all tested configurations did not exceed 5 minutes. There-
fore, this parameter can be taken into account when planning the sur-
face topography with the desired tribological properties.

a strong dependency was also observed between volumetric wear 
and the Spd parameter (peak density). This parameter determines the 
number of peaks by the unit area. The greater the value of the Spd 
parameter, the greater the bearing surface [23], especially when the 
Ssk parameter is negative.

The volumetric wear of the discs and the average value of the fric-
tion force were also characterized by a strong linear dependency (Fig. 
11). Depending on the sliding speed, the coefficient of linear correla-
tion was: R = 0.85 at v = 0.16 m/s; R = 0.94 at v = 0.32 m/s and R = 
0.84 at v = 0.48 m/s. also the values of friction force obtained for the 
sliding distance equal to 30 m were strongly correlated with the wear 
volume of the discs. in this case, depending on the sliding speed, the 
coefficient of linear correlation between vD and F30 achieved: R = 
0.85 at v = 0.16 m/s; R = 0.73 at v = 0.32 m/s and R = 0.78 at v = 0.48 
m/s. in turn, the wear volume of discs was not significantly correlated 
with the maximum value of residual stresses (coefficient of linear cor-
relation ranged from − 0.54 to − 0.64) and microhardness (coefficient 
of linear correlation in the range: − 0.25 ÷ − 0.34).

4. Conclusions

Based on the tests carried out, we can conclude that the increase in 
sliding speed led to an increase in the wear volume of discs sub-
jected to tribological tests. of all samples, the lowest values of 
the vD parameter were recorded in the case of al70 oraz Sic30 
burnished discs. The wear volume of the discs was correlated 
with the average value of the friction force and also with the 
value of the friction force obtained for the sliding distance equal 
to 30 m. 

a number of relationships between the parameters charac-
terizing surface topography of the discs and wear volume were 
also found. a strong linear relationship was observed for the 
parameters characterizing the abbot-Firestone curve (Sk, Svk, 
Spk) as well as for the skewnees and kurtosis of the surfaces 
(Ssk and Sku).

The tests proved the beneficial effect of the slide burnishing 
process (regardless of the ceramics applied) on the reduction 
of volumetric wear in friction pairs compared to other popular 

finishing treatments used in machine construction.

Fig. 11. Dependencies between wear volume VD and average value of friction force Fśr at 
the sliding speed of: v = 0.16 m/s (a) and v = 0.32 m/s (b)
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1. Introduction

condition monitoring of engines’ oil is a strategic area in the 
maintenance management field. Replacing the oil too early represents 
unnecessary unavailability, as well a financial and environmental 
costs which could be spared. Replacing it too late can impair the oil’s 
ability to protect the engine, therefore increasing the chances of dam-
age and premature ageing of the engine, or even the risk of causing 
accidents which can endanger people, equipments or vehicles in urban 
environments. The use of modern tools from data mining and artifi-
cial intelligence (ai) can contribute to help make the right decision at 
the right time, thus protecting the environment, the companies’ profits 
and the safety of people and property.

The present paper discusses a methodology to create models to 
facilitate the process of oil analysis, tested with a dataset for oil of 
Diesel engines, from urban passenger buses. Preliminary work was 
already done [14], using artificial Neural Networks (aNN). ın the 
present research, the neural models were improved and the results are 
compared with analysis using multivariate systems, namely Principal 
component analysis (Pca). Pca showed the relevance of each vari-
able is different, and some of the variables may even have a negative 
impact on the predictive power of the ann.

Data used for the experiments come from two passenger bus com-
panies. Each company provided a dataset, containing results of labora-
tory analysis of the oils and their classification, according to human ex-
perts of a specialized oil analysis company. Data were mined and neural 
models were created, for both datasets separated and combined.

The remainder of the paper is organized as follows. Section 2 
presents a summary of the state of the art. Section 3 describes the 
datasets used. Section 4 describes the neural networks. Section 5 de-
scribes the analysis performed using multivariate systems. Section 7 
presents a comparative and critical analysis of the results obtained. 
Section 8 highlights the main contributions of the present research. 
Section 9 presents some conclusions and outlines future work.

2. Literature Review

2.1. Condition monitoring of Diesel engines’ oil

condition monitoring of Diesel engines’ oil has been subject to 
study using different approaches, including machine learning meth-
ods. Raposo et al. present a study about condition monitoring based 
on oil in the Diesel engines of a fleet of urban buses. The study shows 
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the evolution of oil degradation and develops a predictive mainte-
nance policy for oil replacement [13]. The methodology presented by 
the authors considers only some variables of the oils, showing very 
interesting results about the P-F curve accompaniment. The P-F curve 
is the interval between the detection of a Potential failure and the ac-
tual Failure— that is, the interval where a maintenance team should 
intervene to prevent a potential failure from happening.

gajewski & valis present a study that focuses on heavy transport 
systems. The types of oils were obtained from several dozens engines 
of heavy crawlers. The study uses these data with neural networks, in 
order to identify the patterns that model the system deterioration [5]. 
Hongxiang et al. [7] use a feed forward neural network to classify dif-
ferent types of oil and their running/not running condition. Parlak et 
al. [12] use an ann to predict specific fuel consumption and Diesel 
engine temperature.

2.2. Online condition monitoring of engine oil

monitoring the condition or the engine’s oil in real time is also 
a long sought goal. oil degradation depends on the working time, 
kilometers driven, the driving speed and habits, type of motor, age of 
the motor and many other variables which may cause faster or slower 
degradation. Therefore, for replacement of the oil at the best time, it 
is necessary to make analysis to determine the state of degradation of 
the oil. The main problems with laboratory analysis is that they are a 
laborious process, which requires human intervention. Even though it 
is only necessary each several km, the idea is to automate the process, 
thus lowering the costs and reducing the probability of human error.

accurate online monitoring has two main advantages: i) it reduces 
downtime necessary to inspect the oil; and ii) it increases chances that 
the oil will be changed at the best time, not too early and not too late. 
on the downside, it requires adequate sensors that can be put in the 
engines, in contact with the oil. The sensors must be robust enough 
to endure the operating conditions without failing and they must be 
precise enough to give accurate readings. J. zhu et al. present a fair 
review of state of the art sensors and methods for online condition 
monitoring of engines’ oil [18]. The authors classify the sensors in 
four different groups: electromagnetic, physical, chemical and opti-
cal. Electromagnetic sensors measure the dielectric constant of the 
oil. a second type measures the oil’s conductivity. a third type mea-
sures magnetic susceptibility. a fourth type measures oil viscosity. as 
for physical methods, zhu et al. mention the viscometer, ultra sound, 
thermal conductivity sensor and ferrography. as for chemical meth-
ods, the techniques reviewed include pH measurement and thin-film 
contaminant monitor. as for optical techniques, they are reflectometry 
and infrared absorption.

S. kumar et al. propose a method for condition monitoring oil 
engine online, based on an optical sensor that transduces oil darkness 
into electrical resistance [8]. The colour change of the oil is one of the 
variables that directly correlates to the quality of the oil. Therefore, 
the authors argue that monitoring the oil colour it is possible to deter-
mine the degradation of the oil and change it at the most appropriate 
time. The method is in part similar to [17], where yonghui et al., who 
combine the use of a fibre optic transducer and an inductive sensor. 
The inductive sensor detects large ferrous and some non-ferrous wear 
debris, while the optical sensor detects small particles contamining 
the oil.

El-Hag et al. use features extracted from acousting and radio fre-
quency partial discharge signals to monitor oil condition in power 
transformers [4]. Pulse width, rise time and frequency components 
are used to train a neural network to assess the level of degradation 
of the oil. J. zhu et al. propose a method for condition monitoring 
wind turbine oil using commercially available sensors to measure oil 
viscosity and dielectric constant sensors [19]. The sensor readings are 
calibrated based on the relationship between particle concentration 

and oil degradation. X. zhu et al. propose a method to condition moni-
tor oil using a sensor that detects wear debris by measuring the induc-
tance change of two planar coils wound around a pair of ferrite cores 
[20]. The method is in part similar to Du et al.’s approach, which also 
uses inductive sensors to measure metallic, ferrous and non-ferrous, 
particles in lubricant oil [3].

2.3. Use of PCA and Artificial Neural Networks in condition 
monitoring

Principal component analysis is one method of multivariate 
analysis very popular for data mining. it is a statistical procedure 
to transform data, extract features and determine the most important 
variables of a dataset. Through Pca analysis, it is therefore possible 
to predict which variables deserve to be monitored and which vari-
ables are candidate to be removed without loosing predictive power. 
Westerholm and Li use Pca to determine the relationship between 
fuel parameters and the amount of particles in Diesel motor emis-
sions [16]. capone et al. use Pca to determine the amount of un-
burned fuel in lubricating oil [1].

Different artificial neural network architectures have also been 
used for learning and predicting oil condition. Shaban et al. use a cas-
cade of artificial neural networks to predict transformer oil parameters 
[15]. niu et al. compare the performance of ann and Support vector 
machines for predicting motor emissions [11]. ghobadian et al. use an 
aNN to model the performance of a diesel engine using waste oil [6]. 
li X et al. and li y et al. use convolution neural networks to detect 
gear faults based on different signals, namely sounds produced by the 
gears  [9] and operational parameters [10].  

3. Datasets Used

The present research was performed using two datasets, obtained 
from two different public transportation bus companies, named a and 
B for that purpose. The datasets contain the results of 21 parameters 
of the laboratory analysis of the oil, taken from the buses at differ-
ent stages. Each sample also contains the bus and the oil mileage. 
That is a total of 23 parameters which are used as input variables 
for the present analysis. The 23 parameters are: mileage of the bus, 
mileage of the oil, amount of antifreeze found in the oil, percentage 
of fuel, Finacheck water content, sooth, nitration, oxidation, sulfa-
tion, TBn, viscosity at 100°c, al, cr, cu, Fe, mo, na, ni, Pb, Si, 
Sn, v and PQ. The variables were normalized and used as inputs to 
the neural networks and Pca analysis. The datasets also contain the 
decision of the specialized company, marked as 1, 2 or 3. Decision 1 
means that the company decided the oil is in good condition and can 
be maintained for normal bus operation. Decision 2 means the oil is 
reaching the point where it needs to be replaced. Decision 3 means 
the oil has passed the point when it should have been replaced and the 
bus must be immediately stopped for safety reasons. Dataset a con-
tains a total of 47 samples, obtained from a number of different buses 
of company a. Dataset B contains a total of 88 samples, obtained 
from twenty two different buses, four samples from each bus. For the 
present study it was not possible to obtain larger datasets—a limita-
tion which could not be overcome. nonetheless, the results obtained 
for the neural models and Pca were consistent. They were repeated 
a number of times and they are repeatable in similar circumstances. 
many neural models showed good performance and small error in the 
train and test sets. The ones preferred for analysis were those with 
better performance in the test set, thus showing the model is general. 
That shows the results are valid and the method could be scaled up to 
larger datasets. Since Pca is a factor-analysis method, the adequacy 
of the datasets for Pca was tested using kaiser-Meyer-Olkin (kMO) 
test [2]. kMO test gives a score between 0 and 1, where in general the 
higher scores mean the dataset contains enough diversity of samples 
to apply factor analysis. a low score, on the other hand, means there 
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are high correlations between the variables and the results of the fac-
toring process are unreliable. The kMO test gives a score of 0.35 for 
dataset a, which is very low, and a score of 0.636 for dataset B, which 
is acceptable, meaning there is more confidence in the factor analysis 
results for dataset B.

4. Neural Models

in the present research the neural models used were shallow Feed 
Forward neural networks, with one hidden layer of variable width 
(number of neurons), and one output layer. The hidden neurons used 
a sigmoid transfer function, which can be a universal approximation, 
maintaining the output in the range [0, 1]. The output neuron used a 
linear transfer function (relu), to allow for a wider amplitude of the 

output and facilitate the learning process. The models were created 
and tested in matlabTm1. Training was performed using 
the Levenberg-marquartd method. The mean Squared 
Error (mSE) and correlation factor R were used for per-
formance assessment. Training was performed with 70 
% of the samples, validation with 15 % and test with 
the remainder 15 %. The results of the training process 
are variable for each experiment. That happens when the 
initial weights and bias of the neurons are not set for 
a specific value, or if the samples for the training and 
validation sets are chosen randomly at each experiment. 
Therefore, the results of the experiments presented be-
low are selected from a number of runs. During train-
ing, the training process was stopped when the error in-
creased in the validation set for two consecutive epochs, 
and the best model was retained. The output obtained 
from the neural models is a floating point number. That 
is desirable, so that it is interpreted as a measure of the 
quality of the oil: the lowest the value, the better the 

quality of the oil. on the other hand, it is also important to map the 
output to 1, 2 or 3, in order to obtain a model that can be compared to 
the classification of the human experts, as described in Section 3. So 
it was mapped in the discrete interval [1, 3] using the following rules: 
anything below 1.50 was mapped to 1; numbers in the interval [1.50, 
2.50[ were mapped to 2 and everything greater or equal to 2.50 was 
mapped to 3.

4.1. Model for Company A

in order to get the best possible results, it is important to deter-
mine the optimal size of the neural network, so that it is able to ab-
stract and retain as much information as possible without overfitting 
the training data.

Table 1 shows the R and mSE obtained for a num-
ber of neurons between 1 and 10, for dataset a. many 
models show good R and mSE. The model with three 
neurons is one of the best, since it shows a good R for 
all the dataset and a small mSE. it also shows a good 
R for the test set, which means it is a good general 
model, performing well even for data that it has never 
seen. The number of neurons is small for the number 
of inputs, but it is probably in line with the size of the 
dataset, which is also small. The model was trained 
in three epochs, after which it started to show signs 
of overfitting and, therefore, further training was re-
jected.

Table 2 shows the confusion matrices with a sum-
mary of the distribution of the errors of the model de-
scribed above, when applied to both datasets. as the 
table shows, the predictions of the model for com-
pany a are very close to the desired output. There are 
only two errors, when the model predicted 2 and the 
decision was 1 and the model predicted 3 while the 
company decided 2. in both cases the company was 

more defensive than the model. it should be mentioned that the de-
cisions made by the company are also prone to human error, so the 
errors shown are not necessarily problems of the model—they can be 
because of outliers in the dataset.

When the same model was applied to the data obtained from com-
pany B, there were a total of 39 errors in 88 samples. all the errors 
apparently happen because company B was more defensive than the 
model, showing a very clear trend: the experts rated the oil worse than 
the model which performed very well for company a. This proves 
that company B replaces the oil, on average, before company a. That 
may happen because of different maintenance policies, different mo-
tors or different oil brands.

Table 1. R and MSE obtained for different network sizes, with dataset A

Hidden R R R R MSE

layer size (train set) (validation set) (test set) (all dataset) (all dataset)

1 0.98 0.83 0.78 0.91 0.485

2 0.98 0.76 0.80 0.93 0.234

3 0.99 0.96 0.96 0.98 0.051

4 0.99 0.87 0.88 0.95 0.258

5 0.98 0.91 0.70 0.92 0.229

6 0.95 0.90 0.89 0.92 0.216

7 0.98 0.83 0.98 0.96 0.178

8 0.93 0.83 0.88 0.89 0.291

9 0.92 0.88 0.98 0.91 0.178

10 0.90 0.99 0.91 0.89 0.015

Table 2. Confusion matrices of the errors of the model trained with 
data from Company A. The model shows two prediction 
errors for Company A, but 39 errors for Company B

Predicted Company A Company B

3 0 0 14 0 0 4

2 0 11 1 0 0 2

1 20 1 0 45 15 22

Actual 1 2 3 1 2 3

Table 3. R and MSE obtained for different network sizes, with dataset B

Hidden R R R R MSE

layer size (train set) (validation set) (test set) (all dataset) (all dataset)

1 0.98 0.97 0.86 0.95 0.060

2 0.95 0.93 0.88 0.94 0.110

3 0.99 0.90 0.88 0.96 0.222

4 0.95 0.95 0.83 0.92 0.078

5 0.97 0.86 0.80 0.93 0.161

6 0.86 0.84 0.86 0.86 0.249

7 0.91 0.91 0.91 0.90 0.256

8 0.97 0.89 0.93 0.94 0.144

9 0.95 0.91 0.94 0.95 0.073

10 0.92 0.89 0.92 0.90 0.184
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5.2. Loadings for each variable of the dataset

Table 5 shows results of the Pca analysis for datasets a and B. as 
the table shows, Si, Fe, al and cr contents are the four most important 
variables, with loadings above 0.7, for dataset a.

For dataset B, Fe, Soot and cr are the top three variables, and the 
only ones with score above 0.7. Five of the top ten variables are re-
lated to oil status and five are related to wear and contamination.

5.3. Company A

For company a, the most important components are polluting 
metallic agents, which are generated by motor wear: slip wear, wear 
due to friction, wear due to metal fatigue, and wear due to cutting. 
This means the bus motors suffer a lot of wearing, being advisable the 
use of additives to reduce friction, oil leaks and even fumes. The use 
of the right additives might also increase motor expected life.

Table 6 shows the calculated percentage of deterioration of the oil, 
for each oil sample, as well as the average deterioration. The percent-
age of deterioration was obtained multiplying the Pca loadings by 
the normalized value of each variable. So a kind of weighted average 
is obtained and then compared to the reference values obtained from 
the oil datasheet.

as the table shows, four different oils are already well beyond 
their expected useful life, based on manufacturer recommendations. 
More than 41 % of the samples have passed 60 % degradation. anoth-
er relevant aspect is that there is a large variability between samples. 
The standard deviation in the dataset is 0.312. in general, company 
a apparently has a poor maintenance policy. on one hand, the mo-
tors suffer a lot of wearing when the oils are still used beyond their 
reference limits. That can damage the motors and reduce their useful 
life. on the other hand, some oils may be changed while they are still 
good, causing unnecessary financial and environmental costs. in two 

4.2. Model for Company B

Table 3 shows the R and mSE obtained from a number of neurons 
between 1 and 10, for models trained with dataset B. The network 
with one neuron in the hidden layer shows the lowest mSE. However, 
it also shows a poor R in the test set, compared to the train and valida-
tion sets, meaning the model is a bit overfitted. The model with nine 
neurons in the hidden layer is better, considering that it shows a high 
R for all dataset, a high R for the test set and a small mSE. That shows 
the model is more general for the specific problem being addressed. 
The best performance for the test and validation sets was obtained at 
epoch four, and after that the model starts to overfit the data.

Table 4 shows the confusion matrices for the model, applied to 
datasets B and a. on dataset B, there are six errors of the model, 
compared to the decision of the company. in four situations the model 
predicted 2, while the company decided 1. So, the model was more 
defensive, proposing the bus to replace the oil, while the company 
decided it was good to circulate. in two cases, the model predicted 1 
and the company decided 2.

When the same model was applied to data from company a, there 
was a total of thirty three errors. in one situation the company was 
more defensive: one time the model predicted 1 and the company, 
apparently, decided to stop the bus. in thirty two situations the 
model was more defensive: sixteen times the model predicted the 
bus should be taken out of circulation and the company decided 
the oil was good, twelve times the model predicted the bus should 
be taken out of circulation and the company just decided to re-
place the oil, and four times the model predicted the oil should be 
replaced and the company decided it was good. The results of this 
confusion matrix are according to the one shown in Table 2: the 
companies follow different policies, and company B replaces the 
oil much earlier than company a.

5. Principal Component Analysis

5.1. Introduction

Pca is a statistical procedure used to map a set of correlated 
variables into a new set of uncorrelated variables, called prin-
cipal components. The principal components are calculated by 
decreasing order of importance. The first component is the most 
important, the last is the less important explanatory variable. Each 
principal component identified is a linear combination of all the 
original variables. Pca was applied to the datasets presented 
above, in order to understand the companies’ policies, the state of 
the oils when the samples were collected for chemical analysis, as 
well as to determine which variables are more important to meas-
ure for correct assessment of the situation of the oil. The Pca ex-
periments and analysis were performed using R Studio software.

Table 4. Confusion matrices of the errors of the model trained with data 
from Company B. The model shows six prediction errors for Com-
pany B, but thirty three errors for Company A

Predicted Company A Company B

3 16 12 14 0 0 26

2 4 0 0 4 15 2

1 0 0 1 41 0 0

Actual 1 2 3 1 2 3

Table 5. Most important variables, according to PCA analysis, for datasets A and B. 
The ten first variables that are in both datasets are highlighted in bold

Order of 
Relevance Variable Loading Variable Loading

1 Si Content 0.872 Fe Content 0.889

2 Fe Content 0.864 Soot 0.835

3 Al Content 0.789 Cr Content 0.781

4 Cr Content 0.729 Viscosity at 100°C 0.689

5 Sn Content 0.668 Sn Content 0.682

6 PQ Index 0.551 Cu Content 0.611

7 Ni Content 0.425 Pb Content 0.571

8 Soot 0.441 Sulfation 0.507

9 Oxidation 0.412 Nitration 0.496

10 V Content 0.376 Oxidation 0.488

11 Cu Content 0.282 Al Content 0.482

12 Sulfation 0.266 Si Content 0.423

13 Mo Content 0.166 PQ Index 0.32

14 Pb Content 0.134 Na content 0.166

15 Fuel 0.132 Antifreeze 0.162

16 Na Content 0.118 Water Content 0.127

17 Viscosity 0.089 Mo Content 0.072

18 TBN 0.069 V Content 0.02

19 Nitration -0.003 Ni Content -0.008

20 Water content -0.14 Fuel Content -0.134

21 Antifreeze -0.142 TBN Content -0.395
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cases the oils are apparently at just 15 % of their useful life when they 
were replaced, according to the results of the laboratorial analysis.

5.4. Company B

Table 6 shows the percentage of degradation of the oil samples. 
as the table shows, none of the samples is out of the limits proposed 
by the manufacturer, showing the oil is in good condition to protect 
the Diesel engines. in general the dataset is also more homogenous, 
with most of the variables near the average value. The standard devia-
tion is 0.126, which is much lower than the standard deviation calcu-
lated for dataset a.

Table 8 shows tha average deterioration of oil for each of the 
twenty two buses. The average is always in the range 30 – 59 %. Bus 
1814 shows the lowest average of all. Bus 2160 shows the highest 
average, with 58.65 %, which is already a very high value. ın gen-
eral, however, the buses of company B show a low level of wear, 
with the five variables related to wearing and contamination within 
the ten highest principal components because of their importance in 
oil deterioration.

6. Neural model with reduced dimensionality
6.1. Merging datasets

Since both datasets contain the same 23 input variables and three-
levels output variable, they are fit to be merged together, aiming to 
produce one more general model. However, since data come from dif-
ferent sources, it is important to avoid skewing the results towards 
the policies of one of the companies, for the previous analysis have 
shown that the companies follow different policies and the datasets 

may have outliers. The problem can be seen as the typical problem of 
imbalanced datasets, which is solved using techniques such as over-
sampling the less frequent data or undersampling the most frequent 
data. in the present case, considering the small dimension of the da-
taset, data from company a were oversampled choosing randomly 
additional samples from dataset a after cross validation.

The merged dataset was named aB and it contains a total of 176 
samples, 88 from each dataset. The neural models used for experiments 
with dataset aB all contained seven neurons in the hidden layer. The 
number of inputs, however, varied: i) one of the experiments was run 
with all the 21 laboratorial variables and the mileage as inputs for the 
neural network; and ii) a second experiment was run using as inputs to 
the neural network just the ten variables highlighted in Table 5.

Table 9 shows the R and mSE obtained for different models. as 
the table shows, the model with 23 input variables was very good, with 
a very small mSE.  The model with just 12 inputs is also very good, 
with R 0.94 for all the dataset and 0.84 for the test set. The table shows 
that reducing the number of variables it was still possible to generate a 
good neural model, with good R and a small mSE of just 0.15

Table 10 shows the confusion matrices of the errors counted when 
simulating the two models trained with dataset aB. The model trained 
with all the 23 inputs generates 13 prediction errors: five for samples 
of company B and 8 for company a. . 

The model trained with just 12 input variables produces a total 
of 14 prediction errors: 7 for each company.  Those results also show 
that the model trained with just 10+2 variables seems more general 
than the model trained with all the variables, for it generates the same 
number of prediction errors for each company.  The smaller model, 
retaining less information, still shows good performance marks and is 
perhaps the most general, as discussed in Section 7.

Table 6. Percentage of deterioration of the oil for dataset A

Sample Bus # % Deterioration Sample Bus # % Deterioration

1 122 31.7 25 267 66.7

2 122 13.6 26 270 32.5

3 203 49.9 27 270 54.2

4 203 18.8 28 270 89.1

5 214 52.1 29 282 54.6

6 214 150.6 30 282 51.7

7 214 35.6 31 283 69.0

8 214 17.6 32 283 70.7

9 219 13.4 33 289 73.1

10 246 79.1 34 289 85.3

11 246 64.0 35 290 49.3

12 247 83.6 36 294 55.8

13 248 73.6 37 294 54.3

14 249 46.5 38 297 62.3

15 251 54.1 39 209 72.5

16 252 69.2 40 209 73.3

17 254 162.1 41 301 31.0

18 259 128.0 42 301 86.8

19 260 88.3 43 301 31.7

20 265 118.3 44 304 66.4

21 266 48.3 45 304 51.6

22 266 45.6 46 304 54.8

23 266 63.7 47 304 35.7

24 267 55.2 Average 62.5
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7. Discussion and comparison of the results obtained

using ann models it was possible to de-
termine companies a and B follow different 
policies, with company B being more defensive 
than company a. Pca confirmed these results, 
showing that company B replaces the oil in the 
interval from 30 to 59 % of deterioration, while 
company a sometimes even passes the limit es-
tablished by the manufacturer. using ann it was 

Table 10. Confusion matrices of the errors of the model trained with data 
from AB

# inputs Predicted Companies A&B Company A Company B

3 1 0 52 0 0 25 1 0 27

21+2 2 7 34 3 4 19 2 3 15 1

1 77 1 1 36 1 1 41 0 0

3 0 0 47 0 0 24 0 0 23

10+2 2 4 34 7 2 19 4 2 15 3

1 81 1 2 38 1 0 43 0 2

Actual 1 2 3 1 2 3 1 2 3

Table 9. R and MSE obtained for the neural models trained with dataset AB, using all the input 
variables and then just 12 selected input variables

# R R R R MSE
inputs (train set) (validation set) (test set) (all dataset) (all dataset)
21+2 0.97 0.84 0.86 0.93 0.27
10+2 0.96 0.86 0.84 0.94 0.15

Table 7. Percentage of deterioration (Det.) of the oil for dataset B

Sample Bus # % Det. Sample Bus # % Det. Sample Bus # % Det.

1 2175 31.1 31 1737 29.1 61 2127 64.6
2 2175 30.4 32 1737 28.4 62 2127 56.7
3 2175 38.7 33 2148 84.2 63 2127 37.4
4 2175 30.0 34 2148 46.1 64 2127 38.8
5 1730 31.9 35 2148 41.0 65 2119 81.9
6 1730 40.5 36 2148 48.7 66 2119 40.0
7 1730 40.1 37 2131 64.1 67 2119 37.1
8 1730 33.0 38 2131 49.1 68 2119 35.3
9 1764 37.3 39 2131 40.8 69 1708 74.8

10 1764 29.3 40 2131 51.9 70 1708 31.2
11 1764 36.4 41 1814 42.8 71 1708 46.2
12 1764 34.2 42 1814 27.7 72 1708 32.2
13 1778 32.9 43 1814 24.5 73 1727 35.5
14 1778 37.7 44 1814 25.0 74 1727 33.9
15 1778 51.0 45 2169 52.8 75 1727 26.8
16 1778 36.3 46 2169 37.2 76 1727 31.0
17 1739 31.6 47 2169 42.6 77 1743 37.4
18 1739 32.5 48 2169 47.2 78 1743 33.3
19 1739 32.4 49 2128 40.3 79 1743 34.7
20 1739 30.6 50 2128 42.6 80 1743 31.0
21 2159 39.8 51 2128 31.8 81 1734 41.3
22 2159 27.1 52 2128 39.6 82 1734 31.4
23 2159 40.0 53 2150 32.7 83 1734 30.7
24 2159 32.3 54 2150 61.4 84 1734 35.9
25 2136 44.2 55 2150 35.8 85 2160 81.1
26 2136 47.1 56 2150 37.2 86 2160 58.7
27 2136 38.4 57 2152 68.1 87 2160 46.5
28 2136 42.0 58 2152 40.4 88 2160 48.3
29 1737 33.5 59 2152 49.1 Average 40.6
30 1737 32.0 60 2152 37.5

Table 8. Average deterioration of the oil for each of the twenty two buses 
for Company B

Bus # % Deterioration Bus # % Deterioration
2175 32.55 1730 36.38
1764 34.30 1778 39.48
1739 31.78 2159 34.80
2136 42.93 1737 30.75
2148 55.00 2131 51.48
1814 30.00 2169 44.95
2128 38.58 2150 41.78
2152 48.78 2127 49.38
2119 48.58 1708 46.10
1727 31.80 1743 34.10
1734 34.83 2160 58.65
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Table 11. Classification of the different samples by the human expert, the Artificial Neural Network, and level of deterioration of the oil 
according to PCA analysis. Samples where the human expert and the ANN differ are marked in bold.

Human ANN Det. (%) Human ANN Det. (%) Human ANN Det. (%) Human ANN Det. (%)

1 1 31.7 1 1 51.6 2 3 37.5 1 1 36.3

1 1 13.6 2 2 54.8 3 3 64.6 1 1 31.6

2 2 49.9 1 1 35.7 3 3 56.7 1 1 32.5

1 1 18.8 1 1 31.7 2 2 37.4 1 1 32.4

1 1 52.1 1 1 13.6 2 2 38.8 1 1 30.6

3 3 150.6 2 2 49.9 3 3 81.9 3 3 39.8

1 1 35.6 1 1 18.8 3 3 40 2 2 27.1

1 1 17.6 1 1 52.1 2 2 37.1 2 2 40

1 1 13.4 3 3 150.6 2 2 35.3 2 2 32.3

3 3 79.1 1 1 35.6 1 1 74.8 3 3 44.2

1 1 64 1 1 17.6 1 1 31.2 3 3 47.1

2 2 83.6 1 1 13.4 1 1 46.2 3 3 38.4

2 2 73.6 3 3 79.1 1 1 32.2 3 3 42

1 1 46.5 1 1 64 1 2 35.5 1 1 33.5

1 1 54.1 2 2 83.6 1 1 33.9 1 1 32

2 2 69.2 2 2 69.2 1 1 26.8 1 1 29.1

3 3 162.1 3 3 162.1 1 1 31 1 1 28.4

3 3 128 3 3 128 1 2 37.4 3 3 84.2

3 3 88.3 3 3 88.3 1 1 33.3 3 3 46.1

3 3 118.3 3 3 118.3 1 1 34.7 2 2 41

1 1 48.3 1 1 48.3 1 1 31 3 3 48.7

1 1 45.6 1 1 45.6 3 2 41.3 3 3 64.1

2 2 63.7 2 2 63.7 1 1 31.4 3 2 49.1

2 2 55.2 2 2 55.2 1 1 30.7 1 1 40.8

3 3 66.7 3 3 66.7 1 1 35.9 3 3 51.9

1 1 32.5 1 1 32.5 3 3 81.1 1 1 42.8

1 1 54.2 1 1 54.2 3 3 58.7 1 1 27.7

3 3 89.1 3 3 89.1 3 3 46.5 1 1 24.5

3 2 54.6 3 2 54.6 3 3 48.3 1 1 25

1 1 51.7 1 1 51.7 1 1 31.1 2 2 52.8

3 3 69 3 3 69 1 1 30.4 2 2 37.2

2 2 70.7 2 2 70.7 2 2 38.7 1 3 42.6

3 3 73.1 3 3 73.1 1 1 30 3 3 47.2

3 3 85.3 3 3 85.3 1 1 31.9 3 3 40.3

1 1 49.3 1 1 49.3 1 1 40.5 3 2 42.6

1 1 55.8 1 1 55.8 1 1 40.1 2 2 31.8

2 2 54.3 2 2 54.3 1 1 33 3 3 39.6

2 2 62.3 1 2 62.3 1 1 37.3 1 1 32.7

3 2 72.5 1 2 72.5 1 1 29.3 3 3 61.4

2 3 73.3 3 3 73.3 1 1 36.4 2 2 35.8

1 1 31 1 1 31 1 1 34.2 2 2 37.2

3 3 86.8 2 2 73.6 1 1 32.9 3 3 68.1

2 1 31.7 1 1 46.5 1 1 37.7 3 3 40.4

3 3 66.4 1 1 54.1 1 1 51 3 3 49.1
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possible to create predictive models to classify the oils, with a very 
high degree of accuracy. The predictions of the models are sometimes 
different from the decisions of the companies, but some of the errors 
may be due to poor decisions of the companies. using Pca it was 
onfirmed that in both companies it is possible to identify oils which 
were replaced very early and oils which were replaced at a much more 
advanced degree of deterioration.

Pca also showed that the variables measured during oil analysis 
have different importance to assess the quality of the oil and predict 
the company decision. ann modeling confirmed this result, since it 
was possible to train a model with very high accuracy using just 10 
of the 21 variables.

Table 11 compares the results obtained for dataset aB. it shows 
the classification of the oil by the human experts, the classification 
given by the artificial neural network trained with 12 variables and 
the percentage of oil degradation calculated using Pca. The samples 
where the classification of the neural model is different from the hu-
man expert are marked in bold. as the table shows, there is a large 
variability of results. But in general the ann’s classification and the 
Pca classification are coherent and arguably better than the human 
experts. as a reference, the average  average deterioration for class 
1 is 37.86 % for the human experts and 37.03 % for the aNN. For 
class 2 it was 52.07 % for humans and 52.44 % for the aNN. and for 
class 3, the average deterioration is 73.05 % for humans and 74.14 
% for the aNN. The average deteriorations show that the aNN was 
successful clustering the most deteriorated oils in class 3 and the less 
deteriorated oils in class 1, more than the human experts.

Looking in more detail at the situations where the ann and the 
human classification differ, it is possible to conclude that there is a 
high probability that some of the misclassifications are human rather 
than design or training limitations of the ann.  For example, in Table 
11 the first error happens in a sample where Pca determines a level 
of oil degradation of 54.6. That sample was classified by the company 
as a 3 and by the neural model as a 2. in fact, the average oil deg-
radation for oils classified as 2 is approximately 52. The third error 
happens for a sample with oil degradation 31.7 according to Pca, 
which is below the average degradation for class 1 (approximately 
37). That sample was classified as 2 by the experts and 1 by the neural 
network. many of the remainder errors are similar to the ones already 
described, which shows the neural model is very much according to 
the results obtained with Pca analysis.

8. Main contributions

The present paper proposes different novel contributions to the 
state of the art, which can be highlighted as follows.

The results show that it is possible to create good artificial neu-• 
ral models to classify the oils. moreover, the models can per-
form possibly with even less errors than human experts.
using Pca, the relevance of the variables monitored for oil • 
analysis was determined, thus providing a better insight into the 
importance of each variable.
The results also show that a good neural model does not need • 
to use all the variables. in fact, a good model was created with 
just 12 input variables. This helps the process of determining the 
right time for oil change.

9. Conclusion

condition monitoring of engines’ oil is very important to prolong 
the engine life, avoid unnecessary pollution and also accidents due 
to engine overheating or other failures. The present paper describes 
experiments to create different artificial neural models that can help 
classify the state of deterioration of the oils with high accuracy. Be-
cause of the different policies followed by different companies, it may 
be difficult to create one single model that fits all policies. But it was 
possible to create models that showed good performance for two dif-
ferent companies. Those models may even generalize and learn a bal-
ance between the two policies. The results of the neural models were 
convergent with the results of Pca. Pca determines which compa-
nies follow the best policies for oil replacement and which variables 
are best predictors. The present analysis may be useful to help com-
panies make the best decisions at the best time, or even decide which 
variables are more important to monitor. Future research includes fine 
tuning the models with more data and proposing a model to automate 
the process, as well as testing other classification or future extraction 
techniques
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1. Introduction

The paper discusses results of the laboratory experiments, the 
purpose of which was finding links between the electric current pa-
rameters, controlling the work of the electromagnetic injector, and its 
mechanical parameters. using the relation of mechanical parameters 
and the electric current quantities allows for supervision of the injec-
tor work and precise evaluation of the quality of individual injection 
phases, i.e. to control the technical condition of the fuel system and 
the injector during operation, all on the basis of the easily-observed 
current parameters.The knowledge of the relationship between these 
parameters can be applied not only in injector diagnostics but also to 
control injectors. This results from the fact that thanks to the work of 
the electric current, the fuel flow supplied to the injector under suf-
ficient pressureis induced. The electric current flowing through the 
valve coil, generates the magnetic flux, and subsequently, the magnetic 
force acting on the needle (the element cutting the fuel off). This force, 

after overcoming all resistant forces, preventing this action enables 
lifting the needle. additionally, the electric connection of the injector 
coil provides for both, its control and power supply. To summarise, the 
work of the magnetic force resulting from the flow of the electric cur-
rent is a factor allowing for connecting the current with the mechani-
cal quantities. Due to the accurate defining of all the above relations, 
the real starting and finishing points of successive phases of the fuel 
injection process can be determined, which, in turn, can be used in 
managing the engine work. Such identification may allow for develop-
ing a different strategy relative to the control logic commonly applied 
so far.an engine controller can be developed using continuously up-
dated information about the real beginning andduration of individual 
injection phases. Such a controller will adequately correct the control 
of injectors, in case there were variations detected in starting and fin-
ishing of the dosing process, contrary to the methods used nowadays, 
that are based solely onmeasurements of the exhaust gases quality and 
corrections of injection parameters on the basis of the previously pro-
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control parameters of inDirect injection fuel injector

przebieg prąDowy jako źróDło informacji o parametrach 
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The article discusses results of the laboratory experiments in which fuel injectors used in indirect injection internal combustion 
engines were tested. During the experiments, numerous dosing cycles of the injectors were performed while changing the control 
parameters, due to which, the dosing characteristics were developed and influence of applied parameters on the resultant fuel 
flow determined. Simultaneously, the voltage and electric current waveforms in the injector coil were recorded, due to which 
finding links between the electric current characteristics and the determinants of the injector work was possible. The investiga-
tion has shown that parameters of electric current constitute a precise criterion for assessing the operation of the solenoid valve, 
because fuel flow is created due to the work ofelectric current. Thus, by observing the changes in the current flowing through the 
valve coil,it is possible to monitor precisely the correctness of the process of opening the flow and the electric current intensity, 
at which the flow began and to determine the mechanical quantities such as fuel dose and pressure. As a result, a characteristic 
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quite a novel approach. Such a characteristic can be used in diagnostics and control of fuel injectors as well as all kinds of elec-
tromagnetic valves. 
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Artykuł przedstawia wyniki eksperymentów laboratoryjnych polegających na testowaniu wtryskiwaczy paliwowych stosowanych 
w silnikach spalinowych z wtryskiem pośrednim. Podczas eksperymentów wykonano wiele cykli dawkowania wtryskiwaczy zmie-
niając parametry sterowania, dzięki czemu opracowano charakterystyki dawkowania i określono wpływ stosowanych parametrów 
sterowania na wynikowy przepływ paliwa. Jednocześnie rejestrowano przebiegi napięcia i natężenia prądu elektrycznego w cewce 
wtryskiwacza, dzięki czemu możliwe było powiązanie charakterystyk prądowych z determinantami pracy wtryskiwacza. Wykaza-
no, iż parametry prądowe są precyzyjnym kryterium oceny pracy zaworu elektromagnetycznego, ponieważ dzięki wykonanej przez 
prąd pracy powstaje przepływ paliwa. Zatem poprzez obserwację zmian prądu płynącego przez cewkę zaworu, można precyzyjnie 
monitorować prawidłowość procesu otwierania przepływu oraz natężenie prądu, przy którym przepływ się rozpoczął oraz określać 
wielkości mechaniczne jak dawka i ciśnienie paliwa. Wynikiem badań jest opracowanie charakterystyki wiążącej ciśnienie paliwa 
z natężeniem prądu w punkcie podnoszenia iglicy, co jest podejściem nowatorskim. Taka charakterystyka może być wykorzystana 
w diagnostyce i sterowaniu wtryskiwaczy paliwowych oraz wszelkiego rodzaju zaworów elektromagnetycznych.
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grammed maps [1]. The size of a fuel dose, determined on the basis of 
the current waveform integration, can serve as an additional verifica-
tion of the control process,within a given control method of the flow 
of electric current through the injector coil.The profound knowledge 
of momentary parameters of injection phases may be used for precise 
injector diagnostics, too, therefore contributing to the early detection 
of failures that could affect the degradation of the exhaust gases puri-
fication system and even the engine damage. Thus, the early detection 
of damages in the fuel system is particularly vital.

operation of a fuel injector may be evaluated on the basis of vari-
ous quantities. verified can be the control signal or the control result, 
i.e. the quality of the generated stream [3]. Shape, angle, and degree 
of the mixture atomization proves the quality of the dose obtained. 
Lee et al. [5], conducted an analysis of the dynamic behaviour of the 
solenoid valve while examining the phenomenon of electromagnetic 
field and flow through the exhaust channel [10]. in her work, Ha-
rantova [2]discussed a projectand analysis of the control and supply 
systems for injectors.voltage of the injector power supply and pres-
sure values in the fuel system at a given width of the control pulse 
(PWm - Pulse-Width modulation)were analysed [9].at the same 
time, attempts were made, to achieve the highest possible efficiency 
and stability of the injector work. in [12], the method of fuel injector 
verification based on electric current characteristics and the possibil-
ity of correcting the operation of the injector by using appropriate 
control algorithms was presented. Tan et al. [14] shows how to adjust 
the injector control strategy to take into account changes in the re-
sistance and inductance of its coil, taking into account the effects of 
aging. Nikolićet al. [8] discussed the processes occurring in the fuel 
supply systems, namely fuel injection, generation of the fuel mixture, 
combustion, and exhaust emissions. k function, as a correlation be-
tween the speed of the fuel flow and fuel pressure depending on its 
type [4] [11] was determined. Fluctuations in the fuel pressure have 
a major impact on the atomization, combustion and size of the fuel 
stream, as well as on delays in the injector operation [6] [7]. Stępień 
[13] described the process of sludge formation in the injector fuel 
channels, the impact of the resulting sludge on changes in diagnostic 
parameters indicating the degree of degradation of the injector. ın [4], 
a novel method was discussed,  using coriolis flowmeters (cFm), 
and a new, patented technique of signal processing for measuring the 
fuel flow. measuring the flow speed of individual injectors of the en-
gine in real time was proved possible, which enables the 
accurate assessment of the injection process. merola et al. 
[7] presented a method of verifying fuel injection and the 
combustion process using optical diagnostics, using an en-
doscopic system coupled with a ccD camera mounted in 
the intake manifold.

The abovementioned works are examples of current 
publications regarding methods of evaluation of the fuel 
injector operation. it is a final element of the fuel sys-
tem and undisturbed engine work depends highly on its 
flawless functioning. Defects of the injector may lead to 
degradation of the exhaust purification systems (cata-
lytic converter). This is why the appropriate diagnostics 
and control of the fuel injector is  a particularly important 
operation-related issue. in the following sections, an inno-
vative diagnostic method forfuel injectors and all kinds of 
electromagnetic valvesis discussed. This method is based 
on identification of values of the intensity of electric cur-
rent controlling the injectorat the point of lifting the needle. The value 
of the current at this point is not a constant. it is dependent upon sev-
eral factors resulting fromthe injector’s properties and control param-
eters. accuracy of determination of the values of the electric current 
and the detailed analysis of the determinants for injector control al-
lows forusing the correlation between the value of the electric current 
at the characteristic points of the current-related waveform of the dos-

ing injector and its mechanical parameters. on the basis of observa-
tion of the characteristic current-related points, practically all electric 
and mechanical failures of the injector can be detected, with no need 
of oBD-based diagnostics or other methods, including those based 
on removing the injector from the vehicle engine. The method of di-
agnostics presented in this article may be applied during operation 
without removing the injector from the engine, and after appropriate 
implementation in the engine controller, an automatic tool is obtained, 
that will ensure an early detection of damage in both, the injector and 
the fuel system. in the subject literature regarding the diagnostics of 
fuel injectors, there are no methods mentioned, that are based on the 
correlation described in Section 3 of this article. 

2. Dose and fuel flux 

The electric current parameters precisely describe the phenomena 
they affect. This is illustrated in Fig. 1, where the increasing surface 
area under the current waveform (continuous red line) reflects the ev-
er-increasing flow of the specific mediumin response to the prolonged 
voltage impulse from 2 ms to 15 ms. in each of the waveforms in fig. 
1, at 0.6 v there is a dotted dark blue line, denoting the photodetec-
tor reading, transforming the laser light into the voltage. in the tests 
performed at the test bench, the stream of fuel disturbed the laser light 
running under the injector nozzle (decreased voltage output by ap-
prox. 0.15 v), illustrating the real fuelflow.

The injector work is based on an undisturbed cooperation of the 
electric and hydraulic systems, controlling of which is supervised by 
the electronic system. The current flow during the preset injection 
time is defined by the continuity equation:

 ∇ +
∂
∂

=j
t
ρ 0 (1)

where: j  – electric current density,
j j jj
x y z
∂ ∂ ∂

∇ = + +
∂ ∂ ∂

 – scalar multiplication with the nabla vec 

       tor operator,
ρ  – density of electric charge,

t  – time [s].

The electric current densityjis a result of differentiation of the 
electric current relative to the surface where it flows:

 dIj
dA

=  (2)

Fig. 1 Waveforms of fluctuations of electric current, voltage, and intensity of laser light cor-
responding to the increased injection times, from 2 ms to 15 msregistered at the test 
bench
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where: I  – electric current [a], A  – cross sectional area 
[m2].

The motion of the injector needle results from the 
change in the magnetic flux φ, which in turn is a result 
of the electric current I flowing through the coil. This is 
described as a flow of the electric chargeQ:

 Q i t dt
RQ

d
dt

dt
Rt

t
= ( ) = =∫ ∫

1

2 1

0

ϕ ϕ ϕ
            (3)

where: R  isresistance [Ω]and ϕ -magnetic flux [Wb].

Due to the flow of electric charges, the fuel flow is 
obtained, described by analogical equation. The stream 
continuity equation:

 ρ
ρ*∇ +
∂
∂

=v
t

0  (4)

in this formula, v  denotes volume 3m 
  .

changes in flowing fuel flux may be correlated with the electric 
charge flowing during injector’s dosing action. using the current-
related waveforms allowed for generating the characteristics of the 
dose and of the fuel flux, mapping the electric current waveforms. 
For instance, at the injection time of 10 ms  and the injection pressure 

  0.3 mPap= , the obtained stream flux amounted to: 
mg0.0061 0.000124 
ms

± , which is related to the flow of 

the electric charge   0.00668 cQ= . The electric charge 
Q was computed by integrating the current-based 
waveform (3). Subsequently, the theoretical volume  
of the fuel stream was calculated in accordance with 
the equation (5):

m f A
p p

s c
i

=
−( )

− * * *
*

ρ
ρ

2 1 2           (5)

where: s cf −    – flow coefficient, 

ρi   – density of fuel during flow through 
the injector nozzle,

1p   – pressure of fuel before the injector,

2p   – pressure of fuel after the injector. 

in the example shown above (10 msand 0.3 mPa) , the obtained 

mass flow amounted to: mg0.00556 
ms

. The result is burdened with a 

measurement error resulting from the uncertainty of parameter mea-
surements from equation (5) such as: fuel pressure or fuel density. 
The result of the calculation differs from the actual by 0.000 mg416

ms
 . 

Because of the uncertainty of the measurement of the quantity from 
equation (5), it is a satisfactory result. 

Fig. 2 showscurrent waveforms for different voltage pulse widths, 
from 1.6 ms to 10 ms, superimposed on each other.

an electric charge 1,6 0.000418 cmsq =
 
has been assigned to the 

1.6 ms range (first range from the left in Fig. 2, indicted by a golden 
continuous line), while range of 10 ms (the whole of the current wave-

form – marked with the red continuous line) has an electric charge 
of the value 10 0.00668 cmsq = . The difference between 1,6msq  and

10msq  is 16–fold. The areas of successive ranges as well as electric 
charges are proportional to their corresponding values.  

in the case of the current ranges for various fuel pressure values 
(Fig. 3), the differences between electric charges representing succes-
sive current waveforms are too small to assess (on the abovementioned 
basis) at which value of the fuel pressure the dose was generated and 
what its size was. These values lie within therange of measurement 
uncertainty. The size of the dose and stream can be related to the value 
of the fuel pressure, defined on the basis of electric current value at 
the point of the needle lifting, which will be the main focus of the 
second part of this article. 

3. Fuel pressure

The current waveform recorded during generation of a single 
fuel dose,  with a preset eight-millisecond length of a control pulse is 
shown in Fig. 4. The electric circuit of the injector coil consists of the 
source of the electromotive force ( ε0 ), resistance ( R ), and induct-
ance ( L ) (circuit RL). increase in the current in the RL circuit is de-
scribed by the kirchhoff’s equation (6), defining the shape and values 
of the electric current varying over time. in the case of the injector’s 
current waveform, as a result of the work by the magnetic force, i.e. 
lifting of the needle, equations describing the electric current must 
take into consideration the resistance overcome by this force, which is 
discussed in this section of the article. 

 I
R

eop

R
L= −















ε0 1*  (6)

The shape of the waveforms observed during the work of the elec-
tromagnetic valve depends not only on the electric current parameters 

Fig. 2. Current waveforms for different voltage pulse widths, from 1.6 ms to 10 ms, superim-
posed on each other, with the assignment of the area under the waveform

Fig. 3. Current waveforms for increasing values of fuel pressure, from 0.1 to 0.5 MPa
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(current intensity, voltage) and geometry of the valve core. Location 
of the characteristic points (both value and the time lapse) depends 
on the specific density of the flowing medium and value of the pres-
sure that reaches the valve.in this part of the article reference is made 
to bench tests in which the pressure downstream of the injector was 
constant. Therefore, the results refer only to the pressure before the 
injector. The purpose of the analysis is to show the trend of changes 
in electric current at the needle lifting point depending on the pres-
sure (in fact, the pressure difference before and after the injector). 
During the engine operation of the injector, the pressure in the intake 
manifold changes, which change must be taken into account in the 
analyzes performed.

The fuel flow into the injector inlet channel totally changes the 
time-related voltage-current waveform. as a result of the fuel density 
and pressure action (it is density, in fact, since pressure causes its in-
crease), a greater magnetic force needs to be generated in order to lift 
the needle. at the specific value of current at the point where the nee-
dle is lifted ( opI ), a corresponding pressure value of the fuel before 
it reaches the valve needle, can be precisely matched pinj( ) . Fig. 4 
shows two injector current-related waveforms, for two different fuel 
pressure values before the injector. change in the injection pressure 
from 0.2 mPa to 0.8 mPa results in a change in the current at the point 
where the needle is lifted, from 0.379 a to 0.495 a.

on the basis of the laboratory research, for each injector type, 
the function of relationship of the current intensity (at 
the point where the needle is lifted) and the injection 
pressure can be determined:

 I f pop inj= ( )                     (7)

The fuel flow can be obtained after the magnetic 

force mF  has overcome all the forces counteracting 
the needle lifting:

pF  – force resulting from the fuel pressure,

iF  – inertial force,

fF  – frictional force,

sF  – force of the spring.

 m p i f sF F F F F> + + +  (8)

magnetic force mF  is a derivative of the energy originating in the 
coil as a result of the current. The magnetic force sufficient to lift the 
needle is defined by means of the current intensity, measured at this 
point of the current-related waveform of the injector opI . The most 

significant resistant force is force pF , the remaining elements are 
constant or vary based on this force’s change. The consequence of it 
being that the magnetic force mF  is a function of the current intensity 

opI . and the current intensity opI  is a function of the force resulting 
from the fuel pressure injp :

 F f Im op= ( )  (9)

where: mF – magnetic force resulting from the magnetic flux [n],
opI   – current intensity at the point of the needle lifting [a],

injp  – fuel injection pressure [mPa].

For the increasing fuel pressure, the force necessary to lift the 
needle grows, thus the current required to generate the magnetic flux 
of the adequate value, increases, too:

 I f p I f p p pop op1 1 9 9 1 9= ( ) < = ( ){ }<  (10)

Relationships (10) are graphically represented in Fig.5. it shows 
an image of the current waveform of injector with the increase in cur-
rent intensity at the point of the needle lifting marked, depending on 

the injection pressure.
current intensity at the point of needle lifting, (Fig.5) 

corresponds closely to the injection pressure. moreover, it 
is unrelated to the injection time, it depends on the value 
of generated magnetic force. The greater the difference be-
tween the pressure before the injector and the pressure in the 
intake manifold (after the injector), the higher the current

opI . The mapping of such a characteristic in the relation 
(6) required using the coefficient pressf . after inserting the 
coefficient into the differential equation, in the component 

0
R
ε (6), the expected value of the current opI  will be ob-

tained (11):

 I f
R

eop press

R
L= 






 −















* *ε0 1  (11)

The first component determines the maximal value that will be 
reached ,opI  whereas the second component affects the exponential 
tending to this value (kirchhoff’s equation). Due to the expression 
(11), the resistant forces in the current-defining equation in the circuit 
of the working injector (circuit RL) are taken into consideration, which 
can be observed in the equations modelling the current ranges in the 
previous section. characteristic opI ( )injp , necessary in the detailed 

Fig. 4. Graphic representation of the relationship Iop (pinj)

Fig. 5. Changes in electric current intensity at the point of the injector needle lifting at different 
injection pressure values
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modelling of the injector current waveform can be utilised to evaluate 
the given injector’s technical state, in comparison to different types of 
injectors or in the early diagnosing of its faults. all kinds of defects of 
the electromagnetic valve will result in change in the current intensity 
at the point of the needle lifting. The injector can be monitored during 
its work, controlling this parameter and the value of injection pressure 
from the pressure sensor. characteristic opI ( )injp  is a relationship of 
the linear character. as the pressure keeps growing, a little increase in 
the proportion of the current intensity opI  to    injp can be observed. 
characteristics I pop inj( )  have been developed for several different 
types of injectors with different degree of wear. For a given type of in-
jector, characteristics have similar character but they are not identical, 
which results from the differences in their operation. The characteris-
tic of the injectors “a” and “b” (Fig.6) changes throughout the whole 
range of the injection pressure (from 0.1 to 0.8 mPa). 

The magnetic flux resulting from the flowing current, generated 
around the coils of these injectors is greater than the generated by the 
coils of the injectors “c” and “d” (Fig.6). The current intensity for 
injectors “c” and “d” from pressure of 0.5 mPa transitions into the 
steady state (maximal – horizontal line). above this pressure value, 
they do not increase their doses and the current intensity at the point 
of the needle lifting is constant (such as the current intensity of the 
steady state in the circuit). ability to overcome the forces counteract-
ing the needle lifting at the lower current opI  indicates a given injec-
tor’s greater efficiency. 

The characteristic of the relationship between the electric current 
at the point of the needle lifting and the mechanical resistances of the 
lifting action results from the electrical and geometric propertiesof 
the injector, fuel system, and preset control parameters. a precise de-
termination of the corresponding parameters allows for verification 
of the technical state of the fuel system, also in the real time. This 
innovative approach may be applied both in diagnostics and to intro-
duce corrections in injector control. The presented analysis shows that 
on the basis of the selected points of the time-related current-voltage 
waveform, observed during injector dosing, such parameters of injec-
tor control as the injection pressure can be determined, and combin-
ing this information with the surface area below the current intensity 
waveform, allows for characterising the mass flow.  

4. Summary

The article discusses results of the laboratory experiments testing 
fuel injectors used in internal combustion engines with the indirect in-
jectionwithout turbo boost. in the course of experiments, waveforms 
of voltage and current in the injector coil were recorded. also, the 

dosage characteristics were developed; the influence of applied con-
trol parameterson the resultant fuel flow was determined. on the basis 
of the above, it was indicated that the current-related parameters con-
stitute a precise criterion for the injector work evaluation. correlation 
of the current waveforms with dosage parameters of the fuel injectors 
enabled the conclusion that fluctuations within the waveforms result 
not only from the current-related properties. They also depend on me-
chanical properties affecting the flow (4), such as density, injection 
pressure, or resistance of the needle motion. The conclusion can be 
made that the shape of the waveform of the electric current (6)in the 
circuit of the injector coilcontains information about mechanical pa-
rameters of injection (11), as well as electric and mechanical proper-
ties of the injector. The range of the current waveform or the flowing 
electric charge (3) can be correlated with the fuel flux(5). in order to 
map the fuel dose precisely, it is necessary to determine at what pres-

sure value occurred the fuel flow. The characteristic 
point of the current waveform, used in the discussed 
analysis. The value of the current at this point relates 
directly to the forces counteracting the lifting action 
(8). The largest of these is the force resulting from the 
fuel pressure, which is one of the variables. The sec-
ond variable is the pressure downstream of the injec-
tor, i.e. the pressure in the intake manifold. The refer-
ence to the current at the needle lifting point makes 
sense under the same comparison conditions, i.e. with 
current pressure control downstream of the injector.

a conclusion can be made that a radical change in 
the electric current at this point takes place following 
the change in the fuel pressure (7), which has been 
proved by the performed laboratory experiments.

observation of the electric current waveforms and 
analysis thereof, in combination with the previously 
generated characteristic of correlated parameters, al-
lows for verification of the correctness of the fuel 
dosing process, and for rendition of the assessment of 
technical state of the fuel system and the injector. The 

presented current waveforms may be monitored by means of the con-
troller in the real time, during operation, due to which such verification 
can support the oBD and the control systems for the exhaust emis-
sions, allowing for a faster failure detection in the fuel system. The 
relation between the value of the electric current at the point of needle 
lifting and the fuel pressure may be used not only in fuel injector diag-
nostics but also to verify different kinds of electromagnetic valves.

The results of laboratory experiments presented in this work re-
flect a new viewpoint regarding the fuel injector diagnostics. an ad-
ditional diagnostics discussed here may be used in the real time dur-
ing operation of the injector or electromagnetic valve. The „on-line” 
diagnostics can contribute to an earlier detection of damages, thus 
protecting the exhaust purification system from degradation and even 
from engine damage. The function of the fuel pressure can be also 
used to control the injectors. Determination of the real injection phase 
may help managing the engine work. This means the change of strat-
egy relative to the one used so far. The presented information could 
be applied in the module controlling engine work, using in the control 
algorithm the information on the real moment of starting and finishing 
the process of dosing, and not be functioning only on the basis of the 
previously developed algorithms, corrected through the adaptation of 
control and the lambda probe.
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Fig. 6. Characteristics I f pop inj= ( )  for injectors: “a”, “b”, “c” and “d”
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cBm: condition-based maintenance
Lcm: lubricant condition monitoring
mLE: maximum likelihood estimation
Pca: principal component analysis
PHm: prognostics and health management
Pm: preventive maintenance
PSST: power-shift steering transmission

1. Introduction

Lubricant condition monitoring (Lcm) has been widely used in 
oil-lubricated machinery benefit from the advance in analytical instru-
ments and monitoring techniques, see, e.g., [2, 8, 14, 16, 22, 24] and 
references therein. The analysis results of oil samples not only give an 

indicator of the suitability of the lubricating oil for continued use but 
also provide information about the wear condition of oil-lubricated 
machines [20, 31]. This advantage enables the oil analysis technique 
to become one of the most popular data acquisition techniques used 
in condition monitoring, prognostics, and maintenance. For a compre-
hensive review of the use of oil analysis data for maintenance deci-
sion support, readers are referred to [28] and the references therein. in 
these existing studies, many efforts have been made in establishing a 
reasonable degradation model or estimating an accurate residual life. 
However, the existing literature still lacks an effective method to uti-
lize oil analysis data to implement optimal maintenance to ensure the 
operation safety, availability and economic gains of the oil-lubricated 
systems. Therefore, this paper aims to fill this literature gap by ad-
dressing the condition-based maintenance (cBm) problem for the oil-
lubricated systems with selected oil analysis data.

yan S, Ma B, Wang X, chen j, zheng c. Maintenance policy for oil-lubricated systems with oil analysis data. eksploatacja i niezawod-
nosc – Maintenance and reliability 2020; 22 (3): 455–464, http://dx.doi.org/10.17531/ein.2020.3.8.

Shufa yan
Biao Ma
Xu Wang
jianhua chen
changsong zheng

maintenance policy for oil-lubricateD systems 
with oil analysis Data

polityka utrzymania ruchu ukłaDów smarowanych 
olejem w oparciu o Dane z analizy oleju

Maintenance of oil-lubricated systems plays a significant role in reducing unexpected system failures and improving machine 
availability. This paper deals with the oil-lubricated systems subject to gradual degradation that revealed by metal wear debris 
monitored using oil analysis. Oil-lubricated systems usually undertake several preventive maintenances during operation, after 
each maintenance, the system typical restores to an intermediate state between good-as-new state and bad-as-old state due to 
system aging such as cumulative wear. Furthermore, oil-lubricated systems often operate continuously in mission execution with 
availability constraints. However, existing literature still lacks a method to integrate the availability constraints with the system 
aging into the cause of optimizing the maintenance policy. To fill this gap, this paper develops a maintenance policy optimization 
method to determine the optimal maintenance threshold joint considering the availability constraints and the system aging. A case 
study of the power-shift steering transmission systems modelled by a wiener process is presented to illustrate the proposed method 
in practical application.

Keywords: oil-lubricated system; maintenance policy; oil analysis; availability constraint; system aging.

Konserwacja układów smarowanych olejem odgrywa istotną rolę w eksploatacji maszyn, umożliwiając zmniejszenie liczby nie-
oczekiwanych uszkodzeń i poprawiając dostępność maszyn. Niniejszy artykuł dotyczy układów smarowanych olejem ulegających 
stopniowej degradacji, którą można mierzyć za pomocą analizy oleju, monitorując zawartość drobin metalu powstających na 
skutek zużycia. Podczas swojej pracy, układy smarowane olejem zwykle poddawane są kilkakrotnie przeglądom zapobiegawczym. 
Po każdej konserwacji, układ wraca do stanu pośredniego między stanem fabrycznej nowości (as good as new) a stanem "jak 
przed konserwacją" (as bad as old), co wynika ze starzenia się systemu, m.in. skumulowanego zużycia. Co więcej, systemy sma-
rowane olejem często działają w sposób ciągły, wykonując misje z ograniczeniami dostępności. Jednak w istniejącej literaturze 
wciąż brakuje metody, która pozwalałaby na zintegrowane ujęcie ograniczeń dostępności i starzenia w celu optymalizacji polityki 
utrzymania ruchu. Aby wypełnić tę lukę, w niniejszym artykule opracowano metodę optymalizacji polityki utrzymania ruchu, 
dzięki której można określić optymalny próg konserwacji z uwzględnieniem zarówno ograniczeń dostępności jak i starzenia się 
systemu. Możliwość praktycznego zastosowania zaproponowanej metody zilustrowano na podstawie studium przypadku układów 
przekładni kierowniczych zamodelowanych za pomocą procesu Wienera.

Słowa kluczowe: układ smarowany olejem; polityka utrzymania ruchu; analiza oleju; ograniczenie dostępno-
ści; starzenie się systemu.
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Spectral oil analysis is one of the most widely used oil analysis 
techniques to observe the increasing trends of wear debris concentra-
tions in the oil-lubricated systems [9]. it can be used to identify the 
severity of wear conditions and even the impending system failure 
without dismantling the machine [24,30]. Specifically, if the oil spec-
tral data reaches a predetermined failure threshold, the oil-lubricated 
system is considered as failed that should be maintained or repaired 
[19,31]. as shown in Fig. 1, for example (Liu et al., [15]), the oil spec-
tral data, cu, is used to monitoring the degradation of a Power-Shift 
Steering Transmission (PSST) system; the PSST system experiences 
degradation during operation and eventually fails (unable to operation 
satisfactorily) and needs to be replaced when the spectral oil data, 
( )X t , reaches the threshold, FD , at time Ft . if the degradation pro-

file of the oil-lubricated system can be modelled and evaluated, the 
preventive maintenance (Pm) action might be implemented based on 
the collected oil spectral data before the system failed.

Fig. 1. Condition monitoring using spectral oil data

accordingly, to achieve an optimal implementation of the Pm ac-
tions on oil-lubricated systems, there are two essential requirements 
must be addressed: (1) a reliable degradation model that can charac-
terize the degradation profile of oil-lubricated systems, such that the 
degradation condition can be accurately estimated and provided as an 
input for Pm; and (2) a reasonable maintenance objective function 
that can optimize the Pm actions of oil-lubricated systems, such that 
the operational requirements of the maintained system can be better 
satisfied.

over the past few years, many research efforts have been made 
on the requirement (1). many types of degradation models, such as 
proportional hazard models [6,36], hidden Markov models [5,29], and 
wiener process models [26,31], have been developed in modelling 
the degradation evolution of the oil-lubricated systems. among these 
models, the Wiener process model can provide a good description of 
the system degradation process by describing the degradation as a 
non-monotonic process. vališ et al. [27] considered using the wiener 
process with the selected spectral oil data (i.e., Fe, and Pb) to pre-
dict the expected moment when a soft system failure occurred and 
proved that the spectral oil data could provide a useful reference for 
cBm. in this paper, it is assumed that the degradation process follows 
a normal distribution by regarding the degradation as an increment 
of a large amount of small wear. yan et al. [31] proposed a wiener 
process-based degradation model for assessing the material wear of 
the friction pairs in an oil-lubricated system, and in [34] further in-
vestigated the influences of the spectral measurement uncertainty in 
modelling the system degradation. it is known that the collected oil 
spectral data usually shows a non-monotonic trend because of meas-
urement uncertainty. Therefore, in this paper, the degradation profile 
of oil-lubricated systems is described using a Wiener process.

With the degradation profile predicted, Pm (e.g., dismantling in-
spection, lubricating oil replacement) will be carried out. While ex-
tensive work has been done in developing these degradation models, 
the current literature still falls short in addressing the requirement 
(2), i.e., how to construct a reasonable maintenance objective func-
tion for the oil-lubricated systems. most of the existing studies [32, 
33, 35] simply use a cost minimization function as the objective, and 
the maintenance costs (e.g., oil analysis cost, oil replacement cost, 
dismantling inspection cost and system failure cost) are minimized 
in a full life cycle. However, for some critical systems in military 
equipment, mining machinery, and power industry, whose failure is 
critically hazardous and often leads to catastrophic consequences, 
and therefore, using a cost minimization objective in these cases may 
be problematic [1, 12]. in these critical systems, the ratio of time on 
the operation (uptime) compared with the time on the maintenance 
(downtime) is more important than the cost [3, 7]. Thus, in this paper, 
a more practical objective function, the maximum availability, is uti-
lized to measure maintenance effectiveness.

Since the degradation of the oil-lubricated system is described 
by a wiener-process-based model, and the maintenance objective is 
constructed as an availability function, the Pm threshold is set as the 
decision variable forming the optimal maintenance policy. in order 
to optimize the policy, the effect of each Pm action should also be 
addressed. in the literature of cBm, the effect is usually divided into 
perfect Pm and imperfect Pm. However, the existing research con-
cerning the oil-lubricated systems [32, 33, 35] simply assumes that 
the Pm action is perfect without considering the system aging, and 
the maintained system will be recovered to a good-as-new state. actu-
ally, using a perfect Pm assumption for the oil-lubricated systems is 
problematic, as discussed in many related studies [4,10]. For instance, 
as discussed in yan et al. [31], “because of the system residual dam-
age such as cumulative wear, the degradation will start at some non-
zero value after each Pm and randomly increasing with the order of 
Pm cycle.” This phenomenon is called the system aging property that 
will shorten the time interval to the next Pm. To address this issue, in 
this paper, the Pm action is assumed imperfect and can only partially 
restore the system, i.e., recover the system to an intermediate state 
between bad-as-old state and good-as-new state. 

motivated by the above observations, in this paper, an optimal 
Pm problem is considered in terms of the availability requirement 
considering the system aging property. The main objective of this pa-
per is to develop a maintenance decision method for oil-lubricated 
systems based on oil analysis data in order that the Pm threshold can 
be achieved with maximum availability. compared with the existing 
studies in liu et al. [35] and yan et al. [32], the proposed method 
has the following innovations: (1) considering the system availabil-
ity requirement as the objective to Pm policy optimization; and (2) 
involving the system aging property in the optimization model. To be 
specific, the oil-lubricated systems that monitored under oil spectral 
analysis, with an availability requirement subject to periodic unper-
fect Pm (e.g., lubricating oil replacement), are considered. For model-
ling the Pm process, a wiener process is utilized for the degradation 
model, and a geometric process is used for the system residual damage 
after imperfect Pm actions. in addition, the availability requirement 
under the short-run availability constraint is adopted in the optimal 
Pm policy model. Finally, a case study for several PSST systems in 
military vehicles is provided to illustrate the proposed method. The 
results show the practicality, effectiveness and robustness of the pro-
posed method.

The framework of the proposed maintenance policy optimization 
method is shown in Fig. 2. The remainder of the paper is structured 
as follows. Section 2 gives the motivation of the concerned optimal 
Pm problem for oil-lubricated systems and its properties under mul-
tiple imperfect Pm action. The system aging property description, the 
operation time model, and the maintenance duration model are intro-
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duced in Section 3. Section 4 gives the formulation of the optimiza-
tion problem for the oil-lubricated system and the corresponding cal-
culation procedures for achieving the optimal Pm policy. in Section 
5, a case study for several PSST systems is provided for illustration of 
the proposed method. Finally, conclusions and discussions are drawn 
in Section 6.

Fig. 2. Framework for the maintenance policy optimization

2. PM policy for oil-lubricated systems

This section provides a general description of the concerned op-
timal Pm problem for oil-lubricated systems. This paper deals with 
the oil-lubricated systems that degrade over time in mission execu-
tion conditions, and oil spectral analysis is periodically conducted to 
monitor the degradation severity of the system during the whole life-
cycle (from an initial to failure). as shown in Fig. 3, the degradation 
process ( ){ },  0X t t ≥  that measured using collected spectral oil data 
is used to predict the degradation profile of the oil-lubricated system. 
When the degradation profile of the oil-lubricated system reaches a 
predetermined Pm threshold, PMD , at the end of a mission, Pm ac-
tion will be implemented immediately before the next mission (e.g., 
at time 1,2,3iR =  in Fig. 3), and the time for the Pm actions is iM . 
alternatively, the oil-lubricated system will continue to operate with 
no Pm action until the next oil inspection. Please note that the Pm 
actions mainly include the lubricating oil replacement, the possible 
dismantling inspection, and the replacement of the potential compo-
nents, usually are imperfect, i.e., the Pm actions cannot recover the 
oil-lubricated system to the good-as-new state. When a new one re-
places the used oil-lubricated system (e.g., at time '

0t  in Fig. 3), the 
system will be fully restored to a good-as-new state and a time  ζ æ 
is incurred. 

Fig. 3. State transition of an oil-lubricated system with PM and system re-
placement

Let iT  ( 1,2,i = … ) represents the operating time of the 
oil-lubricated system after a Pm action. in reality, the expected up-

time period, [ ]iE T , for the maintained oil-lubricated system to reach 
the Pm threshold in a cycle show a decreasing trend because of the 
imperfect nature of Pm and the system aging such as cumulative 
wear. on the other hand, the expected downtime period, [ ]iE M , for 
the maintained oil-lubricated system to perform each Pm action in a 
cycle usually show an increasing trend, since a more extended period 
is required to maintain a severely degraded system than a healthier 
one. However, for the oil-lubricated systems used in military equip-
ment, mining machines, and power industries, the mission interrup-
tion time is strictly limited. as a result, the purpose of this research 
is to find the optimal Pm policy to maximize the mission availability 
of an oil-lubricated system, that is, to maximize the expected uptime 
compared with the expected downtime.

Based on the above description of the concerned optimal 
Pm problem, the mission availability of the oil-lubricated system 
shows a decreasing trend in a replacement cycle, since the expected 
downtime increases whereas the expected uptime decreases. There-
fore, the mission availability metric in Eq. (1) is adopted as the op-
timization objective to assess the effectiveness of the maintenance 
policy. The mission availability for oil-lubricated systems in a life 
cycle is defined as:

( )
( )

expected uptime / cycle
_ L

expected uptime expected downtime / cycle
Availavility =

+
(1)

where the “cycle” is defined as the period between two consecutive 
replacements of the oil-lubricated systems, the “downtime” includes 
the time for all Pm actions and system replacement. Besides, for oil-
lubricated systems, frequent Pm actions are not allowed in engineer-
ing practice. Thus, the oil-lubricated systems must satisfy a minimum 
short-run availability. Specifically, the average short-run availability 
metric defined in (2) is adopted to represent the mission constraint of 
an oil-lubricated system after the i th Pm action, within a replacement 
life cycle, as described above. 

( ) ( )
     _S

     
expected uptimeafter ith PMAvailavility i

expected uptime expected downtime after ith PM
=

+

(2)
as many researchers have investigated, a system will no longer be 

suitable for operation when the defined average short-run availability 
decreases to a certain level [4,10,31]. Thus, whenever the short-run 
availability, _SminAvailavility , is lower than a threshold after the N
th Pm action, a system replacement will be conducted (e.g., at time 

4R  in Fig. 3) and, the oil-lubricated system would be restored to a 
good-as-new state. Specifically, the replacement policy for the oil-
lubricated system is summarized as:
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( )
( )

_ _S
_ _S

min

min

Availavility S i Availavility
Availavility S N Availavility

 >
 ≤

 [ ]1, 1 Pm actions
         System replacement
i N∈ − →

→
    (3)

Remark 1: The objective of this paper is to determine the optimal 
value of the Pm threshold, PMD , to maximize the achieved availabil-
ity defined in Eq. (1) for a required service time under the constraint 
of the average short-run availability defined in Eq. (2). We refer to this 
newly proposed policy as availability limit policy. unlike the existing 
cost limit policy [25-27], where the maintenance cost is assumed as 
the optimization objective, the proposed policy considering the mis-
sion availability to initiate the Pm actions and system replacement. 
in this way, the achieved availability of the maintained oil-lubricated 
system in the whole mission execution can be maximized, which is 
a practical advantage for the maintenance of oil-lubricated systems 
used in critical systems, such as the PSST system in armored tank ve-
hicles [31], the wind turbine gearbox portion of wind power systems 
[23], and the diesel engine in marine freighters [11].

Equation (3) can be numerically calculated using a searching al-
gorithm. From the above description, it is conculcated that the optimal 
maintenance policy is heavily dependent on the system aging prop-
erty, and the expected uptime and downtime, which can be fitted by 
the historical time data of system operation. Thus, in the following, 
the residual damage, and operation time model and maintenance time 
model are investigated. The aim is to accurately initiate the Pm policy 
optimization model and obtain the optimal Pm threshold.

3. Imperfect PM model considering system aging

in order to establish the considered maintenance optimization 
model, it is necessary to investigate the influence of the aging proper-
ty of oil-lubricated systems. according to the system aging character-
istics described in Section 2, the system aging property, the required 
operation time model and Pm duration model involving multiple Pm 
actions are given as follows.

3.1. The System Aging Property

Recall that the Pm actions would not restore the maintained oil-
lubricated system to a good-as-new state but an intermediate state due 
to the system aging, i.e., cumulative wear of friction pairs. Thus, the 
characteristics of the aging propriety after a single Pm action and the 
relationship with multiple Pm actions are investigated for the main-
tained oil-lubricated system.

in general, the Pm actions will at least restore the maintained sys-
tem to a healthier condition than the state before the PM. Fig. 4 pro-
vides a schematic diagram of a viable imperfect Pm model to describe 
the Pm effect considering the system aging. That is, the residual dam-
age, X Ri

+( ) , of the maintained system after each Pm action in a 
replacement cycle falls randomly in the interval [0, PMD ].

Fig. 4. System aging property with imperfect PM

it is commonly assumed that the residual damage in a replace-
ment cycle follows a stochastic process with an exponentially increas-
ing mean and a constant variance. actually, such an assumption is 
widely used in modeling the aging property of the degrading systems, 
as shown in many applications [3, 4, 10]. To be specific, the mean and 
variance are given as follows:
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where 0u ≥  is a constant value describing the effort of the Pm ac-
tions, σ 2 0≥  is a constant value describing the variance of the Pm 
actions.

Remark 2: The system aging property is represented by the pro-
posed residual damage model, which can be understood in the follow-
ing way. if [ u > >0 02, σ ] is assumed, the residual damage, X Ri

+( )
 
, 

becomes a random variable constrained in a finite interval [0, PMD ]. 
in this case, the probabilistic models with compact support including 
the Beta  distribution are commonly used to describe the system ag-
ing property [13]. When [ u > >0 02, σ ] is satisfied, the maintenance 
effect results in restoring the system health condition depending on 
the selection of PMD . on the other hand, [ u = =0 02, σ ] refers to 
the perfect maintenance that recovers the maintained system back to 
the good-as-new state. obviously, such a perfect Pm assumption is a 
special case of the proposed system residual damage model, as have 
used in the existing literature [33, 32].

3.2. The operation time model

Since the system aging property of the maintained oil-lubricated 
system is determined by using the residual damage model, the expec-
tation of the operating time after the ( )1i + th Pm action, 1iT + , can be 
calculated with a given PMD , namely:

E T E E T X R E T X R fi i i

D

i i
PM

+ +
+

+
+[ ] = ( )










= ( )



∫1 1

0
1| |

XX Ri
X+( ) ( )dx  (6)

where f
X Ri

+( )  is the probability density function (PDF) of the resid-

ual damage, X Ri
+( ) . Recall that probabilistic models with compact 

support are commonly used to describe the residual damage. Thus, in 
this paper, the Beta  distribution is employed to depict the residual 

damage, X Ri
+( ) , just like many researchers have been done [3, 4, 7, 

10, 13]. Such that the PDF  series, f X
X Ri

+( ) ( ) , is then defined as:
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where [ ]1,i N∈  represents the number of Pm actions; the relationship 
between model parameters [ , ]α βi i> >0 0  and [ u,σ 2 ] is as fol-

lows:
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The parameters, iα  and  iβ , can be approximately obtained 
based on the statistical analysis with the historical failure time data 
after each Pm action and, the parameters, u  and 2 σ , in the residual 
damage model can then be easily estimated by using the maximum 
Likelihood Estimation (mLE) method. For detailed procedures of the 
parameter estimation, readers are referred to the literature [17] and the 
references therein.

Remark 3: it can be easily proved that the mean of the system 
residual damage in a replacement cycle is showing an increasing trend 
with the sequence of PM action, as shown in eq. (4) and (8). That 
is, the ability of the maintained oil-lubricated system to operate in a 
healthy condition is weakening, which is in line with reality. 

3.3. The maintenance time model

Recall that a more extend Pm duration may be required with the 
system operation dues to the possible dismantling inspection and the 
replacement of the potential components [27, 31] since a long time 
is required to maintain a severely aged system than a slighted aged 
one. Thus, in this paper, it is assumed that the Pm durations shows an 
increasing trend in a replacement cycle.

To be specific, let us denote the duration needed to implement the 
i th Pm action as iM , and is independent with jM  for any i j≠ . 
Similar to the choice in existing literature [10, 13], it is assumed that 
the Pm durations are exponentially distributed, described as:

 E M D i Di PM PM[ ] = ( )γ γ0 1exp  (10)

where 0 0γ >  and 1 0γ ≥  are constants. in reality, 0γ  and 1γ  can be 
easily estimated by using the real field data of the Pm durations to fit 
the exponential distribution in Eq. (10).

Remark 4: The commonly used Pm duration model in existing 
literature [4,10] is included in the proposed model as its special case 
when 1 0γ =  is assumed. it can be clearly concluded from Eq. (10) 
that [ ]i jE M E M ≥    for any 1i j> ≥ , which is in line with reality.

Remark 5: The rationality of such modeling assumptions described 
above is verified in the case study. Please note that such assumptions 
may not be suitable for all applications, and some other distributions 
assumption like Weibull distribution may be used in other applica-
tions.

4. PM policy formulation and optimization

The oil-lubricated system used in critical systems is usually 
constrained with mission availability. as mentioned earlier, the Pm 
actions would recover the maintained oil-lubricated system to an in-
termediate state due to the system aging, i.e., cumulative wear of fric-
tion pairs, which results in a more extend Pm duration and a shorter 
expectation of the operating time. Thus, with the residual damage 
model developed in Section 3, the goal of this section is to develop 
an availability maximum Pm policy for the oil-lubricated system with 
the average short-run availability constraint.

4.1. The optimization problem formulation

For the oil-lubricated systems monitored using regular oil analy-
sis, the achieved availability can be maximized by controlling the Pm 
threshold. after each system replacement, the oil-lubricated system 
will be recovered to a good-as-new state. Therefore, the considered 
optimal Pm problem is calculated by the following programming for-
mulation:
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The second constraint ensures that the average short-run availability 
is not lower than a threshold. if this constraint elapsed, the oil-lubricat-
ed system will be replaced by a new one. The concerned average short-
run availability is expressed as ( ) ( )1 1availability _S i /i i iT T M+ += +
. The third constraint indicates that the total running time of the oil-
lubricated system should not be less than a predetermined period of 

time, totalT , as the obtained optimal Pm policy is meaningless when 
the total running time is shorter than a threshold.

4.2. The optimization algorithm description

an optimization algorithm is designed to solve the program-
ming formulation to obtain the optimum Pm threshold. Specifically, 
the optimal Pm threshold is calculated by using a searching algo-
rithm to search over the range (0, FD ] that maximizes the achieved 
availability _ L . The optimization algorithm is as follows.

Step 1: initialize the Pm threshold PMD  within the range  
(0, FD  ] with a small value;

Step 2: calculate the expected operating time, [ ]1iE T + , using Eu. 
(10), and the expected Pm duration, [ ]iE M , using eq. (6);

Step  3: calculate the average short-run availability, 
 ( ) ( )1 1availability _S i /i i iT T M+ += + , for every Pm action until the 
constraint, availability _Smin , is firstly violated, and set the obtained 
N  as the number of Pm actions;

Step 4: calculated the total running time, 
1

1

N
i

i
T

+

=
∑ ; if 

1

1

N
i total

i
T T

+

=
≥∑  

is satisfied, calculated the achieved availability availability _ L  for 
the current Pm threshold PMD , otherwise, go to next;

Step 5: adjust the Pm threshold PMD  by a small increment un-

less the Pm threshold PM FD D>  is satisfied and repeat steps 2-4.

Step 6: choose the optimal PMD  with the maximization of the 
achieved availability availability _ L .

5. Case study

in this section, a practical case study for PSST systems used in 
large engineering machinery is provided to illustrate the detailed ap-
plication procedures of the proposed Pm policy optimization method 
and to investigate the effectiveness of the proposed method. The PSST 
system usually works in severe work conditions with constraints on 
mission availability, especially for military usage like armored tank 
vehicles. Recent research shows that about 50% of in-service failures 
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of the PSST systems result from metal wear debris [34,35]. as such, 
the concentrations of metal wear debris are used to reveal the degrada-
tion of the PSST systems, and the oil spectral analysis is used to reveal 
the metal wear debris in the lubricating oil [14]. For more than 10 
years, we have collected the oil field data of the PSST system for more 
than one thousand samples, of which each dataset contains the time 
data concerning the system operating, the Pm and system replace-
ment, as well as the spectral oil data that represents the degradation 
evolution of the PSST system. a detailed description of the sampling 
and analysis processes can be found in [31]. in this way, the optimal 
Pm threshold with required availability constraints can be obtained by 
using the proposed maintenance policy optimization method.

5.1. Development of the degradation model

using the above mentioned spectral oil data, the degradation pro-
file of the PSST system can be established and, the expectation of 
the operating time can then be predicted with the Pm threshold using 
eq. (6). Since the collected spectral oil data shows increasing but not 
necessarily a monotonic trend; thus, in this paper, a Wiener process-
based degradation model is adopted. To be specific, let ( )X t  repre-
sents the system degradation condition at time t . The degradation is 
expressed by:

 X t t B t( ) = + ( ) ≥θ τ θ, 0  (12)

where ( )B t  is a standard Brownian movement, τ τB t N t( ) ( )~ ,0 2  , 
τ > 0  represents the diffusion coefficient; θ ≥ 0  is the drift coef-
ficient that characterizes the degradation rate of the monitored oil-
lubricated system.

according to the cBm theory, the system residual life is defined 
based on the first hitting time (FHT) of the Wiener process-based 
degradation model ( ){ }, 0X t t ≥ . given the system failure threshold 

fD
 

, such FHT can be defined by ( ){ }inf t | tf fT X D= ≥  [15]. fT  
has an inverse gauss distribution and the corresponding PDF and cu-
mulative distribution function (cDF) is:
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Based on the homogeneous markov property and the independent 

increment property of the Wiener process, the residual life iT  after the 

i th Pm with residual damage X R Di f
+( ) < , can be formulated as:

T X X R Di i f= ( ) + ( ) ≥{ }+inf t t|  if X R Di f
+( ) < ; otherwise T

X Ri
+( ) = 0

Similar to the FHT distribution in eq. (13) and (14), the residual 
life iT  knowing X Ri

+( )  also conforms to an inverse gauss distri-
bution. Thus, with the residual damage of the system estimated, the 
condition PDF and cDF of the residual life, iT , after the i th Pm ac-
tions can be easily obtained by replacing fD  by D X Rf i− ( )+  in Eq. 
(13) and (14) as:
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For the PSST system we used here, the wear debris of cu shows 
the most contribution to the system failure, according to our previous 
research in [14]. Therefore, in this paper, we focus on wear debris of 
cu (as shown in Fig. 1) to illustrate the proposed method. When the 
spectral oil data of cu reaches the failure threshold, FD 0.04‰= , the 
system is considered failed. using the spectral oil data with the above-
mentioned degradation modeling method, the degradation profile of 
the monitored PSST system can be established, and the system residual 
life can then be estimated. Specifically, the parameters θ τ, 2



  of the 

degradation model were estimated using the mLE method. a detailed 
description of the mLE method can be found in [17]. as such, the 
degradation model parameters are θ = × −3 15 10 5. , τ 2 69 45 10= × −. , 
which will be used to initialize the optimization problem. 

Remark 6: Please note that not all the mental wear debris shows 
the same degradation pattern. Some other types of wear debris may 
be used in other machines, such as the wear debris of Fe for marine 
diesel engines [30]. The selection choice of wear debris can be made 
based on correlation analysis, principal component analysis (Pca), 
and clustering analysis, as mentioned in [27].

5.2. Estimation of the imperfect PM model 

Recall that the Pm actions (e.g., dismantling inspection, lubricat-
ing oil replacement) do not restore the oil-lubricated system to a good-
as-new state but an intermediate state due to the system aging property 
such as cumulative wear. as a result, the ability of the Pm actions to 
keep the system operates in a healthy condition is weakening. in other 
words, the system aging property will shorten the expected operating 
time and prolong the Pm duration. Thus, in order to establish a realis-
tic optimization model for the considered PSST system, the expected 
operating time and the Pm durations of the considered PSST system 
are estimated according to the description in Section 4.

5.2.1. The operating time model

The operating time model is estimated using the operating time 
data collected during the mission. a preliminary analysis shows that 
the time period in service between the Pm actions shows a decreas-
ing trend, i.e., [ ]i jE T E T >    for i j< . Such orders following the 
sequences of Pm actions describe the relative degree of the system 
aging by the current Pm action to the previous ones, and lead to the 
decisions on Pm implementation and, eventually, the system replace-
ment. Thus, the historical failure time data following the sequences of 
Pm actions are used to estimate the parameters [ 2,  u σ ] in the system 
residual damage model according to the proposed method in Sec-
tion 3.1. as such, the model parameters are 0.672u = , 2 0.008σ = , 
which represents the effort and the variance of the Pm actions.

Remark 7: Please note that the determination method for the sys-
tem residual damage is an open issue in the existing literature, espe-
cially for the complex systems with multiple components, which is 
not the research focus of this paper. of course, other distribution such 
as Weibull distribution can also be used according to the system aging 
property of the monitored system. For detailed methods of system 
residual damage estimation, readers are referred to the literature [18] 
and the references therein.
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5.2.2. The maintenance time model

The Pm duration model is estimated using the maintenance 
duration data collected during the mission. a preliminary analy-
sis including anderson-Darling test [21] shows that the Pm du-
rations in a replacement cycle shows an exponentially increas-
ing trend, i.e., [ ]i jE M E M ≥    for i j> , which is in line with 
our proposed maintenance time model. Therefore, we estimated 
the parameters using the collected field data of the Pm dura-
tions to fit the exponential distribution in Eq. (9). as such, the 
model parameters are γ0 1 54= .  , γ1 0 357= . . 

Remark 8: it is noted that a more extend Pm duration is 
required with the system operating. That because a longer time 
is required to maintain an aged system than a slighted aged one 
due to the possible dismantling inspection and potential com-
ponents replacement. of course, other models, such as a linear 
decreasing model, can also be used according to the Pm dura-
tions of the monitored system.

5.3. Solution of the optimal PM policy

With the estimated expectations of the operation time and 
Pm durations, the established Pm policy optimization model 
can be initialized, and the optimal Pm threshold can be eventu-
ally obtained. For the sake of illustration, the parameters of the 

optimization model are shown in Tab. 1.
To be specific, the proposed Pm optimization problem can be 

understood in the following way: The degradation of the monitored 
PSST system is monitored using regular oil spectral analysis and 
modeled using a Wiener process with the parameters 53.15 10θ −= ×

 

, 
2 69.45 10τ −= × . When the collected spectral oil data reaches the 

threshold 0.04‰FD = , the system is defined as failed. The sys-
tem is replaced based on system failure or the short-run availability 

S 0.6
min

Availavility =  cannot be sustained, and a time ζ æ 3.5= (Day) 
is required. on the other hand, the system is preventively maintained 
upon a threshold PMD  with lubricating oil replacement and possible 
dismantling inspection and components replacement [35]. The effects 
of the Pm actions are characterized by 0.672u = , 2 0.008σ = , (see 

eq. (4) and (5)). and the PM durations are characterized by γ0 1 54= .  
and γ1 0 357= . , according to Eq. (10). 

according to eq. (4) and (5), the system residual damage, 
X R ii

+( ) = …, , ,1 2 , is shown in Fig. 5 with the number of Pm actions 
increase. it can be seen that the estimated system residual damage 
shows an increase with the rise of the number of Pm actions. When 
the number of the Pm actions reaches 5, the system residual dam-
age will rise to the Pm threshold, PMD . it is noted that frequent Pm 
actions will be performed if the system residual damage approaches 
the Pm threshold, PMD , too much. This phenomenon will lead to a 
violation of the short-run availability constraint. So, the Pm threshold 
should be optimized to satisfy the mission requirement.

Since the threshold, PMD , is a decision variable in engineering 
practice as well as our proposed method; the objective is to determine 
the optimal Pm threshold. above all, the problem is formulated as:
 MaX       availability_l(D_PM)

 
( ) [ ]

1
1

0 0.04‰
Subject to _ 0.6;  1,         

60

PM

N
i i

D
Availability S i i N

E T+
=


< ≤

 ≥ ∈


  ≥   ∑
 

after calculation, the average short-run availability after multiple 
Pm actions with various PMD  as well as the number of Pm actions is 

Table 1. Parameters of the optimization model

Parameters Values Parameters Values

fD 0.04‰ u 0.672
availability _Smin 0.6 σ2 0.08

totalT 60(Day) ζ 3.5(Day)

θ 3.15×10−5 γ0 1.54

τ2 9.45×10−6 γ1 0.357

Fig. 5. System residual damage after PM actions

Table 2. Short-run availability _Availability S  with different PM threshold for the PSST system

Number of PM actions
( )  ‰PMD

0.004 0.008 0.012 0.016 0.02 0.024 0.028 0.032 .0.036 0.04

0

Total service time totalT<

1 1 1 1 1 1

1 0.973 0.973 0.973 0.973 0.973 0.973

2 0.947 0.943 0.938 0.932 0.925 0.918

3 0.875 0.868 0.856 0.842 0.829 0.817

4 0.766 0.750 0.722 0.687 0.646 0.589

5 0.658 0.632 0.576 0.525 0.448 0.397

Total service time (Day) 65.7 70.2 74.7 79.4 85.5 92.4
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presented in Tab. 2. in addition, the total service time is presented for 
different Pm threshold,  PMD , with an increment of 0.004‰ . The 
cases when the Pm threshold, PMD , less than 0.02‰  are excluded 
for that the corresponding total service time is violated with the re-
quired time constraint, 60totalT ≥ (Day).

in Tab. 2, the bold font indicates the smallest number of Pm ac-
tions,  N , when the short-run availability constraint is violated. The 
evolution of the achieved availability, availability _ L , with the in-
crease of Pm threshold, PMD , is shown in Fig. 6. The optimal main-
tenance policy with the maximized long-run availability is finally 
obtained as:

* *0.024‰,  5PMD N= = , and the associated long-run availability, 
*_ 0.876Availability L = .

Fig. 6. The achieved availability with PM threshold

Furthermore, it can be seen from Fig. 6 that, with the PM thresh-
old, PMD , increasing, the achieved availability may increase even 
though the short-run availability is decreasing (e.g., at the Pm thresh-
old 0.02‰PMD =  and 0.024‰  in Fig. 6). This phenomenon may re-
sult from the balance of the system uptime expectation and downtime 
expectation. compare with the Pm threshold, *' 0.02‰PMD =  that de-
termined empirically [35], the optimal Pm threshold in our paper can 
obtain a higher achieved availability and a longer service time. 

Since the parameters, u , σ2, ζ, γ0 and γ1, describing the optimiza-
tion model are estimated based on the population-wide characteristics 
from historical operation data, the variations of such parameters for 
a particular system may affect the optimization results. Thus, in or-
der to analyze the influence of the parameters to the optimal result, a 
sensitivity analysis of the model parameters of the Pm durations and 
replacement time to the Pm policy is investigated, as shown in Tab. 3. 
it can be seen that the optimal Pm threshold is slightly sensitive to the 
parameter variations of the Pm duration model (e.g., γ0 and γ1), and 
the operating time model (e.g., u ), and is insensitive to the system 
replacement time (e.g., ζ). as such, it can be concluded that the system 
aging property and the Pm durations description have important influ-
ences on the planning of the maintenance policy. Therefore, we need 

to consider the accurate record of the information concerning system 
operation and maintenance.

6. Conclusions and discussions

in this paper, a maintenance policy optimization method is pro-
posed for oil-lubricated systems based on the selected oil analysis 
data. most of the existing maintenance policies focused on mini-
mizing the maintenance cost without considering the mission con-
straints and the system aging property. compared with these ex-
isting methods, the proposed method considers the system aging 
property, as well as the mission constraints such as the short-run 
availability, such that the achieved system long-run availability of 
the maintained system can be maximized and therefore, constitute 
the novelty of this paper. The proposed method was verified for sev-
eral PSST systems, and the results show that the proposed method is 
practical, effective and robust.

The obtained results are of practical significance for determining 
the optimal Pm threshold and, thus, consists of the main contribution 
of this paper. The system aging property and the corresponding op-
eration time models make the maintenance model more practical and 
more comfortable to implement, which is another contribution of this 
paper. in addition, the possible applications of the proposed method 
are much wider. For example, it can be used for other oil-lubricated 
systems with mission constraints, such as the wind turbine gearbox 
in wind power systems [23], and the diesel engine in marine freight-
ers [11]. moreover, the obtained outcomes can also complement the 
researches of system residual life prediction; for example, the derived 
results in the works of liu et al. [25], vališ et al. [19], yan et al. [31]. 
Following the method proposed in this paper, these previous results 
might be complemented when used in lubricant condition monitoring, 
wear failure evaluation and other Prognostics and Health manage-
ment (PHm) applications.

The main contribution of this 
paper is not only a new direc-
tion in the maintenance policy 
optimization for oil-lubricated 
systems but also open up possi-
bilities for evaluating the system 
residual damage using other his-
torical operation data. There are 
several possible directions de-
serving future research. First, the 

mechanism-based system aging property description method might 
be developed to complement the historical failure data-based method 
proposed in this paper. Second, other distributions may have to be 
considered to establish the operating time model and the malignance 
time model in other cases. Third, more degradation modeling methods 
that can fuse multiple condition monitoring data may have to be used 
when modeling other systems. Fourth, other maintenance modeling 
method that can deal with the cases with storage conditions should be 
investigated in future research.
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Table 3. Sensitive analysis of the model parameters on the optimal threshold

Variation
ζ γ0 γ1 u σ2

-10% 10% -10% 10% -10% 10% -10% 10% -10% 10%

Optimal threshold 

( )*  ‰PMD 0.024 0.024 0.028 0.024 0.028 0.024 0.024 0.028 0.024 0.024
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1. Introduction 

machining is the most commonly used method of manufacturing 
components and parts in virtually all production technologies [18, 20]. 
machining operations use cutting fluids [2, 23] to cool, lubricate and 
improve the surface condition of the machined part [22], to transport 
chips from the machining zone [3] and temporarily protect the product 
against corrosion [6, 21]. ın order to fulfil their tasks, cutting fluids 
must have a special chemical composition, which cannot adversely 
affect people or the environment [2, 6, 24]. The most widely used cut-
ting fluids are based on water or oil. Despite the obvious advantages, 
including low cost, mineral oil-based fluids are toxic for the environ-
ment and their degradation processes are difficult to control [18, 20]. 
in addition, friction modifiers, extreme pressure (EP) and anti-wear 
(aW) additives, corrosion inhibitors, antioxidants, etc. [1, 3, 10, 16] 
used in the fluids may add to their harmful effects. 

yadav et al. [21] examined the impact of EP and aW additives in 
new and used engine oils class Sae 15w40 and Sae 20w50 on the 
wear of the test balls. The tests were carried out on a Ducom TR-30L 
four-ball tester at a temperature of 75oc, under a load of 392 n and at 
a constant speed of 1250 rpm. The results indicated that the wear scare 
diameter after tests increased gradually with increasing oil use time. 
it was found that the effect of EP and aW additives was primarily 
determined by the engine oil operating conditions. 

maruda et al. [9] studied the impact of EP and aW additives on 
the topography of steel surfaces during MQcl turning with various 

koWaLczyk j, MaDej M, ozIMIna D. evaluation of performance characteristics of the environmentally friendly cutting fluid with zinc 
aspartate. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 465–471, http://dx.doi.org/10.17531/ein.2020.3.9.

joanna koWaLczyk
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Dariusz ozIMIna

evaluation of performance characteristics of the 
environmentally frienDly cutting fluiD with zinc aspartate

ocena właściwości eksploatacyjnych proekologicznej cieczy 
chłoDząco-smarującej zawierającej asparaginian cynku*

The effect of the cutting fluid with zinc aspartate on the quality of the workpiece surface layer is reported. Until now, zinc aspar-
tate has been used primarily in medicine and pharmacology. This paper compares the ecological cutting fluid containing zinc 
aspartate with a classic mineral oil-based coolant. Toxicity tests and a controlled process of tool wear during face turning were 
performed. Test results indicate that the use of zinc aspartate-based cutting fluids contributes to the reduction of the material 
roughness parameter values up to 35%, benefitting the final quality of the workpiece. 

Keywords: ecological cutting fluid, zinc aspartate, tool wear, surface topography, microbiological tests.

W pracy przedstawiono wyniki badań wpływu cieczy chłodząco-smarującej z asparaginianem cynku na jakość technologiczną 
warstwy wierzchniej obrabianych elementów. Asparaginian cynku dotychczas nie był stosowany w takich rozwiązaniach, głównie 
wykorzystywany był w medycynie i farmakologii. W badaniach przeprowadzono analizę porównawczą proekologicznego chłodzi-
wa zawierającego asparaginian cynku z klasycznym chłodziwem opartym na bazie oleju mineralnego. Ciecze chłodząco-smaru-
jące poddano badaniom toksyczności oraz wykonano kontrolowany proces eksploatacji narzędzi w czasie toczenia poprzecznego. 
Wyniki badań wskazują, że zastosowanie chłodzenia cieczą na bazie asparaginianu cynku redukuje parametry chropowatości 
obrabianego materiału nawet o 35%, korzystnie wpływając na jakość finalną detalu. 

Słowa kluczowe: proekologiczna ciecz chłodząco-smarująca, asparaginian cynku, zużycie narzędzia, topogra-
fia powierzchni, badania mikrobiologiczne.

coolants at varying flow rates. The results showed that the addition 
of phosphate ester-based additives to the active medium resulted in 
the formation of a tribofilm at the tool-chip interface, which reduced 
friction. The lubrication method using a minimum amount of coolant 
with EP/aW substances improved surface topography parameters. 

in another article, maruda et al. [10] compared dry machining and 
cooling with compressed air, emulsion mist, emulsion mist + croda-
fos O4a-lQ-(MH) and emulsion mist + crodafos eHa-lQ-(MH). 
They found that cooling with emulsion mist and modifiers can pro-
vide an 80% reduction of roughness parameters. 

maruda et al. [8] reported the results from introducing the ad-
ditives in the emulsion mist first on the processed surface and then 
to the contact zone of the friction pair. The quality of the machined 
stainless steel surface improved as a result of reduced roughness, and 
phosphate ester-based additives used in the emulsion mist intensified 
this effect. The phosphate-based additives remained on the machined 
surface even after 30 minutes of machining under high loads, tempo-
rarily lowering the friction coefficient and temperature in the interfa-
cial zone. 

Lubricants based on vegetable oil are introduced to the market 
for their biodegradability and non-toxicity. They are a potential lu-
bricant preparation alternative that does not use petroleum deriva-
tives [15, 17]. much work has been devoted to research on cutting 
fluids based on vegetable oils.



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 3, 2020466

sciENcE aNd tEchNology

alkanolamine borate;• 
a biodegradable oligomer based on poly(aspartic acid) (PaSa); • 
and
demineralized water.• 

zinc polyaspartates ensure the fluid biostability. Physical and 
chemical properties of the cutting fluid used are summarized in Ta-
ble 1.

a zinc aspartate-containing coolant was compared to a commer-
cial cutting fluid based on mineral oil and containing ethoxylated 
aliphatic alcohols with chain lengths c16-18, boric acid, dicyclohexy-
lamine, 3-iodo-2-propynyl butylcarbamate, and 1,2-benzisothiazol-3 
(2H)-one. it is used for general to heavy machining of aluminium, 
steel, cast iron, non-ferrous metals, aluminium alloys, brass and cop-
per. The fluid contributes to the good quality of machined surfaces. 
The basic parameters of the fluid are compiled in Table 2. 

2.2. Machined materials and tools

a tool made of HS6-5-2c steel was used for turning the front 
faces on the workpiece. This steel is characterized by very good duc-
tility, impact strength and abrasion resistance. it is designed for hot 
work and can be subjected to heat treatment at elevated temperatures: 
hardening - 1190 ÷ 1230 ° c and tempering - 550 ÷ 650 ° c. ıts hard-
ness after heat treatment at 500 ÷ 550 °c is 65 HRc. The chemical 
composition of HS6-5-2c steel is shown in Table 3.

The HS6-5-2c steel tools were chosen for their common use in 
machining (about 40% of all tools used in manufacturing) Despite the 
growing demand for cemented carbide tools that can be used at high 
speeds on cnc machines, high speed tool steel is still an economi-
cal alternative, given the price and easy sharpening. Steels obtained 
by sintering high-speed steel powders are increasingly used for tools, 
whose blades are coated with complex coatings dedicated to specific 
applications.

The workpiece was a 38 mm diameter roller made of c45 steel, 
which is a non-alloy, medium carbon steel for quenching and temper-
ing, difficult to weld, easy to machine, with the chemical composition 
as in Table 4. Products made of c45 can be surface hardened to 50 ÷ 
60 HRc.

3. Methods

a FTiR Spectrum Two infrared spectrometer with the Perkin 
Elmer aTR adapter was used to test the thermo-oxidative ki-
netics of operating fluids. oligomer samples were measured 
as pure and after model tribological tests. The following ana-
lytical parameters were used during spectral tests:

Ozcelik et al. [14] tested coolants based on sunflower and rape-
seed oil with an eP additive at 8% and 12%. The metalworking fluid 
containing rapeseed oil provided a better surface quality of the work-
piece than that based on sunflower oil by more than 11% and 4%, 
respectively. kumar et al. [5] studied coconut oil coolant with eP ad-
ditives. They showed that coconut oil reduced the feed force by 31%, 
the pressure force by 28%, the cutting force by 20%, the cutting tool 
temperature by 7% and the wear of the tool face by 34% compared to 
other machining fluids.

ın turn, zhang et al. [24, 25] tested soybean coolants, which were 
compared to petroleum-based machining fluids and dry machining. 
They showed that the soy-based coolant worked similarly to the petro-
leum-based fluid. at the same time, they obtained much better surface 
roughness and less tool wear, compared with coolant-free machining. 

Trajano et al. [19] performed tribological tests of sunflower and 
soybean oils containing cuO additives and znO nanoparticles. ın the 
case of soybean nanofluids with cuO and znO concentrations of 0.5 
wt.%, the friction coefficient decreased by 11% and 18% respectively. 
However, for the sunflower oil with the same filler fraction, the co-
efficient of friction decreased for cuO and znO by 22% and 20%, 
respectively.

The literature review above shows that there are large gaps in 
coolant research. To date, no studies have been conducted to deter-
mine the effect of zinc aspartate as a biodegradable modifying addi-
tive for cutting fluids. Bibliometric analysis indicates the use of zinc 
aspartate only in medicine and pharmacology. The use of zinc aspar-
tate as an additive to cutting fluids should improve the lubricating 
properties and maintain the machine and equipment in an appropriate 
operating condition. [4]. 

This paper presents the results obtained during the machining op-
eration with the use of a non-toxic cutting fluid containing zinc aspar-
tate. its impact on selected factors and surface quality of the machined 
workpiece was also determined. 

2. Materials

2.1. Metalworking fluids

The fluid used in the tests was an eco-friendly, demineralized wa-
ter (DeMı) based cutting fluid with 5% zinc aspartate and, among 
others:

Table 1. Properties of the zinc aspartate-based cutting fluid 

Colour Odour pH, 3% Density, g/cm3 Water solubility

 orange to red specific 9.2 ÷ 9.7 1.20 ÷ 1.25 soluble

Table 2. Main parameters of the cutting fluid based on mineral oil

Colour Odour Mineral oil content pH, 5% Density, g/cm3 Water solubility

yellow-brown that of mineral oil 56% 9.1 0.92 ÷ 0.96 soluble

Table 3. Composition of HS6-5-2C steel

 Chem. element C Mn Si P S Cr Ni Mo W V Co Cu

Content, % 0.82÷ 
0.92 max 0.4 max 0.5 max 

0.03
max 
0.03 3.5÷ 4.5 max 0.4 4.5÷ 5.5 6 ÷

7 1.7÷ 2.1 max 0.5 max
0.3

Table 4. Chemical composition of C45 steel

Chem. element C Mn Si P S Cu Cr Ni Mo Cu

Content, % 0.42÷
0.5

0.5÷
0.8

0.1÷
0.4 max 0.04 max 0.04 max 0.3 max 0.3 max 0.3 max 0.1 max

0.3
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• spectral range: 4000 ÷ 400 cm-1;
• number of background scans: air and samples – 4.

For the microbiological assessment of fluid toxicity, a special 
microbiology cult Dip combi kit was used to determine the presence 
of microorganisms. it consisted of containers with attached test plates 
covered with appropriate media. one side of the test plates was lighter 
and was used to detect the presence of bacteria, and the other side was 
darker to detect the presence of yeast and fungi. all parts of the test 
kit were sterile. Toxicity tests according as per instructions [12] were 
applied to the zinc aspartate- containing fluid and the conventional 
mineral oil-based coolant. The samples were checked first after 48 
hours, then after 96 hours and finally after 7 days. at 7 days the sam-
ples were subjected to organoleptic assessment and compared with 
microorganism colony standards (Fig. 1).

Facing was performed on a cTX 310 ecO numerically control-
led lathe by Dmg moRi using the Sinumerik 810 control system. 
By maintaining a constant rate of rotation at 400 m/min at each pass, 
the cutting speed vc changed cyclically in the range 47.5 ÷ 0 m/min. 
in order to compare the properties of the fluid with zinc aspartate to 
those of the mineral oil-based coolant, face turning was performed us-
ing both fluids. after the operation, tool wear and built-up edge were 
measured. Turning parameters are shown in Table 5. 

Replaceable cutting tools were used - insert tool bits with a square 
cross-section 10 mm x 10 mm, held in a bit socket. The inserts were 
made of high speed steel HS6-5-2c. The geometry parameters were 
as follows:

major cutting edge angle • Kr = 36.6° in the reference plane Pr, 
minor cutting edge angle • Kr’ = 53.4°,
positive rake angle = 5.3°, • 
tool included angle • εr = 90°, 
cutting edge inclination angle•  λs = 7° in the cutting edge plane 
Ps, 
clearance angle • α = 5.3°,
rake angle • γ = 7°,
wedge angle • β = 77.7°,
nose radius • rs = 0.04 mm.

The workpiece material was a c45 steel roller with a diameter of 
38 mm. During turning, conventional flood cooling was applied to 
the tool rake face. The view and diagram of the coolant supply and 
discharge system is shown in Figure 2.

Table 5. Parameters of the cutting process

Cutting speed, vc, m/min Feed per revolution, f, mm/rev Cutting depth, ap, mm

47.5 ÷ 0 0.098 0.5

Fig. 1. Patterns of colonies of microorganisms: a) bacteria, b) yeast, c) mould 
[12]

b)

a)

c)

Fig. 2. External coolant circulation system during 
face turning on a CTX 310 ECO lathe: a) view, 
b) diagram

b)

a)
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Ten stages of face turning were performed. The first stage con-
sisted of 10 passes, and 10 more passes were added in each subse-
quent stage (Fig. 3). after each stage, a thin piece – a “slice” of the 
workpiece - was cut off and the cutting tool was replaced.

The aim of the study was to assess the basic operating characteris-
tics of the new, zinc aspartate-based cutting fluid and the wear of the 
cutter during face turning.

a JeOl JSM-7100F scanning electron microscope was used to 
examine the surface topography of workpieces and cutting tools. The 
EDS microanalyzer enabled the identification of chemical elements 
on the surface of cutting tools at the built-up edge after the 10th turn-
ing cycle with coolants. 

Fig. 3. Diagram of the face turning process for cutting tools

geometry of the workpiece after turning was imaged using a 
DcM8 confocal microscope from leica. ın addition, the SX80 stere-
oscopic inspection microscope was used to observe the wear of the 
cutting tools after machining.

4. Results

Figure 4 compiles FTıR spectra which show a clear intensifica-
tion of two bands with increasing load and friction path. The low in-
tensity signals with a peak maximum at about 1394 and 1066 cm-1 
correspond to c-o (coH) stretching vibrations and indicate the initia-
tion of coolant degradation processes and the formation of a carboxyl 
group. observations of the cutting fluid containing zinc aspartate after 
tribological tests reveal a change in its colour. With increasing load 
and friction path, the colour becomes darker, from light yellow to 
brown.

The cutting fluid can be regenerated by supplementing the basic 
component - zinc aspartate and controlling other operating param-
eters.

Fig. 4. FTIR spectra for the cutting fluid before and after tests

Toxicity of the zinc aspartate-based coolant and, for comparison, 
of the mineral oil-based fluid was evaluated using the microbiology 

cult Dip combi kit. Two samples of each fluid were used in the tests. 
Observations began after 7 days (Figs. 5 and 6). 

Fig. 5. View of test samples after 7 days – bacteria for the cutting fluid:  
a) containing zinc aspartate, b) containing mineral oil

Fig. 6. View of test samples after 7 days – yeast and molds for the cutting 
fluid: a) containing zinc aspartate, b) containing mineral oil

The cutting fluid containing zinc aspartate was found to be non-
toxic. No colonies of bacteria (Fig. 5a), yeast or mould (Fig. 6a) were 
formed. However, on one of the slides earlier immersed in the mineral 
oil-based coolant several spots on the bacterial count side were ob-
served (Fig. 5b). according to the guidelines [12], these spots indicate 
a minor infection. considering the results obtained, the zinc aspartate 
coolant turned out to be better than the mineral oil-based coolant. 

using the inspection microscope software, wear measurements on 
the flank face were carried out in accordance with the standard [13], 
as shown in Fig. 7. 

Fig. 7. Wear indices of cutting tools made of HS6-5-2C steel after turning 
with cutting fluids

The charts above show that the average VBB and maximum VBB-
max values of the wear bandwidth were 0.03 mm and 0.05 mm respec-

b)

a)

b)

a)
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tively after the treatment with the coolant containing zinc aspartate. 
The tool wear parameters after turning with the coolant containing 
mineral oil were higher.

Figure 8 presents SEm images of cutting blades wear after dry 
machining and machining with the use of coolants, and the results of 
chemical composition analysed in micro-areas using the EDS method. 
after the final 10th turning test with coolants, built-ups formed in the 
place of wear on the cutting tools. chemical composition of this ex-
cessive material was examined by scanning electron microscopy. 

after turning with the zinc aspartate containing cutting fluid, a 
concentration of zinc atoms was recorded in addition to the elements 
included in the tool. This indicates that a thin surface layer of zinc 
compounds with anti-wear properties was formed as a result of tribo-
chemical processes that occur mainly between improvers, contained 
mainly in lubricants, and friction surfaces. The speed and type of 
chemical reactions depend on the operating conditions of the friction 
node. The surface reaction layer produced in this way changes the 
working conditions of the friction pairs, which in turn leads to further 
tribochemical reactions. This surface layer reduces friction and ex-
tends the service life of friction pairs [16]. 

Fig. 8. X-ray analysis of wear area of the cutting tool edge after turning with 
the cutting fluid containing: a) zinc aspartate, b) mineral oil

Figures 9 and 10 show the topography and surface roughness pro-
files of workpieces in selected areas, obtained after stage 10 of dry 
turning and that with the cutting fluids. 

a comparison of the contour maps, isometric views and primary 
profiles reveals an even distribution of vertices [7] almost every 1 
mm (feed: 0.098 mm) in both cases. The lowest elevations of approx. 
16 μm and the shallow cavities of approx. 15 μm were formed on 
the workpiece after turning with the fluid containing zinc aspartate. 
in contrast, the highest elevations/peaks and depressions/valleys of 
about 20 µm were recorded after turning with the coolant containing 
mineral oil.

Table 6 shows the parameters of the geometric structure of ma-
chined surfaces formed after turning with the use of zinc aspartate and 
mineral oil cutting fluids.

The values of surface roughness parameters of machined ele-
ments after the turning process with zinc aspartate containing coolant 
are lower than those for the mineral oil coolant. This indicates that the 
cutting fluid improves the surface quality of the workpiece. 

b)

a)

Fig. 9. Geometric structure of the workpiece edge after turning with 
the cutting fluid containing mineral oil: a) contour map,  
b) isometric image, c) primary profile

b)

a)

c)
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4. Conclusion

The conclusions based on the test results are the following: 
The cutting fluid with zinc aspartate used in the turning proc-1. 
ess reduced the wear of elements of the tribological system by 
forming layers containing zinc compounds with good anti-wear 
properties.
The workpiece subjected to turning with the zinc aspartate con-2. 
taining fluid had the lowest elevations and shallowest recesses 
after the process.
Surface morphology in the turning process depends on the di-3. 
rection of movement and size of the feed.
The non-toxic coolant with zinc aspartate was undergoing trans-4. 
formation as a result of the reactions dependent on the operating 
conditions.
The cutting fluid containing zinc aspartate does not show any 5. 
toxic properties and can be subjected to simple regeneration.
Due to its good ecological properties, the tested cutting fluid 6. 
with zinc aspartate can be used during operation on convention-
al lathes, where the operator’s direct contact with the coolant is 
greater than on numerically controlled lathes.
The cutting fluid with zinc aspartate provided better techno-7. 
logical quality of the surface layer of machined elements and 
extended the life of high speed steel tools compared to classic 
coolants. The surface roughness values after the use of zinc as-
paratate cutting fluid were lower (by 22% for Sa, by 25% for Sq, 
by half for Sp, by 11% for Sv, by 35% for Sz, more than 2 times 
for Ssk, and by 17% for Sku).

Table 6. Surface texture parameters obtained for the discs after turning

Turning conditions

Surface texture parameters

Sa Sq Sp Sv Sz Ssk Sku

µm µm µm µm µm - -

with the mineral oil-based coolant 6.41 8.44 44.32 28.62 72.94 0.26 4.06

with the zinc aspartate-based coolant 5.00 6.31 22.12 25.32 47.44 -0.22 3.34

Fig. 10. Geometric structure of the workpiece edge after turning with a cutting fluid containing zinc aspartate: a) contour map, b) isometric image, c) primary 
profile

b)

a)

c)
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1. Introduction
Belt conveyors have modular designs and are assembled using 

individual structural components in order to create a transport route of 
the required length. Such length is limited by the strength of the used 
type of the belt and by the performance of the drive station. Selecting 
an appropriate type of belt and possessing the information on its prop-
erties may positively affect the conveyor structure and operation. 

The external load applied to a conveyor belt induces certain chang-
es in its shape and dimensions; this is referred to as deformation. The 
changes in shapes or dimensions caused by the effects of an external 
force are expressed by mechanical properties of conveyor belts. 

mechanical properties are specifically determined in various reg-
ulations (technical and technological) and the requirements for con-
veyor belts are based on particular desired applications. investigation 

Miriam anDrejIova
anna grIncova
Daniela MaraSova

analysis of tensile properties of worn fabric conveyor belts 
with renovateD cover anD with the Different carcass type

analiza właściwości wytrzymałościowych zużytych tkaninowych 
taśm przenośnikowych z różnymi typami rDzenia 

po renowacji górnej okłaDki
Conveyors are the means of transportation used in many industries. The load-bearing and tractive component of a belt conveyor 
is a conveyor belt which consists of a carcass and cover layers. During an operation, belts are exposed to loads that cause damage 
to the belts. It is therefore necessary to ensure that a conveyor belt possesses required mechanical properties during the transport 
of material. The key mechanical properties of a conveyor belt are tensile properties. They are significantly affected by the fabric 
carcass of a conveyor belt. The tensile properties of conveyor belts are largely affected by the carcass materials. They are also 
affected by the types of fibres in the longitudinal (warp) and transverse (weft) directions of the fabric carcass because the carcass 
transfers all tensile stresses of the conveyor belt. A fabric conveyor belt is regarded as a composite material, consisting of the car-
cass (polyamide P and polyamide-polyester EP) and the cover layers. The costs of a conveyor belt represent 10-30 % of the price 
of the entire conveyor. It is therefore reasonable to prefer only those conveyor belts that show the properties prescribed by relevant 
norms. The subject of the article is worn conveyor belts with renovated top cover (renovated conveyor belts). The tensile properties 
are used to assess the suitability for further use of renovated conveyor belts in practice. The article presents the analysis of tensile 
properties of renovated fabric conveyor belts in relation to the carcass type. The observed results were compared applying the 
DOE method, regression and correlation analysis, and the method of statistic induction. All the conclusions, made based on the 
above-listed methods, are identical for the examined tensile properties. The results indicate that the examined tensile properties of 
conveyor belts have not undergone any significant change after the renovation of the top cover layer.

Keywords: tensile properties, worn conveyor belt, renovation of top cover, carcass type.

Przenośniki  taśmowe znajdują zastosowanie jako urządzenia transportowe  w wielu gałęziach przemysłu. Nośnym i pociągowym 
elementem przenośnika taśmowego jest taśma transportowa, która zbudowana jest z rdzenia i okładek. Podczas pracy, taśmy na-
rażone są na obciążenia, które prowadzą do ich uszkodzenia. Dlatego konieczne jest aby taśma transportująca materiał posiadała 
wymagane właściwości mechaniczne. Kluczowymi właściwościami mechanicznymi taśmy przenośnikowej są właściwości wy-
trzymałościowe. Zależą one w dużym stopniu od tkaninowego rdzenia taśmy, a w szczególności od rodzaju materiałów, z których 
jest zbudowany, oraz typu włókien wchodzących w skład jego osnowy (biegnących w kierunku wzdłużnym) i wątku (w kierunku 
poprzecznym), jako że to właśnie rdzeń przenosi wszystkie naprężenia rozciągające taśmy przenośnika. Tkaninową taśmę trans-
portową uważa się za materiał kompozytowy, składający się z rdzenia (poliamid P i poliamid–poliester EP) oraz warstw wierzch-
nich (okładek). Koszty taśmy stanowią 10–30% ceny całego przenośnika, dlatego do użycia powinno dopuszczać się jedynie takie 
taśmy przenośnikowe, które wykazują właściwości określone w odpowiednich normach. Przedmiotem artykułu są zużyte taśmy 
przenośnikowe z odnowioną górną okładką (odnowione taśmy przenośnikowe). Właściwości wytrzymałościowe wykorzystano 
do oceny przydatności odnowionych taśm do dalszego wykorzystania w warunkach praktycznych. W artykule przedstawiono 
analizę właściwości wytrzymałościowych odnowionych taśm tkaninowych w funkcji  typu rdzenia. Zaobserwowane wyniki porów-
nano stosując metodę DOE, analizę regresji i korelacji oraz metodę indukcji statystycznej. Wszystkie wnioski uzyskane w oparciu  
o wyżej wymienione metody są identyczne dla badanych właściwości wytrzymałościowych. Wyniki wskazują, że badane właściwo-
ści wytrzymałościowe taśm przenośnikowych nie ulegają istotnej zmianie po renowacji górnej okładki.

Słowa kluczowe: właściwości wytrzymałościowe, zużyta taśma przenośnikowa, renowacja okładki górnej, typ 
rdzenia.

anDrejIova M, grIncova a, MaraSova D. analysis of tensile properties of worn fabric conveyor belts with renovated cover and with 
the different carcass type. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 472–481, http://dx.doi.org/10.17531/
ein.2020.3.10.
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be used in industrial applications of belt conveyors made of nylon 66, 
exposed to the solar uv radiation [25]. in his paper [11], Barburski 
analysed mechanical properties of conveyor belts in three main pro-
duction stages: raw fabric, fabric impregnated with latex, and a con-
veyor belt. He observed that the differences in mechanical properties 
of products in individual stages of conveyor belt production depend 
on the number of the points of intersection in fabric threads. 

in his paper [2], ambrisko describes testing the cover layers of 
conveyor belts aimed at the identification of abrasion resistance and 
hardness of cover layers as well as the changes therein caused by nat-
ural ageing. The impact of natural ageing on the strength parameters 
of steel cord conveyor belts are described in the paper by [10] Bajda 
and Hardygora. in his paper [23] Long et al. describes the investiga-
tion of the effects of various factors on the strength of joints in steel-
cord conveyor belts; they also examined  contact between steel cords 
and rubber. The paper by Blazej et al. [12] describes the monitoring 
of creep and stress relaxation occurring in two different types of ther-
mally vulcanised joints in fabric conveyor belts.

Saderova presents in her paper the experimental results of the 
tensile properties of rubber-fabric composites in relation to the car-
cass type [27]. Petrikova et al. investigate mechanical properties of 
conveyor belt specimens in tensile tests conducted at different load 
speeds; relaxation tests were carried out while measuring also the 
abrasion index [26]. Harsha investigated the mechanical and tribo-
logical properties of various injection-formed polyaryletherketones 
and their composites. He also examined the tensile strength, modulus 
of elasticity, elongation at break, flexural strength, flexural modulus, 
hardness and impact strength [21]. Bojic et al. also tested tensile prop-
erties of two plastic woven belts (maximum force, maximum expan-
sion, force at break, and elongation at break) and based on the ob-
tained results they defined a belt that is more suitable for applications 
in conveyors [14]. 

The methodology of testing conveyor belts, especially their serv-
ice life affected by the wear of cover layers, is discussed by authors 
[28, 8, 13]. The renovated conveyor belts are discussed in papers [6, 
7]. These papers present the evaluation of the belt damage degree con-
ducted while applying the logistic regression. 

2. Material and methods

2.1. Problem formulation

The fundamental structural components of a conveyor belt in-
clude carcass (fabric, steel) and cover layers. cover layer thickness is 
affected by the properties of the transported material.

For the purpose of accurate identification of mechanical proper-
ties of conveyor belts, a whole conveyor belt (including individual 
components) must be subjected to tests. mechanical tests should be 
conducted and evaluated considering the fact that a conveyor belt is 
made of several different types of materials. Especially rubber com-
posites, forming the cover and adhesive layers of a conveyor belt, 
show more complex processes of wearing or deformation during the 
mechanic stress [20]. 

The purpose of the experiments was to assess selected mechani-
cal properties of worn fabric conveyor belts with renovated top cover 
(renovated conveyor belts). 

The renovated conveyor belt shall mean a worn belt which has 
been decommissioned and its top cover layer has been subsequently 
renovated.

2.2. Conveyor belt specimens 

The carcass of a fabric conveyor belt consists of the load-bearing 
carcass with several fabric plies that are coated with a special rubber 
compound that ensures adhesion between the plies. 

of these properties is therefore very beneficial for users as well as 
manufacturers. The investigation thereof has been described by many 
authors. kessentini et al. investigated the behaviour of composite 
polyester/polyamide railway fabric conveyor belts covered by rub-
ber plies after water penetrated inside. They performed hygroscopic 
gravimetric experiments to assess the moisture diffusion coefficients; 
gravimetric experiments were performed separately for rubber cover 
layers, fabric carcasses, and belt specimens [22]. Wong et al. investi-
gated the effects of moisture absorption on the residual tensile strength 
of uncorrected grooved and double-coated corrected carbon/epoxy 
composites [29]. Hakami et al. investigated the wear, surface rough-
ness, and temperature increase of styrene-butadiene rubber, natural 
rubber, and nitrile-butadiene rubber when shifted over abrasive ma-
terials of various sizes, with normal load variation. The properties of 
rubber, such as tensile strength and elongation at break were regarded 
as input parameters [19]. in another paper, Hakami et al. investigate 
rubber wear rate and mechanisms and the related affecting parameters 
based on the data published in the literature. Wear, fatigue and crea-
tion of rollers dominate the wear mechanisms that are affected by the 
load, motion velocity, hardness, and abrasion. Detailed correlations 
between the affecting parameters and their impact on the rubber wear 
rate were determined [20]. alajmi and Shalwan investigated the cor-
relation between mechanical properties of fillers/epoxy composites 
and their tribological behaviour. Tensile, hardness, wear, and friction 
tests were conducted for neat epoxy composites, graphite/epoxy com-
posites, and data palm fibre/epoxy composites with or without graph-
ite. The correlation was made between the tensile strength, modulus 
of elasticity, elongation at break, and hardness, as individual or com-
bined factors, with the specific wear rate and coefficient of friction of 
composites [1]. 

Fedorko et al. describe in their papers [6,7,8,9] a novel and still 
unpublished method of analysing failures of fabric conveyor belts 
made loaded by the tensile force [15]. This team investigated the 
properties of smooth conveyor belts by conducting a tensile test aimed 
at examining the behaviour of internal structures of belt specimens. 
They applied the metro-tomographic analysis to monitor the behav-
iour of internal structures of belt specimens exposed to a load. They 
used the measurements of distances between individual fibres in the 
warp and weft of the carcass and apply a simple analysis of the extent 
of the observed defects. The presented results prove that the method 
of industrial tomography clearly identifies failures of conveyor belt 
carcasses and facilitates identification of individual fibres, puncture, 
and separation of individual layers [16,17]. ın his paper [18], Fedorko 
describes the application of FEm-based simulation tools within his 
research and analyses. mazurkiewicz claims that extensive, unana-
lysed reduction of specimen surface during a test significantly affects 
the accuracy of the a structure model analysed applying the FEm. His 
article [24] provides the analysis of this problem with regard to mod-
elling the adhesive joining of rubber materials and rubber seal which 
represents the method to be adopted for identification of strength 
characteristics of analysed materials, thus eliminating the inaccuracy 
of the FEm model. 

The results are often evaluated by applying the DoE method. This 
method was used to test the tension of rubber conveyor belts [3] and 
identify the factors affecting the value of the dynamic impact of a load 
of conveyor belts [4]. The results of the tests of rubber products, in 
terms of their quality, aimed at identifying the limit value of impact 
load, are presented by ambrisko et al. in the paper [5]. The investiga-
tion of the resistance of conveyor belts to punctures and longitudinal 
slitting is described in the paper by Bajda [9].

moezzi et al. investigated industrial fabrics used in fabric con-
veyor belts. They observed an interesting mechanism of degradation 
of fabrics made of nylon 66 after exposure to the uv radiation at vari-
ous exposure times; this was confirmed by the results observed for 
mechanical properties of the specimens. The results of this study may 
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carcasses are reinforced with various types of natural and 
synthetic materials. most frequently used are conveyor belts 
with polyamide (P) or polyamide-polyester (EP) carcasses. a 
polyamide (P) fabric carcass contains polyamide fibres in the 
weft and in the warp. a polyamide-polyester (EP) carcass con-
sists of polyamide fibres in the weft and polyester fibres in the 
warp.

Polyamide is a fully synthetic fibre of good elasticity, high • 
resistance to dynamic stress, resistance to moisture and 
chemicals. it shows high strength, good fatigue values, 
but high elongation.
Polyester is a fully synthetic fibre of good tensile proper-• 
ties, resistance to moisture, acids, and bases. compared to 
polyamide, it shows lower strength and lower elongation.

Selected properties of polyamide and polyester are listed 
in Table 1. 

When compared to a polyamide fibre, a polyester fibre shows 
lower ductility and higher shape stability, and its elongation at use is 
lower. it is beneficial to use the combination of polyester fibres in the 
warp and polyamides fibres in the weft as this combination ensures 
small extension in the longitudinal direction, but good troughability 
and flexibility of the belt in the transverse direction. When compared 

to polyamides, polyesters show certain disadvantage-
higher density which is manifested by a higher belt 
weight.

The experiment was carried out using the specimens 
of fabric conveyor belts with two types of carcasses (P, 
EP), three different strength values (800; 1,000; and 
1,250 n.mm−1), and different numbers of fabric plies (3 

and 4). 5 specimens were prepared from each type of conveyor belt. 
The tested specimens, in the shape of a double-sided blade (Fig. 

2), were cut out from the conveyor belt applying the prescribed meth-
od. The test pieces were cut out parallelly to the belt axis, in the mini-
mum distance of 50 mm from the belt edge. The specimens have to 
be cut out perpendicularly to the belt surface and must not contain 
any joints. The specimen length was 400 mm; the width was 35 mm; 
and the thickness was determined by the thickness of the conveyor 
belt from which the particular specimen was cut out. on the prepared 
specimens, two contrast lines (reference lines  ̶ 1) were marked in the 
mutual distance of 100 mm, perpendicularly to the specimen axis. The 
lines were marked symmetrically to the specimen centre. 

Prior to the measurements, the specimens were subjected to con-
ditioning (iSo 18573 standard). 

2.3. Experiment execution

The experimental measurements were carried out using the zwick 
Roell z250 testing machine. ıt is a stationary machine with a linearly 

growing load. The z250 machine 
provides a versatile environ-
ment for all kinds of axial tests 
at lower displacement rates. in 
the experiment, the testing ma-
chine was used in tensile tests. 
The measurement procedure 
was as described below.

in the first step, the testing 
machine was launched together 
with the operating software for 
tensile tests for a particular type 
of the tested materials. in the 
following step, the test param-
eters were set, in compliance 

Fig. 1. Fabric conveyor belt (composite)

Table 1. Comparison of selected properties of polyamide and polyes-
ter

Material Polyamide (P) Polyester (E)

Fibre strength [N.mm2] 740-910 830-970

Breaking force (wet) [%] 65-80 60-70

Specific weight [gcm−2] 1.14 1.38

Elongation at break  [%] 12-18 10-15

Elongation at break (wet) [%] 15-25 12-18

Permanent elongation [%] 0.5-3.0 0.3-0.9

Elastic elongation [%] 0.6-1.5 0.5-1.2

Maximum elongation at 1T [%] 1.5-3.0 0.8-2.5

Fig. 2 Test specimen

Fig. 3. Fixing and testing the specimen
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with the En iSo 283 standard (velocity of 100 mm.min−1). Subse-
quently, the specimen was fixed in pneumatic jaws (Fig. 3). The test 
piece dimensions were entered in the software (measured thickness, 
width, and tested length). This was followed by performing the meas-
urements that included continuous stretching of the test specimen 
(until the specimen was exposed to the reference force, or until the 
specimen rupture) and recording the measured data. after the meas-
urements were completed and the values were recorded, the specimen 
was removed from the machine and a new specimen was inserted. if 
a test specimen showed no disturbance between the reference lines, 
or if the test piece was sliding between the jaws during the test, the 
specimen was excluded. Each valid measurement with a particular 
specimen type was repeated three times (Fig. 4).  

Fig. 4. Measurement scheme

3. Theory/calculation 

The strength of conveyor belts necessary for a particular operation 
is determined using the strength calculation. Total dynamic resistance 
must be identified for both strands (upper and lower) of the belt con-
veyor; this equals the total circumferential force on the drive pulley 
at a stable operation of the conveyor. The magnitude of the total cir-
cumferential force can be used to calculate the magnitudes of tensile 
forces in the belt. They may subsequently be used to identify the nec-
essary belt strength. The calculation of the conveyor belt strength is 
made while considering its inhomogeneous structure. considerations 
are only given to the belt carcass (fibres of the tractive component) 
because the strengths of other belt parts are relatively small compared 
to the carcass strength. The strength of the belt is expressed by the 
force applied to 1 meter of its width because the size of the area of the 
load-carrying cross-section, especially when a fabric ply is used, can 

only be identified with high inaccuracy. The belt inspection is carried 
out while considering only the tensile stress; other stresses are consid-
ered by a relatively high safety.

3.1. Methods of experimental research – the test of convey-
or belts

The tests of selected mechanical properties (tensile properties) of 
conveyor belts were carried out pursuant to specified standards. These 
tests were divided into groups and performed as described in Table 2.

3.1.1. Relative elongation at reference load 

The percentage of relative elongation was identified using the fol-
lowing formula:

 εR
Rl l

l
=

−( )100 1

1
 (1)

where:
εR   is elongation of the test piece [%];

1 l   is the initial length (initial distance between the refer-
ence lines) [mm]; and

Rl   is the length recorded at the reference load of the 
test piece (final distance between the reference lines) 
[mm].

3.1.2. Tensile strength

The tensile strength represents the maximum potential stress in 
the stretched material which the material as a whole is able to resist 
right before the rupture.

it was calculated using the following formula:

 R
S

FF
b

= , (2)

where:
SF   is the tensile strength [n.mm−1];
RF   is the force loading the test piece at the moment of rup-

ture [n]; and
b   is the width of the test piece [mm].

3.1.3. Ductility

Ductility is the relative longitudinal elongation of the test piece 
at the moment of rupture. The percentage of ductility was calculated 
using the following formula:

 ε =
−( )100 2 1

1

l l
l

,  (3)

Table 2. Tensile properties of conveyor belts

Test name Test mechanism

Relative elongation at refer-
ence load  

It was performed during the measurement of tensile strength. A test piece was exposed to the tensile force at con-
stant velocity and records were made on the elongation of the working section when reaching the reference load 
(reference force).

Tensile strength A test piece was exposed to the tensile force at constant velocity until the rupture occurred and records were made 
on the required force. 

Ductility 
It was performed during the measurement of tensile strength. A test piece was exposed to the tensile force at con-
stant velocity until the puncture occurred and records were made on the elongation of the working section at the 
moment of rupture.
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where:
ε   is the ductility [%];

1l   is the initial length (initial distance between the refer-
ence lines) [mm];

2l   is the length recorded right before the rupture of the 
test piece (final distance between the reference lines) 
[mm].

3.2. Methods of evaluation and comparison

The Design of Experiments (DoE) method facilitates better un-
derstanding and improving technological and laboratory processes. 
This method enables identification of the process-entering factors 
with decisive effects on the monitored outputs (output factors or out-
put variables). The assessment of the importance of different effects 
of factors and identification of optimal conditions were facilitated by 
the execution of well-prepared experiments. The evaluation of experi-
mental results was carried out using the statistical methods that enable 
the assessment of whether a change in the monitored output variable 
was caused by the effects of input factors.

There are different types of experiment planning. The experiment 
described herein was planned to apply the full three-factorial design 
in which each considered factor acquired two levels: low „-” and high 
„+”. The effect of the monitored factor on the output variable repre-
sented the difference between the average temperatures of the output 
variable at the low and high levels of the given factor.

The description and comparison of the monitored variables were 
carried out applying the basic statistical methods, including the esti-
mation theory, testing statistical hypothesis, regression and correla-
tion analyses. The predetermined statistical hypotheses were tested 
by parametrical and non-parametrical tests (one-sample t-test, non-
parametric Wilcoxon one-sample test, paired t-test, paired Wilcoxon 
test, Shapiro-wilk test for normality, one-way aNOva test, kruskal-
Wallis test, etc.). The decision-making on accepting or rejecting the 
null hypothesis was carried out using the p-value. if the p-value was 

less than the significance level α, then the null hypothesis was re-
jected. if the p-value was more than, or equal to, the significance level 
α, the null hypothesis was accepted.

The purpose of the regression analysis is to evaluate the existence 
of relationships between two or more variables and find a suitable 
regression model for a particular relationship. general considerations 
were made while presuming a single measurable continuous explana-
tory (output) variable y and k explanatory independent variables Xi 
for i=1, 2,…, k. The considered conventional multiple regression 
model was as follows:

 Y X
i

k
i i= + +

=
∑β β ε0

1
, (4)

where β0 and βi for i=1, 2,…, k are the regression model parameters 
and ε is the random error. 

The statistical significance of the model (or of individual param-
eters) was verified applying the F-test of statistical significance of 
the model (or the test of the statistical significance of the regression 
parameter). The quality of the regression model was verified using the 
coefficient of determination R2. The obtained results were evaluated 
and compared using the R and minitab software products.

4. Result and discussion

The experimental research was carried out with the following ob-
jectives:

compare the tensile properties (relative elongation at the ref-• 
erence load, tensile strength or ductility) of the renovated con-
veyor belt with the reference values obtained for new conveyor 
belts.
identify which of the input variables•  (carcass type, number of 
fabric plies, and conveyor belt strength) affect the output vari-

Table 3. Basic numerical characteristics of output variables

Carcass type P EP

Strength 800 1,000 1,250 800 1,000 1,250

Number of plies 3 4 3 4 3 4 3 4 3 4 3 4

Y1

Average 1.52 1.40 1.77 1.63 2.09 1.81 1.06 0.90 1.10 0.99 1.27 1.01

Maximum 1.80 1.70 2.20 2.00 2.40 2.20 1.30 1.20 1.40 1.30 1.50 1.30

Minimum 1.30 1.00 1.50 1.30 1.70 1.50 0.80 0.70 0.90 0.80 1.00 0.80

St.deviation 0.14 0.18 0.19 0.20 0.24 0.20 0.14 0.14 0.15 0.14 0.15 0.15

Yref1 1.50 1.41 1.70 1.60 2.10 1.80 1.00 0.92 1.10 1.00 1.20 1.00

Y2

Average 906.0 978.2 1195.6 1230.6 1466.9 1517.9 926.6 991.4 1181.3 1236.8 1489.9 1551.9

Maximum 979.0 1029.0 1238.0 1300.0 1533.0 1660.0 996.0 1083.0 1270.0 1334.0 1564.0 1628.0

Minimum 848.0 911.0 1110.0 1169.0 1405.0 1417.0 835.0 880.0 1107.0 1122.0 1433.0 1471.0

St.deviation 33.07 30.88 35.18 37.36 34.88 64.59 41.28 62.30 41.90 62.47 44.21 52.58

Yref2 899.0 988.0 1210.0 1232.0 1455.0 1518.0 942.0 991.0 1190.0 1228.0 1473.0 1559.0

Y3

Average 21.71 21.76 22.81 22.86 24.00 24.10 17.81 18.24 18.57 18.62 19.52 19.57

Maximum 23.00 24.00 25.00 25.00 26.00 26.00 20.00 20.00 20.00 20.00 21.00 21.00

Minimum 20.00 20.00 21.00 21.00 22.00 22.00 16.00 16.00 17.00 17.00 18.00 18.00

St.deviation 0.96 1.14 1.40 1.15 0.95 1.14 1.17 1.26 1.08 1.02 0.98 1.08

Yref3 22.00 22.00 22.10 2.50 23.80 24.50 18.20 18.50 18.90 19.00 19.40 19.20
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ables (relative elongation at the reference load, tensile strength, 
or ductility) of the renovated conveyor belt.
create regression models of the relationships between the out-• 
put variables and the input variables of the renovated conveyor 
belt.
compare tensile properties of the renovated conveyor belts with • 
polyamide or polyamide-polyester fabric carcasses.

4. 1. Comparison of tensile properties with the reference 
values  

The experimental research was carried out using 60 test speci-
mens extracted from renovated conveyor belts. The experiment was 
carried out using renovated rubber-textile conveyor belts with the 
polyamide or polyester carcass of various strengths (800 n.mm−1; 
1,000 n.mm−1; or 1,250 n.mm−1) and with 3 or 4 textile plies. The 
investigation was concentrated on three basic tensile properties (out-
put variables): relative elongation at the reference load y1 [%], tensile 
strength y2 [nmm−1], ductility y3  [%].

The reference value yrefz , z=1,2,3 shall mean the value obtained 
from the measurements of the investigated properties yz (z=1,2,3) 
for three specimens of new (unused) conveyor belts. The comparison 
of tensile properties of specimens of renovated conveyor belts with 
the reference values was carried out applying the basic methods of 
statistical induction - testing statistical hypotheses. Basic numerical 
characteristics of the investigated properties of renovated conveyor 
belts (the output variables) and the relevant reference values are listed 
in Table 3.

The normality of the data set of renovated conveyor belts was 
verified applying the Shapiro-Wilk test of normality. The null hy-
pothesis is that the sample come from a normal  distribution.  
ıf p-value < α, the null hypothesis is rejected. For output variable y1 
(relative elongation) and y2 (tensile strength), the normality require-
ment was met in all the cases (Table 4). 

The comparison of the measured tensile properties with reference 
values was carried out applying the parametric one-sample t-test or 
non-parametric Wilcoxon one-sample test (in the case that the nor-
mality requirement is not met).

The results of the comparison indicate that there are no statisti-
cally significant differences between the measured values of tensile 
properties (yz , z=1,2,3) and the reference values yrefz , z=1,2,3 
(p-value>α). The resulting p-values of the tests are listed in Table 5.

The following sections will deal with the values obtained ex-
clusively from the specimens of renovated rubber-textile conveyor 
belts.

4.2. DOE method 

The purpose of the experiment was to identify which is the input 
factors (conveyor belt strength a,  number of fabric plies B  and car-
cass type c)  have statistically significant effects on the value of the 
output factor yz, z=1,2,3 (relative elongation at the reference load y1 
[%], tensile strength y2 [nmm−1], ductility y3  [%]). 

all input factors were tested at two different levels. The experi-
ment was carried out using two types of renovated rubber conveyor 
belts (polyamide and polyester) with the strengths of 800 n.mm−1 or 
1,250 n.mm−1 and with 3 or 4 fabric plies. The levels of individual 
factors are listed in Table 6. 

Each experiment was conducted twice and the evaluation was 
carried out using the average value of the output variable.  The ex-
periment was evaluated considering three main factors (a, B and c) 
and second-order interactions (aB, ac, and Bc). The effects of the 
main factors and interactions for all three output variables are listed 
in Table 7. The significance of the individual effects of the factors or 
interactions on the output variables was tested by the t-test and by the 
determination of the p-value. Statistically significant effects on the 
output variable were observed for those main factors, or interactions, 
for which the p-value < 0.05*.

Table 4. Shapiro-Wilk test of normality (α=0.05) 

Carcass type P EP

Strength 800 1,000 1,250 800 1,000 1,250

Number of plies 3 4 3 4 3 4 3 4 3 4 3 4

Y1

p-value 0.259* 0.064* 0.219* 0.193* 0.105* 0.159* 0.188* 0.076* 0.060* 0.113* 0.074* 0.115*

Y2 

p-value 0.600* 0.212* 0.142* 0.698* 0.145* 0.243* 0.687* 0.190* 0.906* 0.090* 0.060* 0.061*

Y3 

p-value 0.006 0.092* 0.010 0.081* 0.071* 0.012 0.037 0.082* 0.002 0.015 0.019 0.004
Note: *p-value> α

Table 5. Test results  (one sample t-test, Wilcox one-sample test, α=0.05) 

Type of carcass P EP

Strength 800 1,000 1,250 800 1,000 1,250

Number of plies 3 4 3 4 3 4 3 4 3 4 3 4

Y1

p-value 0.530* 0,906* 0.105* 0.510* 0.784* 0.831* 0.070* 0.534* 0.882* 0.651* 0.055* 0.673*

Y2 

p-value 0.345* 0,161* 0.075* 0.863* 0.135* 0.997* 0.102* 0.978* 0.352* 0.528* 0.096* 0.541*

Y3 

p-value 0.177* 0,348* 0.080* 0.171* 0.345* 0.203* 0.132* 0.413* 0.673* 0.103* 0.569* 0.232*
Note: *p-value> α
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The analysis of the results indicates that all three main factors (a, 
B, and c) have statistically significant effects on the relative elonga-
tion (y1) (p-value < α).

Two main factors: factor a (strength) and factor B (number of 
fabric plies) have statistically significant effect on the tensile strength 
(y2).

Two main factors: factor c (carcass type) and factor a (strength) 
have statistically significant effects on ductility (y3). 

4.3. Regression and correlation analysis  

monitoring the effects of the input variables (conveyor belt 
strength, number of fabric plies and carcass type) on the output vari-
ables was based on the following model:

( ),   ,   zY f STRENGTH NUMBEROF PLIES CARCASS TYPE= , for 1,2,3z =  , (5)

where y1 is the relative elongation at the reference load [%], y2  is the 
tensile strength [nmm−1], and y3 is the ductility  [%].

The point estimate of the regression model has the following 
form:

 Y X X Xz = + + + +β β β β ε0 1 1 2 2 3 3 , for 1,2,3z = , (6)

where β0, βi, i=1,2,3 are the parameters of the models; X1 is the 
strength; X2 is the number of fabric plies; and  X3 is the carcass type 
(X3=0, if the carcass type is P, X3=1, if  the carcass type is EP). mutual 
relationships were identified considering the average values of indi-

vidual variables. The model parameters were identified 
applying the method of least squares. 

The most optimal regression model of the relation-
ship between the variable y1 and the input variables was 
the following model (type i):

 1 0 1 1 2 2 3 3.Y b b X b X b X= + + +  (7)

The analysis of the results indicated that all input 
variables (X1, X2 and X3) have statistically significant 

effects on the relative elongation (y1) (p-value < α).
For the variable y2, the best regression model is as follows (type 

ii):

 2 0 1 1 2 2.Y b b X b X= + +  (8)

Two input variables have statistically significant effects on the 
tensile strength (y2): the strength (X1) and the number of fabric plies 
(X2). 

as to the variable y3, the best regression model is as follows 
(type iii):

 3 0 1 1 3 3.Y b b X b X= + +  (9)

The analysis of the results indicated that the strength (X1) and 
the carcass type (X3) have statistically significant effects on ductil-
ity (y3). 

The point estimates of regression model parameters, statistical 
significance of the parameters (p-value), coefficient of determination, 
and p-value of the model are listed in Table 8.

all parameters of the examined regression models, as well as the 
given regression model, are statistically significant (p-value < α). The 
values of coefficients of determination R2 indicate that the quality of 
the regression model is high.

Table 6. Levels of main input factors

Factor level

Main input factors

Strength [N.mm−1] Number of fabric plies [m] Carcass type

A B C 

Low  (-) 800 3 P

High  (+) 1,250 4 EP

Table 7. Effects of the main factors and interactions of second-order (α =0.05)

Output variable A B C AB AC BC

Y1 - Relative elongation effect 0.320 -0.205 -0.640 -0.065 -0.160 -0.005

p-value 0.030* 0.046* 0.015* 0.144 0.060 0.795

Y2 - Tensile strength effect 556.10 62.52 22.66 -5.98 5.78 0.88

p-value 0.005* 0.047* 0.127 0.416 0.426 0.878

Y3 - Ductility effect 1.905 0.145 -4.120 -0.070 -0.385 0.095

p-value 0.040* 0.440 0.019* 0.664 0.192 0.571

Table 8. Point estimates of regression models

Model parameters 
R2 p-value

Output variable b0 b1 b2 b3

Y1 - Relative elongation 1.545 0.001 -0.162 -0.645 95.44 2.10−10*

p-value 2.10−4* 1.10−3* 2.10−2* 2.10−6*

Y2 - Tensile strength -216.622 1.234 52.758 - 99.48 2.10−11*

p-value 9.10−4* 6.10−12* 5.10−4* -

Y3 - Ductility 18.538 0.004 - -4.15 99.30 2.10−10*

p-value 2.10−12* 6.10−7* - 1.10−10*

Note: * p-value < α 
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The paired comparison of the measured values of individual out-
put variables was carried out applying the paired t-test, or the non-par-
ametric Wilcoxon paired test. The comparison of the three data sets 
was carried out applying the aNOva method, or the kruskal-wallis 
test. The test results are listed in Tables 9 to 11. The statistic testing 
was focused on the following three areas:

i - effects of the number of fabric plies on the values of individu-• 
al output variables, on condition that carcass types and strengths 
are identical (paired t-test or Wilcoxon paired test);
ii - effects of the carcass type on the values of individual output • 
variables, on condition that the strengths of conveyor belts and 
numbers of fabric plies are identical (paired t-test or Wilcoxon 
paired test); and
iii - effects of the strength on the values of individual output • 
variables, on condition that carcass types and numbers of fabric 
plies are identical (aNOva or kruskal-wallis test).

The analysis of the results of Testing i (Table 9) indicates that 
with identical carcass types (either P or EP) and identical conveyor 
belt strengths, the number of fabric plies (3 or 4) has a statistically 
significant effect on the output variable y1 (relative elongation) and 
the output variable y2 (tensile strength). on the other hand, it seems 
that the number of fabric plies has no statistically significant effect, 
under the given conditions, on the output variable y3 (ductility). 

The analysis of the results of Testing ii (Table 10) indicates that 
with identical conveyor belt strengths and identical numbers of fabric 
plies, a carcass type (either P or EP), has a statistically significant 
effect on the output variable y1 (relative elongation) and  the output 

4.4. Comparison of tensile properties

This section presents the comparison of tensile properties ob-
tained from the specimens of renovated rubber-textile conveyor belts 
with the polyamide carcass and the specimens with the polyamide-
polyester textile carcass. The basic numerical characteristics of the 
investigated properties are listed in Table 3. graphical representations 
of data sets are shown in Fig. 5 – 7.

Table 9. Results of Testing I – number of fabric plies (α =0.05)

Variable p-value P800/3
P800/4

P1000/3 
P1000/4

P1250/3 
P1250/4

EP800/3
EP800/4

EP1000/3 
EP1000/4

EP1250/3 
EP1250/4 Stat. significance

Y1 p-value 2.10−2 2.10−2 2.10−4 8.10−4 2.10−2 2.10−4 Stat. significant

Y2 p-value 7.10−9 3.10−3 3.10−3 3.10−4 2.10−3 2.10−4 Stat. significant

Y3 p-value 0.969 0.907 0.646 0.293 0.927 0.970 Stat. insignificant

Table 10. Results of Testing II – carcass type (α =0.05)

Variable p-value P800/3
EP800/3

P800/4
EP800/7

P1000/3
EP1000/3

P1000/4
EP1000/4

P1250/3
EP1250/3

P1250/4
EP1250/4 Stat. significance

Y1 p-value 1.10−13 7.10−12 4.10−15 2.10−14 4.10−15 2.10−16 Stat. significant

Y2 p-value 0.083 0.392 0.239 0.699 0.069 0.070 Stat. insignificant

Y3 p-value 2.10−8 5.10−8 2.10−8 3.10−8 2.10−8 2.10−8 Stat. significant

Fig. 5 Boxplot – Relative elongation

Fig. 6 Boxplot – Tensile strength

Fig. 7 Boxplot – Ductility
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variable y3 (ductility). on the other hand, it seems that the carcass 
type has no statistically significant effect, under the given conditions, 
on the output variable y2 (tensile strength).

The aNOva method (for variables y1 and y2) and the kruskal-
wallis test (for variable y3) confirmed that renovated conveyor belt 
strength has a statistically significant effect on all output variables 
(Table 11). 

5. Conclusion

Experimental measurements conducted in laboratory conditions 
provided the information on tensile properties (relative elongation, 
tensile strength, and ductility) of selected types of worn conveyor 
belts with the renovated top cover. Based on the results obtained ap-
plying the methods of statistical induction it is possible to assume that 
the measured values are comparable to the reference values obtained 
with new, unused conveyor belts with the same carcass type.  
Within the research, the output variables (relative elongation, tensile 
strength, and ductility) were used to compare tensile properties of 
renovated polyamide and polyamide-polyester fabric conveyor belts. 
The investigated renovated conveyor belts were of various strengths, 
as determined by their manufacturers, and various numbers of fab-
ric plies. The comparison was carried out using three input variables 
(carcass type, belt strength, and the number of fabric plies in a belt) 
and their effects on three output variables (relative elongation, tensile 
strength, and ductility).
Tensile properties of renovated conveyor belts were compared apply-
ing three different methods and all of them brought the same results.

The conclusions made applying the DoE method, regression 
analysis, and statistical induction method were as follows:

The resulting values of relative elongation (y• 1) are affected by 
the strength of a composite, the number of fabric plies in a com-
posite, and the carcass type.
The resulting values of tensile strength (y• 2) are affected by the 
strength of a composite and the number of fabric plies in a com-
posite.
The resulting values of ductility (y• 3) are affected by the strength 
of a composite and the carcass type.

Based on all the observed results it may be stated that the carcass 
type (polyamide or polyamide-polyester) has a statistically significant 
effect on the resulting values of tensile properties of renovated con-
veyor belts only for relative elongation and ductility. The type of a 
composite has no statistically significant effect on the resulting values 
of the third examined mechanical property of conveyor belts, i.e., the 
tensile strength.

The analysis of the research described herein indicates that the 
renovation of the top cover layer of conveyor belts preserves, to a 
considerable extent, tensile properties of conveyor belts. This infor-
mation may be helpful for belt users when making decisions on the 
replacement or renovation of worn conveyor belts.
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Table 11. Results of Testing III – strength (α=0.05)

Variable p-value P800/3
P1000/3

P800/4
P1000/4

EP800/3
EP1000/3

EP800/4
EP1000/4 Stat. significance

P1250/3 P1250/4 EP1250/3 EP1250/4
Y1 p-value 1.10−3 2.10−8 4.10−5 3.10−2 Stat. significant

Y2 p-value 4.10−51 2.10−42 7.10−46 2.10−37 Stat. significant

Y3 p-value 1.10−6 2.10−6 3.10−5 2.10−3 Stat. significant
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fault-tolerant Design for increasing the reliability 
of an autonomous Driving gear shifting system

projektowanie tolerujące uszkoDzenia 
zwiększające niezawoDności systemu zmiany biegów 

pojazDu autonomicznego
The reliability of technical systems can be greatly reduced if possible faults cannot be accommodated but lead to system shut-down 
with sometimes catastrophic consequences. The algorithms and systems of fault-tolerant control were developed in the last years 
into a powerful tool to accommodate such faults. Additionally, it became obvious that the design of a technical system can ease or 
hinder the application of these tools and can also lead to the accommodation of faults be itself. This kind of design – fault-tolerant 
design – and its components are presented in this paper on the example of a shifting system for the gear box an autonomous 
driving race car. This race car competes in the well-known formula student driverless competition; in such competitions the reli-
ability of the car and the capability to accommodate not avoidable faults is of paramount importance. The different elements of 
fault-tolerance incorporated in the design of the gear shifting system are explained on the basis of an established model of product 
concretization.  

Keywords: fault-tolerant design, design methods, design for reliability, automated gear shifting.

Niezawodność systemów technicznych może być znacznie ograniczona w przypadku braku odpowiedniej akomodacji uszkodzeń, 
która może doprowadzić do awarii systemu mogącej mieć katastrofalne konsekwencje. W celu przeciwdziałania temu niepożądanemu 
zjawisku, w ostatnich latach opracowano szereg algorytmów sterowania tolerującego uszkodzenia, umożliwiających odpowiednią 
akomodację uszkodzeń. Dodatkowo, oczywistym jest, że sposób projektowania danego systemu może ułatwić lub utrudnić funkc-
jonowanie powyższych algorytmów. Może one również sam w sobie umożliwiać odpowiednią akomodację uszkodzeń. Tak sposób 
projektowania, projektowanie tolerujące uszkodzenia, jest przedmiotem niniejszej pracy na przykładzie systemu zmiany biegów 
w autonomicznych pojeździe wyścigowym. Powyższy pojazd współzawodniczy w  znanych studenckich zawodach wyścigowych 
pojazdów autonomicznych. Oczywistym jest fakt,  że w tego typu zawodach, niezawodność pojazdu i jego zdolność akomodacji 
uszkodzeń jest szczególnie ważna. W pracy rozważa się różne element projektowania tolerującego uszkodzenia systemu zmiany 
biegów opisanego na podstawie ustalonego modelu konkretyzacji produktu.

Słowa kluczowe: projektowania tolerujące uszkodzenia, metody projektowania, projektowanie dla niezawodno-
ści, automatyczna zmiana biegów.

1. Introduction

This paper is focusing on the methods and tools of fault-tolerant 
design applied to a gear shifting system. This application is explained 
and reflected for a concrete representation of this concept. The main 
objective of the strategies, methods, tools and algorithms as well as 
general insights of fault-tolerant design is the support of engineers 
in the development of technical systems, which are fault-tolerant as 
a consequence of their controllability and diagnosability but also as 
a consequence of their inherent fault-tolerant design qualities [50]. 
Reliability is the probability that a technical system is able to perform 
its intended function for a specified period of time under specified 
operating conditions (e.g. loads, temperatures) [43]. current research 
aimed at increasing the reliability of technical systems is addressing 
dynamic analyses of multi-state systems [27], reliability management 
systems [35], non-direct determination of system deterioration [54] 
fuzzy logic for vulnerability assessment [55] and structure learning 

algorithms [29]. The research outcomes with this objective were al-
ready successfully applied in many cases such as in a reliability esti-
mation for momentum wheel bearings [24], for load-sharing failures 
in parallel systems [61], the level adjustment of quadruped robots [13] 
and the operational reliability of rail vehicles [33]. The development 
of reliable cognitive technical systems presents a continuous chal-
lenge for research teams [40]. a new direction is the evaluation of the 
reliability of technical systems already in the conceptual design phase 
based on effect chains [8].

it is important to note that it is impossible for current complex 
technical systems to avoid faults completely. The accommodation 
of these faults can be a decisive approach to increase the reliability 
of the systems. Firstly, this accommodation can be based on the nu-
merous research works concerning fault-tolerant control (a concise 
overview is given by Blanke et al. [6]). current developments in this 
area include adaptive control schemes that are robust to parameter 
uncertainties, disturbances and saturation [1], virtual sensors based on 
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quadratic boundedness [51] and adaptive sliding mode observer based 
fault‐tolerant control [37]. zhang et al. also propose tolerance meas-
ures for systems with sensor failures [60]. an important prerequisite 
for active fault-tolerant control are elaborate fault detection and fault 
diagnosis algorithms (compare [11]). in recent years, several novel 
fault detection algorithms were proposed such as time synchronous 
resample and adaptive variational mode decomposition [62] or convo-
lutional neural networks with global average pooling [30].

Secondly, the emerging field of fault-tolerant design can be em-
ployed. it is important to note that this field is strongly connected 
with fault-tolerant control, as fault-tolerant design can be an important 
enabler for these algorithms and systems. These two concepts in com-
bination have the potential to enhance to fault-tolerance and with this 
the reliability on many levels.  

as mentioned above, faults cannot be totally avoided in complex 
technical systems. They can be defined as an unwanted deviation of 
at least one parameter or property of the respective technical system 
from the satisfactory, regular condition (compare [28]), e.g. a sensor 
malfunction leading to the inability of this sensor to measure an im-
portant system parameter. Faults can be distinguished from failures, 
which can be defined as permanent interruptions of the capability of 
a product to perform the planned functionality; a failure indicates a 
complete breakdown of the product. Fault-tolerant technical systems 
are able to accommodate certain faults; i.e. to enable a degraded but 
still satisfactory performance of the system in the case of a fault. The 
main contribution of this paper is an in-depth exploration of design 
aspects which can increase the fault-tolerance of technical systems. 
on the one hand, these design aspects enable and ease fault-tolerant 
control. on the other hand, these design aspects increase the fault-
tolerance independently, e.g. by adding redundant elements. These 
activities can be summaries with the notion “fault-tolerant design”. 
The paper provides a novel structure for fault-tolerant design based on 
levels of product concretization, presents several concrete measures – 
design aspects – for enhancing the fault-tolerance and explains these 
measures on a real-life case – the design of a gear-shifting system of 
a race-car. concrete design characteristics are described in this paper, 
which either increase the controllability or diagnosability of the gear 
shifting system or directly increase its fault-tolerance. in order to have 
a background for the detailed explanation of these design characteris-
tics, the next section describes the essence of fault-tolerant design and 
presents a model to structure the later discussion. The newly devel-
oped gear shifting system for the formula student driverless competi-
tion is explained in Section 3. Section 4 discusses the distinct design 
characteristics. The last section concludes the discussion and gives an 
outlook on future research activities.

2. Fault-tolerant design

Faults are unwanted deviations of one or more parameters or 
properties of a technical system, which may lead to a considerable 
reduction of the reliability of this system. it is possible to differentiate 
faults analysing their behaviour over time. Permanent faults are sud-
den alterations, which lead to an on-going change of physical param-
eters of the technical system or its structures [56]. Drift-like faults are 
evolving over time, but lead after a certain delay also to an on-going 
change of physical parameters of the technical system or its struc-
tures. intermittent faults are deviations which appear and disappear 
again and again and exhibit commonly a rather short duration. The 
different behaviour over time is shown in Figure 1.

The quality of a system to allow the accommodation of con-
sequences of any kind of fault and to ensure a still safe operation 
with only slightly degraded performance may be subsumed under 
the notion “fault-tolerance” (compare Rouissi and Hoblos [47] and 
Dubrova [15]). in recent years, especially active fault-tolerant con-
trol approaches have exhibited convincing performance, which use a 

fault detection and identification system and realise the fault handling 
based on the results of this system [59].  

Fault-tolerant design can, on the one side, ease active fault-toler-
ant control approaches, because it aims, amongst others, at enabling 
far-reaching monitoring possibilities, thus supporting fault detection 
and identification activities. on the other side, fault-tolerant design 
can strengthen the inherent fault-tolerant design characteristics of a 
technical system, for instance through the application of robust physi-
cal effects (compare [50]). Rouissi and Hoblos [47] underline the sig-
nificance of fault-tolerant design; they highlight that the capability 
of a system to accommodate faults is directly linked to the design 
quality. as stated above, this capability has an enormous influence 
on the reliability of a complex technical system. So far, only a small 
amount of research is directly concerning fault-tolerant design. a fu-
ture methodology may be built on the vast amount of research con-
cerning systematic design and product development (Ehrlenspiel and 
Meerkamm [15], Ponn and lindemann [44], Pahl et al. [42]). The 
research outcomes concerning “Design for monitoring” (Dfm), “De-
sign for control” (Dfc) and “Design for Diagnosis” (DfD) may also 
serve as a basis for building this methodology. The research results 
concerning “computational design synthesis” (cDS) [38], the applica-
tion of graph based design languages based on umL [58], the devel-
opment and modelling of cyber-physical systems [63], a development 
methodology for mechatronic systems based on SysmL [3] and safety 
analysis based on SysMl [36] may expand this basis and allow a dig-
ital integration in current engineering processes. 

up to today, a rather small number of research activities can be 
identified, which are already directly focusing on fault-tolerant de-
sign. additionally, they usually only cover a specific field. oh et 
al. [41]) are proposing, amongst others, voting logic and redundant 
actuation devices in order to increase the fault-tolerance of nuclear 
power plants. Further authors aim to increase the fault-tolerance of 
technical systems: of wide-area networks [31], of wireless sensor net-
works [49], of microelectronics [26] and of frequency converters [57]. 
The applied approaches include analysis methods such as “reliabil-
ity modelling” and “redundancy analysis” [57] and design proposals 
such as “Triple modular Redundancy” (an intended design of a part 
of a chip is copied twice and a voter always choses the outcome of at 
least two designs) [26]. a novel fault-tolerant strategy for distributed 
actuators is the application of a consensus protocol for fuzzy multi-
agent systems; this is described by chen et al. [9]. in automotive ap-
plications, systems such as active steering systems are modelled and 
analysed in order to evaluate their fault-tolerance [20]. Similar model-
ling approaches were also applied to rail systems [14]. Fault-tolerant 
design is also addressed for improving the reliability of airplanes. a 
fault-tolerant interior permanent motor for an electrical power steer-
ing is presented by Bianchi et al. [5]. Brando et al. [7] propose a fault-
tolerant design of redundant axial-flux motors for the electric steering 
of aircraft nose landing gears. The research of nie et al. [39] focuses 
on the fault-tolerant design of electronic power converters, this work 
is continued by Tian et al. [53]. additional challenges are distribut-
ed control structures for electric transformers; fault-tolerant control 
structures are addressed by Saeed et al. [48]. an adjacent field con-
cerns damage-tolerant design [52]; the point of main emphasis is on 
fatigue and fracture investigations in computational mechanics, but 

Fig. 1. Faults - behaviour over time (compare [50])
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some damage-tolerance approaches have a potential to be integrated 
in a fault-tolerant design methodology. another adjacent field is sys-
tem reliability design and some approaches such as the active distur-
bance rejection control (aDRc) method (early approaches reported 
by gao [21] and Han [22], current applications e.g. by Ramirez-neria 
et al. [45]) also dispose of considerable potential to increase the fault-
tolerance of technical systems.   

it can be concluded that several elements for a fault-tolerant design 
methodology are already existing. However, only the implementation 
of elements and tools is not sufficient for the development of perform-
ant, reliable and safe mechatronic systems [3]. it is important to note 
that the early stages of product development are essential and that cur-
rently there are no common methods with computational support for 
these stages [8]. additionally, an increase of the tolerance of technical 
systems requires a deep understanding of potential failure modes [52]. 
Further challenges arise with the distributed control schemes of mod-
ular systems; the design of distributed control structures is not trivial 
[48] and a conscious design of the modular structure is inevitable. ıt 
is consequently of vital importance for the development of knowl-
edge and the support of design and control engineers to investigate the 
models, algorithms and methods which allow a conscious and holistic 
fault-tolerant design. These models, algorithms and methods need to 
connect the different phases of design, the different levels of abstrac-
tion and the disciplines [14]; through this they can then contribute to 
increasing the reliability of technical systems. 

an initial defining structure for this future methodology was so 
far presented by Stetter [50]. it is based on the well-known models 
of product concretization which are widely used in systematic design 
and product development (compare e.g. Ponn and lindemann [44]). 
The four levels of this model are shown in Figure 2.

The basis for any successful development is the requirement lev-
el. Requirements are the objectives, goals and specifications which 
describe the functionality and intended or required characteristics of 
the technical system under development. in industrial system devel-
opment processes, requirements are a decisive factor (compare e. g. 
Bernard and irlinger [1]) and nearly fifty percent of the top risks are 
connected to this factor (Hruschka [25]). Like other characteristics 
and functionalities of a technical system, also the intended fault-toler-
ance should be defined in the early stages of a project. This definition 
should include the intended level of fault-tolerance as well as possible 
and probable faults [50]. The exploration of faults can be supported 
by methods such as fault tree analysis (FTa), failure mode and ef-
fects analysis (FmEa) and benchmarking as well as by model-based 
requirements management (compare Holder et al. [20]).  

The second level in Figure 2 is the most concrete level of product 
description and contains the product structure and geometry as well 
as the detailed material choice. The modular structure of the prod-
uct is also situated on this level. a large body of research covers the 
placement of sensors and actuators; the results are methods and algo-
rithms which ensure optimised geometrical placement [46]. The most 
prominent measure to increase fault-tolerance are redundant sensors 
or actuators. However, the application of concrete redundant elements 
can lead to considerable disadvantages in terms of cost, weight and 
required space [50]. additionally, concrete redundant elements are 
sensitive to the same problems and faults. consequently, it may hap-
pen that two or more redundant elements fail at the same time. it is 
therefore extremely important to include the more abstract levels into 
a holistic fault-tolerant design. other approaches on the most concrete 
level are “over-actuation” (stronger or more actuators than necessary 
for the direct functionality; the excessive actuation potential can lead 
to better controllability and allow fault accommodation) and “over-
lap” (sensor overlap are zones which more than one sensor covers 
– the comparison of the sensor readings for the same area can be used 
for calibration purposes and for sensor fault detection). in general, 
the established concepts of “Design for Safety” (DfS) such as “Safe-

Life” (compare e.g. [52]) and “Fail-Safe” lead to an increase of fault-
tolerance; the approaches for “inherently safe design” can be adapted 
to fault-tolerant design (compare [50]).

Fig. 2. Fault-tolerant design on different levels

The “physical structure” of a product describes the physical phe-
nomena which realize the functionality of a product. a conscious de-
sign on this level can support the application of fault-tolerant control, 
e.g. when effects are used which can easily be monitored. For this 
purpose, methods and tools of design science can be adopted which 
support modelling and synthesis on this level, such as the use of de-
marcated physical effects (compare [17]). very important on the level 
is the possibility to include physical diversity into redundant elements. 
For instance, if redundant sensors are used, it can be very advanta-
geous to base them on different physical effects. in this case, certain 
faults such as extreme fog would only influence one of the sensors.

on the “functional level” of a product, the operations are de-
scribed which take place in order to transform the state of an entity 
of the technical system into another state. For instance, the function 
that an electrical motor performs, is to transform electrical energy at 
the input connectors (input state) into mechanical energy at the output 
shaft (output state). Elaborate approaches to model the functions of 
technical systems were developed in the last years, e.g. the integrated 
function modelling framework (iFm – [17]) or the integration in an 
engineering framework based on graph-based design languages [58]. 
it is important to note that the highest and most independent form of 
redundancy can be achieved through diversity on the functional level. 
For instance, a physical sensor could be replaced by a virtual sensor 
based on an analytic redundancy. This sensor would work differently 
even on the function level. 

on the different levels, fault-tolerant design characteristics were 
developed which were applied to a gear shifting system for a formula 
student driverless race car. These characteristics influence the reliabil-
ity of the race car in multiple ways. in this competition, the success of 
a racing team is ultimately determined by its innovative capabilities 
and the skills to realize reliable solutions. a car with the potential to 
win the competition needs to be light-weight, energy-efficient and ex-
tremely reliable. indeed, robustness and fault-tolerance is very impor-
tant, as most of the evaluation points are directly or indirectly linked 
with the enduring of longer parts of the event. also the maintainability 
is an important requirement, as the possibilities and time for mainte-
nance are limited at the events of the competition. in order to meet 
these requirements, a gear shifting system was developed, which is 
explained in the next section 
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tively heavy and rather slow. With this gear shifting system shifting 
times of approx. 300ms can be achieve (for comparison: the later de-
veloped electromechanical system, which is described in the next sec-
tion, is able to achieve 45ms). Because of the disadvantages in terms 
of space, weight and switching velocity, the team made the decision to 
develop a new gear shifting system. on the basis of literature reviews 
and benchmarking it was found out that an electromechanical solution 
has the potential to address all three disadvantages. The newly devel-
oped gear shifting system is shown in Figure 4.

This gear shifting system centres on an electrical motor equipped 
with an incremental encoder. This incremental en-
coder allows obtaining the exact rotary position 
of the shaft of the electrical motor, if a predefined 
initialization run is carried out (e.g. for the first 
gear a position value of 22100 inc is assigned - this 
matches 138,7° at the gear exit and 60° at the shift 
drum). By means of a long shaft and a pair of spur 
gears the motion of the output shaft of the electrical 
motor is transferred to the modified shift drum. This 
shift drum causes a movement of the gear sleeves 
that allow the selection of a gear; this corresponds 
to the original situation in the motor-bike gear set. 
This shift drum also is connected to a potentiom-
eter, located at the end opposite of the pair of spur 
gears. This potentiometer delivers an analogous re-
sistance which is depending of the rotary position of 
the shifting drum. 

in the next section, the design aspects which 
lead to an increase of the fault-tolerance of the gear 
shifting system are explained in detail.

4. Fault-tolerant design of the shifting 
system

This section discusses the design aspects which 
increase the fault-tolerance; the structure follows 
the levels of product concretization shown in Fig-

ure 2. The basis for any successful development is the requirement 
level, which describes the design objectives; design aspects on this 
level are described in Section 4.1. The most concrete level of prod-
uct description contains the product structure and geometry as well 

as the detailed material choice. This level describes 
the technical system in detail; Section 4.2 describes 
design aspects on this level. The more abstract level 
“physical structure” describes the physical phenom-
ena which realize the functionality of a product; de-
sign aspects on this level are contained in Section 
4.3. even more abstract is the “functional level” of 
a product, within which the operations are described 
which take place in order to transform the states of 
entities of the technical system into other states; 
Section 4.4 summarizes the design aspects on this 
level. a conscious fault-tolerant design takes place 
on all of these levels of product concretization and a 
link to fault-tolerant control is also possible and sen-
sible on all these levels. For instance, over-actuation 
on the geometry level can enhance the possibilities 
of a fault-tolerant controller to accommodate faults 
and a virtual redundancy on the functional level can 
enable to fault detection and identification block 
of a fault-tolerant control scheme. The subsequent 
subsection will explain concrete measures of fault-
tolerant design applied to the gear shifting system.

3. Automated shifting system

The gear box of the race cars of the Ravensburg-Weingarten uni-
versity (RWu) is the integrated sequential gear box belonging to the 
four-cylinder in line motorcycle engine (Honda cBR 600), which is 
also used in the race-car – both the autonomous and the conventional 
combustion car. in a motor-bike, this gear-box is manually operated 
through a foot lever. obviously, this is not possible for a driverless 
vehicle, therefore an automated shifting system is required. initially 
the team developed a pneumatic shifting system, which is shown in 
Figure 3.

The pneumatic gear system consists of an air reservoir for com-
pressed air, a two-stage pressure regulator, an air cylinder for gear 
changing, an air cylinder for clutch actuation and magnetic valves. 
Though this system was working in the race car, it still disposed of 
several disadvantages. The system consumed too much space, is rela-

Fig. 3. Prior pneumatic gear shifting system

Fig. 4. Newly developed electromechanical gear shifting system
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4.1. Design aspects on the requirements level

as stated above, the requirement level is extremely important for 
successful product development processes. in the given project, the 
initial step – search for requirements – contained a detailed analysis 
of the rules, which are each year published by the different formula 
student competitions; an important one is published by Formula Stu-
dent germany (FSg) and has a length of 133 pages. it is important 
to identify explicit requirements in this kind of large document and 
to make them traceable. Further requirements result from a conscious 
analysis of all possible driving, production and maintenance scenarios 
of the race-car. Such activities lead to a large number of requirements. 
This large number reduces the risk of failure caused by unknown or 
forgotten requirements, but requires a conscious management. Today, 

several software solutions for requirements management 
are available; Eclipse ProR is an open source option. Fig-
ure 5 shows requirements concerning the automated gear 
shifting system modelled in Eclipse ProR. 

For fault-tolerant design, an identification of possi-
ble and probable faults needs to be performed. Similar to 
the collection of requirements, a conscious analysis of all 
possible driving, production and maintenance scenarios 
of the race-car can offer a basis for this activity. The most 
important identified faults for the gear shifting system 
were a tooth-on-tooth situation of the gear wheels, which 
will prohibit a gear shift and a loss of the position infor-
mation of the shift drum. 

4.2. Design aspects on the structure, geometry 
and material level

obviously, it is possible to raise the fault-tolerance 
of the gear shifting system on the most concrete level 
“structure, geometry and material”. in the current devel-
opment, two cases of redundancy and the principle “over-

actuation” could be integrated in the final design. The important ele-
ments of the gear shifting system are shown in Figure 6.

The electrical BLDc (brushless, direct current) motor (maxon 
Ec-i 30), which is equipped with hall sensors, a gear system for in-
creased torque (maxon gP 32 c) and an incremental encoder (maxon 
eNX 16 eaSy), drives the gear shifting system. The controller of this 
motor is an electronic position control (maxon ePOS4). The output of 
the gear system is connected to a long shaft that transfers the torque 
to the other side of the gear system. The end of the shaft at this side is 
connected to a spur gear. This spur gear is contact with another spur 
gear, which is connected to the shift drum. at this point of connec-
tion, also a module is connected which consists of an element formed 
like a star and a roller which is pressed against this stare by means 
of a spring. This module is forcing the shift drum to certain, equally 

distributed rotary positions. Each of these position 
corresponds to a position of the shift drum within 
which a gear is exactly engaged. in this kind of gear 
systems, the shift drum disposes of geometrical 
entities (similar to a ditch) which are moving shift 
forks; those entities are visible in Figure 6. The shift 
forks connect the gear wheel of a given gear to one 
of the shafts of the gear systems, thus allowing a 
torque flow through the gear system. at the end of 
the shift drum another set of spur gears is located, 
which drive a potentiometer. Therefore, this poten-
tiometer is able to monitor the angular position of 
the shift drum. 

obviously, this potentiometer is a second means 
to determine the angular position of the shift drum, 
because this information can also be deduced from 
the information given by the incremental encoder 
at the drive motor. This redundancy is the first as-
pect of fault-tolerant design that could be realised 
in the gear shifting system. it is important to note 
that these two means of measurement rely on totally 
different physical principles. Therefore, they can be 
understood as located on a higher level of fault-tol-
erant design and will be discussed in the following 
section.

The module, which consists of the star element, 
the roller and the spring and supports a precise and 
stable angular position of the shift drum, is also a 
redundant elements, as the angular position could Fig. 5. Requirements of a electromechanical gear shifting system in Eclipse ProR

Fig. 6. Detail view of the shifting system
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also be achieved by the electrical motor alone. in the original applica-
tion of the gear system – the motor bike – the module is necessary for 
maintaining an optimum angular position for each gear. in the novel 
system, the motor is equipped with a self-looking gear (maxon gP 32 
c – ration 14:1); theoretically this self-looking gear assures an exact 
positioning after a gear was properly engaged by the controlled motor. 
Still, during drive testing it became obvious that the control quality 
and gear engagement speed are both not affected by this redundant 
element and that the engaged gear is held even more stable and safely. 
Furthermore, the module supports the teaching of the position of the 
shift drum during the initial run, because it achieves optimum angu-
lar positions for each gear mechanically. additionally, energy can be 
saved because of this module, since it allows to energize the shifting 
motor only temporarily.

The notion “over-actuation” can have two meanings [50]:
on the one hand, it can indicate the employment of more actua-• 
tors than ultimately necessary for realizing the given functional-
ity and
on the other hand, it can indicate the employment of stronger • 
actuators than ultimately necessary for realizing the given func-
tionality.

The main advantages of over-actuated systems are both an im-
proved controllability and the capability to accommodate faults. This 
capability is an effect of the fact that the over-actuation potential 
can be employed for compensating the consequences of one or more 
faults [50]. consequently, over-actuation can be a means to increase 
the fault-tolerance of a technical system. in the novel gear shifting 
system, over-actuation could be realised in the electrical motor. ini-
tially, the necessary torque for turning the system of shaft and shift 
drum was found be using a wrench for actuation and measuring the 
applied torque. it became obvious that about 1.5 nm are necessary for 
this turning operation. The chosen electrical motor with the gear sys-
tem is able to generate a torque of up to 6 Nm (only for a short time; 
however, this time is in any case long enough for one or more gear 
engagement processes). The later testing lead to the insight that this 
over-actuation leads to fast shifting times and also a superior control 
quality.

4.3. Design aspects on the physical level
The physical level connects the concrete solutions in terms of 

structure, geometry and material with the abstract solution description 
on the function level. Since several years, a conscious development of 
the physical level is advised in design science (e.g. [15]), because it 
allows innovative solutions. During an analysis of so-called “break-
through products”, i.e. product which are innovative to such an extent 
that their successor products are immediately outdated, lead to the 
observation that nearly all break-through products dispose of altered 
physical phenomena for realising the central functionality. addition-
ally, an in-depth occupation with the physical phenomena which real-
ize the numerous functions of a technical system can support a better 
system understanding. current research activities intend to expand the 
analysis of physical phenomena by means of including uncertainties in 
form of disturbances [34] and to integrate representations of physical 
phenomena in a holistic engineering framework. The outcome of an 
analysis of the physical phenomena (or “effects”) is a chain of physi-
cal effects; Figure 7 shows an example of an incremental encoder, as 
used in the given project. 

Fig. 7. Physical effect chain incremental encoder

The physical effects that enable the function of the incremental 
encoder are depicted in this effect chain. The angle of a shaft is trans-
ferred by means or the two physical effects “lever” and “cohesion of 
rigid bodies (cRB) to a trigger wheel. The Hall Effect and the count-
ing of changes in a hall effect sensor leads to a digital information 
concerning the angle of the shaft. The experiences in the underlying 
project lead to the insight that the analysis of physical phenomena 
leads to a deepening of the understanding and assists communication 
processes. 

a central possibility on this level to increase fault-tolerance is 
the design principle “physical diversity”. This principle describes 
the conscious application of system entities that employ different 
physical phenomena for the achievement of given objectives [50]. 
Examples for physical diversity are given in aircraft industry, where 
an increase level of fault-tolerance is achieved by employing both hy-
draulic power lines with hydraulic actuators and electric power lines 
with electric actuators [7]. in the last section, one example of physical 
diversity was already initially described: the application of two sen-
sors with one identical goal – the monitoring of the angular position 
of the shift drum. This monitoring result is extremely important for 
enabling a position control of the motor and for assuring that the gears 
are safely engaged. 

as described above, the electrical motor is equipped with a gear 
system (transmission ratio 14:1). This enables the incremental encoder 
to distinguish 57.344 angular positions (1024 (pulses per channel per 
revolution) * 4 (resolution) * 14 (gear reduction)) of the shift drum. 
The information delivered by the motor position control unit (EPoS 
4) are shown in Figure 8. ıt is important to note that this information 
are on the one hand resulting from the incremental encoder, on the 
other from the hall sensors in the motor, which are necessary for the 
control the brushless motor. 

in Figure 8 upper part, the position demand and two kinds of 
actual positions (case without fault and case with fault) are shown. 
Similarly, the middle part shows the velocity demand and two kinds of 
actual velocity (case without fault and case with fault). The lower part 
concerns the current. For both the nominal case and the faulty case the 
actual current and the average actual current are shown. The essential 
content of Figure 8 is the investigation of an error during the engage-
ment of the first gear (corresponding to an encoder reading of 22100 
inc) from neutral (corresponding to an encoder reading of 0 inc). as 
can be seen in Figure 8, a certain amount of redundancy is already 
present because of the combination of electrical motor, incremental 
encoder and motor position control. The position control is able to 
determine a motor angular position; for this the information from the 
encoder is used. it is additionally able to determine the velocity of the 
motor at certain instances of time, by means of combined information 
from the encoder applying numerical differentiation and from the hall 
sensors of the motor (the presence of the hall sensors in the motor is 
also a form of redundancy). Furthermore, the position control is able 
to determine the current, which it is delivering to the motor when 
trying to achieve an intended angular position. This current is a result 
of the PiD controller implemented within the motor control as a low 
level control loop.

in the developed design, a further sensor was included – the po-
tentiometer mentioned above – that also has the intention to monitor 
the angular position of the shift drum. The measurable resistance of 
this potentiometer is not assessed by the position control but by the 
superordinate control unit of the race-car. as a consequence of this 
constellation, in superordinate control unit the engaged gear will be 
known, even in the case of a fault concerning the electrical motor 
or the motor position control. in such cases, the race-care would be 
able to finish the race in the gear which was engaged when the fault 
occurred. The superordinate control unit could open the clutch for 
speeds which are too low for this engaged gear (in such cases the mo-
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tor could be forced into very low speeds and could stall, if the clutch 
is not opened). Even a standstill of the car would be possible in this 
situation, because with an adapted clutch characteristic the race-car 

can start form standstill also in the 2nd and 3rd gear (most 
competitions are carried out on nearly even race tracks; 
this allows start in higher gears). as mentioned above, it 
is of paramount importance to finish a course in case of 
a fault, because otherwise no points are awarded. This 
example shows clearly, which advantages in a competi-
tion can be achieved with an increased fault-tolerance 
leading to an increase reliability. it is important to note 
that a sensor redundancy enables the application of 
sensor fusion techniques. These techniques apply algo-
rithms such as the least squares method or the kalman 
filter, which can lead to higher accuracy and credibility 
[2]. in the realised system, up to now, only a plausibil-
ity check was applied; sensor fusion techniques will be 
incorporated in the next development generation.

4.4. Design aspects on the function level

in the last years new powerful tools were developed 
for function modelling, most notably the integrated 
function modelling framework (iFm – [17]), which can 
also be integrated in current engineering frameworks 
[19]. Figure 9 shows a function model of the gear shift-
ing system modelled in iFm. 

in this modelling framework, information is pre-
sented in associated views. The state view (upper left 
part of the iFm) represents states of actors and operands 
as well as their change. The process flow view (upper 
right part of the iFm) represents the flow of transfor-
mation and interaction processes. This two views are 
accompanied by an interaction view and an actor view 
(lower part of the iFm). This framework fosters a ho-
listic view on the functional level. For instance, in the 
iFm redundancy of incremental encoder and potentiom-
eter is clearly visible. Two main operands “energy” and 
“signal” are modelled; their flow through the system is 
also obvious in the iFm.

as mentioned in Section 4.1, one prominent fault 
is a “tooth-on-tooth” situation, when a gear should be 
engaged; this fault is a main focus of the design aspects 
for increased fault-tolerance on this level. The position 
control of the electrical motor can deliver crucial infor-
mation for the accommodation of this fault; these infor-
mation are shown in Figure 10. it is possible to use these 
information together with an analytical model for the 
detection of this fault and its accommodation. 

Essentially this fault appears, when the side sur-
faces of the gear that should be moved to engage a gear 
are aligned and consequently do not allow this engaging 
movement, which is initiated by the shift forks. When 
looking at the information presented in Figure 10, it 
is apparent that this fault can be detected, if the both 
the velocity over position and the current over position 
reach certain regions (visible in red hatched in Figure 
10). Thus, the red hatched zones represent the fault sig-
nature of this fault. in the case that both redundant infor-
mation are present (velocity over position and current 
over position), it is clear that the fault “tooth-on-tooth” 
is present. in the given case it was satisfactory to detect 
certain regions in the velocity – position diagram and 
the current – position diagram, i.e. certain combinations 
of these parameters which indicate this fault. in more 
complex cases other algorithms such as the well-known 

observer-based fault detection method could allow the detection and 
identification of the fault [18].

Fig. 8. Position over time (top), velocity over time (middle) and current over time (bottom)
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6. Conclusions and outlook

The international competition “formula student” has gained enor-
mous attention over the last years. The demands concerning perform-
ance and reliability are immense. as a consequence of the inclusion 
of the capability to drive autonomous, the complexity of the cars and 
especially the control systems has increased dramatically. This leads 
to additionally fault possibilities and the importance of fault-tolerance 
has also increased immensely. The same is true for complex techni-
cal systems produced in industrial companies. The research activities 
concerning fault-tolerant control address these issues since several 
years; in the last years also a focus on fault-tolerant design is visible. 
Fault-tolerant design pursues two main goals:

… to allow and ease effective fault-tolerant control by means of • 
conscious design aspects.
… to integrate design aspects which by themselves increase the • 
fault-tolerance (e.g. inherently fault-tolerant design aspects). 

The focus of this paper is an in-depth discussion of the methods 
and tools of fault-tolerant design. This discussion as based on the con-
scious development of fault-tolerant design aspect for an automated 
shifting system for a formula student race car. a model, which allows 
a distinction of the level of abstraction of the models of the techni-
cal system under development, served for structuring this discussion. 
on all levels, concrete measures are explained that improve the fault-
tolerance of the race-care and, through this, its reliability. Some of the 
measures had the additional effect to optimise the performance of the 
race-car. interestingly, the implemented measures only lead to the ad-
dition of one element (a potentiometer) and they did not lead to nega-

For accommodating this fault it is possible to let the electrical mo-
tor for gear shifting reverse for a few degree and then to make another 
attempt to move the shift drum, which moves the shift fork, which 
may engage the gear. The testing showed that, in a large share of the 
cases when this fault occurred, this simple manoeuvre was sufficient 
to enable the engagement of the gear. in these cases, only a small 
amount of time is lost (10 to 20 ms) and the shifting is still very fast. 
a combined possible measure for the accommodation of this fault is a 
short engagement of the clutch (induced by the superordinate control 
system of the race car), which can realize a small rotation of the gears 
which may resolve the “tooth-on-tooth” situation.

Furthermore, the elaborate control and diagnosis system can also 
lead to an improved overall performance of the race-car as a con-
sequence of further decreased shifting times. in the earlier cars, the 
ignition was cut-off during the whole shifting process until the gear 
was definitely engaged (this ignition cut-off is needed to have smaller 
contact forces on the gears and to allow shifting). in the new system, 
it is possible to be definitely sure that a gear will be engaged, even 
before the final position is achieved, because of the integrated moni-
toring of position and current. in this case, the superordinate control 
may reconnect the ignition and increase the injection quantity quite a 
bit earlier. in the moment, when the gear is finally engaged, the engine 
will again be able to deliver its full torque, leading to optimised per-
formance. in such cases, the superordinate control will overrule the 
gear-ignition-cut control.

Fig. 9. IFM model of the gear shifting system
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tive consequences in terms of space, weight and money. 
it is important to note that the measures are based on 
an intelligent mechanical and electromechanical design 
in combination with an elaborate diagnosis and control 
systems. it was possible to identify a positive influence 
resulting from the application of the methods and tools 
of design science, for instance integrated function mod-
elling and a conscious analysis of physical phenomena. 
Future research activities in this promising field need 
to expand the methodical basis of fault-tolerant design. 
These activities need to include technical systems with 
different sets of requirements, application scenarios and 
levels of complexity.
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1.  Introduction

The introduction of modern maintenance strategies highlights a 
changed understanding of the organisation of maintenance, which 
leads to greater collaboration and teamwork in the company-wide 
maintenance process. an important feature of modern strategies is 
the introduction of independent machine and device maintenance by 
the operators, that is, connecting many basic service actions with the 
manufacturing process. modern maintenance strategies therefore fo-
cus on two aspects of enhancing the competencies of employees: the 
first is to improve the competence of the staff responsible for opera-
tion maintenance. another aspect is the inclusion of operators in the 
works for operation maintenance and the transfer of responsibility to 
them allows for a better utilisation of the knowledge they possess, re-
inforces their sense of their own value and makes them aware of their 
participation in the achievement of the enterprise’s objectives [24].

However, there is a fundamental difference between the mainte-
nance of machinery in manufacturing and fleet maintenance in com-
panies. While researchers and maintenance engineers in manufactur-
ing companies are thoroughly invested in enhancing the advanced 
actions of operators in machine maintenance [3], the maintenance of 
heavy truck drivers remains a neglected and under-researched field. 

Working in the transport industry has its own unique features, since 
the average driver in international transport spends five days a week 
in a truck and averages between 2,500 and 3,000 km [20]. Therefore, 
the driver interacts with the truck constantly and is the first person 
who is able to detect any potential technical deficiencies. The driver’s 
response to unforeseen circumstances must therefore be timely and ef-
fective, which can significantly reduce potential costs. an unplanned 
stop at the roadside not only delays delivery but can also cause dam-
age to the cargo [38]. 

in addition to requiring that the truck driver has the necessary 
professional competencies, transport companies should consider uti-
lising the potential that drivers can represent in strategic fleet mainte-
nance. modern maintenance principles expect transport companies to 
integrate drivers into the entire maintenance system in order to take 
over parts of the professional competencies of maintenance workers. 
Transport companies must therefore ensure that drivers are adequate-
ly trained in the following aspects of maintenance: reactive action (the 
driver can remedy minor failure on the truck); preventive action (the 
driver inspects the truck before and after the trip is completed and 
notes any detected issues) and predictive-proactive action (the driver 
participates in the maintenance process and proposes corrective main-
tenance actions at company level). 

Sebastjan ŠkerLIč
edgar SokoLovSkIj
vanja erčuLj

maintenance of heavy trucks: an international stuDy 
on truck Drivers

obsługa techniczna samochoDów ciężarowych: 
mięDzynaroDowe baDanie kierowców ciężarówek

Since the implementation of modern approaches in operation maintenance, drivers are expected to be integrated into the entire 
system of maintenance in order to take over the professional competencies of maintenance workers. For this purpose, an interna-
tional study was conducted on a sample of 249 truck drivers, with the aim to determine how maintenance in transport companies 
affects the role of heavy truck drivers in fleet maintenance. Based on the developed SEM model, it was determined that building 
an efficient maintenance infrastructure in transport companies enables the active participation of truck drivers in the company’s 
maintenance system. Drivers are capable of repairing minor failures, but only if they are proactive, which will affect their preven-
tive behaviour. This can greatly benefit transport companies, as the results show that the vehicles are utilised more efficiently and 
in a better technical condition. The results therefore represent an important guideline for improving maintenance in transport 
companies, developing new competencies of truck drivers and upgrading existing knowledge in the development of modern opera-
tion maintenance.

Keywords: maintenance, maintenance strategy, heavy trucks, truck drivers.

Od czasu wdrożenia nowoczesnych metod obsługi technicznej, kierowcy powinni zostać zintegrowani z całym systemem obsługi 
technicznej, aby przejąć kompetencje zawodowe pracowników obsługi technicznej. W tym celu przeprowadzono międzynarodowe 
badanie na próbie 249 kierowców ciężarówek w celu ustalenia, w jaki sposób obsługa techniczna w firmach transportowych 
wpływa na rolę kierowców ciężarówek w utrzymaniu floty. Na podstawie opracowanego modelu równania strukturalnego (SEM) 
ustalono, że zbudowanie efektywnej infrastruktury serwisowej w firmach transportowych umożliwia aktywny udział kierowców 
ciężarówek w systemie obsługi technicznej firmy. Kierowcy są zdolne do naprawy drobnych usterek, ale tylko wtedy, gdy są pro-
aktywni, co wpłynie na ich zachowanie zapobiegawcze. Może to być bardzo korzystne dla firm transportowych, ponieważ wyniki 
pokazują, że pojazdy są użytkowane bardziej wydajnie i w lepszym stanie technicznym. Wyniki stanowią zatem ważną wskazówkę 
dotyczącą poprawy obsługi technicznej w firmach transportowych poprzez rozwój nowych kompetencji kierowców ciężarówek  
i poszerzanie istniejącej wiedzy w zakresie rozwoju nowoczesnej obsługi technicznej.

Słowa kluczowe: obsługa techniczna, strategia obsługi technicznej, samochody ciężarowe, kierowcy ciężarówek.
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But are heavy truck drivers prepared to do all this? are interna-
tional road transport companies capable of operating according to 
modern maintenance principles, much like manufacturing companies 
already do?

To answer these research questions, a study was conducted on 
a sample of 249 drivers in international road transport. The aim of 
the study is to determine how maintenance in transport companies 
affects the role of drivers in maintenance and the consequent optimal 
utilisation and roadworthiness of the trucks. To this end, the Structural 
Equation model (SEm) was developed, which includes three research 
phases. The first phase consists in determining how maintenance in 
transport companies affects the reactive, preventive and predictive-
proactive maintenance by truck drivers. The second phase consists in 
determining how individual driver maintenance affects truck utilisa-
tion. The third phase analyses the claim that the truck is in a good 
technical condition, despite the truck’s high level of utilisation. 

The results obtained build upon the current field of research into 
modern maintenance strategies, as they highlight the importance of 
establishing an efficient maintenance infrastructure in transport com-
panies. This allows drivers to be actively engaged in the company’s 
maintenance system, which ensures that the trucks are in a better 
technical condition, despite their high utilisation. The results there-
fore represent an important guideline for improving maintenance in 
transport companies, developing new competencies of truck drivers 
and upgrading existing knowledge in the development of modern op-
eration maintenance. The article is structured as follows: the second 
part provides an overview of the literature in the field of maintenance, 
and an SEm model that was developed based on gaps in theory and 
practice. The research methods used are presented, followed by the 
results obtained on a sample of heavy truck drivers. The article con-
tinues with a discussion of the results, which highlights the contribu-
tion to maintenance theory and practice in transport companies. The 
conclusion highlights the limitations of the research and provides sug-
gestions for further research.

2. Literature Review and Development of a Structural 
Research Model 

The development of maintenance approaches allows for the dis-
tinction of three periods. The first period is characterised by reactive 
maintenance without prior planning. Repairs are only made when a 
failure occurs. according to Dekker [7], such an operational level of 
maintenance is difficult to manage due to possible unplanned events. 
if these events occur frequently, they interrupt important planned ac-
tivities and prevent strategic thinking. This explains to some extent the 
general problem with maintenance dynamics, which typically overbur-
dens the maintenance department with reactive work instead of proac-
tive activities [16]. although neglecting maintenance activities can 
have short-term effects, such as lower costs or more production hours, 
it can eventually cause problems resulting from more frequent failures, 
reduced capacity, or less time for continuous improvement [26].

That is why the second maintenance period is focused on pre-
ventive maintenance, with a focus on planned and preventive repairs. 
This enables companies to avoid unexpected component breakdowns 
based on a preventive maintenance plan [15]. However, legutko [24] 
emphasises that the strategy of preventive operation maintenance is 
not successful when a significant number of failures occur at an early 
stage of utilisation. This fact and the increasing number of utilised 
machines/trucks in companies and devices of growing value have 
changed the attitude to this maintenance mindset.

The third period of maintenance therefore focused on predictive-
proactive maintenance aimed at ensuring the smooth operation of 
machines and devices throughout their period of utilisation. This ap-
proach has given rise to various modern maintenance strategies, such 
as: TPm (total productive maintenance), Rcm (reliability centred 

maintenance, RBi (risk-based inspection), cBm (condition-based 
monitoring), cmmS (computerised maintenance management soft-
ware), Ram (Reliability, availability and maintainability program), 
oTi (operator’s own technical inspections), TSm (Technical systems 
maintenance), PDSS (Promise decision support system) and Lean 
principles.

The goal of predictive-proactive maintenance is to avoid as many 
system breakdowns as possible using historical data, empirical tests 
and statistical calculations. This puts into direct relation the time 
(working time and/or life span) with the probability of system break-
down [15]. However, the first condition for introducing modern main-
tenance strategies is to identify the maintenance function as an impor-
tant strategic area within the company. Performing strategic operation 
maintenance within a company involves identifying and eliminating 
the basic losses that may occur: loss of availability (machine fail-
ures, adjustment and tool exchange), losses of performance (idling, 
reduced operating speed), and quality loss (rejects and modifications, 
losses due to test batches). its implementation requires: the prepara-
tion of a program ensuring autonomous realisation of the operation 
maintenance works, planning of the activity for the organisational 
unit responsible for the operation maintenance works, improvement 
of the skills of the staff responsible for operation maintenance, and the 
preparation of a program oriented for optimisation of the work of new 
machines and devices [24]. 

The introduction of modern maintenance strategies also high-
lights a changed understanding of the organisation of maintenance, 
which leads to greater collaboration and teamwork in the company-
wide maintenance process. an important feature of modern strategies 
is the introduction of independent machine and device maintenance 
by the operators, that is, connecting many basic service actions with 
the manufacturing process. This highlights the new role that opera-
tors are expected to play in relation to the machine that is not merely 
associated with production tasks but also with maintenance tasks. ini-
tially, all observations of the functioning of machines and devices are 
performed by operators during their normal work, such as watching 
the instrumentation, day-to-day checking of predetermined elements 
with the use of physical effects such as smell, sounds, vibration, tem-
perature, sight observation, changes of appearance, necessity to apply 
force etc. Then, after training, the operators perform inspections on 
their own, take full responsibility for the inspections, maintenance, 
cleaning, adjustments and small repairs [13, 24].

Therefore, the efficiency of the introduction of modern mainte-
nance strategies largely depends on ensuring adequate resources for 
their implementation. The main factor that affects the quality of main-
tenance processes is competent employees. Their knowledge, skills 
and ability to respond to unexpected situations largely determine the 
efficiency of the functioning of the technical infrastructure in an en-
terprise [3]. modern maintenance strategies therefore focus on two 
aspects of enhancing the competencies of employees: the first is to 
improve the competence of the staff responsible for operation mainte-
nance. another aspect is the engagement of operators in the works for 
operation maintenance and the transfer of responsibility to them al-
lows for a better utilisation of the knowledge they possess, reinforces 
their sense of their own value and makes them aware of their partici-
pation in the achievement of the enterprise’s objectives [24].

However, there is a fundamental difference between the mainte-
nance of machinery in manufacturing and fleet maintenance in com-
panies. While researchers and maintenance engineers in manufactur-
ing companies are thoroughly invested in enhancing the advanced 
actions of operators in machine maintenance [3], the role of the driver 
in truck maintenance remains a neglected and under-researched field. 
Working in the transport industry has its own unique features, since 
the average driver in international transport spends five days a week 
in a truck and averages between 2,500 and 3,000 km [20]. Therefore, 
the driver is the first person who is in the position to detect any po-
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tential issues with the truck, even more so than the machine operator. 
The driver’s response to unforeseen circumstances must therefore be 
timely and effective, which can significantly reduce potential costs. 
an unplanned stop at the roadside not only delays delivery but can 
also cause damage to the cargo [38]. 

That is why the truck driver must be properly trained. The require-
ments for truck drivers in terms of knowledge and skills in the area of 
maintenance do not differ in the eu [39] and in the uSa [6]. ın both 
cases, the service provided by the driver is defined as the transport 
and delivery of cargo to a specified location within the prescribed 
time. The driver is responsible for keeping the vehicle clean and regu-
larly maintained. The driver must also have a vocational high school 
diploma. The uS Department of labor [6] adds that the drivers must 
inspect their trucks before and after the trip and record any defects 
they find. They must immediately report any technical problems to 
the competent staff. 

However, the required knowledge and competencies of drivers 
may not suffice, if companies in the transport industry fail to utilise 
the potential that drivers can represent in the efficient maintenance of 
the fleet. as the driver is identified as the first person able to detect 
and correct potential defects on the truck, the aim of the study is to 
determine how maintenance in transport companies affects the role of 
drivers in truck maintenance.

To this end, the Structural Equation model (SEm) was developed, 
which includes three research phases (Fig. 1). in the first phase, it is 
determined how maintenance in transport companies (mTc) affects 
truck drivers’ ability to perform small repairs (SR), preventive main-
tenance (PRE) and proactive maintenance (PRo). The second phase 
continues by determining how individual maintenance by the driver 
affects truck utilisation (Tu), measured in kilometres driven. The 
third phase concludes the study with an analysis of the claim that the 
truck is in a good technical condition (TcT), despite the truck’s high 
level of utilisation. This is possible due to the coordinated work by all 
the persons involved in the company’s maintenance process.

The SEm model is based on the following hypotheses:
H1: Maintenance in transport companies affects truck drivers’ 

ability to perform small repairs.

much like machine operators, drivers in transport companies must 
also be trained to perform small repairs [1, 18], such as changing tires, 
oil, lights, and keeping the truck clean.

H2: Maintenance in transport companies affects the drivers’ abil-
ity to take preventive action.

much like machine operators, drivers in transport companies must 
also be trained to inspect the truck’s equipment and supplies [16, 18], 
such as tires, lights, brakes, oil and water, in the context of preventa-
tive maintenance. in the event of mechanical problems, the driver 
must inform the appropriate personnel. The driver must prepare truck 

inspection reports and keep records of maintenance work/repairs per-
formed. 

H3: Maintenance in transport companies affects the drivers’ abil-
ity to take proactive action.

much like machine operators, drivers in transport companies must 
also be trained to plan maintenance, to participate in the maintenance 
process, and be encouraged to propose corrective actions at company 
level [25, 29], in the context of predictive-proactive maintenance.

H4: The ability of the driver to perform small repairs affects the 
truck’s utilisation.

The driver immediately repairs the trucks when a minor failure 
occurs, instead of adding to the workload of the maintenance depart-
ment. By doing so, drivers improve the availability and utilisation of 
the truck and avoid becoming standing by the road unable to continue 
the transport mission [38].

H5: The driver’s ability to take preventive action affects the utili-
sation of the truck.

if the driver discovers technical issues with the truck before the 
start of the trip and after the trip, and promptly resolves them or in-
forms the maintenance department in a timely manner, future failures 
on the road can be avoided. an unplanned stop not only delays deliv-
ery but can also cause damage to the cargo. Thus, an ability to detect 
early symptoms of wear, before they become real problems, has the 
potential to improve the truck’s availability and utilisation [32].

H6: The drivers’ ability to take proactive action affects the truck’s 
utilisation

a high degree of availability can be achieved by frequently re-
placing components, but this approach can be expensive, not only 
because of frequent visits to the workshop, but also because of the 
cost of components. Therefore, failure prognostics and thinking about 
what needs to be improved in truck maintenance represent the high-
est level of development in maintenance by drivers [38]. Such driver 
action leads to greater engagement and teamwork in the maintenance 
process [28].

H7: Higher truck utilisation does not affect the truck’s technical 
condition

The higher the level of utilisation of the vehicle, the greater the 
chance of failure and component wear. However, due 
to the effect of maintenance in transport companies 
on reactive, preventive and predictive-proactive main-
tenance by truck drivers, the truck remains in a good 
technical condition.

3. Methods

The study was conducted on a sample of 249 heavy 
truck drivers employed in the international road freight 
transport sector. For this purpose, an online question-
naire was prepared and sent via SmS to individual truck 
drivers at truck terminals in koper (Slovenia) and Tri-
este (italy). These two locations were selected due to the 
high number of trucks passing through and the proxim-
ity of the ports of Trieste (ıtaly) and koper (Slovenia). 
Due to the international nature of the study, the online 

questionnaire allowed the respondents to answer in italian, Slovenian, 
croatian, Serbian and English. Prior to the official submission of the 
questionnaire to the drivers, the questionnaire was examined by five 
heavy truck drivers who were not subsequently included in the study. 
Of the 731 drivers who were invited to the take part in the study, 249 
drivers accepted the invitation and also completed the online ques-
tionnaire. 96 truck drivers were from Slovenia, 92 from Serbia, 37 
from croatia, 22 from italy and 2 from austria. The response rate 
was 34%. The final sample of respondents who completed the ques-
tionnaire in its entirety included 220 drivers. The study was divided 
into two parts. The first general part is connected to the demographic 

Fig. 1. Structural Equation Model
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information such as the gender, age and education level of heavy truck 
drivers. The second part of the study focuses on thematic sections re-
lated to maintenance in companies, maintenance by drivers, technical 
characteristics and truck utilisation.

3.1. Measures

Maintenance in transport companies (cronbach’s α = 0.81) was 
measured by three indicators: “The company regularly conducts pre-
emptive truck inspections every weekend”, “The company ensures 
that every technical issue of the vehicle is quickly fixed” and “The 
company provides me with training about basic vehicle maintenance 
procedures”. 

Preventive behaviour of the truck drivers (cronbach’s α = 0.82) 
was measured by two items: “Before i start driving, i always perform 
a “walk around” check to spot potentially dangerous issues” and “i 
immediately notify the company in case of any issues spotted during 
the maintenance of the truck” cronbach’s α equals 0.82.

Proactive behaviour of the truck drivers was a single item meas-
ure “i often think about what needs to be improved on truck mainte-
nance”.

ınclination to do small truck repairs (cronbach’s α = 0.85) was 
measured by two items: “if necessary, i change the headlight bulb of 
the truck” and “i regularly clean the cab”. 

Technical condition of the truck (cronbach’s α = 0.78) was meas-
ured by two items: “The truck i’m driving is in good condition, based 
on visual inspection” and “The truck is comfortable to drive”.

Truck utilisation was a single-item measure. Respondents an-
swered the question “What is your average number of kilometres 
driven per week?”.

3.2. Procedure

Data analysis followed the two-step approach suggested by an-
derson and gerbing [2], evaluating measurement model via explora-
tory and confirmatory factor analysis in the first step and building a 
structural equation model in the second. Robust maximum likelihood 
method of parameter estimation as proposed by Boomsma & Hoogland 
[5] for data not following multivariate normal distribution was used for 
the evaluation of measurement and for the structural model. The error 
variance of the constructs with a single indicator was set to 0.

if each observable variable loaded statistically significantly onto 
the factor it was supposed to measure, this was considered a sign of 
convergent validity [2, 19, 34, 37]. Furthermore, item loadings on the 
factor were supposed to be higher than 0.5 [21, 34]. The sign of con-
vergent validity was also a good overall fit of the model [34].

composite reliability and average variance extracted (avE) were 
calculated. The first is the reliability of a summated scale and the 
second the variance in the indicators explained by the common fac-
tor. The composite reliability above 0.6 indicates good reliability and 
ave above 0.5 good construct validity [14]. Reliability was assessed 
also by cronbach’s α. The values above 0.70 were considered to indi-
cate adequate reliability as proposed by nunnally [31].

Discriminant validity was assessed by examining correlations be-
tween constructs. as a rule of thumb, correlation between latent vari-
ables should not exceed r = 0.85, otherwise one can conclude that there 
is a lack of discriminant validity [23]. Discriminant validity is support-
ed further if the 95% confidence interval for the correlation coefficient 
between two latent variables does not include 1 [35]. if the avE by the 
correlated latent variables is greater than the square of the correlation 
between the latent variables, then discriminant validity exists [14]. 

after establishing good measurement validity, a structural equa-
tion model was built. Partial disaggregation approach was used due 
to the rather small sample size in which subsets of items were com-
bined into composites (averages) that were then treated as indicators 
of the constructs. Error variances of the indicators were calculated as 
(1-reliability)*variance of the indicator. 

The fit of the model was evaluated using the Sattora-Bentler 
scaled chi Square, which is suitable for evaluating models with non-
normal data [5]. in addition, the comparative Fit index (cFi), incre-
mental fit index (iFi), non-normed fit index (nnFi), the Root mean 
Square Error of approximation (RmSEa), and the Standardised Root 
mean Square Residual (SRmR) were used. values of .95 or and above 
or 0.90 and above for cFi, nnFi and iFi, and values of 0.08 and 
below for RmSEa and SRmR indicate a good fit of the model [22]. 
modification indices and standardised residuals were used to suggest 
improvements of the model. 

LiSREL 9.30 was used for model calibration and hypotheses 
testing.

4. Results

The final sample included n = 220 truck drivers. one woman par-
ticipated in the study, while other participants were males. The aver-
age age (SD) of participants was 40.8 (10.7) years. approximately 
one third (37.7 %) had more than high-school education. The average 
(SD) number of years working as a truck driver was 13.7 (10.1) years. 
on average (SD), they are employed at the current employer for 5 
(5.1) years.

confirmatory factor analysis showed good overall fit of the meas-
urement model (SB χ2 = 35.02; df = 31; p = 0.283; SB χ2/ df = 1.1; 
RmSEa = 0.059; nFi = 0.97; nnFi = 0.99; cFi = 0.99; iFi = 0.99; 
SRMR = 0.04; GFı = 0.96). convergent validity was further support-
ed by significant and substantial (> 0.50) loadings for all items in the 
model. ave for all constructs was 0.60 or higher for all constructs, 
supporting construct validity. 

Descriptive statistics for composite variables (averages of the in-
dicators measuring each construct) and correlations are presented in 
Table 1. none of the correlation coefficients exceeds 0.85 and none of 
their confidence intervals include 1. none of the squared correlation 
coefficients exceeds avE. From the stated, it is concluded that there is 
good discriminant validity of the used measures. 

The hypothesis testing included building proposed structural 
equation model. The structural equation model with standardised re-
gression coefficients is depicted in Fig. 2. all presupposed paths are 
statistically significant but the one from proactive behaviour to truck 

Table 1. Correlation matrix of composite measures

M SD PRE SR MTC TCT PRO TU

PRE 4.44 0.71 1
SR 4.31 0.85 0.65** 1

MTC 3.87 0.95 0.37** 0.36** 1
TCT 4.41 0.74 0.45** 0.63** 0.53** 1
PRO 4 1.01 0.62** 0.65** 0.28** 0.51** 1
TU 2561.5 690.4 0.05 0.20** −0.05 0.20** 0.12 1

* p < 0.05; ** p < 0.01; MTC = maintenance in transport companies; PRE = preventive behaviour; PRO = proactive behaviour; SR = small 
repairs; TCT = technical condition of the truck; TU = truck utilisation
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utilisation. The fit of the model, however, is very poor (SB χ2 = 113.5; 
df = 8; p < 0.001; SB χ2/ df = 14.2; RMSea = 0.45; NFı = 0.77;  
NNFı = 0.58; cFı = 0.78; ıFı = 0.78; SRMR = 0.27; GFı = 0.63).

Due to poor fit of the presupposed structural model, the modifica-
tion of the model was done and the modified model is depicted in Fig. 
3. The model exhibits good overall fit (SB χ2 = 8.6; df = 6; p < 0.200; 
SB χ2/ df = 1.4; RMSea = 0.083; NFı = 0.98; NNFı = 0.99; cFı = 
0.99; ıFı = 0.99; SRMR = 0.04; GFı = 0.98). ıt presupposes full medi-
ation of the proactive and preventive behaviour of the driver between 
the maintenance in transport companies and small repairs done by the 
driver. Partial mediation through truck utilisation is present between 
small repairs done by the driver and the technical condition of the 
truck. maintenance in transport companies influences the technical 
condition of the truck directly, as well as through the driver’s preven-
tive and proactive behaviour and truck utilisation.

5. Discussion

The results of the study indicate that truck drivers are able to par-
ticipate in the maintenance process in transport companies, as they are 
trained to perform minor maintenance operations in the same way as 
machine operators [1, 18]. Drivers can also be steered toward preven-
tive thinking, as they immediately report any defects on the truck and 
always perform a ‘walk around’ check to spot potential issues. The 
same goes for proactive action, as drivers often think about what needs 
to be improved in truck maintenance. This is also in line with current 
operational maintenance guidelines, where part of the maintenance 
personnel tasks is transferred to the direct users of machines or devices 

[24]. Based on this, the first research question 
can be answered, since the basic results of the 
study indicate that truck drivers are willing and 
able to actively participate in the maintenance 
system of transport companies. They are able to 
perform minor maintenance work and act both 
preventively and proactively. The results there-
fore build upon the set of professional compe-
tencies as indicated in the recommendations 
by the ministries of labour and employment in 
the eu [39] and in the uS [6] and highlight the 
new role that truck drivers must play in opera-
tion maintenance. This role consists in an ac-
tive involvement in the whole process of fleet 
maintenance in transport companies. The results 
also add to the official maintenance standards in 
the transport industry, developed by the British 
DvSa - Driver and vehicle Standards agency 
[12], where the tasks of the driver are limited to 
daily routine truck inspection and prompt report-
ing and recording of all technical defects [27].

However, an important aspect of building 
an effective maintenance infrastructure con-
sists primarily in determining whether transport 
companies are capable of operating according 
to modern operating maintenance principles, as 
is common in the manufacturing industry. This 
aspect was addressed by the second research 
question. The basic results of the survey, i.e. 
the median value, showed that, on average, the 
companies in the sample have a well-organised 
system of fleet maintenance. However, in or-
der to determine how maintenance in transport 
companies affects the role of the drivers in the 
maintenance and consequent utilisation and 
good technical condition of trucks, an SEm 
model was developed and divided into the three 
research phases, as shown in Fig. 1. The results 

of the first research phase showed that the effective functioning of op-
eration maintenance in transport companies affects the ability of truck 
drivers to operate within the framework of preventive and proactive 
maintenance. The results are also in line with modern preventive 
maintenance guidelines in the manufacturing industry, according to 
which machine operators can only act preventively and proactively, if 
the companies provide an adequate maintenance infrastructure: from 
enhancing the maintenance competencies of users of machinery or 
transport vehicles [3] to the introduction of modern operation mainte-
nance processes [25].

Transport companies that are systematically focused on fleet main-
tenance enable drivers to participate in the maintenance process and 
encourage them to propose corrective actions. as indicated by the re-
sults of the final part of the first research phase, truck drivers who are 
proactive also tend to act preventively. This allows them to be able to 
repair minor failures, resulting in higher truck utilisation and more kilo-
metres driven. This is also the final result of the second research phase, 
in which the goal was to determine how individual maintenance by the 
driver affects truck utilisation, as measured in kilometres driven. The 
results of the second research phase point out that, by doing so, drivers 
improve the availability and utilisation of the truck and avoid becoming 
standing by the road unable to continue the transport mission [38]. in 
addition, the ability to detect early symptoms of wear, before they be-
come real problems, has the potential to improve the truck’s availability 
and utilisation, and the drivers’ ability to take timely action [32].

The third research phase of the SEm model rounded off the en-
tire research field of operation maintenance, both in comparison with 

*p < 0.05; ** p < 0.01
Fig. 2. Structural equation model (standardised regression coefficients are shown;  

MTC = maintenance in transport companies; PRE = preventive behaviour;  
PRO = proactive behaviour; SR = small repairs; TCT = technical condition of the truck; TU = 
truck utilisation)

*p < 0.05; ** p < 0.01
Fig. 3. Modified structural equation model (standardised regression coefficients are shown; MTC = main-

tenance in transport companies; PRE = preventive behaviour; PRO = proactive behaviour; SR = 
small repairs; TCT = technical condition of the truck; TU = truck utilisation)
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the manufacturing activity, as well as by setting future guidelines for 
operation maintenance in the transport industry. The third phase con-
cludes the study with an analysis of the claim that the truck is in a 
good technical condition, despite the truck’s high level of utilisation. 
The results showed that this is only possible with the coordinated ac-
tion of all the persons involved in the company’s maintenance process. 
The first condition is that companies must have an effective operation 
maintenance infrastructure in place, which enables them to conduct a 
preventative inspection of the truck every weekend, to quickly elimi-
nate any technical defects on the vehicle and to provide truck drivers 
with training on the basic procedures of vehicle maintenance. as a 
consequence, the drivers will be more proactive, which will affect 
their preventive action. This will enable them to repair minor fail-
ures, which will result in better utilisation of the truck. Despite being 
utilised more, the trucks will remain in a good technical and visual 
condition, which is the most important finding of the research. The 
final finding therefore highlights the importance of establishing an 
adequate maintenance infrastructure in the company and, above all, 
how it affects the participants in the maintenance process.

5.1. Contribution to Theory and Practice

The results can be generalised to the entire transport industry, as 
the study was conducted on a sufficiently large number of truck driv-
ers. Several studies have focused on the work of truck drivers in the 
transport industry, but all were limited to researching the labour law 
aspect (regulations regarding driving time, rest time, hours of serv-
ice violations, etc.), driver health issues (fatigue, general health, etc.), 
and driver behaviour in traffic (research via DBQ - Driver Behav-
iour Questionnaire). The study thus represents an original scientific 
novelty, as it is the first study that examines the position of mainte-
nance in the transport industry and in particular how maintenance in 
transport companies affects the role of drivers in maintenance and 
the consequent optimal utilisation and roadworthiness of the trucks. 
The research gap is not only noticeable in scientific publications but 
also in Eu laws, since Directive 2003/59/Ec [11], which defines the 
procedures for obtaining a basic professional qualification, Directive 
2014/45/eu (on periodic roadworthiness tests for motor vehicles and 
their trailers) [8], Directive 2014/46/eu (on the registration docu-
ments for vehicles) [9], and Directive 2014/47/eu (on the technical 
roadside inspection of roadworthiness of commercial vehicles) [10], 
do not specifically define the role of drivers in fleet maintenance. un-
like in the transport industry, the field of maintenance in the manu-
facturing industry is undergoing continuous development in research, 
since the first studies on modern approaches to maintenance date back 
to the 1970s [24].   

The innovativeness of the results therefore affects the following 
theoretical, practical and legislative areas of maintenance in the trans-
port industry:

Truck maintenance: it was determined that drivers play an im-• 
portant role in fleet maintenance. Drivers are capable of repair-
ing minor failures, but only if they are proactive, which will 
affect their preventive behaviour. This can greatly benefit trans-
port companies, as the results show that the vehicles are utilised 
more efficiently and in a better technical condition. The main 
novelty consists in the fact that truck utilisation is affected not 
only by the economical driving of truck drivers, as pointed out 
by Lowe & Pidgeon [27] and muha & Sever [30], but also by 
their active involvement in the company's maintenance process.
Development of truck drivers’ competencies: The requirements • 
for truck drivers regarding professional training in the Eu are 
limited to the basic qualification - code 95. new legislation in 
the road freight transport sector requires that all new drivers 
must obtain a basic qualification - code 95, which they obtain on 
the basis of a theoretical and practical exam before a state com-

mission [11, 34]. The results highlight the importance of train-
ing truck drivers in the field of vehicle fleet maintenance, as 
transport companies that operate in this way also have vehicles 
that are in better technical condition. knowledge of fleet main-
tenance is not specifically covered by code 95 training, thus the 
study highlights further directions in the training of truck drivers 
and expands the required competencies both in the practical and 
in the legislative field.
maintenance improvements in transport companies: it was deter-• 
mined that companies will only be able to take advantage of the 
driver’s maintenance potential, if they have an effective opera-
tion maintenance infrastructure in place, which enables them to 
conduct a preventative inspection of the truck every weekend, to 
quickly eliminate any technical defects on the vehicle and to pro-
vide truck drivers with training on the basic procedures of vehicle 
maintenance. Since this area is unresearched, the results represent 
an important guideline for establishing the strategic role of main-
tenance in transport companies and the efficient organisation of 
maintenance at all levels in the company. This is especially im-
portant since the field of operation maintenance development in 
the transport industry is lagging behind the manufacturing sector, 
where the guidelines for the operation of the maintenance func-
tion are clearly defined within ındustry 4.0  [33].
The results build upon existing knowledge in the field of mod-• 
ern operation maintenance development, as they show how 
the maintenance function is tied into a series of interconnected 
maintenance actions in transport companies. The responsibility 
for the development of maintenance infrastructure and efficient 
operation maintenance, which ultimately leads to a better condi-
tion of vehicles, therefore depends on the management of the 
company responsible for establishing an adequate maintenance 
infrastructure. The results are therefore consistent with the study 
by Bokrantz et al. [4], where they highlight scenarios for future 
modern maintenance management by 2030. The study empha-
sises that corporate leadership should be aware of the fact that 
failure to develop an adequate level of competence is linked to 
an inefficient maintenance process, which in turn increases the 
sensitivity to disturbances, decreases the responsiveness to fail-
ures, and at the same time reduces the competitiveness of the 
company. Therefore, education and training of employees is an 
absolute necessity, as well as developing new ways of manag-
ing competencies in the company maintenance process. While 
Bokrantz et al. [4] highlighted guidelines for future operation 
maintenance by 2030, some of their recommendations have 
been explicitly confirmed by the results of the presented study.
The study synthesises and analyses the literature in the field of • 
maintenance development through different maintenance peri-
ods, which is an important framework for future empirical stud-
ies in the transport industry, as well as in the field of operation 
maintenance in general. 

although the survey included truck drivers from Slovenia, italy, 
Serbia and croatia, the results are representative for the whole Eu 
area and not just for the central European region or for each indi-
vidual country. This assertion can be justified by the fact that all truck 
drivers driving in the Eu operate within the framework of the uniform 
law provisions related to working time, obligatory rest periods for 
mobile workers and recording equipment used in road transport [30]. 
Furthermore, the transport companies where truck drivers work must 
ensure that their fleet is in compliance with uniform Eu legislation 
[8-10]. as truck drivers operate according to uniform rules, it is possi-
ble to draw global-scale conclusions from the study and highlight sug-
gestions for improvements in operational maintenance in the transport 
industry, which are the following:
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improving the level of operational maintenance in transport • 
companies,
Training of drivers for basic qualification (code 95), which is a • 
prerequisite for drivers to operate within the Eu, should include 
training in fleet technical maintenance,
Eu legislation should state that truck drivers must also be re-• 
sponsible for the roadworthiness of trucks.

5.2.  Limitations and Recommendations for Future Studies

This is the first study that deals with the field of operation main-
tenance in the transport sector. Therefore, it was not possible to make 
a substantial comparison of the results with previous studies. in this 
regard, the limitations of the study also dictate recommendations for 
future studies, since it would be advisable to repeat a similar study in 
the future and compare the evolution of the maintenance function in 
the transport industry. as regulations governing the work of drivers 
differ around the world, which can affect their ability to maintain the 
fleet, it would be advisable to conduct a related study in the uS, in 
australia, in canada and in other countries. 

in the future, the field of operation maintenance should be regu-
lated in more detail within the Eu legislation (via system instructions 
and procedures), since there are no specific guidelines as to who is in 
charge of managing maintenance procedures in a transport company 
and how these procedures should be managed. Eu legislation [8-10] 
states that keeping the truck in a roadworthy condition is solely the 
responsibility of the transport company and this is as far as this area 
of maintenance is addressed. Systematic truck maintenance is espe-
cially important from a safety point of view, since a road accident that 
results in a technically defective truck often has more serious conse-
quences than if caused by other vehicles. Therefore, it is essential that 
other subjects in transport companies are included in the legislation 
that regulates responsibilities in operation maintenance. The study re-
sults show that drivers can significantly contribute to the roadworthi-
ness of the fleet. unlike continental europe, in the uk, the DvSa 
[12] defines, through clear procedures, the driver’s responsibility for 
operation maintenance. in these procedures, drivers are required to 

formally record all defects on the truck, any repairs made and the 
signature of the person who carried out the repair. Drivers are also 
required to indicate how much time they spend on daily ‘walk around’ 
checks. The drivers’ tachographs must clearly show the time spent on 
the checks performed before driving on the road. This is not clearly 
defined and regulated in the continental Eu. 

The following recommendation for further research is related to 
the future development of trucks and driver-assistance systems that 
change the way driving is done, as well as truck maintenance proce-
dures. The competencies required from drivers will change accord-
ingly, and both research and modern recommendations for operation 
maintenance from a technical, organisational and human resources 
development point of view will have to follow.

6. Conclusions
While there have been many studies on the subject of the transport 

of goods in international transport, this is the first study to examine 
how maintenance in transport companies affects the role of drivers in 
fleet maintenance. The results obtained build upon the current field 
of research into modern maintenance strategies, as they highlight the 
importance of establishing an efficient maintenance infrastructure in 
transport companies. This allows drivers to be actively engaged in the 
company’s maintenance system, which ensures that the trucks are in 
a better technical condition, despite their high utilisation. The results 
therefore represent an important guideline for improving maintenance 
in transport companies, developing new competencies of truck driv-
ers and upgrading existing knowledge in the development of modern 
operation maintenance.

although this is the first study conducted in the field of operation 
maintenance in the transport industry, the research has its limitations, 
tied to the inability to compare the results with previous studies. This 
limitation also dictates future recommendations, since it would be ad-
visable to repeat a similar study in the future and compare the evolu-
tion of the maintenance function in the transport industry.
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changing the signal from the time domain to the frequency domain, 
especially when there is a high dynamics of change of signal param-
eters time. vibroacoustic research require not only measurements of 
vibration and noise characteristics, but also obtaining information 
about the studied phenomenon. The assumed research goal requires 
specifying the measurement methodology in relation to the technical 
object or its environment [5]. 

2. Modeling of vibroacoustic phenomena and sound 
perception review of current solutions

modeling of vibroacoustic signal are subject to vibration and 
acoustic phenomena, generated during the exploitation of machines/
devices. For analyzing vibroacoustic processes in the environment, 
it is used acoustic modeling of machines and devices [5]. For this 
purpose, methods of modeling the sound field of machines/devices 
are used to identify sound sources. characteristics of sound sources 
can be assessed by [5]:

a sound field generated by the source,• 
a source as an emitter of vibroacoustic energy.• 

methods of modeling of vibroacoustic phenomenon are widely 
used in tasks including identification and reduction of vibration and 
noise sources, analysis of vibroacoustic processes [11], the assess-
ment of the technical condition of machines/devices and their reliabil-
ity, damage analysis of machine/device elements or the assessment of 
the impact of vibroacoustic energy on the human body. For example, 
diagnostic modeling methods use a vibroacoustic signal to examine 
for wear or damage to technical object parts [5]. among the known 
methods of modeling these phenomena, the following methods can be 
distinguished: pressure, intensity, reciprocity, finite elements, inver-
sion, Fourier transforms, short-time Fourier transformation, wavelet 
transformation [1, 5].

1. Introduction

The source of phenomena occurring during the exploitation of 
machines and devices are complex vibroacoustic processes. These 
phenomena consist of varied impacts of vibration, noise, air and mate-
rial sounds, or medium pulsation in the areas of machine parts. These 
impacts are emitted to the environment in the form of vibroacoustic 
energy. The effects of vibroacoustic phenomena are the response of 
machines/devices in relation to their parts and environment. carrier of 
information about vibroacoustic phenomena there is a signal, which 
may be subject to various transformations. analysis of the vibroa-
coustic signal as a way of processing data into useful information is 
used not only in maintenance tasks [3, 10], diagnosis [13], reliability 
[9], assessment of the exploitation condition of technical objects [14], 
but also in the tasks of the impact of machinery/devices on the envi-
ronment. This impact can be analyzed in open spaces, rooms and in 
relation to the human body. vibroacoustic phenomena are all vibra-
tion and acoustic waveforms, which are related in a causal way. it 
was found, that in the study of these phenomena, the following issues 
should be included [5]:

time and spatial distribution of characteristics, describing the • 
energy coming from the source,
system response in the form of a vibroacoustic transition func-• 
tion,
interdependence between sources.• 

vibroacoustic phenomena are described with using basic physical 
quantities such as sound pressure, speed, acceleration, displacement, 
force [5]. in turn, the vibroacoustic signal can be represented by a 
unary function or a vector [1].

The applied methods of analyzing vibroacoustic signals use vari-
ous Fourier transforms, so you can get amplitude, phase or energy 
spectra. Fourier transform allows obtaining valuable information by 
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in the analysis of vibroacoustic phenomena, most often there are 
processed data and information directly related to the sound source, 
human or environment, including interactions between them. one of 
the goals of searching for the relationship between the characteristics 
of a machine/device in the environment (noise source) and the param-
eters of the acoustic field is the formulation of sound emission models 
for the purposes of assessing its impact [23]. in this regard, based on 
the vibroacoustic signal, appropriate physical characteristics of meas-
ured energy quantities are determined. on this basis it is defined the 
degree of harmful vibration or noise, negative impact of vibroacoustic 
phenomena on the human body, or on machine/device components 
or the environment. input data for modeling vibroacoustic phenom-
ena are acquired acoustic information from specified points of the 
machinery/device environment. For the purpose of determining the 
degree of exposure at a given point, it should be made measurements 
of characteristics of the noise pollution [6]. as a result of acoustic 
measurements, appropriate energy indicators are obtained at a given 
point [4, 21]. Studies on the auditory effects of human noise confirm, 
that noise risk assessment using only energy indicators is limited and 
insufficient [24, 20]. ın the used approach, the subjective significance 
of noise impressions is ignored. it is not included interaction of sound 
pitch and the loudness of dynamically changing sounds. The a-, B, 
c- and D- filters, used in this respect, approximate the inverted shape 
of curves with equal loudness at different levels of sound pressure. 
Weighing with the a filter has become the most commonly used fre-
quency factor, although it is not optimal for all sound pressure levels. 
Studies on sound perception show that the harmonics of sound with 
frequencies in the range 1÷5 [kHz] are more audible than the others 
[16]. This is important in interpreting the occurrence of elementary 
and complex phenomena in low and high frequency ranges [15]. in 
the research on the assessment of the subjective perception of human 
loudness for continuous sounds, it is used the method consisting in 
determining the total (equivalent) sound level corrected by a hearing 
correction filter (a). it should be noted that the frequency response of 
the filter (a) is an approximation of receiving audio impression of low 
sound levels. The analysis of the characteristics of the hearing thresh-
old shows that hearing sensitivity is highest in the medium frequency 
range 1000÷4000[Hz] and it significantly decreases in the low and 
high frequency band. it should be noted that the characteristics of the 
thresholds of hearing, discomfort and pain significantly differ from 
each other as a function of frequency [12]. analyzing the mechanism 
of acoustic impressions in relation to the characteristics of sound, it 
should be said, that there is no simple and clear relationship between 
the physical and subjective characteristics of sound. Research on sub-
jective sound characteristics relate to the description and interpreta-
tion of auditory impressions. The results confirm that noise perception 
is significantly affected by among others psychoacoustic aspects of 
sound, signal time structure, shaping of subjective sound features in 
the domain of: time, frequency, time-frequency [8, 17, 18, 19]. The 
undertaken research on the assessment of the quality of audio signals 
is based on the use of two categories of methods [26]:

subjective methods - consisting in assessing the human auditory • 
impressions,
objective methods - consisting in using approximate mathemati-• 
cal models to include perception mechanism.

Subjective methods of assessing sound quality use auditions of 
the assessed signal for the purpose of determining, perceived by the 
listener, the degree of similarity of both signals, the degree of their 
difference, or the level of discomfort caused by the presence of inter-
ference or distortion. These methods allow the evaluation of a direct 
response from the recipient, and individual subjective factors signifi-
cantly affect a single assessment. among the objective methods it can 
be distinguished:

signal methods - most often the assessed signal is compared • 
with the original signal, without distortion (reference signal). it 
is also used methods which do not take into account the refer-
ence signal.
parametric methods - the quality of sound is assessed on the • 
basis of knowledge about the applied processing technique and 
knowledge of its parameters, which are the input arguments of 
the assessment algorithm.

The review and interpretation of models and methods for ana-
lyzing vibroacoustic phenomena and sound quality assessment shows 
that the features contained in the audio signal can be a valuable source 
of information in the study of noise perception. it is important to take 
into account the psychoacoustic effects of the impact of vibroacoustic 
energy on the human body, both during its implementation of opera-
tional activities, maintenance, as well as being near sources of vibra-
tion and noise emissions.

The problem undertaken by the author concerns the inclusion, in 
modeling tasks of vibroacoustic phenomena, of psychoacoustic ef-
fects resulting from the exploitation of machines/devices.

3. A way of modeling of vibroacoustic phenomena with 
the use of the signal parameterization method

auditory sound impressions resulting from acoustic processes are 
strongly dependent on frequency, due to the physical conditions of 
acoustic wave propagation and perception. it should be regarded as sig-
nificant, non-linearity and the range of perception of sound phenomena, 
in relation to the amplitude of sound pressure and frequency [2]. The 
author proposed a new approach to modeling vibroacoustic phenomena 
occurring in the environment of operated machines/devices. This ap-
proach relies on extracting selected features from the acoustic signal 
and from the audio signal. The acoustic signal is represented by the 
physical features of the sound. The audio signal contains information 
representing the subjective features of the sound. in the proposed meth-
od, the starting point for modeling vibroacoustic phenomena are the 
features of the acoustic signal and the features of the audio signal. Fig. 
1 presents a method of modeling vibroacoustic phenomena occurring 
during the exploitation of machines/devices, which takes into account 
the psychoacoustic effects of noise.

Fig. 1. The method of processing the features of the acoustic signal and the 
features of the audio signal
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according to Fig. 1, the au-
thor proposed the following ac-
tions for the classification of the 
examined signal:

measurement and record-• 
ing of the examined signal: 
it is an information source 
for the acquisition and processing the features of the acoustic 
signal and the features of the audio signal,
extraction of signal features: involves the use of a method/model • 
for assessing physical and subjective features of an acoustic and 
audio signal,
assessment of the features of the examined signal: the basis for • 
the assessment of the features of the audio signal is the degree 
of compatibility of its features with the features of the reference 
signal,
classification of the examined signal: the assignment of the au-• 
dio signal to a given class of the reference signal based on the 
assessment of features.

The proposed method assumes, that assessment and selection of 
reference signals will be based on playing back recorded audio signals 
to recipients as part of a psychoacoustic experiment. assignment of 
reference signals to the appropriate noise assessment class is realized 
on the basis of the results obtained from the signals presented during 
the experiment.

3.1. Description of the method of parameterizing the audio 
signal

in the considered research problem, the proposed method of pa-
rameterizing the audio signal is based on a perceptual model. This 
model uses the properties of the hearing mechanism of the human ear, 
characterized by a non-linear perception of the height of the frequency 
of received sound signals on a mel-scale. method of parameterizing 
the audio signal, applied by the author, in modeling vibroacoustic 
phenomena is original and not found in the literature of the subject. 
The mFcc (mel-Frequency cepstral coefficients) method is one of 
the most commonly used methods of speech signal parameterization. 
it allows the determination of a set of cepstral coefficients, i.e. the 
features of the signal from the melody spectrum [7]. mel-cepstral co-
efficients are patterned on the processing of the acoustic signal in the 
cochlea of the human hearing organ. Their task is to reflect the natural 
response of the auditory system to sound stimulation. The proposed 
method consists in modeling the parameters extracted from the audio 
signal, which strongly depend on the subjective listening impressions 
of sound. The prerequisites for the implementation of the study of vi-
broacoustic phenomena by mel-cepstral coefficients was the recogni-
tion of the possibility of using the method of parameterizing the audio 
signal. This method allows taking into account, among others:

randomness of signals commonly found in exploited machines/• 
devices,
variability of the frequency structure in the signal waveform,• 
estimation of the signal spectra on a subjective perceptual • 
scale,
nonlinearity of the perception of the frequency of sound by hu-• 
man.

Determination of mel-cepstral coefficients gives the possibilities 
of effective classification and assessment of the examined audio sig-
nals. Lack of universality of solutions in the recognition of acoustic 
signal patterns for the purposes of their assessment is not due to the 
imperfection of methods but to the complexity of the source signals. 
For this reason, the transformation of the analyzed signals is used to 
obtain the appropriate space of sound features. For the purpose of 

determining the vector of mFcc coefficients, it was applied an algo-
rithm to extract the features of the audio signal (fig. 2).

according to the procedure presented in Fig. 2, it was adopted 
staged realization of signal features processing [25]:

Stage 1: Preemphasis process consisting of forming filtration, 
which results in weakening of low-frequency components and ampli-
fication of high-frequency components.

Stage 2: Signal framing, i.e. dividing the signal into short frag-
ments called frames. it is possible applying overlapping successive 
time frames. Then, at this stage, windowing is carried out using Ham-
ming window:

 1( ) 0,54 0,46cos(2 )
1

nHam N
N
−

= − π
−

  (1)

where:
N - frame length,
n =1,2,...,n.

Stage 3: Execution of the Fast Fourier Transform (FFT) algorithm 
on the windowed signal in individual frames and determination of the 
module of estimate of the power spectral density of the signal.

Stage 4: Performing mel-filtration using a set of bandpass triangu-
lar filters with frequencies determined in accordance with:

 Hz
102595log (1 )

700mel
ff = +  (2)

The calculations used the logarithm of energy, which reduces the 
sensitivity of filters to very loud and very quiet sounds and allows 
modeling of non-linear amplitude sensitivity of the human ear.

Stage 5: The final stage of the procedure is the use of the discrete 
cosine transform (DcT). The resulting vector mFcc coefficients is 
calculated according to the relationship:
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where:
i - filter number numer filtra,
Xr - frame spectrum,
Hi - filter set,
Si - band energy,
n - coefficient number,
n - number of filters used.

in most recognition systems n is 1, and the coefficient MFCC0 is 
omitted. The generated vector coefficients mFccn takes the form:

 MFCC MFCC MFCC MFCC MFCCn = 1 2 3 13, , ,...  (5)

in the presented research method, it was assumed, that reference 
signals identified as part of the psychoacoustic experiment will be pa-
rameterized to determine mel-cepstral coefficients. according to the 

Fig. 2. Parameterization procedure of the audio signal using MFCC coefficients [25]
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procedure (Fig. 2), mel-cepstral coefficients are determined for each 
examined audio signal, which will then be evaluated using pattern 
signals. Based on the determined mFcc coefficients, the classifica-
tion of the examined signal consists in the assessment of the degree of 
compliance of its features with the pattern signals. in order to classify 
the examined audio signals (based on a set of standard signals), as a 
measure of assessment, the author proposed the smallest distance be-
tween two series of feature vectors, i.e. mFcc coefficients using the 
DTW method (Dynamic Time Warping). The signals emitted by vi-
broacoustic sources are characterized by dynamic variability in time, 
which causes that the features of these signals are also subject to vari-
ability. Dynamic Time Warping (DTW) is one of the methods used in 
speech recognition. in particular, this method was primarily used in 
recognizing isolated words and searching for passwords. This method 
is used to recognize and classify the matrices of features of the mFcc 
coefficients as a non-linear time transformation. it involves the trans-
formation of the timeline, to better match two time sequences. Deter-
mining the distance using the Dynamic Time Warping (DTW) method 
consists in:

calculating the so-called matrix of local distances d(m, n), which • 
is created by calculating Euclidean distances between each vec-
tor of the examined signal and the pattern signal,
determining the sum of local (Euclidean) distances, which is the • 
distance accumulated along the optimal path in the local dis-
tance matrix, from the lower left corner of the matrix to its upper 
right corner.

Particular DTW distances between the pattern signals and exam-
ined signal can be determined according to the following formula:

 d X Y x y x ymn k m
k

K
k n k m k n( , ) ( ) ( ), , , ,= − ⋅ −

=
∑

1
 (6)

where:
K- signal dimension,
m, n - vector sequences of X and y features.

The accumulated distance calculated along the optimal path is the 
smallest of the possible accumulated distances of individual vectors of 
the mFcc coefficients of the examined signal and the pattern signal. 
it was assumed that the criterion for the classification of the examined 
signal in the scope of assessing noise annoyance will be the smallest 

DTW distance between mel-cepstral coefficients of the examined sig-
nal and a given pattern signal of the same time length.

3.2. Example of using the method and classification of the 
examined audio signal

The audio signal selected for examine was a sound sample 
called Dw13a_9_56, characterized by an equivalent sound level 
Laeq=56[dB(a)]. The signal was recorded in a point located at the 
height of the road lane and it included the measurement of the im-
mission of road noise sources of moving vehicles on a cobblestone 
pavement. Due to the research goal, the measurement was not made in 
accordance with the applicable methodology for carrying out environ-
mental measurements [22]. The following set of devices and measur-
ing aids were used for recordings and measurements:

Brüel & kjæ• r 2238 mediator sound level meter,
Brüel & kjær 4188 measuring microphone for measurements • 
of a free field,
zOOM Handy Recorder H4n sound recorder,• 
microphone tripod.• 

The time of recording and measurements was set at 5 [min]. Dur-
ing recording and measuring, the microphone was placed on a tripod 
in the middle of the pavement, at a height of 1.7 [m], which corre-
sponded to the approximated height of the head of a potential passerby. 
it was assumed that in the subjective assessment of sound samples (in 
a psychoacoustic experiment), there participated people with normal 
hearing. Ten 10-second files were selected for each 5-minute file. in 
the carried out experiment, there attended 80 people aged between 22-
50 years, who met the above assumption. in ongoing psychoacoustic 
research, to assess the annoyance of road noise from the 30 audio 
signals presented, a point scale in the range of 1 to 5 was proposed. 
appropriate labels have been assigned to the assessed signals, i.e.:

not at all - grade 1,• 
little - grade 2,• 
medium - grade 3,• 
very - grade 4,• 
intolerable - grade 5.• 

Taking into account the extent of the obtained sound level values 
corresponding to different measurement locations (characterized by 
variable buildings, variable road infrastructure system) and different 
road surfaces (i.e. pavement, asphalt), it was decided that the selected 
signal samples will be prepared in such a way that their equivalent 

Table 1. List of σ  and x  values of MFCCn mel-cepstral coefficients for pattern signals

Pattern signal 1 Pattern signal 2 Pattern signal 3 Pattern signal 4 Pattern signal 5

Coefficient No.  σ x σ x σ x σ x σ x

 MFCC1 1,25 -2,07 1,40 -2,08 1,16 -1,99 1,38 0,61 1,40 1,43

MFCC2 1,27 -18,01 1,81 -16,32 1,62 -14,21 2,01 -11,14 2,00 -10,60

MFCC3 0,35 3,26 0,31 3,20 0,35 3,11 0,43 3,27 0,43 2,79

MFCC4 0,25 -0,51 0,25 -0,65 0,24 -0,99 0,33 -0,75 0,61 0,13

MFCC5 0,23 0,38 0,23 0,30 0,20 -0,09 0,28 -0,30 0,36 0,03

MFCC6 0,20 0,06 0,22 0,03 0,20 -0,03 0,31 -0,07 0,32 0,03

MFCC7 0,18 0,28 0,18 0,29 0,18 0,16 0,24 0,24 0,29 0,26

MFCC8 0,20 0,11 0,19 0,08 0,18 -0,09 0,21 0,24 0,32 0,19

MFCC9 0,18 0,13 0,20 0,16 0,18 0,13 0,21 0,47 0,34 0,18

MFCC10 0,17 0,02 0,18 0,03 0,17 0,10 0,20 0,02 0,37 0,14

MFCC11 0,16 0,06 0,17 -0,03 0,18 0,06 0,20 0,18 0,39 0,04

MFCC12 0,17 0,02 0,18 -0,02 0,17 -0,01 0,27 -0,22 0,42 -0,02

MFCC13 0,16 0,03 0,17 -0,03 0,18 0,02 0,18 0,20 0,44 -0,01
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level corresponded to one of the following five values, i.e.: 56, 62, 
68, 74, 80[dB(a)]. ınput data for determining the MFccn vector 
were audio pattern signals in the time domain, selected on the ba-
sis of a psychoacoustic experiment and representing the appropriate 
classes of noise annoyance. as a result of the procedure (Fig. 2), 
13 mel-cepstral coefficients were calculated for each of the pattern 
signals and the examined signal. The calculations were carried out in 
the matlab R2018a environment using the function (mfcc). Standard 
deviation (σ ) and average ( x ) values were determined for each of 
the coefficients for 1000 data (values were calculated with a step 
0,01[s]), (Table 1).

The comparative analysis of the mFcc values of the examined 
signal with the pattern signals showed that the largest (local) relative 
differences between the mFcc coefficients occurred when the exam-
ined signal was combined with the pattern signal 4 (Fig. 3).

individual DTW distances between the pattern signals and the ex-
amined signal were determined using the function (dtw) in the math-
lab R2018a environment. after substitution into (6), there have been 
determined DTW distances between mFcc coefficients for individu-
al pattern signals and the examined audio signal Dw13a_9_56.

 Table 2 shows that the smallest accumulated DTW distance was ob-
tained for the variant of assessment of the examined signal Dw13a_9_56 

Pattern signal 1/examined signal

Pattern signal 3/examined signal

Pattern signal 5/examined signal

Pattern signal 2/examined signal

Pattern signal 4/examined signal

Fig. 3. Comparative analysis of MFCC coefficients of the examined signal with pattern signals

Table 2. The summary cumulative DTW distances of the examined signal with the pattern signals

No. Type of variant Accumulated distance DTW

1. Pattern signal 1/examined signal 197,829

2. Pattern signal 2/examined signal 249,447

3. Pattern signal 3/examined signal 304,864

4. Pattern signal 4/examined signal 496,279

5. Pattern signal 5/examined signal 537,361
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together with the pattern 1, which means that the examined signal has 
been classified into the noise annoyance class: not at all.

4. Discussion of results and conclusions

The obtained results of the classification of the examined audio 
signal, based on the assessment of its features, i.e. mFcc coefficients, 
justify the application of the method of parameterization of the audio 
signal in modeling of vibroacoustic phenomena of machines / devices, 
taking into account the psychoacoustic effects of noise. The presented 
method can be directly used in the tasks of assessing sound sources, 
shaping employee health, or developing design and construction solu-
tions for noise protection. The proposed method of parameterization 
of the audio signal expands and complements the applied energetic 
approach to modeling vibroacoustic phenomena of machines/devices. 
The possibilities of cepstral analysis based on the characteristics of 
human hearing (mel-scale), were an important arguments for the au-
thor to look for a new way of research in the field of modeling vibroa-
coustic phenomena. The presented method allows for classification of 
any audio signal in terms of noise assessment based on the mel-scale 
of hearing, for the identified source type of vibroacoustic energy. an 
important advantage of using the method of parameterizing the audio 
signal is the ability to model cepstrum, which allows you to include 
noise perception and interpretation of the information contained in the 
spectrum of the audio signal. The parameters determined in a percep-
tual scale reflect natural sound experiences, which is important for the 
assessment of psychoacoustic noise and vibration phenomena. The de-
veloped method of modeling vibroacoustic phenomena is based on the 
assessment of the acoustic/audio signal using the following methods:

methods of scaling the audio signal (subjective assessment of • 
acoustic impressions as part of a psychoacoustic experiment),
methods of parameterizing the audio signal (assessment of sig-• 
nal features on the mel-scale), which is an objective description 
of perceived noise.

The undertaken research will be continued in the area of applica-
bility of methods and models describing the psychoacoustic effects of 
noise in the time-frequency domain and other perceptual scale, e.g. 
the bark-scale. The method of modeling vibroacoustic phenomena 
proposed by the author gives new possibilities in the scope of ma-
chine/device assessment, at the stage:

design and construction, as an additional criterion in the process • 
of optimizing the silent operation of elements,
exploitation, as part of diagnostic tests for the purposes of ver-• 
ifying the degree of wear of individual components and sub-
assemblies, and, as a result, assessing their reliability level.

The processed information in the form of acquired features from 
the audio signal is an added value for the acoustic signal and can be 
effectively used in supporting decision making of the above-men-
tioned tasks.

Acknowledgement
The article is the result of research conducted in the Department of 

Production Engineering of the Faculty of Organisation and Manage-
ment of the Silesian University of Technology, which was financed by 

the Rector’s Habilitation Grant number 13/030/RGH19/0057.

References

1.  Batko w, Dąbrowski z, engel z, kiciński J, weyna S. Nowoczesne badania procesów wibroakustycznych. Radom: wydawnictwo ınstytutu 
Technologii Eksploatacji -PiB, 2005.

2.  cempel cz. wibroakustyka stosowana. warszawa: Państwowe wydawnictwo Naukowe, 1989.
3.  Daniewski k, kosicka e, Mazurkiewicz D. analysis of the correctness of determination of the effectiveness of maintenance service actions. 

management and Production Engineering Review 2018; 9(2): 20-25.
4.  Directive 2002/49/ec of the european Parliament and of the council of 25 June 2002 relating to the assessment and management of 

environmental Noise. Official Journal of the european communities - 18.07.2002.
5.  engel z, Piechowicz J, Pleban D, Strychniewicz l. Minimalizacja przemysłowych zagrożeń wibroakustycznych. Poradnik. warszawa: 

centralny ınstytut Ochrony Pracy - Państwowy ınstytut Badawczy, 2005.
6.  engel z, zawieska wiktor M. Hałas i drgania w procesach pracy. Źródła, ocena, zagrożenia. warszawa: centralny ınstytut Ochrony Pracy - 

Państwowy ınstytut Badawczy, 2010.
7.  Gauchev T, Fakotakis N, kokkinakis G. comparative evaluation of various mfcc implementations on the speaker verification tasks. Proc. of 

the SPecOM 2005: 191-194.
8.  Genuit k. Fiebig a. Psychoacoustics and its benefit for the soundscape approach. acta acustica 2006; 92: 1-7.
9.  Gola a. Reliability analysis of reconfigurable manufacturing system structures using computer simulation methods. eksploatacja i 

niezawodnosc - maintenance and Reliability 2019; 21(1): 90-102, https://doi.org/10.17531/ein.2019.1.11.
10.  Jasiulewicz-kaczmarek M., zywica P.: The concept of maintenance sustainability performance assessment by integrating balanced scorecard 

with non-additive fuzzy integral. eksploatacja i Niezawodnosc - Maintenance and Reliability 2018; 20(4): 650-661, https://doi.org/10.17531/
ein.2018.4.16.

11.  kosicka e, kozłowski e, Mazurkiewicz D. The use of stationary tests for analysis of monitored residual processes. eksploatacja i 
Niezawodnosc - Maintenance and Reliability 2015; 17(4): 604-609, https://doi.org/10.17531/ein.2015.4.17.

12.  licklider JcR. correlates of the auditory stimulus. [w:] Handbook of experimental Psychology (red. Stevens S.S.). New york: wiley, 
1966.

13.  loska a, Moczulski w, wyczółkowski R, Dąbrowski a. ıntegrated system of control and management of exploitation of water supply 
system. Diagnostyka 2016; 17(1): 65-74.

14.  loska a. Methodology of variant assessment of exploitation policy using numerical taxonomy tools. Management Systems in Production 
engineering 2015; 2(18): 98-104.

15.  Makarewicz R. Dźwięk w środowisku. Poznań: Ośrodek wydawnictw Naukowych, 1994.
16.  Ozimek e, kocinski J, kutzner D. et al. Speech intelligibility for different spatial configurations target speech and competing noise source 

in a horizontal and median plane. Speech communication. 2013; (10): 1021-1032, https://doi.org/10.1016/j.specom.2013.06.009.
17.  Paszkowski w. The assessment of acoustic effects of exploited road vehicles with the use of subjective features of sound. eksploatacja i 

niezawodnosc - maintenance and Reliability 2019; 21(3): 522-529, https://doi.org/10.17531/ein.2019.3.19.
18.  Paszkowski w, kotus J, Poremski T, kostek B. evaluation of sound quality features on environmental noise effects - a case study applied to 



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 3, 2020 507

sciENcE aNd tEchNology

road traffic noise. Metrology and Measurement Systems 2018; 25(3): 517-531.
19.  Paszkowski W, Sobiech m. The modeling of the acoustic condition of urban environment using noise annoyance assessment. Environmental 

Modeling & assessment 2019; 24: 319-330, https://doi.org/10.1007/s10666-018-9643-1.
20.  Raimbault M, lavandier c, Berengier M. ambient sound assessments in or urban environments: field studies in two French cities. appl. 

acoust. 2003; 64: 1341-1256, https://doi.org/10.1016/S0003-682X(03)00061-6.
21.  Rozporządzenie Ministra Środowiska z dnia 1 października 2012 r. zmieniające rozporządzenie w sprawie dopuszczalnych poziomów hałasu 

w środowisku, (Dz.u. z 8 października 2012, poz. 1109).
22.  Rozporządzenie Ministra Środowiska z dnia 30 października 2014r. w sprawie wymagań w zakresie prowadzenia pomiarów wielkości emisji 

oraz pomiarów ilości pobieranej wody,Dz.u.2014, poz. 1542.
23.  Rudno-Rudzińska B. Modelowanie emisji i propagacji dźwięku do prognozowania klimatu akustycznego środowiska zurbanizowanego. 

Prace naukowe ınstytutu Telekomunikacji i akustyki Nr 75. Monografie nr 39. wrocław: Oficyna wydawnicza Politechniki wrocławskiej, 
1994.

24.  Schomer PD. criteria for assessment of noise annoyance. Noise control eng. J. 2005; 53(4): 132-144, https://doi.org/10.3397/1.2839251.
25.  zieliński T. cyfrowe przetwarzanie sygnałów. Od teorii do zastosowań. warszawa: wydawnictwa komunikacji i łączności wkł, 2007.
26.  zieliński T.P, korohoda P, Rumian R. cyfrowe przetwarzanie sygnałów w telekomunikacji. warszawa: wydawnictwo Naukowe PwN Sa, 

2014.

waldemar paszkowski
Silesian university of Technology
Faculty of organization and Management
ul. roosevelta 26-28, 41-800 zabrze, Poland

e-mail: wpaszkowski@polsl.pl



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 3, 2020508

article citation info:

1. Introduction

With the improvement of industrial techniques and requirements 
for productivity, plenty of high-integrity and complex-structured 
electromechanical systems (EmSs) have been widely employed and 
utilized. The performance of the equipment can be further enhanced 
with a higher integration, which necessitates a better understanding 
of the failure degradation law of key components. For the design of 
a highly integrated system, reliability theory has attracted consider-
able researches in recent years to study the failure relationship among 
systems and components with the lifetime of products as the main 
research object. Specifically, many strategies have been proposed for 
the sake of reliability model establishment, such as block diagrams 
[1], markov analysis (ma) [2], simplified equations [3] and fault trees 
(FTs) [4]. an FT is a powerful tool for reliability modeling that uses 
binary decision diagrams (BDDs). as an extension of an FT, a Baye-
sian network (Bn) describes the relationship of failure events with a 

directed acyclic graph (Dag) as well as conditional probability tables 
(cPTs), as proposed by Pearl [5], achieving significant development 
in system reliability and safety analyses. ın addition, cai et al. [6] 
evaluated the reliability of a blowout preventer control system with a 
Bn. a Bn model was also established for wind turbines by Su et al. 
[7] to achieve a reliability analysis considering environmental factors 
and uncertainty. mi et al. [8] presented a methodology to quantify the 
importance of common cause failures in the context of a Bn and prob-
ability bounds analysis.

The uncertainty of the system is very important for the accuracy 
of the reliability estimation since it is difficult to attain a compre-
hensive knowledge of system failure. Specifically, in simulation and 
experimental processes, according to Ref. [9], uncertainties can be 
divided into three sources:

uncertainties in parameterization.1) 
uncertainties in modeling.2) 
uncertainties in experiments.3) 

LIang h, MI j, BaI L, cheng y. Imprecise sensitivity analysis of system reliability based on the Bayesian network and probability box. eks-
ploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 508–519, http://dx.doi.org/10.17531/ein.2020.3.14.

he LIang
jinhua MI
Libing BaI
yuhua cheng

imprecise sensitivity analysis of system reliability 
baseD on the bayesian network anD probability boX

nieDokłaDna analiza czułościowa niezawoDności systemu 
w oparciu o sieć bayesowską i pole prawDopoDobieństwa (p-boX)

Sensitivity analysis measures how changes in system inputs affect outputs. Previously, a large amount of sensitivity analysis re-
search was relevant to the precise probability that is regarded as an ideal condition of engineering. Due to insufficient test samples 
and the low accuracy of test data, system reliability with hybrid uncertainty is difficult to be described as a precise value. As a 
profusion of highly integrated electromechanical equipment is applied in modern life, it is impossible to apply sufficient resources 
to eliminate the stochastic property of every component, which necessitates the identification of highly sensitive components to 
efficiently reduce imprecision. Hence, based on the theory of imprecise probability, imprecise sensitivity analysis has become a 
popular research topic in the last decade. In this paper, a method for uncertain system reliability and imprecise sensitivity analysis 
is proposed based on a Bayesian network, a probability box and the pinching method. The feasibility and accuracy of the combined 
method are fully verified through the evaluation and analysis of a numerical example and a case study of an electromechanical 
system, and the highly sensitive components that heavily influence the imprecision of system outputs are accurately identified.

Keywords: bayesian network; probability box; sensitivity analysis; reliability analysis.

Celem analizy czułościowej jest badanie w jakim stopniu zmiany danych wejściowych systemu wpływają na dane wyjściowe. 
Dotychczasowe badania z wykorzystaniem analizy czułościowej były związane z dokładnym prawdopodobieństwem postrzega-
nym w inżynierii jako warunek idealny. Przy niewystarczającej wielkości badanej próby i niskiej dokładności danych testowych, 
niezawodność systemu o hybrydowej niepewności trudno opisać w sposób dokładny. Biorąc pod uwagę fakt, że we współczesnym 
świecie wykorzystuje się duże ilości wysoce zintegrowanych urządzeń elektromechanicznych, niemożliwa jest alokacja wystarcza-
jących zasobów w celu wyeliminowania właściwości stochastycznych każdego elementu. Oznacza to, że aby zredukować niedo-
kładność, konieczna jest identyfikacja komponentów o wysokiej czułości. Dlatego też popularnym przedmiotem badań ostatniej 
dekady stała się niedokładna analiza czułości, bazująca na teorii niedokładnego prawdopodobieństwa. W artykule zapropo-
nowano metodę analizy niezawodności niepewnego systemu jak również niedokładnej analizy czułościowej w oparciu o sieć 
bayesowską, pole prawdopodobieństwa i metodę pinch point. Możliwość wykorzystania i dokładność metody zostały w pełni 
potwierdzone na podstawie przykładu liczbowego jak również studium przypadku systemu elektromechanicznego; proponowana 
metoda pozwoliła na poprawne określenie wysoce czułych elementów systemu, które w dużym stopniu wpływają na niedokładność 
danych wyjściowych układu.

Słowa kluczowe: sieć bayesowska; pole prawdopodobieństwa; analiza czułości; analiza niezawodności.
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However, to reduce the effects of uncertainty, it is more advanta-
geous to take the intuitive uncertainty quantification metrics and the 
adjustment of the reliability analysis into prior consideration.

uncertainty is currently divided into two types: epistemic (reduci-
ble) uncertainty and aleatory (irreducible) uncertainty [10, 11]. aleatory 
uncertainty, determined by the random properties of a system, cannot 
be reduced, whereas the probability distribution can be derived easily 
by classic probability theory. However, epistemic uncertainty caused 
by the lack of knowledge of system mechanisms and samples cannot 
be eliminated by classic probability methods. although the effects of 
epistemic uncertainty can be diminished through mass testing data and 
a deep understanding of system mechanisms, experts have not reached 
a consensus on dealing with epistemic uncertainty at present except 
for taking its quantification under initial consideration. The theory of 
evidence was first proposed by Dempster and then further promoted 
by Shafter, so it is called D-S evidence theory [12]. Basically, it can 
be interpreted as a generalization of Bayesian probability, assigning 
a number between 0 and 1 to the degree of belief supporting a certain 
proposal [13]. The details of the definitions refer to references [13–15]. 
miscuri et al. [13] utilized an evidence network, which is the combina-
tion of the Bn and evidence theory, and critical networks for security 
vulnerability assessment. in addition to evidence theory, probability 
bounds theory (PBa), also known as the probability box (p-box), is an-
other popular uncertainty quantification metric. Based on precise prob-
ability theory, the p-box is divided into parametric and nonparametric 
types. The parametric p-box assumes that the probability distributions 
of the variables are known, and the possible cumulative distribution 
functions (cDFs) of the variable are in the same distribution. However, 
for the nonparametric p-box, the cDFs can be any cDF between the 
lower and upper probability bounds. Mi et al. [16] constructed a p-box 
to characterize the uncertainty of a multistate system with ccF. Feng 
et al. [17] evaluated sensitivity by utilizing the p-box as the quantifica-
tion metric and a survival signature as the reliability modeling method. 
Meanwhile, Schöbi et al. [18] proposed interval-valued Sobol indices 
as an extension of classic definition by modeling the uncertain input 
parameters through parametric p-boxes. in short, the p-box is suitable 
for illustrating the epistemic uncertainty caused by insufficient sam-
ples, while it is more beneficial to consider evidence theory for the 
uncertainty caused by low data accuracy [19]. as Ref. [20] concludes, 
for any event U F∈  ，the upper and lower probability bounds respec-
tively correspond to the belief function Bel(U) and plausibility func-
tion Pl(U), in which we can find the mutual conversion of evidence 
theory and p-box in the mathematical form.

Sensitivity analysis (Sa) quantifies the influence of input uncer-
tainty variation on the system output uncertainty. The purpose is to 
determine the main source of the system uncertainties. Sa provides 
a basis for uncertainty reduction and can improve the robustness of 
the model prediction. Traditionally, Sa methods for precise probabil-
ity distribution have been developed rapidly, and various approaches 
have been proposed, such as regional sensitivity analysis [21] and 
matrix-based metrics [22].

However, there are still few publications for imprecise sensitivity 
analysis (ıSa) [18]. Sankararaman & Mahadevan [23] and krzykacz-
Hausmann [24] described a global Sa in the presence of Bayesian 
hierarchical models. Ref. [25] introduced Sobol indices for iSa. in 
addition, Helton et al. [26], on the basis of evidence theory, discussed 
the variance-based algorithm. The pinching method, proposed by Fer-
son [27], compares the variation in output uncertainty when part of 
the input variables has eliminated the uncertainty as a precise value, 
interval or probability distribution.

in response to the necessity of iSa studies of uncertain system re-
liability, this paper proposes a method to establish a reliability model 
with a Bn, using the pinching method [27] to complete sensitivity 
analysis with the imprecision characterized by the p-box. Then, the 
high-sensitivity components and subsystems can be identified by 

ranking the indices. This approach is introduced as a new solution 
that implements the Bayesian network and pinching method for re-
liability and sensitivity analysis. a numerical example and an EmS 
case are detailed and analyzed by the proposed iSa approach to verify 
its feasibility. Hence, this article is organized as follows. Section 2 
introduces the reliability, uncertainty, and sensitivity analysis theories 
involved in the following cases. using an example of an uncertain 
system, details of the reliability modeling and sensitivity analysis are 
described in Section 3. ın Section 4, the proposed method is applied 
to an EmS. conclusions are provided in Section 5.

2. Preliminaries

2.1. Bayesian network

a Bn consists of a Dag and cPTs, representing the direct de-
pendency probability relationships among the variables [28]. Fig. 1 
shows a simple Bn, where the texts in the circles refer to certain fail-
ure events, and the directed arrows indicate the relationship of events. 
in the graph, nodes with only outputs are named root nodes, whereas 
leaf nodes have only inputs. Therefore, the clear and brief form to 
illustrate the propagation of failures is the advantage of a Dag. For 
constructing cPTs in the reliability and safety field, when the logic 
relation of parent nodes is anD, it means that the child event could 
be true only if parent events are true. moreover, if the logic relation 
is oR, the child event will be true as long as one parent event is true. 
notably, to optimize the calculation, cPTs should follow some format 
specifications. in this paper, “F” refers to the fail state of the compo-
nent and “T” refers to the normal state. as a proposition regarding 
whether the given component state is true in the cPT table, “1” means 
true, and “0” means false. ıt is assumed that X1 is in series with X2 
and that X3 is in parallel with y. as shown in Table 1 and Table 2, the 
tables that describe the marginal probability distribution of y and T 
are cPTs, and the two tables depict the logic relation of anD and oR, 
respectively.

Fig. 1. A simple BN

The reasoning of the Bn consists of forward and backward infer-
ence, also termed as predictive and diagnostic analysis, respectively. 
The former infers the marginal probability of any node in the condi-
tion of a given parent node’s prior marginal probability mass function 
(PmF) and conditional PmFs of other child nodes in the network.

Table 1. CPT of intermediate node Y

X1 X2
Y

F T

F F 1 0

F T 0 1

T F 0 1

T T 0 1
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assuming that a set of random variables { }1,..., nX X  is composed 
of the system failure events corresponding to each node in a Bn, the 
joint distribution can be calculated by the following formula:

 { } ( )1
1

,...,
n

n i i
i

P X X P X π
=

=∏   (1)

where iπ  is the parent node of iX . For the Bn shown in Fig. 1, 
the joint probability distribution is given by Eq. (2):

{ } ( ) ( ) ( ) ( ) ( )1 2 3 3 1 2 3 2 1, , , , , ,P T Y X X X P T X Y P Y X X P X P X P X=  

(2)

using Eq. (1), the marginal probability distribution of iX  
can be presented as:

 { } { }1,...,
i

i n
except X

P X P X X= ∑   (3)

With R  defined as the reliability of the system, the reli-
ability of the system shown in Fig. 1 can be presented as:

 { }1 2 31 , , ,y,T
except T

R P X X X= − ∑   (4)

2.2. Probability box

For a system with aleatory uncertainty, precise probability 
distributions can be used to quantify the degree of uncertainty, 
such as exponential, Weibull, and lognormal distributions. conse-
quently, classic probability theory exhibits favorable performance 
for quantitative issues of aleatory uncertainty. However, due to the 
incomplete knowledge of the system mechanism and the sample data, 
epistemic uncertainty always exists in the system. Furthermore, the 
classic probability method is not the appropriate evaluation approach 
because of the probability parameters defined as the intervals. To pre-
cisely measure the system uncertainty, the p-box is a solution provid-
ing a clear view of the epistemic uncertainty of a random variable and 
has been widely applied to quantify and represent the uncertainty in 
risk analysis [29] [10]. a nonnegative random variable X describes the 
lifetime of a component. FL (t) and FU (t) are cDFs of variable X on 
real number R, and F (t)=P{X ≤ t}. Suppose F is a set of nondecreas-
ing functions that map R into [0,1], where FL (t) and FU (t) are the 
lower and upper bounds of F. Then, a p-box is defined by a probability 
family that matches the constraints FL (t) ≤ F(t) ≤ FU (t) and F(t)∈F 
[10]. For reliability R(t)=1-F(t), the p-box ℜ  reflects the survival 
probability and is defined as:

 ℜ = ( ) ∀ ∈ ( ) ≤ ( ) ≤ ( ){ }R t t R R t R t R tL
U,   (5)

For example, suppose the random variable Xwb follows a Weibull 
distribution, the shape and scale parameters are set as β=3 and 
η=[10,40], respectively, and the parameters for the lognormal distri-
bution XLogn are σ=0.4 and μ=[6,8]. as shown in Fig. 2, the p-boxes 
describe the reliability bounds by RL(Xwb), RU (Xwb), RL(XLogn) and RU 
(XLogn), and the uncertainty can be quantified as the regions of Swb and 
SLogn. The area of epistemic uncertainty space enclosed by the upper 
and lower bounds can be converted from graphs to numerical form 
via eq. (6):

( )( ) ( )( ) ( ) ( )s
0 0 0 0

1 1 .U U U
L L LS F t dt F t dt R t dt R t dt ET ET

+∞ +∞ +∞ +∞
= − − − = − = −∫ ∫ ∫ ∫

 
(6)

where ETu and ETL represent the maximum and minimum mean life-
times of the system, respectively. eq. (6) quantifies the variation of 
system reliability with epistemic uncertainty, providing an index for 
uncertainty reduction. moreover, the index is calculated for Sa in the 
next subsection.

2.3. Sensitivity analysis of reliability

it has been shown that increasing the quantity and improving 
the accuracy of samples can reduce the epistemic uncertainty, but 
this is difficult to achieve for every component in a complex sys-
tem. System reliability Sa [30] [26] identifies the high-sensitivity 
components and optimizes their uncertainty properties to enhance 
equipment performance and save resources. Therefore, a variety of 
Sa metrics have been developed for better performance to solve 
practical engineering issues.

in engineering practice, since the precise distribution is always 
unknown, an interval value is used for uncertainty prediction, and tra-
ditional Sa methods are invalid due to the imprecise form of input 
variables. Ferson [27] proposed the p-box to characterize this uncer-
tainty, which merges interval analysis and classic probability theory 
and treats aleatory and epistemic uncertainty separately on the basis of 
maintaining their features. The p-box permits a comprehensive uncer-
tainty analysis, and this fact obviates some of the complexity that af-
flicts traditional monte carlo approaches to sensitivity analysis based 
on similar ideas. Based on the uncertainty definition by the p-box, the 
sensitivity index eS  can be computed by Eq. (7):

Table 2. CPT of leaf node T

X1 X2
T

F T

F F 1 0

F T 1 0

T F 1 0

T T 0 1

Fig. 2. P-boxes of Weibull and lognormal distributions
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(a)=1
( )e

unS
un B

−                    (7)

where B is the initial value of the epistemic un-
certainty and A is the uncertainty index when 
the input epistemic uncertainty is reduced. 
moreover, ()un  represents the uncertainty 
quantification method, which can be described 
by the p-box graph and calculated through the 
size of the uncertainty space enclosed by the 
probability bound; the details can be seen in 
Section 2.2.

To identify highly sensitive components, 
the pinching method should be initially used to 
reduce the uncertainty of each component, fol-
lowed by evaluating and ranking the sensitivity 
indexes obtained by Eq. (7). it should be noted 
that, unlike the variance-based index, the uncer-
tainty reduction will not add up to 100% after 
all the input variables eliminate the uncertainty.

There are multiple possibilities to pinch 
uncertainty. Different pinching strategies provide diverse sensitivity 
values but will not affect the ranking of the values. The three different 
strategies are listed as follows [27]:

(i) replace an input with a point value,
(ii) replace an input with a precise distribution function, or
(iii) replace an input with a zero-variance interval.

considering that aleatory uncertainty is easy to model by clas-
sic probability theory but hard to eliminate, this work selects strategy 
(ii) to pinch the uncertainty, which focuses on the characterization 
of aleatory uncertainty and the elimination of epistemic uncertainty. 
Due to the unknown target parameter value after pinching uncertainty, 
different target values used in the Sa cause changes in index values, 
which is termed the deviation. To reduce the effect of deviation, a new 
sensitivity index that takes the means of all sensitivity index values is 
proposed and is shown as Eq. (8):

 
0

(a )1= 1
( )

sl i
mean

s i

unS
l un B=

−∑   (8)

where ls is the sampling value of the random variable parameter.

3. Reliability sensitivity analysis for an uncertain sys-
tem

3.1. Analysis process

in this section, a comprehensive work for reliability sensitivity 
analysis is presented, and there are 3 steps for the iSa of system reli-
ability, as shown in Fig. 3.

Preprocessing: The aim of this step is to determine the distribu-i 
tion of pinched variables and construct the input vectors. Fur-
thermore, based on the failure mechanism of the system, the Bn 
model needs to be prepared for forward inference to evaluate 
system reliability.

uncertain system reliability analysis: via the inference of the ii 
Bn, the probability distribution families of system reliability in 
the case of pinched input variables and initial inputs are obtained. 
next, a p-box is employed to quantify the uncertainty and visu-
alize it. The uncertainty quantification index is defined as the size 
of the region enclosed by probability bounds.

Sensitivity analysis: Because of the deviation of the sensitivity, iii 
computation of the mean of sensitivity values as the ultimate in-
dex of sensitivity assessment is applied to reduce the effect of de-
viation, which briefly indicates the highly sensitive components 
in the system.

The detailed analysis process will be described in the following 
sections.

3.2. Preprocessing

3.2.1. Input vectors

assume that a system consists of lc components in lt different 
types, where the index of a component is defined as i, k refers to the 
type index, and that they match the constraints k∈{1,2,…,lt} and 
i∈{1,2,…,lc}. For example, k

if expresses the failure probability of 
component i with type k. The input vector in the condition that no 

variable is pinched is written as the initial vector 1
1= ,..., ,..., t

c
lk

i lF f f f 
   . 

Then, as Section 2.3 describes, when k
if  is pinched, the epistemic 

uncertainty of the i-th component with type k. is hypothetically elimi-

nated. Hence, suppose k
if  is the distribution k

if  after pinching. 
moreover, k

if  will be replaced by k
if  in the initial input vector. The 

input vector F will be renewed and written as k
iF , where 

1
1= ,..., ,..., t

c
lk k

i i lF f f f 
  . For instance, in the case of 2

5f  being 

pinched, the 2
5F matches the equation 2 1 2 5

5 1 5 13= ,..., ,...,F f f f 
  

. Be-
cause the target of pinching is just a hypothesis, diverse target param-
eters lead to different input vectors, obviously affecting the iSa re-
sults, which is called deviation. Therefore, k

if  is sampled with sample 
value ls for comprehensive analysis results and defined by target pa-

rameter θ j j ls( ) < ≤( )0  as ,
k

i jf . Similarly, k
if  is replaced by ,

k
i jf  

for an input vector, where 1
, 1, , ,= ,..., ,..., t

c
lk k

i j j i j l jF f f f 
  . Similar to the 

above example, when =10000sl  and the target parameter is ( )400θ , 

the input vector is written as 2 1 2 5
5,400 1 5,400 13= ,..., ,...,F f f f 

  
.

3.2.2 BN modeling

according to Section 3.2.1, the input vector ,
k

i jF  when the prob-
ability distribution of component i  is pinched, uncertainty is obtained. 

Fig. 3. The analysis process of this work
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Subsequently, the following matrix D can be used to illustrate the rela-
tionships of each Dag node shown as Eq. (9):

 
1, 1,

1, 22,

dm dm

dm dm

d d
D

d d

 
 =  
 
 



  



  (9)

where da,b=1 means the arrow in the Dag moves from node a to node 
b. When there is no connection between a and b, da,c=0. after matrix 
D is obtained from the Bn model, referring to Table 1 and Table 2, 
the cPTs of the child nodes in the Dag can be listed in the form of a 
column vector to participate in the forward inference.

3.3 Uncertainty system reliability analysis

combining Eq. (3) with Eq. (1), the marginal probability distri-
bution of child nodes can be written as:

 P P i
i p

n cPTn{ } = ( )
=
∏ π  (10)

where n is the child node, πi is a parent node, and p is the number of 
parent nodes. Therefore, P{n} represents the marginal probability of 
the failure events of child nodes. Similarly, P{πi} are the marginal 
probabilities for parent nodes. This formula accomplishes Bn for-
ward inference and deduces the system reliability.

Eq. (10) can be used to compute marginal probability when input 
variables are precise probability distributions. However, uncertainty 
exists in the parameters of ,

k
i jF , and it is necessary to sample the param-

eters. assume the sample value for Bn inference is lbn. consequently, 
the input vector after sampling is 1

, , 1, , , , , ,= ,..., ,..., t
c
lk k

i j m j m i j m l j mF f f f 
   

. 
{ }, ,

k
i j mP n  can be written as:

 P n CPT F Di j m
k

n i j m
k

n
i nk

, , , ,{ } = × ×( )
=
∏  (11)

where { }, ,
k

i j mP n  is the probability of the event represented by the 
child node n . , ,

k
i j mF  should add zeros to expand the size and be as-

signed during the iterations. The reliability can be written as:

 { }, , , ,=1k k
i j m i j mR P A−   (12)

3.4. Sensitivity analysis

The pinching method is applied to analyze the sensitivity by 
eliminating the epistemic uncertainty of a variable and computing the 
change in the output uncertainty. To overcome the deviation issue of 
determining different target parameters θ(j), the size of the area that 
is enclosed by the upper and lower bounds of the p-box should be 
calculated as the uncertainty quantification index. Then, based on the 
computed uncertainty index, the sensitivity index can be obtained by 
definition in Eq. (8).

3.5. Numerical example

in this section, a complex nonrepairable system from Ref. [31], 
composed of thirteen components with five different types, is de-
scribed to demonstrate the effectiveness of the proposed method. 
note that numbers in the solid line and the lower right corner denote 
the type of the component and the serial number, respectively, while 

Roman numerals and English letters represent subsystems. Table 3 
gives the type of probability distributions and parameter ranges of 
each component, where η and β are the scale parameter with the hour 
unit and the nondimensional shape parameter of the Weibull distribu-
tion, respectively. meanwhile, the λ of the exponential distribution 
represents its mean value with the same unit as η.

Based on the definitions described above, the Dag shown in 
Fig.  5 could be transformed into the following matrix by Eq. (13) 
and eq. (14).

 
1,1 1,22

1,22 22,22

=
d d

D
d d

 
 
 
 
 



  



  (13)

Table 3. Probability distributions with epistemic and aleatory uncertainty 
of 5 types of components

Type Distribution Parameter (with epistemic uncer-
tainty)

1 Weibull η β1 11 68 1 86 2 08= =. , . , .[ ]

2 Exponential λ2 1 07 1 33=[ ]. , .

3 Weibull η β3 32 12 2 51 1 38= =. , . , .[ ]

4 Weibull η β4 42 99 3 41 2 51= =. , . , .[ ]

5 Exponential λ5 2 01 2 28=[ . ], .

Fig. 4. A block diagram of a nonrepairable system [31]

Fig. 5. BN of the system
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where 

1,14 2,14

3,15 4,15

5,16 6,16

7,17

8,18 9,19

10,20 11,20 12,20 13,20

15,21 16,21 17,21 18,21

14,22 21,22 20,22

1

1

1

1

1

1

1

1

else 0

d d

d d

d d

d

d d

d d d d

d d d d

d d d

= =


= =
 = =
 =
 = =
 = = = =
 = = = =

 = = =


=

  (14)

Furthermore, the cPT of each intermediate node in Fig. 5 can be 
established according to Section 3.3. For example, Table 4 shows the 
cPT of leaf node a based on the standards and specifications detailed 
in Section 2.1.

note that it is more advantageous to express cPTs in a matrix 
form to simplify calculations. However, since subsystems ii, iii, iv, 
v, vi, and vii are not logical anD gates or oR gates, the cPT of node 
B must be listed separately. as shown in Table 5, cPTB is a column 
vector with a length of 26×1.

Fig. 6 depicts the reliability p-box of each type component un-
der different input vectors in the system according to the method de-
scribed in Section 3.3. The impact of the components with the same 
connection methods, as well as failure probability distributions, can 
be considered equivalent. Therefore, simplification should be taken 
into prior consideration in reliability modeling. From the results 
shown in Fig. 7, we find that the probability bounds of the system 
reliability obtained by the uncertainty pinching of the same type of 
components completely overlap. Thus, we can conclude that for sen-
sitivity analysis, the components with the same type and connection 
are of equivalence. Hence, only one component for each type needs to 
be selected to perform Sa.

Fig. 8 depicts the p-box of the system reliability when the uncer-
tainty of the random variables X1, X3, X7, X9 and X10 are pinched. 
compared with the initial bounds, the bounds after pinching are 
slightly contracted. However, there may exist crossover and overlap-
ping parts for the curves shown in Fig. 8, and it is difficult to compare 
the uncertainty space of p-boxes directly. Hence, it is more beneficial 
to define an index to quantify the uncertainty space of the system to 
further quantify the sensitivity. Therefore, measuring the size of the 
upper and lower areas is an appropriate method for uncertainty quan-
tification. The ıSa approach was described in Section 3.4.

With different values of the target parameter θ(j), the sensitiv-
ity of the component will change differently, which is denoted as the 
deviation. Fig. 9 shows the sensitivity deviation of components with 
different types. it is clear that the sensitivity of the type 5 components 
is significantly higher than others, which means that the uncertainty 
reduction in type 5 components will cause the greatest influence on 

the uncertainty of system reliability. However, 
the sensitivity of type 3 and type 4 components 
are much lower than other types, and it is hard to 
identify the type with the lowest sensitivity due 
to the sensitivity variation. according to Section 
2.3, the influence of deviation can be reduced by 
the proposed method by calculating the mean 
value with Eq. (8). Fig. 10 shows a bar plot of 
the sensitivity of the components, and it can be 
clearly observed that the type 5 components are 
the most sensitive. conversely, type 3 compo-
nent X7 is the most insensitive component.

4. Case study

4.1.  Description of the case

in Section 3, a comprehensive method is proposed for analyzing 
the reliability and sensitivity of the system, and a numerical example 
is introduced to detail the steps of the method. However, in a practi-
cal engineering system, the degradation of the components directly 
causes the working efficiency reduction, and the lack of sample data 
will also lead to the existence of uncertainty and nonlinear charac-
teristics in a system. in this section, the proposed method is used to 
analyze the reliability and sensitivity of the electromechanical system 
in Ref. [10]. Fig. 11 shows the schematic of this electromechanical 
system, which is composed of a control system, a power supply sys-
tem, a powertrain system, and a hydraulic system. more specifically, 
the control system includes two control modules connected in parallel 
to perform the start-stop control of the main valve and control execu-

Table 4. CPT of subsystem A

1 2
A

F T

F F 1 0

F T 1 0

T F 1 0

T T 0 1

Table 5. CPT of subsystem B

II III IV V VI
B

F T

F F F F F 1 0

T F F F F 1 0

F T F F F 1 0

… … … … … … …

T F T T T 0 1

F T T T T 0 1

T T T T T 0 1

Fig. 6. Reliability p-box of different component types (X1, X3, X7, X8 and X10 
refer to component types 1-5, respectively).
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tion of the hydraulic subsystem. meanwhile, the powertrain system 
is a key subsystem, which includes a turbine, a reducer and a pump. 
For the power supply subsystem, two valves are included in the emer-

gency work mode, while only one main valve 
is contained in the main working mode. Based 
on the relationships among the components, the 
fault tree of the system can be plotted as shown 
in Fig. 12.

To introduce the method and simplify the 
calculations, the following assumptions are 
made for system reliability modeling:

1)  a component or subsystem has the 
same failure probability distribution as its cor-
responding assembly component.

2)  components and subsystems whose 
failures rarely occur or do not cause system fail-
ure are negligible.

assume that the failure probability of the 
basic components follows the Weibull distribu-
tion and lognormal distribution, respectively, 
according to the mechanical and electrical 

characteristics of the system. additionally, based on accelerated life 

Fig. 7. Reliability p-boxes of components

Fig. 8. P-boxes with diverse inputs pinched ((b) is the time interval [1.4, 1.5] of (a))

Fig. 9. Deviation of sensitivity

Fig. 10. Mean sensitivity of 13 components
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testing and field data analysis, Table 7 lists the life distribution and 
life interval of different subsystems and components of the above-
mentioned system [10].

4.2.  System reliability modeling

Since it is necessary to obtain both the Dag and cPTs for the 
construction of a Bn, the Dag can first be obtained and shown as 
based on the fault tree in Fig. 12. meanwhile, owing to the forward 
reasoning requirement of a Bn, it is essential to provide the matrix 
form of the Dag denoted as D , where the element di,j in the matrix 
can be represented by Eq. (15).

 

1,10 2,10

3,11 4,11 5,11 12,11

6,14 7,14

8,13 9,13

13,12 14,12

10,15 11,15 9,15

1

1

1

1

1

1

else 0

d d

d d d d

d d

d d

d d

d d d

= =


= = = =
 = = = =
 = =
 = = =

 =

           (15)

additionally, the cPTs can be represented as the form of matrices 

1ycPT , 
2ycPT ,

3ycPT ,
4ycPT ,

5ycPT and cPTS  referred to by 
the specifications of cPTs corresponding to anD and oR relations 

Table 6. Number and description of the events in the system

No. Event description No. Event description

S Complex electromechanical 
system task failure 3X Turbine failure

1y Control system failure 4X Reducer failure

2y Powertrain system failure 5X Pump failure

3y Power is not transmitted to 
the subordinate unit 6X Valve #1 failure

4y Main work mode failure 7X Valve #2 failure

5y Emergency work mode 
failure 8X Main valve failure

1X Control module #1 failure 9X Hydraulic system 
failure

2X Control module #2 failure

Table 7. Distribution parameters of basic units

No. Parameters No. Parameters

1X
β β
η η

1 2

1 2

= =2.769;
= =[4794.4,5381.5]

6X
µ
σ

6

6

=[7.2442,7.5700];
=0.1980

2X 7X
µ
σ

7

7

=[7.2442,7.5700];
=0.1980

3X
β
η

3

3

=6.02;
=[7439.4,7752.6] 8X

µ
σ

8

8

=[8.4287,8.5937];
=0.1003

4X
β
η

4

4

=1.935;
=[8459.8,9746.6] 9X

µ
σ

9

9

=[8.3428,8.4692];
=0.0768

5X
β
η

5

5

=8.33;
=[5851.9,5999.3]

Fig. 11. Functional block diagram of an electromechanical control system

Fig. 12. Fault tree of the electromechanical control system

Fig. 13. BN of the electromechanical control system
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Fig. 14. P-boxes of different types of components with pinched uncertainty and initial bounds ((b) is the time interval (4000, 
4500) of (a))

Fig. 15. Sensitivity deviation of each component

Fig. 16. Mean sensitivity of components 1 9X ~X
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described in Section 2.1. Particularly, for the system, since 6 7-X X  
and 1 2-X X  have the same probability distribution and are in the same 
connection, they can be regarded as equivalent according to Section 
3. ,

k
i jf  and ,

k
i jf  in the input vectors F  and ,

k
i jF  are obtained by 

the methods described in Table 7 and Section 3.2.1, where 7kl = ,
9cl =  and 10000sl = . The Bayesian forward reasoning and reliabil-

ity characterization can be performed according to Eq. (11) and Eq. 
(12). on the other hand, due to the uncertainty in the input vector, the 
system reliability is uncertain and can be characterized by the p-box 
described in Section 3.3.

as shown in Fig. 14, there are several curves related to reliability 
bounds with each component pinched. it is obvious that component 

9X  has the most critical impact on p-box uncertainty space compres-
sion after reducing the epistemic uncertainty of 9 types of compo-
nents. However, it is difficult to distinguish the reduction effect of 
the other 8 components owing to the large number of curves crossing 
shown in Fig. 14. Hence, it is beneficial to further perform a sensitiv-
ity analysis of the system to resolve the aforementioned issues as well 
as obtain an accurate assessment indicator.

4.3. Sensitivity index and ranking

Based on Eq. (7) and the description of Sa mentioned in Section 
3.4, the epistemic uncertainty space size of the 10 sets of probability 
bounds in Fig. 14 should be estimated according to eq. (6). More-
over, since it is difficult to determine the distribution of the target 
probability, the sensitivity might be biased. Therefore, to sample the 
parameter interval to offset the effect of the bias as described in Sec-
tion 3.4, the sample size is chosen as =10000sl . as depicted in Fig. 
15, the ordinates, which refer to the sensitivity with the input vector 
of , j

k
iF , are denoted as the reduction ratio of the uncertainty space 

with a maximum value of 1. From the results, it can be noted that the 
sensitivity changes of subsystem 9X , i.e., the hydraulic system, are 
nonlinear and much higher than those of 1 8X ~X . Hence, the hydrau-
lic system is the subsystem with the greatest uncertainty effect on the 
electromechanical system, which means that as the uncertainty of the 
system reliability must be reduced, a comprehensive analysis of the 
hydraulic system should be considered first. in contrast, the curves of 

3 5 6 7X ,X ,X ,X  are almost close to the x-axis with a large distance to 
1 2 4 8 9X ,X ,X ,X ,X . Thus, it can be noted that 3 5 6 7X ,X ,X ,X and 3 5 6 7X ,X ,X ,X  have 

the least impact on the system uncertainty, where the evaluation for 
system uncertainty reduction should be given the lowest consideration 
or even be deemed negligible. Furthermore, it is difficult to rank the 
sensitivity of 1 8X ~X  since the curves are staggered with each other 
at similar amplitudes. Therefore, according to Eq. (8) and the method 
detailed in Section 3.4, we need to calculate the mean of each com-
ponent sensitivity shown in Fig. 15 and plot the bar graph as shown 
in Fig. 16. Specifically, as seen in Fig. 16, the sensitivity of 4X , i.e., 
the reducer, is slightly higher than that of 1 2,X X  and 8X  but much 
higher than that of 3X , 5X , 6X  and 7X . additionally, both 3X  and 

5X  should be in the lower consideration of the system uncertainty 

reduction since their impact on the system uncertainty is just slightly 
higher than that of 6X  and 7X .

5. Conclusion

Sensitivity analysis has prominent application in the risk and reli-
ability analysis field to explore how changes in the inputs of the com-
ponent affect the outputs of the system. nevertheless, the current Sa 
study is mostly relevant to random variables with precise probability 
parameters, thus ignoring the existence of epistemic uncertainty. as 
industrial requirements increase, iSa theories have become popular 
solutions due to the inescapable imprecision in engineering. The tar-
get of the proposed method is to assess the reliability and sensitivity 
of mechatronic systems by considering the epistemic uncertainty and 
simultaneously accomplishing the sensitivity analysis.

in this paper, a pinching method was proposed to identify the sen-
sitive components in a complex system on the basis of the reliability 
model established by the Bn, and epistemic uncertainty is manipu-
lated by the p-box. This method, on the basis of the Bn reliability 
model, provides an alternative sensitivity index, unlike other methods 
such as Sobol indices [18], to successfully identify the components 
and subsystems with high sensitivity, which is an efficient way for 
engineers to reduce epistemic uncertainty. moreover, compared with 
traditional monte carlo approaches, the brief concept and formulas of 
the p-box support a more intuitive Sa and reduce the computational 
complexity. Two cases were applied to prove the feasibility, and we 
induce the sensitivity ranking via Fig. 10 and Fig. 16. Obviously, the 
accuracy of identifying the sensitive components is satisfactory. Par-
ticularly in the case of the electromechanical system from Ref. [10], 
the results show that the system epistemic uncertainty can be reduced 
by approximately 80% by pinching the uncertainty of the hydraulic 
system. Hence, efforts to reduce imprecision should primarily be 
made in hydraulic systems. During the analyses, this approach opens 
a new pathway based on the Bayesian network and pinching method 
in reliability sensitivity assessment, which indicates an efficient di-
rection for mitigating engineering efforts in uncertainty reduction. 
in addition, during the analysis process, we also encountered several 
shortcomings. The sensitivity deviation cannot be totally eliminated 
by calculating the mean value. Therefore, our future work will focus 
on the selection and comparison of various sensitivity indices to im-
prove the performance of the iSa method.
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Abbreviations and acronyms

PSST Power-shift steering transmission
PHm Prognostics and health management
RL Residual life
cDF cumulative distribution function
mh motorhour

Nomenclature

,j tL Degradation data for system i  at time t

 φi Random effects of the degradation model for system i
η Functional form of the degradation model

εi t, Random noise for system i  at time t

ωi j,
Weight parameter corresponding to the historical sys-
tem i  and the operating system j

,j tL Reconstructed degradation model for system j  at time 
t  using the weighted average method

,.jL collected real-time degradation data until time t

ˆiϕ Estimated model parameters of historical systems

,
ˆ

j tL Reconstructed degradation data for system j  at time t  
using the Bayesian updating method

θθ j
1( ) updated random effects of the degradation model for 

system j

jD Failure threshold for system j

, ii nL
Degradation data for system i  at time in

jn number of data collections of operating system j

 λ Tuning coefficient

Ma B, yan S, Wang X, chen j, zheng c. Similarity-based failure threshold determination for system residual life prediction. eksploatacja 
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similarity-baseD failure thresholD Determination 
for system resiDual life preDiction

określanie progu awarii na poDstawie poDobieństwa jako metoDa 
pozwalająca na przewiDywanie trwałości resztkowej systemu

An accurate determination of the system failure threshold is an essential requirement in achieving an appropriate system residual 
life prediction and a reasonable planned maintenance strategy optimization afterward for degradation systems. This paper pro-
poses a failure threshold determination method based on quantitative measurement of the similarity between the operating system 
and the historical systems. The similarity is formulated by a weighted average function and then calculated by a convex quadratic 
formulation to minimizing the variance between the operating system and the historical systems. With an accurate determination 
of the system failure threshold in real-time, a better prediction of the residual life for the operating system is achieved. Finally, a 
real case study for several power-shift steering transmission systems monitored using oil spectral analysis is adopted to illustrate 
and numerically compare the improved performance of the proposed method.

Keywords: system failure threshold; residual life; similarity; prognostics; oil field data.

W przypadku systemów podlegających degradacji, dokładne określenie progu awarii systemu stanowi niezbędny warunek do-
konania trafnej prognozy jego trwałości resztkowej oraz późniejszej optymalizacji strategii konserwacji rutynowych. W artykule 
zaproponowano metodę wyznaczania progu awarii opartą na ilościowym pomiarze podobieństwa między systemem użytkowanym 
obecnie a systemami użytkowanymi uprzednio. Podobieństwo formułuje się na podstawie funkcji średniej ważonej, a następnie 
oblicza na podstawie wypukłej formy kwadratowej w celu zminimalizowania wariancji między obecnie użytkowanym systemem  
a uprzednimi systemami. Dzięki dokładnemu określeniu progu awarii systemu w czasie rzeczywistym uzyskuje się lepszą progno-
stykę trwałości resztkowej obecnie użytkowanego systemu. W końcowej części pracy, w celu zilustrowania i numerycznego porów-
nania ulepszonej wydajności proponowanej metody, zaprezentowano studium przypadku obejmujące kilka układów przeniesienia 
napędu monitorowanych przy użyciu analizy spektralnej oleju.

Słowa kluczowe: próg awarii systemu; trwałość resztkowa; podobieństwo; prognostyka; dane z badań oleju.
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( )R ⋅ Regularization function

tX Time-dependent covariates at time t

p order of the polynomial model

μ 0
jì , μ1

jì Prior and posterior mean of random effects θj

0
j∑ , 1

j∑ Prior and posterior variance of random effects θj

ψj Design matrix for operating system j

d
ju mean of failure threshold for system j

d
jv variance of failure threshold for system j

jT actual RL for testing PSST system j

jT Estimated RL for testing PSST system j

( )Φ ⋅ cDF of the standard normal function

eRL mean prediction error of system RL

eFT mean prediction error of system failure threshold

N number of testing PSST systems

True
jD actual failure threshold for PSST system j

1. Introduction

Degradation-induced failure is an inevitable and natural phenom-
enon for various industrial devices and systems. after a certain extent 
of degradation, a system will run to failure such that it no longer func-
tions, which may result in production downtime, severe economic 
loss, and safety problems afterward. For example, for power-shift 
steering transmission (PSST) systems are the most vital components 
in military vehicles, mining machines, and heavy industry, and they 
always degrade to failure frequently than other components [14, 15]. 
Their failures are critically hazardous and often lead to catastrophic 
consequences, and therefore, should be avoided. one useful approach 
to avoid unexpected failures is to conducting prognostics and health 
management (PHm), in which machine condition monitoring plays a 
foundational role and has aroused intensive concerns in academia and 
industry [27, 31]. With the collected degradation data (e.g., vibration 
signals, temperature information, and oil field data) from condition 
monitoring in real-time, the residual life (RL) of an operating system 
can then be estimated by conducting prognostic analysis.

in the area of PHm, it is commonly assumed that a system fail-
ure will occur once its degradation data cross the predetermined 
failure threshold [13, 17, 24]. Therefore, the Rl can be estimated 
by comparing the degradation profile with the failure threshold. ac-
cordingly, to accurately evaluate the RL distribution, two challenges 
must be addressed [21]: (1) a reasonable degradation model that 
can characterize the degradation profile of an operating system, so 
that the degradation mechanism can be accurately captured. (2) a 
reliable failure threshold that can reflect the failure mechanism of 
the system, so that the moment when the system no longer fulfills its 
functions can be accurately predicted. For many years, while numer-
ous researches have been carried out focusing on the challenge (1) 
[2, 12, 26, 36], the existing research still insufficient to address the 
challenge (2), i.e., find a methodology that can precisely determine 
the failure threshold of the system. Therefore, the purpose of this 
paper is to address a failure threshold determination problem for 
the system with collected degradation data for the estimation of the 
system residual technical life.

Extensive work has been done in the application of different 
methods and techniques in degradation modeling, from which most 
of the current literature assumes that the collected degradation infor-
mation can precisely characterize the underlying degradation mecha-
nism of the system [1, 8]. in most cases, it is simply assumed that 
the failure threshold is known a priori, and, as a result, the failure 
threshold is always used as a fixed value for all systems. in practice, 
however, some recent research has shown that it may be irrational to 
use a fixed failure threshold [3, 4, 9]. For instance, as the work was 
done in [18, 22], the random failure threshold assumption has been 

adopted. Recently, the work in [29] presents a system failure thresh-
old determination method based on the statistic characteristics of the 
last degradation data collections from multiple historical systems, and 
the uncertainty in the failure threshold distribution is also considered. 
However, the estimated failure threshold is obtained using an average 
of historical systems, which may not adequately consider the unique 
characteristics of each system. it is known that the degradation process 
of a system is stochastic, and is under the influence of many known 
and unknown factors. Therefore, the last collected degradation data 
always quite different, as shown in many research and applications 
[33, 37]. Besides, for some systems that are governed by multiple 
failure modes [19, 28], the failure threshold often different for each 
failure mode. as a result, the population-wide characteristic-based 
failure threshold determination method in [29] may be unable to fully 
consider the unique properties of an individual system. Therefore, a 
reliable failure threshold determination method that can extract the 
unique property in each individual system should be developed for 
the RL distribution estimation of a system when the failure threshold 
is not predetermined as a priori.

motivated by the above observations, this paper proposes a fail-
ure threshold determination method based on quantitative measure-
ment of the similarity between the operating system and historical 
systems. The similarity is formulated by using a weighted average 
function, and a convex quadratic formulation is then developed to 
minimizing the variance between the operating system and the his-
torical systems. unlike the existing PHm researches that assume the 
failure threshold as a deterministic value, in the proposed method, a 
random failure threshold is considered for different systems. Based 
on the proposed method, the failure threshold can be determined 
for an operating system with the collected real-time degradation 
information. This is of practical significance to attaining a more 
reasonable and accurate RL distribution estimation and, thus, is the 
main contribution of this paper. Finally, to illustrate the proposed 
method, a case study is provided for power-shift steering transmis-
sion systems.

The rest of this paper is organized as follows. Section ii de-
scribes the details of the proposed method, which includes problem 
motivation, problem formulation, and the following residual life 
prediction procedures. Section iii provides an illustrative real case 
study that involves a spectral oil data set from several power-shift 
steering transmission systems to show the effectiveness of the pro-
posed method and its improved performance when used for system 
failure threshold determination and residual life prediction. Finally, 
Section iv draws the conclusion of this work and provides some 
future research directions.
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2. Development of the methodology

This paper considers systems that degrade over time in working 
conditions, and condition monitoring techniques are conducted to col-
lect the degradation data during the whole lifecycle (from an initial 
state to failure). once the degradation data is collected, an associated 
degradation process ( ){ },  0L t t ≥  can be periodically analyzed to 
evaluate the degradation severity of the system. in engineering prac-
tice, many research efforts have been made on modeling the evalua-
tion of the system degradation process and its relationship with the 
collected degradation data. For example, a polynomial degradation 
model introduced by chinnam in [5], which has been commonly used 
in many applications [16, 23, 30, 32], can be written as follows:

 L ti t i i t, ,,= ( ) +η εϕ  (1)

where ,i tL  represents the measurement of degradation data for system 
i  at time t , η represents the functional form of the introduced degra-
dation model, φi

1p
i R ×∈ö represents the random effects of the degrada-

tion model for system i , and ε ,i tε  is the random noise for system i  at 
time t . With the introduced degradation model in Eq. (1), the degra-
dation model of a system can be constructed based on the collected 
degradation data from condition monitoring during the lifecycle.

in the literature of PHm, the system degradation profiles (e.g., the 
failure modes, the failure threshold, and the constructed degradation 
model) of the same series of systems under the same working condi-
tions (e.g., cycle condition, environment condition) are commonly as-
sumed to be the same under some random variations [34, 35]. under 
this assumption, our innovative idea is to reconstruct the operating 
system’s degradation profile by the weighted average of the histori-
cal system degradation profiles. Specifically, the weight parameter 
measures the relative similarity between the degradation profiles of 
operating system j  and historical system i  compared to the other 
historical systems. note that if the weight parameter ω ,i jù  is obtained, 
the failure threshold of the operating system j can then be determined 
by the weighted sample moments of historical systems. By doing this, 
the system failure threshold can be online estimated by effectively us-
ing the condition monitoring data from a group of historical systems.

2.1. Description of the problem

according to the above mentioned innovative idea, a general 
description of the concerned system failure threshold determination 
problem is first provided in this section. Recall that the degradation 
model of an operating system can be reconstructed using the weighted 
average of the established historical system degradation models, and, 
if the weight parameter ω ,i jù  is obtained, then the degradation model 
of an operating system can be reconstructed based on Eq. (1), which 
is given as:

 E L tj t j
i

m
i j i



, .. , ,|L( ) = ( )( )
=
∑

1
ω η ϕ̂  (2)

where ,j tL  represents the reconstructed degradation model for op-

erating system j  at time t , and ,. ,1 ,, ,
j

T
j j i nL L L = … 

 represents 

the collected real-time degradation data during the lifecycle; ω , 0i jω ≥
represents the proposed weight parameter corresponding to historical 

system i , and ,
1

1
m

i j
i

ω
=

=∑ ; ˆiϕ  represents the estimated model param-

eters, m represents thenumber of historical systems.

on the other hand, when the real-time condition monitoring data 
are observed from an operating system, the Bayesian updating meth-
ods [7, 10] has also been widely used by many researchers to update 
the posterior distribution of the random effects for an operating sys-
tem. in the perspective of the update process, the degradation model 
for operating system j  can be updated using the Bayesian updating 
method based on the collected real-time condition monitoring data, 
which is given as:

 E L E tj t j j, .. ,|L( ) = ( )( )( )η θθ 1ˆ
 (3)

where ,
ˆ

j tL represents the reconstructed degradation data for operating 
system j  at time t using the Bayesian updating method, ,.jL

 
repre-

sents the collected real-time condition monitoring data until time t , 
and θθ j

pR1 1( ) ×∈  represents the estimated model parameters using the 
Bayesian updating method, which represents the updated random ef-
fects at time t .

Recall that the failure threshold of the same series of systems 
under the same operating conditions are expected to be the same, 
and the innovative idea is to reconstruct the degradation profile of 
an operating system by the weighted average of the historical system 
degradation profiles. in particular, if we consider the approximation 
of the Bayesian updated degradation model in Eq. (3) by using the 
reconstructed degradation model in Eq. (2), then, the system failure 
threshold distribution can be accurately estimated by using the infor-
mation of historical systems with the real-time data of the operating 
system. in other words, the failure threshold for operating system j
at the k th condition observation moment, k

jD , can be determined by 
the weighted average of the last observation moments:

 
E D Lj

k
m

i j i n
k

i




 = ( )∑

1
ω , ,

 (4)

where , 0i jω ≥ for 1,2, ,i m= … , and ,
1

1
m

i j
i

ω
=

=∑ ; , ii nL represents the 

degradation data of the last observation times before the failure of his-
torical system i . note that if the weight parameter ,i jω

 
is obtained, 

the failure threshold of operating system j  can then be online de-
termined. Therefore, the challenge here is to find the proper weight 
parameter, which will be specifically solved in the rest section.

2.2. Formulation of the methodology

Recall that the weight parameter ωωi j,  is proposed to measure the 
relative similarity between the degradation profile of operating sys-
tem j  and the degradation profile of historical system i  compared to 
other historical systems. as a result, the aim of this section is to find 
the optimal weight parametersfor the operating system to maximize 
the goodness-of-fit between the reconstructed degradation model in 
Eq. (2) and the Bayesian updated degradation model in Eq. (3). in 
particular, the optimization model is formulated as a programming 
problem to minimize the sum of squared errors to estimate the optimal 
weight parameter ωωi j, , which is written as follows:

 
min

,
, ,

ωi j

j

t

n

j t j tE L E L
=
∑   −  ( )

1

2
ˆ

 
(5)

 s.t. 
i

m
i j

=
∑ =

1
1ω , , ωi j, ≥ 0 , for 1,2, ,i m= …
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where jn represents the number of data collections from operating 
system j , ,

ˆ
j tE L   represents the degradation degree obtained by us-

ing the Bayesian updating method in Eq. (3), ,j tE L  
 represents the 

degradation degree obtained by using the weighted average method in 

Eq. (2) and 
i

m
i j

=
∑ =

1
1ω ,

 
represents that the reconstructed degradation 

model is the weighted average of the historical system degradation 
profiles.

By solving the optimization problem in Eq. (5), the optimal weight 
parameter ,i jω

 
can be obtained and, the Bayesian updated degrada-

tion model can then be fitted by using the reconstructed degradation 
model of historical systems. it is worth note that overfitting problem 
may appear when the optimization model in Eq. (5) was directly im-
plemented, especially when the operating system is in the initial stage 
that the number of available degradation data collections jn  is small. 
To solve this problem, a regularization function is introduced as:

 R E L Lj m j
i

m
i j j n i ni i

ω ω ω1
1

2
, , , , ,, ,…( ) =   −{ }









=
∑ ˆ  (6)

where ,
ˆ

ij nE L    
represents the expected degradation data measure-

ment for operating system j at the failure moment of historical sys-
tem i , which can be obtained by using the Bayesian updating method 
in Eq. (3) up to the time in , , ii nL represents the measurement of deg-
radation data at the failure moment of historical system i . 

Remark 1: The proposed regularization function can be understood 
in this perspective: Recall that the main idea of our proposed failure 
threshold determination method is using the weighted average of the 
last measurements of degradation data of historical systems to deter-
mine the expected failure threshold of operating system j , as shown 
in eq. (4). ın this way, if the Bayesian updated degradation data for an 
operating system j  at time in  is obviously different from the meas-
urement of degradation data for historical system i  at time in , the 
historical system i  has less impact on determining the failure thresh-
old of operating system j . in other words, as shown in the regulari-
zation function of eq. (6), we think a large penalty is supposed to be 
added to historical system i .

in summary, the concerned optimization model can be formulated 
by combining the regularization function in eq. (6) with the formula-
tion Eq. (5):

 

ˆ
min .,

,

, ,
, ,

ω
λ ω ω

i j

j

t

n
j t j t

j
j m j

E L E L

n
R

=
∑

  −  ( )
+ …( )

1

2

1



 (7)
 s.t. 

i

m
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=
∑ =

1
1ω , , ωi j, ≥ 0 , for 1,2, ,i m= …

where λ represents the tuning coefficient that measures the relative 
importance of the regularization function compared with the sum of 
squared errors between the reconstructed degradation model and the 
Bayesian updated degradation model. The tuning coefficient λ can be 
calculated with cross-validation [11], and in engineering practice, the 
value of λ often determined according to the importance assigned to 
each item. 
Remark 2: note that the optimization model in the Eq. (7) consid-
ers both the differences between the reconstructed degradation data 
for operating system j  and the measurement of degradation data of 
historical systems at their failure moments, and the means squared er-

ror of the collected degradation data in the time domain for operating 
system j .

as noted above, the failure threshold for operating system j  can 
be determined by using the optimal solution of weight parameters ωj 
with eq. (4). Once the failure threshold k

jD  is determined, the RL 
for operating system j  can then be evaluated. Therefore, in the next 
section, the RL distribution derivation method of an operating system 
will be investigated based on the proposed model in Eq. (7).

2.3. Estimation of the residual life

Recall that a system failure will occur once the degradation data 
cross the failure threshold. Without loss of generality, given the real-

time degradation data ,. ,1 ,, ,
j

T
j j j nL L = … L of system j collected 

up to the current sampling moment jn , the RL distribution of system 
j , jT  can be estimated by:

 P T P L Dj j j n t j jj
 ≤( ) = ≥+t|L L,. , ,.( | )  (8)

where jD represents the failure threshold of system j , , jj n tL + repre-
sents the measurement of project degradation data at the future sam-
pling time jn t+ .

Therefore, to accurately evaluate the RL distribution of the op-
erating system, a degradation model that can characterize the system 
degradation profile should be first established. in this paper, the poly-
nomial function form of the degradation model is used for its useful 
mathematical properties [5]. To be specific, a widely used p th-order 
polynomial degradation model is given as:

 L tj t t j j t
k

p

j k
k

j t, , , ,= + = +
=
∑X θθ ε θ ε

0
 (9)

where 1, , , p
t t t = … X , and p represents the order of the degradation 

model; θj is the vector that represents the random effects of the model 
that follows a multivariate normal distribution N p j j+ ∑( )1 µµ , , ,j tε

represents the random noise and it is assumed to follow N j0 2,σ( )  . 
note that after the degradation profiles of historical systems are fitted, 
then the prior distribution can be estimated:

 θθ µµj p j j
0

1
0 0( )

+ ∑( )~ ,N , (10)

where µµ j
0  is the prior mean value of the random effects, and 0

j∑
is the prior variance value of the random effects. Then, the posterior 
distribution, θθ j

1( ) , can be calculated by using the collected real-time 
degradation data ,.jL  of operating system j . Specifically, using the 
Bayesian updating approach that introduced in makis et al. [36], the 
updated random effects θθ j

1( ) will be obtained as the following normal 
distribution:
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Remark 3: note that other distributions or simulation methodologies 
can also be used to calculate the posterior distribution and the RL 
of an operating system. Here, the use of the normal distribution for 
the model parameter characterizations is to take the convenience of 
its closed-form solution results. in fact, for many degradation models 
introduced in the existing literature, a normal distribution assumption 
for the random effects has been widely used [13, 17, 24, 31]. 

Remark 4: note that other degradation models can also be utilized 
to build the degradation profiles and to determine the failure thresh-
old. Here, the use of the polynomial form for the system degradation 
model is to take advantage of the convenient when calculating the 
parameters and the system RL. in fact, many other degradation mod-
els can also be transformed into the polynomial form [30,32], such as 
the random coefficient growth model [8], and the exponential form 
model [34].

Therefore, for the convenience of illustration, we only focus on 
the polynomial form for degradation models and the normal distribu-
tion for the random effects. consequently, given the updated random 
effects θθ j

1( ) , the degradation model of operating system j at time 
twill be obtained:

 L Nj t j t j t j t
T

j, | ~ ,θθ µµ1 1 1 2( ) ∑ +( )X X X σ  (12)

Recall that the mean value d
ju  and variance value d

jv  of the 
failure threshold jD for an operating system j can be calculated by 
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eq. (4). we further assume the system failure threshold jD  follows 
a normal distribution as well, i.e., D N u vj j

d
j
d~ ,( ) . note that this 

normal assumption for the system failure threshold distribution has 
been widely used in much existing research [13, 17, 24, 31]. Then, 
using the determined system failure threshold, the cDF of the RL jT  
for operating system j  based on the collected real-time degradation 
data ,.jL can be calculated as:
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given that the RL for operating system j  should be greater than 
0, the truncated cDF was further considered conditioning on 0jT ≥ :
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Since the truncated cDF in eq. (14) is skewed, the median can be 
used as the point estimator for the RL prediction.

2.4. Flowchart of the methodology

The flowchart of the proposed system failure threshold determi-
nation method is shown in Fig. 1. a convex quadratic formulation is 
developed to combine the information from the degradation data of 
historical systems and the information from the real-time condition 
monitoring data of an operating system. using the degradation data 
from historical systems, the degradation models of each historical sys-
tem is first established and then reconstructed using a weighted aver-
age method to fit the degradation model of an operating system, as 
shown in Eq. (2). in addition, the information about the last condition 
monitoring data collections ( ,i tL ) is extracted, and in other words, 
the failure threshold of historical system i is estimated using the last 
condition monitoring data collection ( ,i tL ). Then, to established the 
real-time update model, the prior distribution of the parameters in the 
Bayesian updated model is also obtained using the historical systems. 
Then, using the degradation data from the operating system, the deg-
radation model for the operating system is updated based on the Baye-
sian approach using the collected real-time condition monitoring data, 
as shown in Eq. (11). Particularly, the method focuses on using the 
degradation profiles of historical systems to fit the degradation pro-
file of an operating system. and then, using the updated degradation 
model and the reconstructed degradation model of historical systems, 
the failure threshold of the operating system is finally determined by 
solving Eq. (7). Finally, using the determined failure threshold and the 

Fig. 1. Failure threshold determination framework for RL prediction
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collected real-time condition monitoring data, the degradation model 
of an operating system can be established, and the system RL can then 
be estimated by eq. (13) and eq. (14).

3. Imperfect PM model considering system aging

in this section, the performance of the proposed system failure 
threshold determination method is investigated using a degradation 
dataset from several PSST systems. Specifically, we compare the 
prognostic performance of the proposed method with the existing 
population-wide characteristic-basedsystem failure threshold deter-
mination method. in fact, the method in [29] can be regarded as a 
special case of the proposed method in which each historical system 
is treated with equal importance, i.e., the weight coefficient is set as 
ωi,j =1 / m, for 1,2, ,  mi = … . on the contrary, when determining the 
failure threshold of the operating system j , the proposed method will 
calculate the optimal weight coefficient ωi,j for 1,2, ,  mi = …  by solv-
ing Eq. (7).

3.1. Origin of the data

The dataset is collected from several PSST systems (Fig.2), which 
is a widely used mechanical powertrain system in heavy tracked ve-
hicles. With PSST operating, metal debris mixed in lubricating oil 
accelerates the wear of every mechanical component, consequently 
leads to the degradation of the PSST system. However, the underlying 
degradation is not directly observable and can be only indirectly as-
sessed via oil spectral analysis, which is a commonly used technique 
to monitor the underlying degradation conditions in oil-lubricated ma-
chines [24, 25, 28, 32]. ın addition, the underlying failure mechanism 
in PSSTis not explicitly revealed. Therefore, researchers have to rely 
solely on the spectral oil data collected in the oil field dataset to estab-
lish the PSST degradation model and predict the RL.

in particular, the oil field dataset obtained from the reliability test-
bed (Fig. 3) for the PSST system is used for the case study illustration. 
Each system was run to failure under the same operating condition: 
cyclic multi-gear, load-varying, and multispeed. after a period of more 
than 10 years, we have collected oil field data for more than one thou-
sand samples, and a detailed description of the dataset can be found in 
[31, 32]. The dataset we used in this paper contains 45m =  training 
systems and 15 testing systems, of which each system contains more 
than 30 oil samples that were collected from 0 Mh to up to 284Mh 
according to the sample periodof nearly 5 Mh. Each sample contains 
15 types of spectral oil data, among which 6 types, namely, cr, Ni, cu, 

mn, Fe, and mo, are selected in [30] and shown to be highly related 
to the degradation mechanism. Due to space restrictions, the selected 
spectral oil data of one PSST system are shown in Fig. 4.

Fig. 3. A life-cycle testbed of the PSST   
1: Diesel engine. 2, 4, 5: Torque and speed sensors.3: PSST. 6,  
7: Inertia discs. 8, 9: Loading piston pump

Fig. 4. Spectral oil data for one PSST system

3.2. System degradation modeling

For each PSST system, there are 6 types of spectral oil data that 
monitor the degradation process of the PSST system performance. us-
ing these spectral oil data, the system degradation model can be estab-
lished. The concerned PSST systems are subjected to three potential 
failure modes: 1) a fault at the transmission gears, or 2) a fault at the 
wet clutches, or 3) a fault at the rotary sealings. according to the pre-
vious research in [20], the spectral oil data following an exponential 
functional form. Thus, the following exponential degradation model 
is considered to model the degradation profiles of PSST systems:

 y ei j t j
t ti j i j i j i j t

, ,
, , , , , , , ,= + + + +γ θ θ θ0 1 2

2   (15)

Fig. 2. Sketch of the PSST  
1: Hydraulic torque convertor. 2: CV clutch.3: CH clutch. 4: First-
shaft. 5: Steering pump. 6: Second shaft. 7: C1C2 clutch.8: Thirdshaft. 
9: Steering motor. 10: C3 clutch. 11: CLCR clutch
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where , ,i j ty represents the degradation data measurement for PSST 
system i , spectral oil data j at time t ; jγ represents the initial-effect 
coefficient for spectral oil data j ,i j t, ,  represents the random noise; 
and θi,j,0 , θi,j,1 and θi,j,2represent the random effects for PSST system 
i , spectral oil data j .Similar to makis et al. [6] and liu et al. [20], a 
log-transformation is used to process the original spectral oil data, and 
then the logged spectral oil data is modeled as follows:

 L y t ti j t i j t j i j i j i j i j t, , , , , , , , , , , ,ln= −( ) = + + +γ θ θ θ0 1 2
2   (16)

using the established degradation model in eq. (16), the PSST 
system Rl can be then determined. ıt is noted that all the selected 60 
PSST systems are degraded and failed according to one of the three 
possible failure modes. in addition, it is assumed that all PSST systems 
within the same failure modes following the assumptions: 1) have the 
same expected failure threshold subject to the same variations; and 2) 
the random effects have the same distribution.

To challenge our proposed method, it is further assumed that the 
failure modes of the training PSST system and the operating PSST 
system are unknown, which is usually the case in the real application. 
This assumption is to show the superiority of our proposed method 
in inferring the failure threshold and the RL of an operating PSST 
system, even if the failure mode of the training PSST system is un-
known. in this way, the performance of our proposed system failure 
determination method can be evaluated and compared with the exist-
ing method [29]. Specifically, two metrics listed in the following are 
used for evaluation:

The mean prediction error of the system RL (1) eRL ), which is 
defined as follows:
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where N represents the number of testing PSST systems, jn repre-
sents the number of collected spectral oil data for testing PSST system 
j , and j jT n+ represents the lifetime for testing PSST system j ; 

jT represents the actual RL for testing PSST system j ,and jT repre-
sents the estimated system RL for the same testing PSST system.

The mean prediction error of the system failure threshold  2) 
( eFT ), which is defined as follows:

 FT
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=
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100

1
 (18)

where jE D    represents the estimated system failure threshold for 
testing PSST j  using our proposed method in eq. (4), and True

jD  represents the actual failure threshold for the same testing PSST 
system.

matric (1) measures the mean prediction error between the pre-
dicted system residual life and the actual system residual life for the 
testing PSST system, and matric (2) measures the mean prediction 
error between the estimation value and the corresponding actual value 
of the system failure threshold for the testing PSST system. note that 
these two metrics measure the concerned two aspects, namely, the 
failure threshold and system Rl [4], when using collected condition 
monitoring data for system RL prediction.

3.3. System Failure Threshold Determination 

For the system failure threshold determination, the procedures 
described in Section 2.4 are adopted. First, the system failure thresh-
old of training PSST system i  is estimated by the last observation (

, ii ns ) of the spectral oil data. Then the degradation model parameters 
are denoted as ,0 ,1 ,2, ,

T
i i i iϕ ϕ ϕ ϕ =    and the degradation model for 

each training PSST system i  is reconstructed based on a second-or-
der polynomial model. next, the model parameters of testing system 
j are assumed to follow a normal distribution θ j p j jN0

1
0 0( )

+ ∑( )~ ,u
, where 0

ju  is estimated by the mean value of the parameters iϕ  of 
training PSST systems, and 0

j∑ is estimated by the variance value of 
the parameters iϕ  of training PSST systems. Then the posterior dis-
tribution θθ j

1
 
is calculated using the real-time collected spectral oil 

data ,.jL  from the testing PSST system as shown in Eq. (11). Finally, 
the weight coefficient ,i jω  is calculated by solving Eq. (7) with five-
fold cross-validation and consequently, the failure threshold of test-
ing PSST system j can be estimated with the mean value 
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Please note that Henze-zircller’s test is conducted in this case study 
based on the spectral oil data sets from the training PSST systems, 
and the calculation results show that using the normal distribution as 
the prior distribution for the random effects is satisfactory, as men-
tioned in Eq. (10).

The average prediction error of the failure threshold of the PSST 
system, eFT  as defined in Eq. (18), is shown in Fig.5, of which the 
best performance spectral oil data sample (Fe) is used for illustration. 
The threshold is modeled as a function of the operating time of the 
testing PSST systems. To be specific, the point corresponding to the 
“0” label is the average prediction error of the testing PSST systems 
in the initial state, while the point corresponding to the “50” label is 
the average prediction error when the testing PSST systems operating 
to 50% of the whole life. Here, for the convenience of illustration, the 
existing population-wide characteristic-based system failure threshold 
determination method in [29] is denoted as the “benchmark method”.

From Fig.5, we can observe that our proposed method has an ex-
cellent performance, and the average prediction error is consistently 
reduced with the increase of the operating time. on the contrary, the 
benchmark method has poor performance, and the RL prediction ac-
curacy does not improve with the increase of the operating time. it 
can be concluded that the proposed method provides a better result 
compared with the benchmark method when used for system failure 

Fig. 5. Prediction error of the PSST system failure threshold using Fe
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threshold determination. That is because that the threshold determi-
nation using the benchmark method just considering the population-
wide characteristics from historical PSST systems, does not consider 
the individual characters from the operating PSST system. in addi-
tion, when using our proposed method, the average prediction error is 
approximately less than 3% when the operating PSST systems operate 
to half-life. To be specific, the result shows that the proposed method 
can determine the PSST system failure threshold accurately even the 
PSST system is operating in a stable condition. moreover, from Fig.5, 
it can be seen that the average prediction error tends to be large when 
the testing PSST systems operate at an early stage (less than 20% 
of the lifetime). one possible reason is that the system degradation 
model in Eq. (3) is established using the Bayesian update method that 
may not fully capture the unique degradation features of the testing 
PSST systems when there are fewer spectral oil data samples avail-
able. However, when more spectral oil data samples are available, 
the accuracy of the PSST system failure threshold determination is 
improved significantly, which shows the rationality and superiority of 
the proposed system failure threshold determination method.

3.4. System residual life estimation

To further evaluate the performance of the proposed method for 
system RL prediction, the RL of the testing PSST systems is esti-
mated by adopting the calculated system failure threshold in Section 
3.3 and the proposed method in Section 2.3. given the spectral oil 
data from all of the 15 testing PSST system, the average prediction 
error of the RL, as defined in Eq. (17), is then calculated by using 
the actual RL of the testing PSST system. The calculation result is 
summarized in Tab. 1.

From Tab. 1, we can observe that the accuracy of RL prediction 
using the proposed method is improved for all selected spectral oil 
data when compared with the benchmark method. moreover, the av-
erage prediction error at different levels of actual RL for the testing 
PSST systems are calculated and shown in Fig.6, and the comparison 
between the proposed method and the benchmark method is shown in 
Fig.7. ın Fig.6 and 7, the label “30” represents the average prediction 
error for the testing PSST system that has 30 or less actual RL. The 
minimum actual RL among all the testing PSST systems is 150. The 
label “150” represents the average prediction error using all the test-
ing PSST systems. Thus, the same sets of testing PSST systems are 
used to calculate the accuracy of RL prediction as different levels of 
the actual RL.

From Fig.6, it can be seen that the Rl prediction becomes accu-
rate in general with the testing PSST system operating from the initial 
state to failure. This may because more spectral oil data samples are 
collected when the actual RL becomes less, and thus, the estimated 
system failure threshold, as well as the updated Bayesian degradation 
model for the operating PSST system, becomes more confidential.

Fig. 7 further shows the comparison by using the best perform-
ance spectral oil data sample (Fe) and the worst performance spectral 
oil data sample (mn) according to the result in Tab.1. Based on Fig. 7, 
it can be clearly seen that the proposed system failure threshold deter-
mination method outperforms the original benchmark method in both 
spectral oil data. This observation further shows the rationality and 
superiority of our proposed method for system RL estimation.

By comparing Fig. 6 and 7, it can be seen that the accuracy of Rl 
prediction is highly related to the accuracy of system failure threshold 
determination. To be specific, with the improvement of the accuracy 
of system failure threshold determination for the operating PSST sys-
tem, the accuracy of RL prediction using the proposed method also 
improves compared with the benchmark method.

4. Conclusion and discussion

This paper proposes a similarity-based failure threshold determi-
nation method for the system residual life prediction. To be specific, 
the similarity between the operating system and historical systems is 
measured by a weighted average function and calculated by using a 
convex quadratic formulation, and thus, the corresponding system 
failure threshold can be determined. The novelty of the proposed 

method is that the degradation 
profiles of historical systems and 
the real-time condition monitor-
ing data of an operating system 
are combined for real-time esti-
mating the system failure thresh-
old of an operating system when 
the failure threshold is unknown. 

Table 1. The average prediction error of the RL

Spectral oil data Cr Ni Cu Mn Fe Mo Average

The proposed method 9.75% 10.6% 8.32% 15.85% 7.5% 12.6% 10.77%

The benchmark method 15.78% 14.55% 14.52% 20.21% 13.8% 18.06% 16.15%

Improvement 6.03% 3.95% 6.2% 4.36% 6.3% 5.46% 5.38%

Fig. 6. Prediction error for the testing PSST systems using the proposed meth-
od

Fig. 7. Prediction error between the proposed method and the benchmark 
method
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The validity of the proposed method was demonstrated using selected 
oil field data collected from several PSST systems. The results not 
only show the effectiveness of the proposed method but also reveal 
the importance of real-time estimating the failure threshold for an op-
erating system.

compared with the existing failure threshold determination meth-
od which using population-wide characteristics, the proposed method 
provides an accurate determination of the system failure threshold, as 
illustrated in the case study. With the improved determination of the 
failure threshold, a more accurate system residual life estimation can 
then be obtained; even the monitored system is at an early moment of 
the degradation. Such advantages can be effectively used to obtain a 
better prognostic application and the following planned maintenance 
optimization. Following the results of the proposed method, the case 
study described in the existing works of literature, for example, vališ 
et al. [24], yan et al. [32] and liu et al. [20], might be complemented 

when these methods are utilized for system soft failure prediction, 
health index extraction and other condition monitoring applications.

The main contribution of this paper is not only a new direction in 
the failure threshold determination for degradation systems but also 
open up possibilities for combining the real-time degradation data 
with the historical condition monitoring data. There are several pos-
sible directions for future research. First, other methods, such as a 
Bayesian framework, might be considered to update the failure thresh-
old, as compared to the proposed frequentist method. Second, other 
degradation modeling method can fuse multiple condition monitoring 
data may have to be used when modeling other systems. 
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1. Introduction

Hydrogen fuel cells with Proton Exchange membrane Fuel cell 
(PEmFc) are considered one of the most promising and forward-
looking technologies for generating electricity and heat. Their usage 
is foreseen for high-capacity power plants, small distributed sources 
[14] and transport sector [12, 30].  Fuel cells can be exploited in a 
wide range of electrical load variability, with favourable performance 
indicators such as: efficiency of the processing of fuel chemical energy 
into electricity, unit fuel chemical energy consumption, unit fuel con-
sumption. nevertheless, the reliability indicators of cell operation are 
still reaching unsatisfactory values and are the main reason for inhibit-
ing the commercialisation of this technology on a large scale [21].

The improvement of reliability indicators and determination of 
operational indicators is now an up-to-date and important problem. 
The development of fuel cell technologies will be the main driver of 
the development of the hydrogen energy sector and hydrogen fuel-
based transport. The research is being carried out on the use of hydro-
gen as an additional fuel for petrol and diesel engines [18, 20]. The 
analysis of the results of the study conducted by the authors of the 
work [20] showed the lack of appropriateness of using hydrogen as an 
additional fuel in compression ignition engines. Hydrogen power sup-
ply is mainly adapted by spark-ignition engines. However, the work 
[30] concluded that this is a temporary solution to pre-prepare and 

implement hydrogen storage and distribution infrastructure before the 
introduction of prospective fuel cells.

Due to continuously high costs of fuel cells, many studies of this 
technology are carried out using proprietary mathematical models 
[2, 34]. work on modeling the fuel cell stack can be divided into two 
groups. The first includes works that present models designed to opti-
mize stack parameters according to goal functions such as: minimizing 
construction costs, maximizing current density [1, 4, 6, 15, 27, 32].

ın the article [4], the authors present a three-dimensional multi-
phase model of the PEm fuel cell designed to study the effect of as-
sembly pressure on the contact resistance between the gas diffusion 
layer (gDL) and the bipolar plate. The correct selection of the mount-
ing pressure allows you to make a stack with a longer life.

ın the paper [6], the authors present a model designed to opti-
mize fuel cell stack dimensions according to an improved version of 
the seagull optimization algorithm. The model allows to determine 
the operational characteristics of the stack, however, it does not take 
into account its displacement after the operational time. in turn, in the 
paper [1], the authors present a 500-watt fuel cell stack model with 
ion exchange polymer membrane implemented in matlab/Simulink 
environment. The model is used to determine the reference value of 
electric current for any steady state. 

in this paper [27], the authors present the processes taking place in 
the fuel cell stack and the developed numerical models aimed at mini-

ceran B, orłoWSka a, krochMaLny k. The method of determining PeMFc fuel cell stack performance decrease rate based on the 
voltage-current characteristic shift. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 530–535, http://dx.doi.or-
g/10.17531/ein.2020.3.16.

Bartosz ceran
agata orłoWSka
krystian krochMaLny

the methoD of Determining pemfc fuel cell stack performance 
Decrease rate baseD on the voltage-current characteristic shift

metoDa wyznaczania szybkości spaDku wyDajności stosu ogniw 
paliwowych typu pemfc na poDstawie przesunięcia charakterystyki 

napięciowo-prąDowej*
The article presents mathematical model designed to estimate the rate of performance decrease in fuel cell stack. The fuel cell 
stack performance decrease rate is determined on the basis of stack average voltage measurements. The proposed model is used 
to determine power curve as well as exploitation indicators of fuel cell stack with a nominal power of 50 kW after 14 000 hours 
of continuous operation. The model is also used to determine the average voltage drop for the eleven-year fuel cell stack with a 
nominal power of 1,2 kW. In both studies, the values of exploitation indicators as well as their differences in relation to nominal 
values are determined.

Keywords: fuel cells system exploitation, fuel cell stack exploitation indicators, stack performance decrease after 
years of operation, stack exploitation characteristics.

Artykuł przedstawia model matematyczny przeznaczony do wyznaczenia szybkości spadku wydajności stosu ogniw paliwowych. 
Szybkość spadku wydajności stosu ogniw jest wyznaczana na podstawie wartości napięcia średniego stosu. Zaproponowany mo-
del wykorzystano do wyznaczenia krzywej mocy i wskaźników eksploatacyjnych stosu ogniw paliwowych o mocy nominalnej 50 
kW po 14 000 h ciągłej pracy. Model wykorzystano także do wyznaczenia szybkości zmiany wartości napięcia średniego jedena-
stoletniego stosu ogniw paliwowych o mocy 1,2 kW. W obu badaniach wyznaczono wartości wskaźników eksploatacyjnych oraz 
ich różnice względem wielkości nominalnych.

Słowa kluczowe: eksploatacja systemów ogniw paliwowych, wskaźniki eksploatacyjne stosu ogniw paliwowych, 
spadek wydajności stosu po latach eksploatacji, charakterystyka eksploatacyjna stosu.
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mising the stack production costs and maximising current density. 
These models are designed to support the design of fuel cell stacks.

new techniques of fuel cell modeling are being developed, e.g. 
with the use of the so-called bonding diagrams [32]. model tests are 
also carried out to increase energy efficiency by connecting a stack of 
cells with a thermoelectric generator into a hybrid system [15].

all the above mentioned mathematical models are built to support 
the design of the fuel cell stack. However, these models do not take 
into account the decrease in stack efficiency after years of operation.

The second group of publications on stack modelling include 
works that model the degradation processes taking place in the stack 
during its work. The authors focus on determining the influence of 
one of the structural elements, such as gas diffusion layer (gDL) [23], 
bipolar plates, polymer membrane [26] and catalyst layer on the elec-
trodes of the stack [31], on the voltage-current characteristics. These 
models are used to minimize the source of degradation and increase 
the stack life.

The paper [26] presents a numerical model of fuel cells designed 
to test mechanical membrane degradation caused by local, non-pres-
surized membranes. in order to reduce the stresses, the authors sug-
gest using an additional seal in connecting the electrode-electrolyte 
with gDL.

Subsequent works concern the determination of the probability 
of degradation of a given element [25, 35]. The authors of the article 
[25] proposed to use a foul three analysis tree to determine the prob-
ability of degradation of fuel cell stack elements. in turn, the article 
[35] proposes an innovative model of forecasting the degradation of 
a fuel cell with proton exchange membrane using the molecular filter 
and data extrapolation method.

unfortunately, the above mentioned models and proposed meth-
ods are not oriented towards practical application because they do not 
show how the progressing degradation processes will affect the ef-
ficiency of the fuel cell stack after many hours or years of operation 
and, most of all, how the values of the performance indicators will 
change. The knowledge of changes in performance values will have a 
decisive impact on the correct determination of stack operating costs.

Publications on modelling hybrid power generation systems [16, 
19, 28] confirm that the demand for a model showing the impact of 
fuel cell stack ageing on performance indicators is currently very 
high. The modelling techniques of hybrid systems presented in the 
above mentioned works do not take into account the decrease in stack 
efficiency after years of operation.  consequently, in such a hybrid 
system, energy imbalance may occur [24], which will result in in-
creased consumption from the power grid [9].

Similarly, if a fuel cell is used in the transport sector [3, 11, 29], 
failure to take into account the decrease in stack efficiency may lead 
to an erroneous estimate of the vehicle’s range or fuel demand, result-
ing in an erroneous estimate of the vehicle’s operating costs.

in order to correctly determine the operating costs of a vehicle or 
a fuel cell hybrid electricity generation system, mathematical models 
should be built to determine the loss of performance of the cells after 
years of operation.

The main purpose of this article is to present a mathematical mod-
el which allows to determine the rate of decrease of fuel cell stack 
efficiency and the shift of the stack’s operational characteristics in re-
lation to the characteristics for catalog data after a given period of use. 
The model allows to determine the values of performance indicators, 
i.e. electrical efficiency, specific fuel chemical energy consumption 
for electricity production, specific fuel consumption for electricity 
production and to compare them with the values of indicators cor-
responding to the characteristics of the stack catalogues.  

2. The mathematical model of the fuel cell

The mathematical models of fuel cells described in the literature 
make it possible to determine the operating characteristics for rated 
conditions (catalogue parameters). The proposed models do not take 
into account the decrease in stack efficiency after years of life and 
operation.

The analysis method proposed by the authors allows to determine 
the operational characteristics of the fuel cell stack for the rated data 
and the characteristics after “n” years of operation. The input variable 
of the model is, in this case, the rate of decrease of the average volt-
age value of one cell (one stack cell). on the other hand, the proposed 
algorithm can be used to determine the rate of drop in performance of 
the stack based on the shift between the catalogue characteristics and 
the stack characteristics after a given service life.

The method allows to quickly determine the efficiency and other 
performance indicators of the fuel cell stack.

The efficiency of converting the chemical energy of a fuel into 
electricity through a stack of fuel cells can be presented using formula 
(1) [7]: 

 ηel
el
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where: elP  – electrical power of the fuel cell stack, u – fuel cell stack 
voltage, i – electric current, 

2Hn –  hydrogen mole stream, 
2HWQ  – 

hydrogen calorific value related to 1 mole respectively.

The indicator of the unit chemical energy consumption of the fuel 
for the production of electricity through the stack is defined by for-
mula (2):
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The unit fuel consumption ratio for electricity production can be 
calculated using formula (3):
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where: 
2HV  – hydrogen volume flow rate.

it should be noted that manufacturers of PEmFc fuel cell systems 
specify two efficiency values for converting the chemical energy of 
the fuel into electricity: the efficiency value related to the calorific 
value of hydrogen (Low Heating value) and the efficiency value re-
lated to the heat of hydrogen combustion (High Heating value).The 
analysis presented in this paper is carried out in relation to the calo-
rific value of hydrogen, because the value of the qel index is defined, 
in the classical theory of exploitation of generating sources, in relation 
to this value.

Defining the efficiency of a fuel cell in relation to its calorific 
value allows to compare its value with other technologies of electric-
ity generation using the chemical energy of the fuel, e.g. conventional 
steam units, gas and gas-steam units, gas engines or technologies us-
ing biomass.

The hydrogen molar flux formula can be determined from the 
Faraday ıı electrolysis law (4):

 q n z F= ⋅ ⋅  (4)
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where: q [c] – electric charge, n – number of gas moles, z [-] – number 
of electrons needed to release the molecule for H2 = 2, i.e. 2 electron 
moles are needed to release 1 mole of H2, for o2 = 4, F [c/mol] – 
Faraday constant.

By dividing equation (4) by the time t, the relations to the electric 
current (5) is obtained: 

 I n
t

z F= ⋅ ⋅  (5)

From equation (5) the molar flow marked n  (6) can be deter-
mined:

  
n In
t z F

= =
⋅

  (6)

For a fuel cell stack, the hydrogen molar stream is proportional to 
the number of cells in the stack, hence:
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where: ncelek – number of cells (single cells) from which the stack is 
built.

in the theory of fuel cells, a size called thermoneutral potential, 
which is defined according to formula (8) [22], applies in practice:

 ( )2
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00
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z F
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where: 0
tE  – thermoneutral potential [v], ( )2

0
0H gH∆  – standard en-

thalpy of water formation in gaseous phase [kJ/mol], index “0” means 
standard conditions (T = 298 k, p = 105 Pa).

Thermalneutral potential is the theoretical value of the voltage that 
a fuel cell will reach with the theoretical assumption that 100 % of the 
supplied chemical energy stream will be converted into electricity.

The standard enthalpy of water formation in the gaseous phase 
ΔH¬H2o(g) energetically corresponds to the calorific value of hydro-
gen, assuming that water is the product in the gaseous state (9) [17]:

 ( ) 22
0

0 HWH gH Q−∆ =  (9)

By substituting equations (4), (8), (9) for equation (1), the formula 
for the efficiency of electricity generation by the fuel cell stack takes 
the form of formula (10):

 ηel
celek t

U
n E

=
⋅ 0  (10)

The average voltage of a fuel cell stack is defined as the ratio of 
the voltage of the stack to the number of cells (single cells) in the 
stack:

 av
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UU
n

=  (11)

after substituting relation (11) to formula (10), the formula for 
stack efficiency can be presented with the help of the relation:

 ηel
av

t

U
E

= 0  (12)

Formula (12) for the efficiency of converting the chemical energy 
of the fuel into electricity through the stack is very practical, because 
to determine the efficiency it is sufficient to measure the voltage of 
the stack and know the number of individual cells forming the stack. 
There is no need to measure the hydrogen flux used.

The change in stack efficiency is measured by changing the aver-
age stack voltage. The change in efficiency is, according to relation 
(13), directly proportional to the change in average stack voltage:

 ∆
∆

ηel
av

t

U
E

= 0  (13)

The change of average stack voltage is defined by formula (14):

  av
av av

dUU U t
dt

− ⋅∆ =  (14)

where: avdU
dt

 – the rate of change of average stack voltage over time 

[μv/h], t – fuel cell stack lifetime [h].

The power change of the stack can be determined on the basis of 
the relationship (15):

 ∆ ∆P n Qel el H WH= ⋅ ⋅η 

2 2 (15)

The algorithm presented above allows to quickly determine the 
rate of change in the average voltage of the stack, and thus the rate of 
decrease in the generated electric power and the efficiency of convert-
ing the chemical energy of the fuel into electric power, as well as the 
increase in the values of the indicators of specific fuel consumption 
and specific chemical energy consumption of the stack.

The input data of the model are the catalogue parameters of the 
stack and the value of the stack voltage determined from the measure-
ments. Based on formulas (1)-(15), the values of the stack’s operating 
indicators are determined and the operating characteristics are plotted 
for the catalogue parameters and after a given period of use. in order 
to determine the rate of decrease in the stack’s efficiency, the algo-
rithm performs a series of simulations for different values of the rate 
of change of the average voltage of the stack with a given step and 
evaluates, with a given accuracy, the adjustment of the actual charac-
teristics to the simulated one.

3. Determination of performance indicators based on 
the rate of change of average stack voltage values

The change of the average stack voltage Δuav can be approximat-
ed by the linear function [33]. The rate of change in average voltage 
over time for systems of several tens of kilowatts is included, based on 
operational experience, in the range from about 3 to 9 μv/h [33]. This 
value depends on many factors, such as the culture of stack operation 
(observance of operating procedures, starting and stopping the stack), 
stack operating conditions (weather conditions, ambient temperature), 
the nature of stack operation (continuous, intermittent), etc.

a pilot plant built of 50 kw PeM cells (12 stacks of 4,2 kw) in the 
Netherlands, in Delfzijl, worked 14 000 hours without interruption. 
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measurements during operation showed that the average stack voltage 
decreased at an average rate of 8 μv/h [33].

Based on equations 1 - 15 and the proprietary code developed in 
the matlab environment, simulations were carried out to determine 
the power curve of the stack and the values of the performance indica-
tors. The results of the simulation are shown in Figure 1 and Table 1. 

Fig. 1. Effect of Uav change on 50 kW fuel cell stack power curve - simulation 
tests

after 14,000 hours of continuous operation, the efficiency of the 
plant’s electricity generation decreased by 16.36% from 55% to 46%. 
The effect of the decrease in efficiency is a decrease in the value of 
electrical power generated by the stack and an increase in the value 
of the indicators of specific chemical energy consumption of fuel 
and specific fuel consumption. The nominal capacity of the stack de-
creased by 15.2%. This means that the additional 7.6 kw of hydrogen 
chemical energy stream will be converted by the installation into ther-
mal power at the expense of the value of generated electrical power. 
The value of the qel index increased by 19.3% compared to the nomi-
nal value, while the value of the bel index increased by 20%.

4. Determination of the rate of change of the average 
stack voltage from the measurement of the operating 
characteristics

in order to verify the model, it was used to match the voltage and 
current characteristics of the 1.2 kW fuel cell stack and to determine 
the rate of change of the average stack voltage. The tested fuel cell 
stack is an element of the NeXa training system, which is located in 
the energy conversion laboratory of the wrocław university of Tech-
nology.

The NeXa system is a device designed for emergency power sup-
ply of both fixed and alternating current devices. apart from the 1.2 
kW stack, the system is made of [8]: 

hydrogen supply system – 20 mPa compressed hydrogen cylin-• 
ders, hydrogen pressure regulator, hydrogen pressure regulator, 
pressure relief valve, solenoid valve to cut off fuel supply during 
system shutdown, hydrogen leakage detector,
air supply system – a Roots blower,• 
stack cooling system – the stack of cells in the NeXa system is • 
cooled with air using a cooling fan,
electronic control system – control computer, measuring sen-• 
sors.

The age of the fuel cell stack is 11 years. Based on the simulation 
performed, the specific value of the average voltage change rate is 
0,34 μv/h. For this value the best fit of the simulated and measured 
characteristics is obtained. The low value of the mean voltage change 
rate compared to a 50 kW system is due to the fact that the 1,2 kW 
cell stack consists of 46 cells. additionally, the NeXa system oper-
ates in intermittent mode and is only used for research and teaching 
purposes.

Figure 2a shows the characteristics of the fuel cell stack: nominal, 
measurement-based characteristics (measured in march 2020) and 
simulation-based characteristics. Figure 2b shows the matching of 
measured and simulated characteristics.

Fig. 2. a) Fuel cell stack characteristics: catalogue, simulated, measured, b) 
ΔU between simulated and measured characteristics

Deviations visible on the measurement characteristics are the ef-
fect of the anode flushing system during measurements [5]. at this 
point, the difference between the measured and simulated quantity is 
about 0.6 v. ın most of the ohmic area [10, 13] of the voltage and cur-
rent characteristics the difference between the points is about 0.2 v.

Table 1. Fuel cell stack performance indicators 50 kW - simulation tests

Rated data After 14 000 hours 
of operation

P [kW] 50 42.4

ΔP [kW] −7.6

ηel [-] 0.55 0.46

Δηel [-]  -0.09

qel [kJ/kJ] 1.81 2.16

Δqel [kJ/kJ]   0.35

bel [Nm 3H2/kWh] 0.60 0.72

Δbel [Nm 3H2/kWh]   0.12

Table 2. Fuel cell stack performance indicators 1.2 kW

Rated data After 11 years

Pel [kW] 1.2 1.16

ΔP [kW] −0.040

ηel [-] 0.550 0.521

Δηel [-] −0.029

qel [kJ/kJ] 1.840 1.920

Δqel [kJ/kJ] 0.080

bel [Nm 3H2/kWh] 0.610 0.640

Δbel [Nm 3H2/kWh] 0.030
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Table 2 shows a comparison of performance indicators calculated 
on the basis of catalogue data and simulation results. The low value 
of the average stack voltage change rate results in smaller changes in 
stack power and operating indicators. The nominal power of the fuel 
cell stack decreased from 1.2 kw to 1.16 kw after 11 years, reducing 
its value by 3.33%. The conversion efficiency of hydrogen chemical 
energy into electricity decreased by 5.27%. The fuel chemical energy 
conversion rate for electricity production increased by 4.35%. The 
specific fuel consumption for the production of one kWh of electric-
ity increased by 4.92%.

given the fact that the stack works under laboratory conditions 
with a high exploitation culture, the results should be considered as 
correct.

5. Summary

updating the performance characteristics of fuel cells with ion 
exchange polymer membranes is a key issue in the development of 
hydrogen-based technologies, i.e. distributed generation of electricity 
and electromobility.

The proposed method allows to easily and quickly determine the 
decrease in efficiency of the fuel cell stack, which makes it possible 
to determine the current values of the performance indicators of the 
stack. on the other hand, the performance indicators determined after 

years of using the stack allow for a more accurate estimation of the 
operating costs of the fuel cell system.

The proposed method is a useful tool for carrying out a feasibility 
study of a project (e.g. hybrid power generation system with hydro-
gen storage, hydrogen car or hydrogen bus) on the basis of which the 
investor will be able to more accurately assess the risks associated 
with a given project by making technical and financial estimates a 
reality. The proposed model may facilitate the planning of long-term 
operation of fuel cell stacks in both distributed generation systems and 
hydrogen vehicles. 

The advantages of the proposed method are its simplicity, short cal-
culation time and the fact that it is sufficient to measure the voltage gen-
erated by the stack to determine the efficiency of the fuel cell stack.

The conducted simulations have shown that the value of the pile 
performance decrease depends on its nominal power (indirectly on 
the number of targets) and the mode and conditions of operation (con-
tinuous operation, intermittent operation). The model presented in 
the article contributes to the development of methods to update the 
performance characteristics of fuel cell stacks. These issues will be 
increasingly important in view of the expected decentralization of the 
electricity generation sector, the development of hybrid fuel cell stack 
generation systems and electromobility. The loss of fuel cell stack ef-
ficiency over the years of operation is an extremely important aspect 
for investors interested in new hydrogen technologies.
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1. Introduction 

The function of the transfer point is to pass the transported mate-
rial from the feeding conveyor to the receiving conveyor in such a 
manner as to prevent the material from being blocked [19]. in the case 
when a transfer point is badly designed, the transportation process 
may be interrupted, subjecting the mining company to considerable 
financial losses [12]. according to [10], downtime of the main belt 
conveyor in a copper mine in chile, which produces 100,000 metric 
tons of ore per day, may lead to as much as $250,000 loss per hour. 
Except failure-free operation, a transfer point should offer minimal 
belt resistances to motion by ensuring that the transported material 
is placed centrally on the receiving belt, both spillage of the material 
and blockages are prevented, the process of particle defragmentation 
is limited, and also that noise and dust emissions to the environment 
are reduced [17].

Three transfer point design methods are currently used: analytical, 
simulational and experimental. The first analytical investigation of the 

trajectory of the material flowing through a transfer point was offered 
by c.e.M.a [1] in the 1960s. ın 1988, korzeń [20] presented an im-
proved method for calculating the required hood curve (in hood and 
spoon transfer) and the particle flight path which allows calculations 
to be performed for both cohesive and non-cohesive materials. This 
topic was further researched by Roberts in 2003 [23]. in his calcula-
tions, Roberts allowed forthe friction between the particles and the 
elements of the transfer point, as well as for particle humidity. over 
the following years, with increasing computational power available, 
transfer points started to be designed with the use of simulations based 
on Discrete Element method (DEm), which consist in preparing a 
three-dimensional model of the investigated transfer point and in per-
forming subsequent multi-variant analyses of how the design and op-
erational parameters influence the transport of the material. in DEm 
simulations, forces acting on individual ore particles are determined at 
very short time intervals. in the first step, the algorithm identifies the 
total forces acting on the particles, and subsequently uses newton’s 
second law to find the acceleration and displacement for each of the 

WaLker P, DoroSzuk B, króL r. analysis of ore flow through longitudinal belt conveyor transfer point. eksploatacja i niezawodnosc – 
Maintenance and reliability 2020; 22 (3): 536–543, http://dx.doi.org/10.17531/ein.2020.3.17.
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analysis of ore flow through longituDinal belt conveyor 
transfer point

baDania symulacyjne przesypu wzDłużnego 
przenośnika taśmowego

A transfer point is an element of a belt conveyor prone to increased energy losses and to the risk of failure. It is also a location in 
which the receiving belt is particularly susceptible to damage. Except failure-free operation, a transfer point should offer minimal 
belt resistances to motion by ensuring that the transported material is placed centrally on the receiving belt, both spillage of the 
material and blockages are prevented, the process of particle defragmentation is limited, and also that noise and dust emissions to 
the environment are reduced. Ensuring that the above requirements are met requires inter alia the use of advanced simulation tests. 
The article analyzes the flow of ore particles stream through a longitudinal transfer point used in an underground copper ore mine. 
Discrete Element Method was used to identify the phenomena which occur while transferring ore onto the receiving conveyor. The 
research allowed key variables affecting the transfer point performance to be identified. It also resulted in a proposal of actions 
which can improve the performance of the transfer point and which are focused on saving energy and on minimizing the damage 
and wear of the receiving belt.

Keywords: transfer point, Discrete Element Method, conveyor belt, abrasive wear, cumulative contact energy.

Przesyp jest miejscem przenośnika taśmowego, w którym pojawia się ryzyko wystąpienia awarii, występują straty energii oraz 
może dochodzić do uszkodzenia taśmy odbierającej urobek. Poza bezawaryjnym funkcjonowaniem przesyp powinien dla zmini-
malizowania oporów ruchu taśmy zapewnić także centralne podawanie urobku, zapobiegać rozsypywaniu się transportowanego 
materiału, nie dopuszczać do powstawania zatorów, ograniczać proces defragmentacji urobku, a także minimalizować emisję 
hałasu oraz pyłów do otoczenia. Zapewnienie stawianych wymagań wiąże się z koniecznością stosowania m.in. zaawansowanych 
badań symulacyjnych. W artykule przeprowadzono analizę przepływu strugi urobku przez wybrany przesyp wzdłużny, stosowany 
w podziemnej kopalni rud miedzi. Przy użyciu metody elementów dyskretnych DEM dokonano oceny zjawisk zachodzących pod-
czas przesypywania rudy na przenośnik odbierający, wskazano kluczowe zmienne opisujące jego pracę, a także zaproponowano 
działania udoskonalające pracę przesypu, zorientowane na zwiększenia jego energooszczędności oraz zmniejszenia negatywnego 
oddziaływania transportowanego nosiwa na taśmę przenośnika odbierającego.

Słowa kluczowe: punkt przesypowy, Metoda Elementów Dyskretnych, taśma przenośnikowa, zużycie ścierne, 
skumulowana energia kontaktowa.
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particles [18]. The two calculations are performed for one time step, 
and the algorithm proceeds to perform calculations for the next time 
step, using the data obtained in the previous step [14]. ın order to 
simulate interactions between the particles, contact models are used.

Experimental, laboratory tests of transfer points are performed on 
specially adapted test stands, which employ high-speed cameras to 
identify the flow of material. The cameras allow an analysis of sev-
eral tens to several hundreds of frames per second. Publication [11] 
describes an analysis of ore-flow through a transfer point, performed 
with the use of both analytical and simulation methods, and compares 
the effects with the experiment results. The research demonstrates that 
simulation methods have advantage over other methods. Publication 
[15], on the other hand, offers a comparative analysis of the analyti-
cal method proposed by Roberts [23] and of the DEm method, and 
indicates a high correlation between the results, while pointing to the 
limitations of the analytical methods.

The operation of the transfer points is re-
lated to the occurrence of concentrated resist-
ances in the location where the material is fed 
[8]. Preliminary analyses performed for the 
kwB Bełchatów lignite mine suggest that these 
resistances may account for approximately 5% 
of the power loss on the conveyor [7]. The re-
sistances occur when the material fed to the re-
ceiving conveyor has lower velocity tangential 
to the belt movement direction than the velocity 
of the belt itself, which indicates that the veloc-
ity of the material must be increased. another 
component of the resistances is the friction of 
the material against the side skirts. Side skirts 
are used in the transfer point and installed over 
the belt of the receiving conveyor. They are lo-
cated in the zone where the stream of material 
is formed and their function is to prevent indi-
vidual grains from spilling outside the belt and 
to form the material into a shape appropriate for 
further transportation. as the material dropped 
on the receiving belt is typically characterized 
by turbulent movement, it should be stabilized 
before it leaves the skirts [3]. additionally, dur-
ing its flight, the transported material signifi-
cantly increases its normal component of the ve-
locity vector with respect to the conveyor plane. 
Therefore, when dropped on the belt, it may 
cause its damage and also negatively influence 
the condition of the feeding idler sets [21].

2. Simulation preparation

2.1. Calibration process

The effectiveness of the DEm simulations 
largely depends on the input parameters de-
scribing the simulated bulk material [2, 16]. 
The parameters used as the preliminary source 
of data for the calibration process of the in-
vestigated copper ore were obtained as part of 
own research [6]. The volumetric density was 
averaged on the basis of several samples, and 
the restitution coefficient was determined for 
steel, rubber and 3 types of rock present in the 
deposit. The ore-ore friction coefficient was 
determined with the use of a direct shear ap-
paratus, and the ore-steel and ore-rubber coef-
ficients were found with the use of an inclined 

plane. The rolling friction coefficient was assumed at 0.01, and other 
parameters were assumed on the basis of detailed literature studies, 
described in [6]. 

The test stand used in the experiment was similar in design to the 
stand described in [22]. it is a cubical box with a container holding 
the tested material in its upper part. The material slides on a plane 
which has variable inclination angle and which is located under the 
container. upon releasing the lock, the sample stored in the container 
is allowed to leave it in the form of a stream of material which hits 
the plane and slides on it, eventually forming a fragment of a pile 
in the corner of the box. For the purpose of the tests, the device de-
scribed in [22] was modified in such a manner that the material of the 
sliding plane could be modified. as a result, contact parameters were 
obtained for both steel and the carrying cover of the conveyor belt. in 
order to enable detailed observation of the behavior of the tested ma-

Fig. 1. Calibration step for particle-steel (p-s) coefficient of static friction (μs) – comparison of the char-
acteristic parts of the simulation after 1 and 2.5 seconds for different multipliers (x) of friction 
coefficient

Fig. 2. On the left: a frame from the recorded experiment; on the right: the corresponding moment of the 
simulation
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terial, the experiments were recorded with the 
use of Phantom miro 120 high-speed camera, 
at 600 frames per second.

a number of simulations were performed, 
with each of the parameters modified in suc-
cession. The simulations were subsequently 
compared with the recorded experiments 
(Fig. 1). in the first step, the calibration proc-
ess included the ore-ore contact parameters, 
and in the second stage – the ore-rubber pa-
rameters. as a result, a calibrated model was 
obtained for copper ore, which reflected the 
behavior of the actual material (Fig. 2) [5].

2.2. Preparation of the model

in the modeling process, the conveyor 
belt trough was filled with particles generated 
by the EDEm application. Their behavior was 
simulated with the use of the discrete element 
method and with allowance for the calibrated 
material parameters of the mined copper ore. 
Fig. 3 shows a simplified 3D model of the actual longitudinal transfer 
point operated in the mine. The transfer point comprised an adequate-
ly shaped upper (feeding) belt, lower (receiving) belt, feeding con-
veyor drum and side skirts. The geometry was modeled in the form 
of meshed surfaces with zero thickness. only those surfaces were 
modeled which can be contacted directly by the transported material. 
This fact is due to the complexity of the calculation algorithm (and 
especially the detection of potential contacts between the material and 
the skirting elements), whose efficiency is also affected by the geo-
metrical complexity of the model. The resulting geometry simulates 
the system to a satisfactory degree and is sufficient to perform DEm 
analyses. 

in order to fully represent the grain size distribution, the SplitDesk-
top application was used to perform analyses on the basis of the col-
lected photographic documentation of the material present on the top 
run of the feeding conveyor [24]. Only particles greater than 50 mm in 
diameter were modeled in the simulation, as the finer fraction would 
significantly increase the simulation preparation time, while its ab-
sence does not affect the results. Particles finer than 50 mm were cu-
mulated and added to the finest generated fraction. in the simulation, 
the total assumed stream of the material mass at maximum capacity of 
the B1200 conveyor was 2072 mg/h. 

3. Simulation

The criterion for the evaluation of the transfer point operation was 
based on component velocities of the material at the moment of col-
lision with the belt. known component velocities allow calculating 
abrasive wear of the belt at the location where the material accel-

erates. material velocity tangential to the belt surface influences the 
energy-consumption of the transfer point and its concentrated resist-
ances. When this velocity is lower than the velocity of the conveyor 
belt, losses occur [8, 9, 21]. However, velocity normal to the belt sur-
face causes impact-related destruction of the carrying cover and of the 
feeding idler sets. 

The analyzed design of the transfer point is a commonly used so-
lution, in which the material is transferred directly from the belt of 
the feeding conveyor onto the belt of the receiving conveyor. Simula-
tions demonstrated that at the moment of collision with the receiving 
belt, the stream of material has a normal velocity of approximately 
6.3 m/s, which is further reduced so that in effect the entire energy of 
the falling material is received by the belt (Fig. 4a). ın addition, virtual 
velocity sensors were added for individual particles in order to allow 
defining mean normal and tangential velocities of material particles 
during and after the impact.

ın Fig. 4b, the vectors serve to present the analysis of particle 
behavior along axis X. Prior to the impact, the particles moved with 
a static velocity of approximately 2.37 m/s. at the moment of contact 
with the belt, the particles lost their velocity to 1.73 m/s and were sub-
sequently accelerated, by the friction forces acting between the belt 
and the material, to the rated velocity of the belt (2.5 m/s). in order for 
the material to be accelerated, the friction force between the material 

and the belt must be greater than both the lift 
resistances of the material due to the inclination 
angle of the conveyor and the friction resistanc-
es of the material due to the side skirts [8]. This 
phenomenon accounts for the additional resist-
ance to motion generated at the feed point.  

The EDEm application was used to calcu-
late the values of the energy received by the top 
run in the receiving conveyor over a 30-second 
period of its operation at rated capacity. For this 
purpose, the belt was divided into segments 
consisting of right triangles having sides 10 cm 
in length. Subsequently, the cumulated value of 
tangential and normal energy was calculated. 
The result served as a basis for identifying those 
belt fragments of the receiving conveyor which 

are most prone to wear. The simulations demonstrated that the great-
est amount of energy is received by the middle fragment of the belt 
and by the side fragments. Less energy is received in the deflection 
zone on the idler set (Fig. 5).

Fig. 3. Simplified 3D model of the analyzed transfer point used for the needs of the DEM simulation

Fig. 4. View of the collision between the material 
and the belt during a DEM simulation: a) normal velocity of particles (recorded along the Z axis), b) 
tangential velocity of particles (along the X axis)

b)a)
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Fig. 5. Cumulative normal (a) and tangential (b) contact energy values determined in the EDEM software during the contact 
between the receiving conveyor belt and the material in the variant before modification

Fig. 6. Analyzed variants of the chute considered during the simulation tests (a) and the behavior of the material during the flows through 
chute No. 4 (b)

Fig. 7. Proposed design solution for longitudinal transfer chute

Fig. 8. Violin plot of tangential and normal velocity values recorded at the moment of the collision between the material and 
the belt for the tested variants of the longitudinal transfer point with indicated average velocity values 

b)a)
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as the analyzed transfer point is operated in a system of belt con-
veyors working at a constant speed of 2.5 m/s, the proposed opti-
mizing solution was a chute. a chute appropriately adjusted to the 
discharge trajectory at the transfer point should reduce the value of the 
material component velocity normal to the belt and adjust its compo-
nent tangential to the velocity of the receiving conveyor belt [9, 21].

The simulations were performed on four selected variants of the 
chute slope, with different numbers of plates and with their various 
inclination angles with respect to the vertical (Fig. 6a). The design dif-
ferences in the tested solutions resulted from successive simulations 
of material behavior, during which the sensors available in the EDEm 
application were used to analyze the velocity components at the mo-
ment of material collision with the belt [13].

Fig. 6b shows changes of the tangential velocities of the material 
particles during the simulations for chute No. 4. upon the collision 
with the receiving plate, the material was observed to increase its tan-
gential velocity, which was then partly reduced due to friction against 
the lower section of the chute. as a result, the material acquired a 
velocity similar to the velocity of the receiving belt. Fig. 7 shows the 
geometric dimensions of the chute which provided the best optimiza-
tion results. 

analogically to the analyses performed for the basic version, in 
the case of the accepted solution, both tangential and normal velocity 
components were also calculated for the material at the moment of 
collision with the belt.  Fig. 8 shows a comparison of the obtained 
values. in the variant of the transfer point with a chute, the tangen-
tial velocity variable in time oscillates in the range from 2.8 m/s to 
3.2 m/s, with mean velocity at approximately 3 m/s. This fact implies 
that the material is fed faster than the belt moves, and at the same time 
this value is sufficiently small not to cause the material to be spilled 
outside the transfer point. With the modernized version of the transfer 
point, the tangential velocity of material particles was increased by 
1.2 m/s on average. meanwhile, the calculated mean normal velocity 
of material particles in this variant is as much as 6-fold smaller and is 
approximately 1.15 m/s. This decrease allows a significant reduction 
of the destructive influence of the potential energy of the material 
masses falling on the conveyor belt and on the supporting idler sets.

values of accumulated contact energy were used in order to iden-
tify the chute sections most susceptible to abrasive wear (Fig. 9). The 
sections of the chute most prone to damage due to normal and tan-
gential forces have been indicated in red. Failure-free operation of the 
chute can be ensured by installing additional reinforcements in select-
ed chute fragments (for example by using an appropriate construction 
material), and by frequently controlling their technical condition.

a comparison of the accumulated energies of the material acting 
on the belt allows an observation that the highest values of the accu-
mulated normal energy occur in the case of the transfer point prior to 
modifications, and are 1028 J. The maximum value obtained for the 
variant with the chutez is 4-fold lower and is 265 J. The analysis of 

the accumulated contact energies from tangential forces also confirms 
a significant decrease for the variant of the transfer point with a chute 
(Fig. 5 and Fig. 9).

4. Analysis of abrasive wear of the belt on the receiving 
conveyor

conveyor belt wear due to its abrasion caused during the feeding 
of the material may be calculated with the use of normal impact en-
ergy and the slip velocity between the material and the belt, as in the 
relationship below [9]:

 
W V V V Pa m

sa b bl y b x= ⋅ ⋅ −( ) ⋅





µ ρ 2 ,  (1)

where:

aW  – abrasive wear of the conveyor belt mPa
s

 ⋅  
,

µb   – coefficient of static friction between the material 

and the conveyor belt [-],

yV   – normal velocity of the material at the moment of 
impact against the belt [m/s],

xV   – tangential velocity of the material at the moment of 
impact against the belt [m/s],

bV   – belt speed [m/s],

ρbl  – volumetric density of the material [kg/m3].

However, relationship (1) does not account for a number of fac-
tors which are important for defining belt wear at a certain point. au-
thors in publication [4] proposed to introduce such corrections to this 
equation that would allow for the inclination of the side fragments 
of the belt. normal velocity of the material at the moment of impact 
against the belt yV  was substituted with velocity perpendicular to the 
belt V⊥ , which in the case of the inclined belt fragments is not equal 
to the velocity along axis y. The second modification consisted in 
the introduction of the absolute value of the difference between belt 
velocity and material velocity parallel to the belt. This modification 
allowed the elimination of the negative values of belt wear in certain 
points selected for the analyses. Equation (1) thus transformed to be 
used in further calculations takes the following form: 

 W V V V Pa m
sa b bl b' ,= ⋅ ⋅ − ⋅



⊥

µ ρ 2


  (2)

where:

Fig. 9. Cumulated values of normal (a) and tangential energy (b) resulting from the contact of the trans-
ported material with the chute and with the receiving conveyor belt in the modified variant
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V⊥  – material velocity normal to the belt surface [m/s],

V


 – material velocity tangential to the belt [m/s].

The analyzed values obtained from the simulation data depend on 
the adopted sampling method. The simulations allow bin groups to 
be generated. These are virtual cubes situated over the analyzed con-
veyor belt. The bins record selected parameters of the material occur-
ring in the simulation: its mean velocity or the masses of its particles. 
importantly, belt wear is slower in the fragments filled with material 
to a lesser extent, i.e. the ones on which the material exerts a smaller 
force. Direct introduction of material weight into the equation would 
cause the calculated values of belt wear for the selected, differently 
sized bins to be incomparable. Therefore, standard values have been 
introduced (Table 1), which serve as reference for the values calculat-
ed in certain points. The proposed indicator of relative point wear (3) 
for each of the analyzed variants will allow the rate of abrasive wear 
to be determined for each point in comparison to the case in which the 
transported material has standard values referenced in Table 1, and the 
bin is completely filled with material: 

 ω
ρ αn k

n k

bin bls

a n k

s

F
g V

W
W,

, , ,=
⋅ ⋅ ⋅ ( )

⋅ −[ ]
′⊥

cos
 (3)

where:

ωn k,  – indicator of point abrasive belt wear [ ]− ,

,n kF⊥  – average force acting perpendicular to the belt on 
each measurement bin [n],

g  – gravitational constant [m/s2],

binV  – volume of the bin in which the point measurement 
is performed [m3],

ρbls  – volumetric density of the reference material  
[kg/m3],

α   – belt inclination at a certain point [°].

if successive sampling points across the belt width are marked 
with the letter ‘k’, and along the belt length – with the letter ‘n’, and if 
the mean value of the point wear indicator is calculated for the identi-
cal n, then a relative wear indicator of the belt profile is formulated:

 ϑ
ω

k
n
n

n k

n
= −[ ]=∑ 1 ,  (4)

For the purpose of analyzing the abrasive belt wear, bins were 
added in the simulation. Their dimensions were 5x5 cm and 20 cm in 
height. a 10 s long simulation served to export data on mean velocity 
and the total mass of the particles inside the bins. The data were used 
to determine velocity distribution on the belt (Fig. 10). The particles 
which reach the belt in the variant of the transfer point with the chute 
clearly have a significantly higher initial velocity, and thus the zone in 
which they accelerate to the rated velocity is much shorter. 

The derived equations (3, 4) served to find belt areas most prone 
to abrasive wear (Fig. 11). The chute reduces belt wear, as it causes 
the lumps falling on the belt to have low normal velocity and high 
tangential velocity. Such a design solution allows point wear to be 
reduced by an order of magnitude. Provided in the graphs of Fig. 11, 
the belt profile wear indicators show mean values of the point wear 
indicator from the upper graphs, as observed along the belt width. The 
extremum observed in Fig. 11a was caused by the presence of larger 
lumps on the right side of the belt during the analyzed fragment of the 
simulation.

Fig. 11. Comparison of relative belt wear indicators: a) variant without chute, 
b) variant with chute

5. Conclusion

The article analyzes the flow of ore particles stream for a transfer 
point in a belt conveyor system operated in an underground copper 
ore mine. Discrete element method was used to identify the discharge 

Table 1. Reference conditions for relative wear

Parameter µbs

[-]

ρbls

[kg/m3] sV⊥ [m/s] bsV [m/s] sV


[m/s]

         sW

[ ]  /Pa m s⋅
ωs

 [-]

Reference value 0.25 1000 1 2 1 250 1

Fig. 10. Distribution of the material velocity tangential to the conveyor belt: 
on the left – without a chute, on the right – with a chute

b)a)
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trajectory and to evaluate the phenomena involved in the transfer of 
the material onto the receiving conveyor, with particular focus on the 
changing values of tangential and normal velocities of the material. 

in order to fully simulate the behavior of the transported mate-
rial in the model, a two-stage calibration test methodology was devel-
oped. it allowed the verification of the material parameters assumed 
in the simulations.

in the first stage of the simulation tests, the analysis covered the 
current solution, in which the feeding conveyor transfers the material 
directly onto the belt of the receiving conveyor. The stream of ma-
terial was demonstrated to have a normal velocity of approximately 
6.3 m/s at the moment of collision with the receiving belt. This veloc-
ity is further reduced so that in effect the entire energy of the falling 
material is received by the belt. The significantly reduced tangential 
velocity of the material particles at the moment of contact with the 
belt was observed to necessitate their acceleration until the belt rated 
velocity was reached. This acceleration generated additional resist-
ances to motion.

in the second stage, optimization actions were suggested with a 
view to improving the energy consumption of the transfer point and 
to reducing the negative impact of the transported material on the belt 

of the receiving conveyor. The use of a modernized transfer point ver-
sion with a chute resulted in a higher tangential velocity of the mate-
rial particles and in a 6-fold reduction of its normal component. This 
solution significantly reduced the destructive influence of the material 
masses falling on the conveyor belt and on the feeding idler sets.

in order to identify the negative influence of the transported mate-
rial on the belt of the receiving conveyor, a relative point wear indica-
tor was proposed. Based on the results of the simulations, it allowed 
identifying the rate of abrasive wear individually for each of the ana-
lyzed belt fragments. The data from the simulations, read inside the 
bins, served to calculate the tangential velocity distribution for the 
material and to identify areas most prone to abrasive wear across the 
entire belt width. The analysis demonstrated that the use of a chute 
which redirects the material stream may result in as much as a 10-fold 
reduction of belt wear on the receiving conveyor.
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1. introduction

industrial condition monitoring applications have improved a lot 
depending on the novel monitoring technologies and artificial intel-
ligence decision making methods. in places where production contin-
ues uninterrupted such as factories, power generation facilities, lifting 
appliances, elevators, it is extremely important for systems to operate 
without any faults in terms of cost and work safety [31]. Due to the 

increased complexity and precision of these systems and engineering 
applications, condition monitoring and reliability problems become 
more prominent [41]. During condition monitoring, the system is real 
time observed and real time measurements are done. By interpreting 
the measurements, whether there is a fault in the machine or not, is de-
termined and the maintenance plan is applied accordingly. Establish-
ing a reliable condition monitoring system, especially for gear faults, 

karaBacak ye, gÜrSeL ÖzMen n, gÜMÜşeL L. Worm gear condition monitoring and fault detection from thermal images via deep learning 
method. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 544–556, http://dx.doi.org/10.17531/ein.2020.3.18.
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worm gear conDition monitoring anD fault Detection 
from thermal images via Deep learning methoD  

monitorowanie stanu i wykrywanie błęDów przekłaDni ślimakowej 
na poDstawie termogramów z wykorzystaniem 

metoDy głębokiego uczenia
Worm gearboxes (WG) are often preferred, because of their high torque, quickly reducing speed capacity and good meshing ef-
fectiveness, in many industrial applications. However, WGs may face with some serious problems like high temperature at the 
speed reducer, gear wearing, pitting, scoring, fractures and damages. In order to prevent any damage, loss of time and money, it 
is an important issue to detect and classify the faults of WGs and develop the maintenance plans accordingly. The present study 
addresses the application of the deep learning method, convolutional neural network (CNN), in the field of thermal imaging that 
were gathered from a test rig operating on different loads and speeds. Deep learning approaches, have proven their powerful ca-
pability to exploit faulty information from big data and make intelligently diagnostic decisions. Studies concerning the condition 
monitoring of WGs in the literature are limited. This is the first study on WGs with infrared thermography rather than vibration 
and sound measurements which have some deficiencies about hardware requirements, restricted measurement abilities and noisy 
signals. For comparison, CNN was also trained, with vibration and sound data which were collected from the healthy and faulty 
WGs. The results of fault diagnosis show that thermal image based CNN model on WG has achieved 100% success rate whereas 
the vibration performance was 83.3 % and sound performance was 81.7%. As a result, thermal image based CNN model showed 
a better diagnosing performance than the others for WGs. Moreover, condition monitoring of WGs, can be performed correctly 
with less measurement costs via thermal imaging methods.

Keywords: fault diagnosis, worm gears, thermal imaging, convolutional neural networks, GoogLeNet, condi-
tion monitoring.

W wielu zastosowaniach przemysłowych preferuje się przekładnie ślimakowe, ze względu na ich wysoki moment obrotowy, moż-
liwość szybkiej redukcji prędkości i dobrą sprawność zazębienia. Jednakże przekładnie tego typu narażone są często na poważ-
ne problemy, takie jak wysoka temperatura przy reduktorze prędkości czy też zużycie, pitting (wżery), zatarcie, pęknięcie lub 
uszkodzenie kół zębatych. Zapobiec takim uszkodzeniom, i związanym z nimi stratom finansowym i czasowym, można poprzez 
wykrywanie i klasyfikowanie błędów przekładni i odpowiednie opracowanie planów konserwacji. Niniejsze badanie dotyczy za-
stosowania metody głębokiego uczenia oraz splotowych sieci neuronowych (SSN) do monitoringu stanu przekładni na podstawie 
termogramów zarejestrowanych na stanowisku testowym pracującym przy różnych obciążeniach i prędkościach. Podejścia oparte 
na uczeniu głębokim umożliwiają efektywne wykorzystanie informacji o błędach pochodzących z dużych zbiorów danych i podej-
mowanie trafnych decyzji diagnostycznych. Niewiele z dostępnych publikacji poświęconych jest monitorowaniu stanu przekładni 
ślimakowych. Niniejsza praca jako pierwsza przedstawia badania przekładni ślimakowej z zastosowaniem termografii zamiast 
zwyczajowo prowadzonych pomiarów drgań i dźwięku, które mają pewne wady dotyczące wymagań sprzętowych, ograniczonych 
możliwości pomiarowych i głośności sygnałów. SNN opartą na danych termicznych porównano z siecią, którą uczono na zbiorach 
danych wibracyjnych i akustycznych pochodzących z prawidłowo działających i uszkodzonych przekładni ślimakowych. Wyniki 
diagnostyki uszkodzeń pokazują, że model SSN przekładni ślimakowej oparty na obrazie termicznym osiągnął stuprocentową 
(100%) skuteczność, podczas gdy skuteczność modeli opartych na danych wibracyjnych i akustycznych wyniosła, odpowiednio, 
83,3% i 81,7%. Tym samym, model SNN oparty na obrazie termicznym pozwalał na trafniejsze diagnozowanie przekładni ślima-
kowej niż pozostałe modele. Ponadto zastosowanie metod opartych na termografii pozwala na poprawne monitorowanie stanu 
przy niższych kosztach pomiaru.

Słowa kluczowe: Diagnostyka błędów, przekładnie ślimakowe, termografia, splotowe sieci neuronowe, Go-
ogLeNet, monitorowanie stanu.
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ensures a smooth operation during the working of many industrial 
equipment [33].

Worm gear condition monitoring studies also plays a critical role 
in the maintenance plan since they are commonly used for power and 
motion transmission in many industrial applications and machines. 
They contain a mechanism consisting of worm screw and worm wheel 
that work together and differ from other types of reducers due to their 
lightness, simplicity and high gear ratio [11]. The main problem with a 
Wg is how it transfers power. The spiral motion allows huge amounts 
of reduction in a comparatively small amount of space however this 
motion can also cause a problematic condition that is called sliding 
wear. During the working of a Wg set, as the worm slides across the 
apex of the wheel, it slowly rubs off the lubricant film, and as a result, 
the worm rubs at the metal of the wheel in a boundary lubrication 
regime. When the worm surface leaves the wheel surface, it picks up 
more lubricant, and starts the process over again on the next revolu-
tion. This contact between the worm and the wheel in less lubricant 
conditions can cause wear and high temperature which need to be 
diagnosed.  The most common problems faced with Wgs are the high 
temperature at the speed reducer causing oil leakage, gear wearing, 
pitting, scoring and bearing fractures and damages. in order to prevent 
any damage, loss of time and money, serious precautions should be 
taken or predictive maintenance methods should be applied. 

There are commonly used techniques such as vibration monitor-
ing, acoustic monitoring, wear debris analysis, motor current analysis, 
in the literature for monitoring the conditions of gearboxes. ghodake 
et al. [8] reviewed fault detection studies for worm gearboxes. goyal 
et al. [9] performed a review study for condition monitoring and fault 
diagnosis for fixed axis gearboxes. carden and Fanning [5] reviewed 
condition monitoring studies based on vibration analysis. Liu and 
zhang [26] put ahead failure modes, condition monitoring and fault 
diagnosis methods for wind turbine bearings. Sait and Sharaf-Eldeen 
[35] conducted a review study on fault diagnostic and prognostic with 
the vibration analysis technique. Sharma et al. [37] reviewed different 
statistical condition indicators in time and frequency domains for gear 
faults. Lei et al. [18] reviewed studies of empirical mode decompo-
sition method to diagnose faults of rotating machinery. osman and 
Wang [32] proposed an improved Hilbert–Huang transform technique 
to diagnose faults of bearings using vibration signal analysis. They 
verified the effectiveness of the suggested technique in feature extrac-
tion and analysis by experimental tests. wang et al. [45] proposed 
a hybrid technique by using complex wavelet transform for health 
diagnosis of rotating machines. They used numerical simulation and 
experimental studies under varying operating conditions to show the 
effectiveness of the hybrid technique. Loutas et al. [28] used on-line 
signal measurements and studied condition monitoring of a single-
stage gearbox having artificial cracks. They used acoustic emission 
and vibration measurements to make use of this purpose. zhang et 
al. [48] improved a new feature extraction method named Narrow-
band ınterference cancellation to diagnose gear faults easier. zhang 
and zhao [49] proposed a compound fault detection approach based 
on time synchronous resampling and adaptive variational mode de-
composition for gearboxes. With the experimental data analysis, they 
showed that the method is valid and can be used for fault detection of 
gearbox. zhang et al. [50] proposed a fault diagnosis method based on 
singular value decomposition and radial basis function neural network 
to detect weak gear fault signals. zhao et al. [51] proposed a local 
feature-based recurrent unit networks for monitoring health of ma-
chines. The method is a hybrid approach that integrates feature design 
with automatic feature learning.

 vibration monitoring has been considered as the most prevalent 
technique because it is easier to gather vibration data with vibration 
sensors [36]. vibration sensors are versatile tools that measure accel-
eration for various applications [43]. However, the signals obtained 
from vibration sensors are very prone to the position of placements, 

harsh working conditions and high temperature [10]. vibration and 
acoustic measurements were also conducted together to improve the 
performance [27]. Thermal imaging Technique (TiT) is introduced 
as a contactless, continuous and easy to implement technique [3] that 
can sense the radiation in a long-infrared range (9-14μm) of the elec-
tromagnetic spectrum and produce thermal images known as ther-
mograms [29]. a single thermogram recorded in a very short time 
interval can contain multiple temperature points and provides infor-
mation about the system being studied [34]. ın addition, infrared ther-
mography technique is used as a condition monitoring tool in which 
contactless and real-time abnormal temperature distribution can be 
detected [3].  Singh et al. [39] presented a comparative fault detection 
approach on asynchronous motors using the infrared thermography. 
They also detected in-turn and cooling system failures of induction 
motor with thermal imaging techniques [40]. wakar and Demetgül 
[46] collected thermal images for normal and faulty conditions un-
der different speeds through an experimental system containing worm 
gearbox, and a multilayer perceptron was developed based on vibra-
tion and acoustic emission signals. Janssens et al. [13] detected eight 
different faults of bearings using thermal image based fault detection 
system and proposed two new features for thermal imaging of rotat-
ing machines. al-musawi et al. [2] developed a new coloring model 
and classified different bearing faults of a three-phase induction motor 
based on thermal image segmentation. younus and yang [47] devel-
oped a new intelligent detection system to classify different operating 
conditions based on the support vector machine and linear discrimi-
nant analysis using data from infrared thermography. zhang et al. [50] 
used singular value decomposition and Radial Basis Function neural 
network for the detection of gear faults. in different condition moni-
toring studies, artificial neural network (ann) based methods and 
computational modelling methods were used [22]. 

Despite the use of many fault detection and condition monitoring 
studies with the use of numerous diagnosing algorithms, such as sup-
port vector machines, empirical mode decomposition, Wigner-ville 
distribution, short-time Fourier Transform, etc [22], as the evaluation 
data become larger, an efficient deep learning method, cnn, was in-
troduced, in which extracting special features from the entire data is 
not needed.  nowadays, condition monitoring of mechanical faults in 
rotating components, are being prescribed by intelligent diagnosing 
methods such as artificial intelligence techniques and deep learning 
[9]. Deep learning is one of the newest machine learning techniques 
and has recently been used in condition monitoring studies and has 
been proved to be an effective methodology to improve the safety 
and reliability of gearboxes [17]. zhao et al. [51] was the first who 
redefined the representation learning of raw data with the deep learn-
ing method. They proposed a local feature-based gated recurrent 
unit network for fault diagnosis. Li et al. [25] presented a modified 
deep learning method that can be used in case of limited data access 
and compared the method with traditional deep learning methods in 
terms of diagnostic success using datasets of two different gearboxes. 
Li et al. [22] proposed a new method named augmented convolu-
tion sparse auto-encoder to diagnose pitting faults of gears by using 
acoustic emission signals. comparative analysis shows that the pro-
posed method gives better results than fully-connected layer neural 
network and convolutional neural network. Few researches were car-
ried out fault detection and classification with thermal image based 
deep learning methods. li et al. [24] have used thermal imaging as a 
cost-effective and practical predictive maintenance method. in their 
study, they processed thermal images with a convolutional neural net-
work (cnn) and allowed online remote condition monitoring of a 
gearbox. Their proposed method predicted faults on the gearbox with 
higher accuracy rate than their vibration-based counterparts. Janssens 
et al. [14] analyzed infrared thermal video images with deep learning 
algorithm to determine the condition of the machine automatically. 
Then, with deep learning, they detected the machine’s faults and oil 
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level. Li et al. [23] proposed a cnn method based on infrared thermal 
images to detect faults of rotors and bearings on rotating machines 
and compared the results with conventional vibration or sound based 
approaches and other cnn types. condition monitoring studies based 
on thermal images with cnn are limited to these publications. How-
ever, many studies have been carried out for fault detection with vi-
bration and sound based deep learning. Jing et al. [15]   proposed a 
cnn based feature learning and fault diagnosis method for gearboxes 
and showed that the cnn is more appropriate to learn features from 
vibration signal. Li et al. [19] proposed a deep random forest fusion 
method by using acoustic and vibration signals. They showed that the 
deep learning fusion can develop the ability of fault detection and 
diagnosis for gearbox. in another study, Li et al. [20] studied deep 
statistical feature learning to diagnose rotating machinery faults. The 
experiments show that the proposed method based on deep learning 
has the best fault classification rate and potential for diagnosing of 
rotating machinery faults.  

This study presents a condition monitoring application with cnn, 
based on thermal images of a Wg test rig which simulates different 
operating loads and speeds.  The novelty of this study lies in the ap-
plication of cnn for detecting faults on Wgs from thermal imaging 
data. vibration and sound signal measurement and analysis devices 
are relatively expensive than thermal cameras. moreover, compared 
to signal analysing devices, a camera can examine the entire surface of 
Wg.  The operating speed and loading rate have a major impact on the 
gearbox temperature, sound and vibration behaviour. in order to dis-
tinguish the fault and the effect of working conditions, measurements 
should be done for all of the operating conditions. For this reason, in 
this study a test rig that can work at different speeds and loading rates 
was used to collect thermal images, vibration and sound signals from 
healthy and faulty Wgs. Since an industrial Wg is loaded at different 
rates and operated at different speeds in the real working environment, 
measurements at constant speed and load are only valid for a limited 
operating range. For comparison reasons, vibration and acoustic data 
were also gathered for all working conditions. The effects of varying 
resolution on performance of cnn are also depicted. as far as the 
authors’ search, the results of the present study are of vital importance 
to the development of Wg knowledge and industry.

The rest of this paper is formed as follows. Section 2 describes the 
experimental system, test rig and measurement elements. Section 3 
describes the methodology and theoretical background of cnn-based 
fault diagnosis and proposed models for wG. Section 4 describes 

experimental validation and performance comparison with proposed 
models. Finally, section 5 gives conclusions.

2. Experimental System

2.1. Test Rig

The test rig shown in Fig. 1 was built to verify the cnn-based 
fault diagnosis method proposed for Wg. The test rig consists of three 
main units: control panel, loading device and single stage Wg con-
nected to an induction motor. The loading device, control panel and 
Wg are mounted on a steel platform. The induction motor is driven 
by an inverter and coupled to the Wg. an elastic coupling is used 
between the output shaft of the Wg and an electromagnetic powder 
brake is the loading device. a radial fan protects the loading device 
from excessive heat.  

The inverter is adjusted by a digital panel placed on the control 
panel. The Dc loading device is powered by a transformer which has 
5 different outputs so that the system can be loaded at different rates 
as 0%, 25%, 50%, 75% and 100%. Real working conditions are simu-
lated with the inverter and the loading device powered by a multiple 
output transformer. The output speed of the gearbox is measured with 
a tachometer and the input voltage of the loading device with an ac/
Dc voltmeter.

2.2. Measurement Elements

Three different measuring devices were used in the experiments: 
thermal camera, accelerometer and microphone. The TESTo 880 ther-
mal camera with 9 Hz image refreshing frequency (Fig. 2 (a)). Thermal 
sensitivity of the camera is less than 0.1 °c and it can focus manually up 
to a distance of 10 cm. ıt has 160x120 pixel detector and 32°x24° stand-
ard lens. The second one is a PcB icP® type piezoelectric accelerom-
eter for vibration data. (Fig. 2 (b)). The accelerometer has a sensitivity 
of 1.02 mv/(m/s²) and allows measurements in the frequency range of  
0.5-10000 Hz. Phantom powered Behringer Ecm8000 condenser 
microphone is used for sound measurements (Fig. 2 (c)). The micro-
phone has 600-ohm resistance and −60 dB sensitivity within the fre-
quency range of 15 Hz - 20 kHz. ın addition, m + p vibPilot dynamic 
signal analyser with 4 analog outputs was used to collect and monitor 
data with accelerometer and microphone.

Fig. 1. Experimental setup: (a) test rig (b) the schematic diagram 
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3. Methodology

This section presents the methodology used to classify Wg faults 
that are healthy, wear, pitting and tooth breakage. Deep learning, one 
of the recent machine learning methods, is used as the main tool. as 
stated in previous works [22], deep learning do not require manual ex-
traction of fault features and also achieve better fault detection results. 
it has the ability to reduce the number of network parameters through 
local weight sharing and to avoid the over-fitting of the network when 
the number of samples is insufficient.

3.1. Theoretical Background of CNN 

convolutional neural network (cnn) is one of the most used 
types of deep learning. cnn consists of convolutional and subsam-
pling layers. Each of these layers has a certain topographic structure 
and the layers contain a different set of neurons. Each neuron is also 
linked to neurons in the previous layers. Fig. 3 shows a typical cnn 
architecture consisting of input, convolutional and subsampling lay-
ers, feature maps, fully connected layer and softmax regression (final 
stage). convolutional and sub-sampling layers are arranged to reduce 

the computation time and to create spatial and configurable invariance 
gradually [21]. 

convolutional layers consist of a number of filters. These filters 
convolute input from the previous layer with a set of weights and cre-
ate an output called a feature map. The neurons in the filters are con-
nected to the input data points and these points are multiplied with the 
weights. Because all neurons in the same filter share their weight, the 
optimization time and complexity of cnn is reduced [12]. 

 ( )cn cn cnC f X W b= ∗ +  (1)

assuming that the convolutional layer input is MxNX R∈ , the 
layer output can be computed as in Eqs. 1. Here, M and N are dimen-
sions of input data ; ∗  is convolution operater; cnC  is the cn-th feature 
map of the convolutional layer; X is the input data matrix; cnW  is the 
weight matrix of cn-th filter of the actual layer; cnb  is the cn-th bias; 
and f is nonlinear activation function that applied to the result [15]. 

To reduce the size of the features and parameters of the network 
by subsampling, the pooling layers come after the convolution lay-

Fig. 2. (a) thermal camera, (b) accelerometer, (c) microphone

Fig. 3. Typical architecture of CNN
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ers. There are three different pooling functions that calcu-
late activation statistics: max pooling, mean pooling, and 
weighted pooling. among these, max pooling is the most 
preferred function in cnn architecture [21]. S is pooling 
block size and cnC S∈ ; cnP  is the output of the pooling 
layer; then max pooling activation can be written as in Eqs. 
2 [15].

 maxcn cnP C=                           (2)

Finally, fully connected layer follows the combinations 
of convolutional and pooling layers. The fully connected 
layer is similar to a traditional neural network. So it can be applied to 
different classification problems. To achieve fast and accurate results, 
one hidden layer and softmax regression were chosen as the last layer. 
in this paper, as different gearboxes, which are healthy and faulty, are 
classified, the output of the softmax regression can be expressed as in 
Eqs. 3. Here, K is the label number, jW  is the weight matrix; jb  is 
bias; and O is the final result of the cnn [15]. 
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∑
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3.2. Fault Diagnosis Protocol 

When gears are in operation they are subject to dynamic operat-
ing loads that affect the temperature, vibration and sound magnitudes 
directly [1].  Therefore, the high temperature values or the increase in 
vibration or sound amplitudes of Wgs cannot always be a cause of a 
fault in condition monitoring applications. considering all working 
loads and speeds of the test rig [46], it should be demonstrated that 
the increase in temperature is due to fault or normal operating load 
(Table 1).

one healthy and three faulty Wgs are selected. Faulty Wgs were 
made by machining techniques. Healthy (H) and faulty wheels of 
gearboxes are given in Fig. 4. Faulty gearboxes are labelled as F1 
(wear), F2 (pitting) and F3 (tooth breakage). 

3.2.1. Infrared Thermography

infrared thermography (iRT) has become one of the most effec-
tive condition monitoring tools [3], as they can enable reliable fault 
diagnosing results. Real-time and non-contact measurement of the 
temperature of machine equipment and elements can be carried out 
with iRT. in this way, it is possible to eliminate the failures occurring 
in the machines without causing catastrophic damage and production 
losses [30]. under actual operating conditions, Wgs are heated de-
pending on the loading rate, operating speed and environment tem-
perature. measuring the radiant thermal energy distribution emitted 
from the surface of the Wg and converting this energy distribution 
into a surface thermogram constitutes the basis of the condition moni-
toring with infrared thermography and gives information about the 
current operating status and possible gearbox faults such as wear, pit-
ting, tooth breakage [23]. Therefore, thermal images of healthy and 
faulty wGs with 160x120 pixel were collected for the working condi-
tions given in Table 1 and then, they were fed as visual data to train 
and validate cnn.

Table 1. Gearbox output speeds, loading rates and measurements

WG Output 
Speeds Loading Rates Measurements

Healthy and 
faulty WG

30 rpm

0%, 25%, 50%, 75% 
and 100%

Thermal imaging, vibration 
measurement, and sound 

measurement 
50 rpm

70 rpm

Fig. 4. Healthy (a), F1-wear (b), F2-pitting (c), F3-tooth breakage (d)
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3.2.2. Short Time Fourier Transform and Spectrogram Images of 
Signals 

Time-frequency analysis, one of the most common signal process-
ing approach, can be used to understand the changes of sound and vi-
bration signal components over time [6]. Fourier transform, is used to 
visualize the change of frequency components of the signal over time. 
This visual representation is called the spectrogram of the signal [38]. 
vibration and sound spectograms were fed as visual data for cnn. in 
this study, short time Fourier transform (STFT) was preferred in order 
to obtain spectrograms.

in STFT, the signal, the function of time, is divided into short seg-
ments and the Fourier transform is applied for each segment.  in the 
case of continuous time, the signal is multiplied by a window function 
when applying STFT operation as seen in eqs. 4. Here, ( )x t  is the 
time domain signal and ( )w t  is the window function [44]:

 { }( ) ( , ) ( ) ( ) j tSTFT x t x t w t e dtωτ ω τ
+∞

−

−∞

= −∫  (4)

STFT for discrete time is given as in Eqs. 5. Here, [ ]x n  is the sig-
nal and [ ]w n  is the window function. Based on this, the spectrogram 
of the STFT function (Fig. 5) is calculated as in eqs. 6 [44]:

 
{ }[ ] ( , ) ( , ) [ ] [ ] j nSTFT x t m X m x n w n m e ωω ω

+∞
−

−∞
= = −∑

 
(5)

 { } 2[ ] ( , ) ( , )Spectrogram x t m X mω ω=  (6)

3.2.3. Fault Detection and Classification with Modified GoogLeNet 
Models

googLenet architecture is used to construct cnn models in 
this study for the diagnosis of Wg failures. googLenet, offered by 
Szegedy et al. [42], is a deep convolutional neural network architec-
ture based on new software technologies for classification and detec-
tion [42]. GoogleNet is a pretrained cNN that has 22 layers deep, and 
the networks have an image input size of 224-by-224. The modified 

googLenet properties and detailed structure of modified architecture 
are given in Table 2 and Table a1.

it is commonly agreed that the cnn mostly performs well with 
an enormous amount of data. However, it is possible to leverage deep 
learning even with limited data [4]. ın some instances, where you 

can’t gather more data due to cost or inconvenience, then there are 
some ways to follow during the training process. Fine tuning, data 
augmentation, using cosine loss function, or using autoencoders are 
some of them. This study has the data that can be considered as limited 
amount. So that, we did finetuning and data augmentation, respective-
ly. in finetuning, we start with a pretrained model and updated all of 
the model’s parameters for our new task, in essence retraining the 
whole model. all model parameters which are the number of classes 
in the dataset, the batch size used for training and the number of train-

ing epochs we want to run are updated. The train 
model function trains for the specified number 
of epochs and after each epoch runs a full vali-
dation step. after each epoch, the training and 
validation accuracies are reported. For data aug-
mentation, we used a standard googlenet archi-
tecture that change the inputs in such a way that 
provides new data while not changing the label 
value. The 160x120 size raw input images are 
converted to 224x224x3 image input size with 
data augmentation. 

Four different deep learning models were 
selected in this study (Table 3). They are ther-
mal image based cnn(iRT-cnn), vibration 
signal based cnn(v-cnn), sound signal based 
cnn(S-cnn) and vibration-sound signals 
based cnn(vS-cnn). iRT-cnn is trained with 
raw thermal images; v-cnn is trained with vi-
bration spectrogram images; S-cnn is trained 
with sound spectrogram images; and vS-cnn 
is trained with both of vibration and sound 
spectrogram images. The technical parameters; 
validation frequency is selected as 6 Hz and the 

learning rate is 0.001 for all models in the table.
a simple flowchart of training process and the images used for the 

classification of faults with different cNN models are given in Fig. 6. 
accordingly, thermal images and signal spectrogram images of H, F1, 
F2 and F3 gearboxes are collected separately for all operating condi-
tions at first. The data of each gearbox is divided into three groups as 
train, validation and test. googLenet outputs are modified to classify 
healthy and faulty gearboxes. using train and validation data, cnn 

Table 2. The modified GoogLeNet properties

Depth of layers 22

Number of layers 144

Number of connections 170

Input type Image

Input size 224x224x3

Output type Classification

Output size 4

Weight learn rate factor 10

Bias learn rate factor 10

Loss Function Cross-entropy

Fig. 5 Vibration and sound signals and spectrogram images
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is trained and classification is performed based on deep features. Fi-
nally, the trained network is tested and fault diagnosis is carried out 
according to data labels. 

4. Result and Discussions

This section contains the findings of the experiments and a brief 
discussion on the analysis based on past and current studies.

4.1. Findings of Thermal Imaging and Time-Frequency Sig-
nal Analysis

a total of 120 thermal images were collected in different loading 
rates (LR) and gearbox output speeds (goS) for each gearbox. a total 
of 480 thermal images were obtained from all gearboxes for training, 
validation and testing of the iRT-cnn model. 

The difference between the temperature distributions on the sur-
faces of healthy and faulty gearboxes increases gradually with increas-

ing LR and goS. For all LR and goS, the temperature distributions 
of F1, F2 and F3 gearboxes are higher than H. The thermal images of 
H, F1, F2 and F3 for GOS = 50 rpm and lR = 50% are given in Fig. 
7. The maximum temperature for F1 is 105°c and the average surface 
temperature is 75°c. The hottest gearbox is observed as F1 during 
the experiments. The maximum temperature value for F2 is 93°c and 
the average surface temperature is 66°c. F2 is hotter than F3 for the 
same conditions. The maximum temperature value for F3 is 88°c and 
the average surface temperature is 64°c. The less heated gearbox is 
observed as H. The maximum temperature value for H is 83°c and the 
average surface temperature is 60 °c. For F1, F2, F3 and H gearboxes, 
the minimum surface temperature values measured under these condi-
tions are 18.4°c; 16.7° c; 16.1°c; 15.7 °c, respectively. accordingly, 
the worn gearbox is the hottest gearbox. Pitting failure causes more 
heat than the broken tooth. The healthy gearbox is the coolest one 
during experiments.

Table 3. Experimental parameters for different deep learning models 

IRT-CNN V-CNN S-CNN VS-CNN Fault Diagnosis

Input Parameters Output Parameters

Raw thermal images Vibration spectro-
gram images

Sound spectrogram 
images

Vibration-sound spec-
trogram images

Healthy (H)

Fault De-
tection

Fault 1 (F1)

Train, Validation and Test Samples Fault 2 (F2)

50%; 25%; 25%

Fault 3 (F3)Loading Rates (LR) 0%; 25%; 50%; 75%; 100%

Gearbox output speed (GOS) 30 rpm; 50 rpm; 70 rpm

Fig. 6. CNN-based fault diagnosis of WG (a) flowchart of training process, and (b) Images
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The number of vibration spectrogram images were 120 for each 
gearbox in different lR and GOS. a total of 480 vibration spectro-
grams were obtained from all gearboxes for training, validation and 
testing of the v-cnn model. in Fig. 8, time waveforms and spectro-
gram images for H, F1, F2 and F3 gearboxes are given in the interval 

of 0-1 s for lR = 50%, GOS = 50 rpm. The sampling 
rate for time-frequency analysis was chosen as 1600 Hz 
and frequencies higher than 1000 Hz were eliminated 
by Butterworth low-pass filter for vibration and sound 
analysis. Fig. 9, shows the time waveforms and spec-
trogram images of sound measurements for lR = 50%, 
goS = 50 rpm.  The time interval for sound waveform 
is 0-0.4 s. a total of 480 sound spectrogram images 
were also collected for training, validation and testing 
of the S-cnn model. it was seen that the amplitude 
of sound and vibration signals were increasing with 
increasing load and speed. moreover, different faulty 
gearboxes produced different signal amplitudes as in 
Fig. 8 and Fig. 9 that the amplitudes of the sound and 
vibration signal of the faulty gearboxes are higher than 
the healthy gearbox. From the figures, F1 has the high-
est vibration amplitudes. These amplitudes vary from 
−31.7 2m/s   to 42.6 2m/s   in the 0-1 s time interval 
and 0-750 Hz frequency range. The H gearbox vibra-
tion signal amplitudes range from −28.4 2m/s  to −29.4 

2m/s  and they are the lowest in the same conditions. 
The vibration amplitudes of the F2 generally vary from 
−32.4 2m/s  to 30 2m/s   and larger than amplitudes of 
the F3. in addition, F3 has the highest sound amplitudes, 
ranging from −13 dB to 75 dB in the 0-0.4 s time inter-
val and 0-1900 Hz frequency range. H reducer has the 

lowest sound amplitudes varying from −10.1 dB to 68 dB in the same 
conditions. The sound amplitudes of the F2 are generally between −9 
dB and 72 dB which are larger than the amplitudes of the F3. 

Fig. 7. The thermal images of H, F1, F2 and F3 gearboxes

Fig. 8. Time waveforms and spectrogram images of vibration measurements
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4.2. Results of Fault Diagnosis with Different 
CNN Models

The spectrogram images of vibration and sound sig-
nals were used together in training, validation and test 
of the vS-cnn model. The targets for cnn models are 
healthy and faulty gearboxes. Table 4 shows class labels 
of gearboxes and the number of samples used for train-
ing, validation and testing of different cnn models.

Fig. 10 shows the accuracy rates for different cnn 
models. accordingly, the highest training and valida-
tion accuracy rates were achieved with the iRT-cnn 
model based on thermal images. ıt reached 100% in the 
30th iteration and 10 epochs. This success rate is 87.5% 
for v-cNN and 81.67% for S-cNN model. vS-cNN, 
which uses spectrogram images of vibration and sound 
samples together, has the lowest training and validation 
accuracy with 73.33%. li et al. [24] achieved similar 
results in their study for the condition monitoring of 
bevel gearbox. However, they did not use spectrograms for training and validation of cnn models. in addition, their experi-

ments were carried out under constant 
speed and loading rate, and the effect of 
real working conditions on temperature 
change was not taken into account suf-
ficiently (Table 6, Table 7). 

Fig. 11 shows the losses in training 
and validation progresses for different 
cnn models. Losses are a quantitative 
measure of the difference between the 
predicted output and the actual output, 

Fig. 9. Time waveforms and spectrogram images of sound measurements

Fig. 10. Accuracy rates for different CNN models

Table 4. Class labels and number of samples for CNN models

Class Label Number of Training Samples Number of Validation Samples Number of Test Samples

H 60 30 30

F1 60 30 30

F2 60 30 30

F3 60 30 30
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and decrease with the number of iterations. Depending on 
the suitability and adequacy of the data set, losses and the 
number of iterations decrease. accordingly, the highest loss 
occurred during the training progress of the vS-cnn mod-
el. Training and verification loss for the iRT-cnn model 
decreased to 0% in the 30th iteration and 10 epochs. 

To test cNN models, 25% of the samples collected 
from the gearboxes was used. confusion matrices of differ-
ent cnn models are given in Fig. 13. The iRT-cnn model 
classified all test inputs for H, F1, F2 and F3 gearboxes cor-
rectly. For this success rate, the test was repeated 10 times 
and the standard deviation was found to be 0. Whereas the 
confusion matrix of v-cNN model’s success rate is 83.3% 
and half of the samples of the H gearbox is estimated in-
correctly. when the S-cNN model is tested, 81.7% of the 
samples are estimated correctly. The rate of misclassifica-
tion of F1 is high. The lowest test success rate belongs to 
vS-cNN model. ın this model, only 65% of all test samples 
were estimated correctly. it can be inferred from confusion 
matrix that the test samples of the a2 gearbox are classified 
incorrect considerably.

Table 5 shows the success rates of cnn models trained 
and tested with different numbers of samples. accordingly, 
as the number of samples increases, validation and test ac-
curacy rates and training time of all cnn models increase. 
The highest validation and test accuracy rates for all models 
are achieved when 120 samples are used. validation and test 
accuracy rates of iRT-cnn models are higher than all v-
cnn, S-cnn and vS-cnn models. it is notable that even 
if the ıRT-cNN training sample numbers are 30 or 60, it 
still has a very high diagnostic success (89-90%). %).The 

accuracy rates with the increasing amount of train-
ing and testing data of  v-cnn and S-cnn models 
are more affected compared to iRT-cnn models. 
Even with the least number of samples, iRT-cnn 
has 89.3 % accuracy. 

one other topic searched in this study is the 
resolution of images that are to be classified. Reso-
lution of the image varies due to different input 
sources, different imaging devices and different 
environment noises [16] . variation in images 
resolution alters the visual information of images 
[7]. Fig. 12 shows the variation of accuracy rates 
depending on the image resolutions. When the per-
formance comparison of classifier for iRT-cnn 
dataset analysed from Figure 12, it is noticeable 
that accuracy rate decreases when image resolu-
tion decreases. The results are in accordance with 
the literature [7].

These results have shown that the iRT-cnn al-
gorithm is effective for using the original tempera-
ture values for different fault diagnosis. it is worth 
noting that this study is conducted as a special case 
study in a factory where the unwanted working 
noises are surpassed. However, the system was 
tried to be made as a real as possible. Further ef-
fort can be put and the method can be tried on a 
real shift. 

Table 6 and Table 7 show a general compari-
son of cNN models proposed by li et al. [24] and 
cnn models proposed from this study.

Fig. 11. Losses for different CNN models

Fig. 12. The change of accuracy rates due to thermal image resolutions

Fig. 13. Confusion matrices of CNN models
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5. Conclusions 

in this paper, a cnn based condition monitoring study based on 
infrared thermal images, vibration spectrogram images and sound 
spectrogram images was performed and the model is used to diagnose 
different types of faults in Wgs. in real working conditions with a 
test rig, which can operate at different speed and loading rates, the 
cnn model based on thermal imaging yielded the most successful 
results than other models. Thermal images collected at different load-
ing rates and different speeds increased the success rate of iRT-cnn. 
The operating conditions directly affect the temperature of the gear-
box and the thermal image pattern. also, different types of faults tend 

to show different temperature distribution under different operating 
conditions. The results showed that healthy and faulty gearbox can 
be correctly classified 100% with the ıRT-cNN model; 83.3% with 
the v-cNN model; 81.7% with the S-cNN model; and 65% with the 
vS-cnn model. Based on this comparison, it was found that the use 
of thermal images with convolutional neural networks (cnn) gener-
ates the highest classification rates. With the high resolution detector 
thermal cameras, successful fault detection can be made with small 
data sets considering different operating conditions. a new possible 
advantage of the iRT-cnn model is that it allows remote fault diag-
nosis. it can be useful to work with the thermal cameras, which are 
relatively cheaper than other signal processing devices. Faults of Wg 
can be accurately detected with loss of cost, time and money.

Table 5. Effect of the number of samples on the performance of CNN models

CNN Models Number of Samples Validation Accuracy (%) Test Accuracy (%) Training Time (s)

IRT-CNN 30 90.63 89.3 122

IRT-CNN 60 95 90 123

IRT-CNN 120 100 100 366

V-CNN 30 59.38 57.1 129

V-CNN 60 65 61.7 145

V-CNN 120 87.50 83.3 456

S-CNN 30 59.38 42.9 127

S-CNN 60 58.33 41.7 142

S-CNN 120 81.67 81.7 395

VS-CNN 30 40.63 39.3 128

VS-CNN 60 46.67 55 147

VS-CNN 120 73.33 65 423

Table 6. The proposed CNN models in the study

CNN Models Test Accuracy (%) Training Time (s)

IRT-CNN 100 366

V-CNN 83.3 456

S-CNN 81.7 395

VS-CNN 65 423

Table 7. CNN models proposed by Li et al. [24]

CNN Models Test Accuracy (%) Training Time (s)

IRT-CNN 100 470

V-CNN 71.53 542

References

1.  al-arbi S k. condition Monitoring of Gear Systems using vibration analysis, Doctoral Dissertation. university of Huddersfield, 2012.
2.  al-Musawi a k, anayi F, Packianather M. Three-Phase ınduction Motor Fault detection based on Thermal ımage Segmentation. ınfrared 

Physics & Technology 2019; 104: 103140, https://doi.org/10.1016/j.infrared.2019.103140.
3.  Bagavathiappan S, lahiri B B, Saravanan T, Philip J, Jayakumar T. ınfrared thermography for condition monitoring, a review. ınfrared 

Physics & Technology 2013; 60: 35-55, https://doi.org/10.1016/j.infrared.2013.03.006.
4.  Barz B, Denzler J. Deep learning on small datasets without pre-training using cosine loss. The ıeee winter conference on applications of 

computer vision 2020; 1371-1380, https://doi.org/10.1109/wacv45572.2020.9093286.
5.  carden e P, Fanning P. vibration based condition monitoring: a review. Structural health monitoring 2004; 3(4): 355-377, https://doi.

org/10.1177/1475921704047500.
6.  cohen l. Time-Frequency analysis, New Jersey: Prentice Hall PTR, 1995.
7.  Dodge S, karam l. understanding how image quality affects deep neural networks. ın 2016 eighth international conference on quality of 

multimedia experience (QoMeX) ıeee 2016; 1-6, https://doi.org/10.1109/QoMeX.2016.7498955.
8.  Ghodake S, Mishra a k, Deokar a v. a Review Paper on Fault Detection of worm Gearbox. ınternational advanced Research Journal in 

Science, engineering and Technology 2016; 3(1): 161-164.
9.  Goyal D, Pabla B S, Dhami S S. condition monitoring parameters for fault diagnosis of fixed axis gearbox: a review. archives of computational 

Methods in engineering 2017; 24(3): 543-556, https://doi.org/10.1007/s11831-016-9176-1.
10.  goyal D, Pabla B S, Dhami S S. non-contact sensor placement strategy for condition monitoring of rotating machine-elements. Engineering 

Science and Technology 2019; 22(2): 489-501, https://doi.org/10.1016/j.jestch.2018.12.006.
11.  Haberhauer H, Bodenstein F. maschinenelemente. Berlin: Springer, 2009.



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 3, 2020 555

sciENcE aNd tEchNology

12.  Hoang D T, kang H J. Rolling element bearing fault diagnosis using convolutional neural network and vibration image. cognitive Systems 
Research 2019; 53: 42-50, https://doi.org/10.1016/j.cogsys.2018.03.002.

13.  Janssens O, Schulz R, Slavkovikj v, Stockman k, loccufier M, van de walle R, van Hoecke S. Thermal image based fault diagnosis for 
rotating machinery. ınfrared Physics & Technology 2015; 73: 78-87, https://doi.org/10.1016/j.infrared.2015.09.004.

14.  Janssens O, van de walle R, loccufier M, van Hoecke S. Deep learning for infrared thermal image based machine health monitoring. ıeee/
aSMe Transactions on Mechatronics 2017; 23(1): 151-159, https://doi.org/10.1109/TMecH.2017.2722479.

15.  Jing l, zhao M, li P, Xu X. a convolutional neural network based feature learning and fault diagnosis method for the condition monitoring 
of gearbox. Measurement 2017; 111: 1-10, https://doi.org/10.1016/j.measurement.2017.07.017.

16.  kannojia S P, Jaiswal G. effects of varying Resolution on Performance of cNN based ımage classification: an experimental Study. 
ınternational Journal of computer Sciences and engineering 2018; 6(9): 451-456, https://doi.org/10.26438/ijcse/v6i9.451456.

17.  kłosowski G, Rymar czyk T, kania k, Świć a, cieplak T. Maintenance of industrial reactors supported by deep learning driven ultrasound 
tomography. eksploatacja i Niezawodnosc - Maintenance and Reliability 2020; 22(1): 138-147, https://doi.org/10.17531/ein.2020.1.16.

18.  lei y, lin J, He z, zuo M J. a review on empirical mode decomposition in fault diagnosis of rotating machinery. Mechanical Systems and 
Signal Processing 2013; 35(1-2): 108-126, https://doi.org/10.1016/j.ymssp.2012.09.015.

19.  li c, Sanchez R v, zurita G, cerrada M, cabrera D, vásquez R e. Gearbox fault diagnosis based on deep random forest fusion of acoustic 
and vibratory signals. Mechanical Systems and Signal Processing 2016; 76: 283-293, https://doi.org/10.1016/j.ymssp.2016.02.007.

20.  li c, Sánchez R v, zurita G, cerrada M, cabrera D. Fault diagnosis for rotating machinery using vibration measurement deep statistical 
feature learning. Sensors 2016; 16(6): 895, https://doi.org/10.3390/s16060895.

21.  li c, Sanchez R v. Gearbox fault identification and classification with convolutional neural Networks. Shock and vibration 2015; article 
ıD: 390134, https://doi.org/10.1155/2015/390134.

22.  li X, li J, He D, Qu y. Gear pitting fault diagnosis using raw acoustic emission signal based on deep learning. eksploatacja i Niezawodnosc 
- Maintenance and Reliability 2019; 21(3): 403-410, https://doi.org/10.17531/ein.2019.3.6.

23.  li y, Du X, wan F, wang X, yu H. Rotating machinery fault diagnosis based on convolutional neural network and infrared thermal imaging. 
chinese Journal of aeronautics 2020; 33(2): 427-438, https://doi.org/10.1016/j.cja.2019.08.014.

24.  li y, Gu J X, zhen D, Xu M, Ball a. an evaluation of Gearbox condition Monitoring using ınfrared Thermal ımages applied with 
convolutional neural networks. Sensors 2019; 19(9): 2205, https://doi.org/10.3390/s19092205.

25.  li y, wang k. Modified convolutional neural network with global average pooling for intelligent fault diagnosis of industrial gearbox. 
eksploatacja i Niezawodnosc - Maintenance and Reliability 2020; 22(1): 63-72, https://doi.org/10.17531/ein.2020.1.8.

26.  liu z, zhang l. a review of failure modes, condition monitoring and fault diagnosis methods for large-scale wind turbine bearings. 
Measurement 2020; 149: 107002, https://doi.org/10.1016/j.measurement.2019.107002.

27.  loutas T H, Roulias D, Pauly e, kostopoulos v. The combined use of vibration, acoustic emission and oil debris on-line monitoring towards 
a more effective condition monitoring of rotating machinery. Mechanical Systems and Signal Processing 2011; 25(4): 1339-1352, https://doi.
org/10.1016/j.ymssp.2010.11.007.

28.  loutas T H, Sotiriades G, kalaitzoglou ı, kostopoulos v. condition monitoring of a single-stage gearbox with artificially induced gear 
cracks utilizing on-line vibration and acoustic emission measurements. applied acoustics 2009; 70(9): 1148-1159, https://doi.org/10.1016/j.
apacoust.2009.04.007.

29.  Maldague X. Theory and Practice of ınfrared Technology for Non-Destructive Testing. New york: John wiley-ınterscience, 2001.
30.  meola c. infrared thermography recent advances and future trends. Sharjah: Bentham Science Publishers, 2012, https://doi.

org/10.2174/97816080514341120101.
31.  Mohanty a R. Machinery condition Monitoring: Principles and Practices. New york: cRc Press, Taylor&Francis Group, 2015, https://doi.

org/10.1201/9781351228626.
32.  osman S, Wang W. an enhanced Hilbert-Huang transform technique for bearing condition monitoring. measurement Science and Technology 

2013; 24(8): 085004, https://doi.org/10.1088/0957-0233/24/8/085004.
33.  Randall R B. vibration-based condition Monitoring: ındustrial, aerospace and automotive applications. west Sussex: John wiley & Sons 

ltd., 2011, https://doi.org/10.1002/9780470977668.
34.  Ring e F J, ammer k. ınfrared thermal imaging in medicine. Physiological Measurement 2012; 33(3): R33, https://doi.org/10.1088/0967-

3334/33/3/R33.
35.  Sait a S, Sharaf-eldeen y ı. a review of gearbox condition monitoring based on vibration analysis techniques diagnostics and prognostics. 

ın: Proulx T (ed.), Rotating Machinery, Structural Health Monitoring, Shock and vibration 2011; 5: 307-324, https://doi.org/10.1007/978-1-
4419-9428-8_25.

36.  Sasai S, zhen y X, Suetake T, Tanita y, Omata S, Tagami H. Palpation of the skin with a robot finger: an attempt to measure skin stiffness 
with a probe loaded with a newly developed tactile vibration sensor and displacement sensor. Skin Research and Technology 1999; 5(4): 
237-246, https://doi.org/10.1111/j.1600-0846.1999.tb00136.x.

37.  Sharma v, Parey a. a review of gear fault diagnosis using various condition indicators. Procedia engineering 2016; 144: 253-263, https://
doi.org/10.1016/j.proeng.2016.05.131.

38.  Sharma v, Parey a. Frequency domain averaging based experimental evaluation of gear fault without tachometer for fluctuating speed 
conditions. Mechanical Systems and Signal Processing 2017; 85: 278-295, https://doi.org/10.1016/j.ymssp.2016.08.015.

39.  Singh G, kumar T c a, Naikan v N a. ınduction motor inter turn fault detection using infrared thermographic analysis. ınfrared Physics & 
Technology 2016; 77: 277-282, https://doi.org/10.1016/j.infrared.2016.06.010.

40.  Singh G, Naikan v N a. ınfrared thermography based diagnosis of inter-turn fault and cooling system failure in three phase induction motor. 
ınfrared Physics & Technology 2017; 87: 134-138, https://doi.org/10.1016/j.infrared.2017.10.007.

41.  Sun B, li M M, liao B P, yang X, cao y T, cui B F, Feng Q, Ren y, yang, D z. Time-variant reliability modeling based on hybrid non-
probability method. archive of applied Mechanics 2020; 90(2): 209-219, https://doi.org/10.1007/s00419-019-01605-1.

42.  Szegedy c, liu w, Jia y, Sermanet P, Reed S, anguelov D, erhan D, vanhoucke v, Rabinovich a. Going deeper with convolutions. ın: 28th ıeee 
conference on computer vision and Pattern Recognition (cvPR). Boston Ma, 2015: 1-9, https://doi.org/10.1109/cvPR.2015.7298594.



Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol. 22, No. 3, 2020556

sciENcE aNd tEchNology

43.  Tanaka y, Horita y, Sano a. Finger-mounted skin vibration sensor for active touch. ın: ısokoski P, Springare J. (eds.), euroHaptics: 
ınternational conference on Human Haptic Sensing and Touch enabled computer applications. Tampere, Finland, 2012: 169-174, https://
doi.org/10.1007/978-3-642-31404-9_29.

44.  vashisht R k, Peng Q. crack detection in the rotor ball bearing system using switching control strategy and Short Time Fourier Transform. 
Journal of Sound and vibration 2018; 432: 502-529, https://doi.org/10.1016/j.jsv.2018.06.061.

45.  wang J, Gao R X, yan R. Multi-scale enveloping order spectrogram for rotating machine health diagnosis. Mechanical Systems and Signal 
Processing 2014; 46(1): 28-44, https://doi.org/10.1016/j.ymssp.2013.06.001.

46.  waqar T, Demetgul M. Thermal analysis MlP neural network based fault diagnosis on worm gears. Measurement 2016; 86: 56-66, https://
doi.org/10.1016/j.measurement.2016.02.024.

47.  younus a M, yang B S, ıntelligent fault diagnosis of rotating machinery using infrared thermal image. expert Systems with applications 
2012; 39(2): 2082-2091, https://doi.org/10.1016/j.eswa.2011.08.004.

48.  zhang X, kang J, Bechhoefer e, zhao J. a new feature extraction method for gear fault diagnosis and prognosis. eksploatacja i Niezawodnosc 
- Maintenance and Reliability 2014; 16(2): 295-300.

49.  zhang X, zhao J. compound fault detection in gearbox based on time synchronous resample and adaptive variational mode decomposition. 
eksploatacja i Niezawodnosc - Maintenance and Reliability 2020; 22(1): 161-169, https://doi.org/10.17531/ein.2020.1.19.

50.  zhang Q, zhao w, Xiao S G. Fault Diagnosis of Gear Based on Singular value Decomposition and RBF Neural Network. 2nd ınternational 
conference on Frontiers of Sensors Technologies 2017; 470-474, https://doi.org/10.1109/ıcFST.2017.8210559.

51.  zhao R, wang D z, yan R Q, Mao k z, Shen F, wang J J. Machine Health Monitoring using local Feature-Based Gated Recurrent unit 
Networks. ıeee Transactions on ındustrial electronics 2018; 65: 1539-1548, https://doi.org/10.1109/Tıe.2017.2733438.

Appendix A

Table A1. Detailed structure of modified GoogLeNet

Layer type Patch size/
stride Output size Depth #1x1 #3x3 

reduce #3x3 #5x5 
reduce #5x5 Pool 

proj.

Convolution 7x7/2 112x112x64 1 - - - - - -

Max pool 3x3/2 56x56x64 0 - - - - - -

Convolution 3x3/1 56x56x192 2 - 64 192 - - -

Max pool 3x3/2 28x28x192 0 - - - - - -

Inception(3a) - 28x28x256 2 64 96 128 16 32 32

Inception(3b) - 28x28x480 2 128 128 192 32 96 64

Max pool 3x3/2 14x14x480 0 - - - - - -

Inception(4a) - 14x14x512 2 192 96 208 16 48 64

Inception(4b) - 14x14x512 2 160 112 224 24 64 64

Inception(4c) - 14x14x512 2 128 128 256 24 64 64

Inception(4d) - 14x14x528 2 112 144 288 32 64 64

Inception(4e) - 14x14x832 2 256 160 320 32 128 128

Max pool 3x3/2 7x7x832 0 - - - - - -

Inception(5a) - 7x7x832 2 256 160 320 32 128 128

Inception(5b) - 7x7x1024 2 384 192 384 48 128 128

Avg pool 7x7/1 1x1x1024 0 - - - - - -

Dropout (40%) - 1x1x1024 0 - - - - - -

Fully connected - 1x1x4 1 - - - - - -

Softmax - 1x1x4 0 - - - - - -
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1. Introduction

Estimating the life of aviation hydraulic drive is a broad forecast-
ing issue at the engineering stage of their operational behaviours, as 
well as forecasting the change of their technical state throughout the 
operation stage. The experience from the operation of aircraft hydrau-
lic propulsion in aircraft indicates that after using the normative dura-
bility established by the manufacturer, most hydraulic assemblies still 

have some work resource that can be used [21, 24]. This may indicate 
that at the design stage of hydraulic units, their operating conditions 
were incorrectly identified and inadequate redundancy was imposed 
when estimating their durability [21]. 

Therefore, there is a need for technical and scientific search for 
methods of estimating durability correcting adopted design assump-
tions while maintaining the functionality and effects of the hydrau-
lic assembly. Based on available literature sources, one can draw up  

ułanoWIcz L, jaSTrzęBSkI g, SzczePanIak P. Method for estimating the durability of aviation hydraulic drives. eksploatacja i niezawod-
nosc – Maintenance and reliability 2020; 22 (3): 557–564, http://dx.doi.org/10.17531/ein.2020.3.19.

Leszek ułanoWIcz
grzegorz jaSTrzęBSkI
Paweł SzczePanIak

methoD for estimating the Durability of aviation hyDraulic Drives

metoDa szacowania trwałości lotniczych napęDów hyDraulicznych*
Throughout previous practice, estimating the life of aviation hydraulic drive assemblies has been utilizing a variant, which requires 
conducting long-lasting studies of the drive assemblies until they move to the unfitness state. Such studies, which enable estimat-
ing life a posteriori, are costly and long-lasting. Hence the need to look for new strategies for estimating life. The article presents  
a method of estimating the durability of a hydraulic drive assembly based on the control of its change in technical condition. Inspec-
tion of the technical condition enables timely detection of the condition before the emergency hydraulic assembly. The novelty of the 
method is to use, to detect the condition before the emergency team, the principle of determining the pre-emptive control parameter 
tolerance. Pre-emptive tolerances are a set of control parameter values between threshold levels and pre-emergency (allowable) 
levels. The intensity of depletion of durability (intensity of aging, wear) is random. The paper presents a stochastic description of 
the control parameter change and the resulting empirical relationships between the control parameter verification time probability 
density (verification periodicity) and the control parameter value change probability density. The inter-relations between these two 
functions were described. It also presents empirical relationships enabling the determination of the permissible value for the control 
parameters and the periodicity of the control parameter checks after exceeding the limit value. An example of estimating the life of 
a hydraulic piston pump on-board an aircraft operated in the Polish Air Forces was shown. The permissible values and the time 
for the first control parameter verification after exceeding the limit value were determined for selected control parameters of the 
hydraulic pump. The proposed method binds life (fitness time) with the physical wear mechanisms concerning the assemblies. It 
can be applied in work aimed at determining the resource life of technical equipment. Furthermore, it enables utilizing technical 
equipment according to a technical state strategy with monitoring the parameters. 

Keywords: aviation, lifetime, hydraulic drive, hydraulic pump, technical condition.

W dotychczasowej praktyce szacowania trwałości zespołów lotniczych napędów hydraulicznych stosowany jest wariant, który 
wymaga prowadzenia długotrwałych badań zespołów napędu do czasu ich przejścia w stan niezdatności. Badania tego typu, umoż-
liwiające szacowanie trwałości a posteriori, są kosztowne i długotrwałe. Istnieje więc potrzeba poszukiwania nowych strategii 
szacowania trwałości. W artykule zaprezentowano metodę szacowania trwałości zespołu napędu hydraulicznego opartą o kontrolę 
jego zmiany stanu technicznego. Kontrola stanu technicznego umożliwia wykrycie we właściwym czasie stanu przed awaryjnego 
zespołu hydraulicznego. Novum metody jest wykorzystanie, do wykrycie stanu przed awaryjnego zespołu, zasady wyznaczania 
uprzedzających tolerancji parametru kontrolnego. Tolerancje uprzedzające stanowią zbiór wartości parametru kontrolnego za-
wartych między poziomami granicznym i przed awaryjnym (dopuszczalnym). Intensywność wyczerpywania się trwałości (inten-
sywności starzenia, zużywania) ma losowy charakter. W artykule przedstawiono stochastyczny opis zmiany parametru kontrolnego 
oraz wynikające z niego empiryczne zależności funkcji gęstości prawdopodobieństwa czasu przeprowadzania sprawdzeń parame-
tru kontrolnego (okresowość kontroli) i funkcji gęstości prawdopodobieństwa zmiany wartości parametru kontrolnego. Opisano 
wzajemne związki obu tych funkcji. Przedstawiono zależności umożliwiające wyznaczenie wartości dopuszczalnej parametru kon-
trolnego i okresowość sprawdzeń parametru kontrolnego po przekroczeniu wartości dopuszczalnej. Zaprezentowano przykład sza-
cowania trwałości tłoczkowej pompy hydraulicznej z samolotu użytkowanego w Siłach Zbrojnych RP. Dla wybranych parametrów 
kontrolnych pompy hydraulicznej wyznaczono ich wartości dopuszczalne oraz czas pierwszej kontroli parametru kontrolnego po 
przekroczeniu wartości dopuszczalnej. Zaprezentowana metoda wiąże trwałość z fizycznymi mechanizmami zużywania się zespo-
łów. Przedstawiona metoda może być wykorzystana w pracach mających na celu określanie zasobu pracy urządzeń technicznych. 
Umożliwia ona użytkowanie urządzeń technicznych według strategii stanu technicznego z kontrolowaniem parametrów.

Słowa kluczowe: lotnictwo, trwałość, napęd hydrauliczny, pompa hydrauliczna, stan techniczny.
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a certain view regarding the general principles of determining the life 
of hydraulic assemblies, adopted by various research, scientific and 
production facilities [1, 14]. 

The current practice of estimating the durability of aviation hy-
draulic drive units is multi-faceted and multi-directional. The main 
direction of estimating durability is based on the principle that based 
on laboratory test data and bench tests, it is possible to assess the dura-
bility of the assembly in appropriate operating conditions [7, 23]. The 
second direction, supplementing the main one, is estimation of dura-
bility based on tests of operational reliability of the assembly [1,13]. 
Both directions use safe durability concepts for team design.

The first direction of durability estimation requires conducting 
long-term and costly tests of hydraulic assemblies until they become 
unfit [2, 7]. in this approach, at the design stage, wear tests of hydrau-
lic units are carried out [4, 18]. These tests are carried out only in the 
workplace [5, 11]. They are aimed at checking the assumed hydraulic 
resistance of precise pairs of the tested assembly [2, 22]. These tests 
are conducted according to specially developed schedules for the en-
tire unit, which usually provide for their accelerated mode and load 
conditions harsher than the ones recorded during operation [14]. They 
last until the hydraulic unit is damaged. in general, the test sched-
ule, determined in the course of developing a given hydraulic unit 
or drive, includes the execution of a series of identical, subsequent 
stages, each of which consists of a number of sub-stages with varying 
values of load parameters for a given unit, conducted at a specified 
time, therefore, over a specified number of load cycles [9, 12]. Hence 
it can be seen that the study period of time is long, therefore, the tests 
are also expensive. However, wear tests do not take into account all 
operational forces, since the very reconstruction at a test bench of the 
loads actually occurring in the course of operation of a studied unit 
is a huge problem. The principles for the determination of each test 
schedule are also an issue, which is extremely comprehensive and 
time-consuming. The dispersion of the results of experimental wear 
tests when estimating the durability of a hydraulic unit is the basis for 
introducing a safety factor, i.e. an unnamed ratio of dangerous value 
to limit value. most usually, a safety factor takes into account the po-
tential inadequacy of the test schedule relative to actual operating con-
ditions in the course of operation [2], the availability of wear location 
for verification [19], the nature of developing destruction and its rate 
[14], the degree of credibility of determining loads for a given unit 
[24] and the population of a test bench studied sample [2]. agamirov 
and Reicher assumed the value of the coefficient taking into account 
the possible inadequacy of the test program to the actual working con-
ditions of the team equal 1.0 [2], and ignatowicz with the team equal 
1.5 [14]. Taking into account the availability of the place of wear for 
control, the nature of the progressing destruction and the speed of 
destruction, otshu and the team assumed a value of 1.2 [19]. Taking 
into account the sample size, in the case of one sample tested at the 
stand, the value of the factor of 5 was adopted, and for six samples the 
value of 3 [2]. generally, the value of the safety factor is taken from 1 
to 5 [14, 24]. Based on the results of wear tests and taking into account 
safety factors, normative durability is determined [1, 26].

another approach for estimating the durability of hydraulic units 
using the concept of safe durability are operational reliability tests 
[17, 27]. This strategy involves using the assembly on the aircraft 
until damage occurs. This strategy uses statistical methods as well 
as computer simulation techniques and programmed reliability tests. 
This strategy can be used only if the consequences of damage do not 
violate the principles of occupational safety and do not increase the 
operating costs of hydraulic units [27].

methods for estimating durability based on safety factors do not 
provide an opportunity to assess the function of the distribution of 
the durability of a hydraulic assembly at the design stage. There-
fore, works are also carried out to ensure the efficient operation 
of hydraulic units, using modern diagnostic methods [16, 20]. The 

main direction of this work is the development of methodologies for 
prognostic management and management of the technical condition 
of teams based on combining many sources of information from ex-
ploitation. For the processing of operational data, modern techniques 
of tracking neural networks are used, as well as automatic inference 
algorithms and failure probability progression algorithms [6, 8]. The 
so-called research also falls under this trend residual stability, which 
uses extended kalman filter technique models, time series prediction, 
multidimensional data distribution, and phase space reconstruction 
[9, 20]. The influence of contamination on the durability of various 
hydraulic pairs of precision hydraulic units is also investigated [25]. 
an experimental method of measuring sensitivity to pollution based 
on the pollution sensitivity model was used to predict the lifetime of 
the hydraulic assembly. in some works, the reliable operation time of 
a renewable technical object was identified by applying three criteria, 
which used the following statistics: modified kolmogorov-Smirnov 
(Mk-S) statistics, statistics of the average absolute deviation of the 
hypothetical and empirical cumulative distribution and statistics cal-
culated on the basis of logarithmized reliability function [3, 21]. The 
values   of these statistics were used to rank eleven damage probability 
distributions. it has been shown that based on the aggregate criterion 
taking into account three statistics of match compliance, the reliability 
of the estimation of the work time to damage distribution increases, 
thus avoiding mistakes that can be made by becoming addicted to 
only one of them.

agamirov and vestyak and Blancke with the team showed that 
hydraulic drives have a strong correlation between parameters deter-
mining their condition and time of use [1, 7]. Therefore, one can pre-
dict the moment of change in the technical condition of the hydraulic 
drive assembly, provided that this condition is periodically checked 
[1, 24]. using this property, the authors of this article proposed a pri-
ori-predictive method of estimating durability.

The method presented in this article is based on the observation 
of a selected control parameter of the hydraulic drive assembly during 
its use. The purpose of this check is to detect in advance the pre-emer-
gency (allowable) condition. The novelty of the method is the use of 
pre-fault detection to detect pre-fault tolerance on the selected control 
parameter. Pre-emptive tolerances are a set of values of the selected 
control parameter contained between the threshold levels and before 
the emergency (allowable) levels. Periodic inspection of the technical 
condition of the hydraulic assembly using selected control parameters 
enables prediction of the moment of the limit state of the hydrau-
lic drive assembly. The quantitative wear characteristics of hydraulic 
units change over time and their impact on the technical condition 
of the aviation hydraulic drive is random. The condition for imple-
menting the method is knowing the limit level of the hydraulic drive 
control parameter. The limit value of the hydraulic drive unit control 
parameter is determined at the stage of its construction and design. it 
results from the design conditions of hydraulic precision pairs (plung-
er pairs, distribution pairs, control pairs) and functional conditions 
of the entire hydraulic assembly. depends largely from the materials 
used and the design solution of hydraulic precision pairs and is mainly 
confronted with the processes of destruction of these pairs as a result 
of their operation. The limit value for the most important parameters 
of a hydraulic assembly is given by the manufacturer in his technical 
documentation and is a reference criterion during operation. 

The presented method is based on controlling the level of per-
missible value (pre-emergency) of the selected control parameter and 
determining the relationship of this parameter with the periodicity of 
its checks, while ensuring a given level of reliability (determined a 
priori reliability of the hydraulic assembly). The permissible level of 
the control parameter is its value at which this parameter measured at 
the moment 1t  does not reach the limit point 2t  with the probabil-
ity ( ) wp t p≥ , where  wp  is the assumed probability level of trou-
ble-free operation of the unit in time Δτ 2 1t tτ∆ = − . if the value of any 
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hydraulic control parameter η exceeds the limit value ηdop, but does 
not exceed the limit value ηgr, i.e. 

 
η η ηdop gr≤ ≤ , then the hydrau-

lic drive is considered to be in a pre-emergency condition. Reaching 
the admissible level by the control parameter is associated with the 
change of the control frequency, i.e. Δτ 2 1Ä t tτ = − . Pre-emptive toler-
ance Δη = ηgr− ηdop is related to the frequency of the check Δτ 2 1Ä t tτ = −  
in such a way that the implementation of the process of changing the 
parameter determining the technical condition of the hydraulic unit, 
after cutting the permissible level ηdop at the time worked 1 2t tτ≤ ≤ , 
does not cross until the level 2t  level ηgr with probability p t pw( ) ≥ . 
Reaching the limit value by any control parameter enables the identi-
fication of assemblies that may soon reach the limit state. any control 
parameter reaching the ηgr level limit, i.e. η > ηgr, means the end of the 
hydraulic unit’s durability, i.e. the need to stop using it. it should be 
added here that in the case of renewable assemblies it can be subjected 
to a renovation procedure.

2. Description of the hydraulic unit control parameter 
change process

The following markings have been adopted in the following ar-
ticle:

η t( )   -  random function of the control parameter,

ηdop    - permissible value of the control parameter at random time 
dopT ,

ηgr    - limit value of the control parameter,

1T     - time when the control parameter reaches the allowable lev-
el,

2T     - time of checking the technical condition after exceeding the 
permissible level (residual durability range),

x        - random time of intersection by the random function of the 
permissible control parameter ηdop or limit parameter ηgr.

The following assumptions were adopted for the description of 
the method for estimating the life of a hydraulic power unit:

changes in the value of the control parameter for hydraulic 1) 
power units are continuous over time and their transition from 
one state to another is the result of wear processes within the 
tribological pairs of such units.
The change of a hydraulic power unit control parameter 2) η is a 
random process η t( ) , ongoing under the influence of a wide 
spectrum of operating factors.
Data allowing for a formal description of the random process 3) 
was obtained from the bench or operational tests.
at the design stage, the limit level ηgr of the hydraulic drive 4) 
unit control parameter η t( )  was determined. The control pa-
rameter limit value does not change during the entire lifetime 
of the hydraulic assembly and is an impassable reference cri-
terion.

To be able to estimate the durability of a hydraulic drive assembly, 
you must have a specific form of random variable distribution in the 
form of a probability density function.

Fig. 1 presents changes in the one-dimensional distribution den-
sity function φ η,t( )  of the random control parameter and distribution 
density function f tdopη ,( )  of the intersection of the residual durabil-
ity field border. Density function change courses divide drive life into 
three areas:

the area where the hydraulic assembly is in full working or-1) 
der,
the pre-emergency area in which there is a close relation-2) 
ship between the residual tolerance value of the control-

led parameter and the periodicity of checks, while ensuring  
a given level of integrity,
border area, i.e. the area where the hydraulic assembly is in a 3) 
state of inability to work.

Fig. 1 shows that for detecting - in good time - a pre-emergency 
(acceptable) state, the relationship between the periodicity of checks 
Δτ 2 1Ä t tτ = −  and the preceding tolerance (residual durability) should be 
determined ∆η η η= −gr dop � on the controlled parameter, while en-
suring a given level of integrity. The moment of checking should be 
selected in such a way that η η ηdop grT< ( ) <� .

Fig. 1. The characteristics of hydraulic power unit lifetime for a random proc-
ess η of this unit’s control parameter change [Source: Own study]

For the control parameter level ηdop we have 1 x T≤  if and only if 
η η> dop  and for the level ηgr we have 2 x T≤  if and only if η η�> gr . 
From here to the intersection of events at the level of ηdop we have 
{ } { } { }1 2 1x T x T x T≤ ∩ ≤ = ≤  if and only if for time 2T  we have 

η η η η η η>{ }∩ >{ } = >{ }dop gr gr . Therefore, we can note that: 

 
P x T P

dop gr T
≤{ } = >{ }1

2η η η ,

which means that probability { }1  P x T≤ at a permissible level ηdop is 

equal to the probability P grη η>{ }  at moment 2T  of checking the 
technical condition after exceeding the permissible level. Hence:

 
0

2
1T

dopf x dx T d
gr

∫ ∫( ) = ( )
∞

/ / ,η φ η η
η

 (1)

where:

f x dop/η( )  - conditional density function of the random dis-
tribution of time x, provided that the control 
parameter has a value of ηdop;
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φ η / T2( )    - conditional random density function η t( ) , 
provided that the working time has reached the 
time 2T  checking the technical condition after 
exceeding the permissible level.

Just like for equation, (1) equation for the permissible level ηdop 
at 

moment 2T  is derived:

 
0

2
2T

dopf x dx T d
dop

∫ ∫( ) = ( )
∞

/ /η φ η η
η

 (2)

comparing the equation (1) to the equation (2), we get:

 

T

T

dopf t dt T d
dop

gr

1

2

2∫ ∫( ) = ( )/ /η φ η η
η

η
 (3)

The notation (3) indicates that for a monotonic random process 
η t( )  with a specified time 1T  and known limit level value ηgr, it is 
possible to determine the next technical condition inspection deadline 

2T  and the permissible level value ηdop at that time. The following 
equation results from writing the equation (3):

 
T

T

gr

T

dopf t dt f t dt
1

2 1

0
∫ ∫( ) = ( )/ /η η  (4)

The above equation shows that a change in the value of the se-
lected control parameter, after crossing the permissible level ηdop at 
the time worked 1 2t tτ≤ < , will not cross to the time 2t  level gr . 
all trajectories of the process of the random control parameter pass-
ing from the ab area (see Fig. 1) to the bc area cause a change in the 
frequency of checking the hydraulic assembly.

changes in the values of selected control parameters of a hydrau-
lic assembly occur continuously over time and the transition of the hy-
draulic assembly from one state to another occurs as a result of wear 
processes of precise tribological pairs of these assemblies. Due to the 
fact that the occurrence of damage to a hydraulic assembly element 
is caused by accidental changes in the intensity of the wear process, 
a linear course of the wear process can be assumed. This allows us to 
describe the wear process of precise tribological pairs of the hydraulic 
assembly by normal distribution.

Let us assume that for normal distribution, the expected value 
m tη ( )  and the mean quantile deviation ση t( )  are approximated lin-
ear relationships:

 
m t m m ta bη ( ) = +

  (5)

 
σ σ ση t ta b( ) = +

constant factors am  and bm  in relationship (5) are determined 
with formulas:

 
m

t m t t m t
t ta

i i i i

i i
=

( ) − ( )
−

+ +

+

1 1

1

η η

 (5a)

 
m

m t m t
t tb
i i

i i
=

( ) − ( )
−

+

+

η η1

1

Factors aσ  and bσ  are calculated using similar formulas. mo-
ment functions m tη ( )   and ση t( )  are determined from histograms of 
the distribution φ η,t2( )  (see Fig. 2 to 4).

Density function for the distribution φ η,t2( )  of the random value 
η t( )  at moment 2t  of the technical condition inspection, after ex-
ceeding the permissible level has the form:

 φ η
π σ σ

η

σ σ
/ t2

2

2
2

2
2

1
2 2

( ) =
+( )

−
− −( )

+( )











a b

a b

a bt
exp

m m t

t
 (6)

Based on the relationship (4), the density function for the distribu-
tion of the first intersection of the residual life level f tdopη ,( )  has 
the form:

f t
t

exp
m m t

tdop
a b

dop a b

a b
/η

π σ σ σ σ

η
( ) =

+( )
−

− −( )
+( )

















1
2 2

2
dd
dt

m m t
t

dop a b

a b

η

σ σ

− −

+










(7)

Substituting expressions (6) and (7) to equation (3), after differen-
tiation and necessary transformations, we get the relationship ηdop and 

  ∆η η η= −gr dop � for normal distribution of the parameter:

 η
σ σ σ σ τ

σ σ σ τ

η
dop

a b b a a b

a b b

T m m
T

=
+( ) − −( )

+ +
gr 1

1

 (8)

 ∆η
σ σ τ

σ σ σ τ

η
=

−( ) +





+ +
gr a b b a

a b b

m m

T1
 (9)

The moment of the control parameter reaching the permissible 
level 1T , that is the moment of the first verification of the control 
parameter, can be determined using the condition of the assumed per-
missible level of failure-free operation 

pbP , as per the following ex-
pression:

 P t t d
gr

dopη η φ η η δ
η

< ≤ ∞{ } = ( ) ≤
∞

∫, /1 1  (10)

where: 1
pdop bPδ = −  is the permissible damage probability.

By substituting the distribution density function φ η,t2( ) , i.e. re-
lationship (6) to expression (10), it is possible to determine the time 
of the control parameter reaching the permissible level 1T , i.e., that 
is the moment of the first verification of the control parameter, in the 
following form:

 T
m u

m u
gr a p a

b p a

bp

bp
1 =

− −

−

η σ

σ  (11)

where: 
bppu  is a normal distribution quantile corresponding to prob-

ability 
pbP .

The time of the first inspection of the hydraulic assembly as a 
whole (any control parameter reaching the permissible level) will be 
determined from the condition:
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 t min T T Tv p1 1 1 1= ( ), , δ  (12)

where 1VT , 1pT , 1T δ  are selected control parameters of the hydraulic 
unit, e.g. maximum discharge pressure, volumetric efficiency coef-
ficient, etc.

3. Estimating the rotary lifetime of a hydraulic piston 
pump 

Rotary piston pumps with a distribution disc and adjustable output 
will serve as an example showing the determination of the time need-
ed for a control parameter η t( )  to reach the permissible level (limited 
life range) and the time for conducting the technical condition inspec-
tion after exceeding the permissible level (monitored life range), as 
well as the permissible level ηdop of the control parameter η t( ) .

The pump test procedure involves recording, among others, its 
such control parameters as the maximum pumping pressure tmaxp  , 
volumetric efficiency factor vpϑ  and the total radial clearance in pis-
ton pairs δp. The aforementioned parameters shall be treated as ran-
dom values, i.e. η p it( ) , ηv it( ) , and ηδ ti( ) .

For fixed values of hydraulic piston pump operating time it  of: 
0 hrs, 500 hrs and 1000 hrs, each random value ηi it( )  has a deter-
mined empirical distribution density function φ ηi it,( ) , expected 
value mi and mean quantile deviation iσ . Stochastic parameters 
φ ηi it,( ) , im  and iσ  for the control parameters, namely, maximum 
pumping pressure, pump volumetric efficiency factors and the total 
radial clearance in piston pairs were obtained following laboratory 
tests and verification inspections in the course of pump operation on-
board an aircraft, the results of which can be found in the internal 
elaborations of the air Force institute of Technology. By substituting 
the values of control parameters to relationship (5a) and then the val-
ues of these coefficients to (5), we get the function of hydraulic piston 
pump parameter moments for the assumed pump operating time. 

Histograms for distributions φ η,t( )  and moment functions 
 m tη ( ) , ση t( )  for the maximum pressure are shown in Fig. 2, the 

hydraulic pump volumetric efficiency factor in Fig. 3, and the total 
radial clearances in hydraulic pump piston pairs in Fig. 4.

For the volumetric efficiency factor ,vpϑ  the hydraulic pump pis-
ton pair parameter moment functions will be:

 
m t t

vη ( ) = − ⋅0 942 0 000065, ,

 
σηv

t t( ) = + ⋅0 024 0 000015, ,

For the maximum pressure tmaxp  in [Pa], the hydraulic pump pis-
ton pair parameter moment functions will be:

 
m t t

pη ( ) = − ⋅( )215 6 0 0031 105, ,

 
ση p

t t( ) = + ⋅( )3 43 0 00054 105, ,

For the total radial clearance in piston pairs δpt in [µm], the hy-
draulic pump piston pair parameter moment functions will be:

 
m t tηδ ( ) = − ⋅49 34 0 00973, ,

 
σηδ t t( ) = + ⋅18 8 0 0012, ,

Fig. 2. Histograms for distributions φ η,t( )  and moment functions ( )m tη , 

ση t( )  
for the maximum pressure [Source: Own study]

Fig. 4. Histograms for distributions φ η,t( )  and moment functions ( )m tη  
,

ση t( )  for hydraulic pump total radial clearances in piston pumps 
[Source: Own study]

Fig. 3. Histograms for distributions φ η,t( )  and moment functions ( )m tη , 
ση t( )  for hydraulic pump volumetric efficiency factor [Source: Own 
study]
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The limit levels in hydraulic pumps were determined for the volu-
metric efficiency factor, i.e. ηgrv = 0.75, maximum pump pressure, i.e., 
ηgrp= 200.9x105 Pa and the total radial clearance in piston pumps, i.e., 
ηgrv = 0.150 µm. With known limit levels for control parameters and 
using formula (12), it is possible to determine the time for the control 
parameter to reach the permissible level, i.e., the moment of the first 
verification of the control parameter. 

The output data for the determination of hydraulic pump parame-
ter moment functions and the relationship ηdop( ) dop itη are shown in Table 
1. The verification of the hypothesis on normal distribution φ ηi rt,( )  
using kolmogorov’s compliance test showed its compliance with op-
timal data.

The time for the control parameter of the pump to reach the per-
missible level due to its volumetric efficiency factor is 1vp

t = 857 hrs, 
due to its maximum pressure 1pmax

t = 1232 hrs, and due to its total 
radial clearances in piston pairs 1t δ

= 1326 hrs.
The time for the control parameter of the hydraulic pump to 

reach the permissible level shall be determined with (12):

 ( )1  857,1 232,1 326 857 hrst min= =

Based on the output data shown in Tab. 1, using formula (8), it is 
possible to determine the relationship between the control parameter 
permissible level ηdop and the inspection periodicity for the pump pa-
rameters in question:

 
η

τ
τdopv =

+ ⋅
+ ⋅

0 0263 0 00001243
0 0268 0 000012
, ,
, ,

,

 
η

τ
τdopp Pa=

+ ⋅( )
+ ⋅

[ ]801 12 0 1502 10
4 02 0 0006

5, ,
, ,

,

 
η

τ
τ

µδdop m=
− ⋅
+ ⋅

[ ]2879 0 6879
18 95 0 012

,
, ,

.

control parameter permissible value levels ηdop due to the pump’s 
volumetric efficiency factor are shown in Fig. 5, due to pump’s maxi-
mum pressure in Fig. 6, and due to the total radial clearance in piston 
pairs in Fig. 7.

The graphs presented in Fig. 5, 6 and 7 were made on the basis of 
calculations using the formulas (8) and (9) for functions and moments 
of distribution φ ηi it,( ) , im  and iσ  control parameters for work-
ing time t  > 500 hrs. They have they are for reference only. They 
present the nature of the change in the permissible level ηdop and the 
anticipating tolerance ∆η  for the selected control parameter from the 
periodicity of checks τ. 

For τ = 0, the allowable value of the selected control parameter 
reaches the limit value of this parameter, i.e. η ηdop gr=  and the lead-
ing tolerance  ∆η = 0. The end of life of the assembly is reached due 
to the specific control parameter. Based on the graph, e.g. the pump 
volume coefficient, we can determine the periodicity of checks due to 

Table 1. Output data for the determination of hydraulic pump control parameter moments

Parameters ηgri aim bim aiσ biσ

Pump volumetric efficiency factor 0,750 0,915 -0,000062 0,020 0,000012

Maximum pumping pressure [Pa] 2000,9·105 214,9·105 -0,0033·105 3,53·105 0,00059·105

Total radial clearance in piston pairs [μm] 0,150 51,73 0,0397 18,5 0,0012

Fig. 5. Dependence of the permissible level ηdop and residual tolerance 
∆η η η= −gr dop � on verification periodicity τ the pump’s volumetric 
efficiency factor [Source: Own study]

Fig. 6. Dependence of the permissible level ηdop and residual tolerance 
∆η η η= −gr dop � on verification periodicity τ for pump’s maximum 
pressure [Source: Own study]

Fig. 7. Dependence of the permissible level ηdop and residual tolerance 
∆η η η= −gr dop � on verification periodicity τ for the total radial 
clearance in piston pairs [Source: Own study]
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this parameter. if during the control the value of the volumetric effi-
ciency coefficient will be 0.81, the time of the next inspection will be 
800 hrs, while if the value of this coefficient would be 0.78, the time 
of the next inspection will be 400 hrs. changes the time of checking 
(checking).

4. Final remarks

The presented method for estimating life utilizes the property of 
aviation hydraulic power units, which involves a strong correlation 
between the parameters defining their fitness state with their operat-
ing time. it enables forecasting the hydraulic power unit limit state oc-
currence moment, provided that a periodic inspection of its technical 
condition using selected control parameters has been introduced. The 
purpose of this check is to detect in advance the pre-emergency (al-
lowable) condition. in the presented method, the preceding tolerances 
use pre-tolerances of the selected control parameter.

The relationship between the preceding tolerance of the selected 
control parameter and the periodicity of its checks is presented, while 
ensuring the set level of a priori determined reliability of the hydrau-
lic unit. The achievement of the pre-emergency (acceptable) level by 
the control parameter is associated with a change in the frequency of 
checks, i.e. ∆τ = −t t2 1  Pre-emptive tolerance size ∆η η η= −gr dop � 

is related to the frequency of inspections ∆τ = −t t2 1  in such a way 
that the process of changing the selected control parameter that deter-
mines the technical condition of the hydraulic unit, after cutting the 
permissible level ηdop at the time worked 1 2t tτ≤ <  did not intersect 
the level ηgr  until 2t  with a probability not exceeding the assumed 
probability of trouble-free operation of the team during Δτ. Reaching 
the limit value by any control parameter enables the identification of 
assemblies that may soon reach the limit state. if any control param-
eter reaches the limit level ηgr , i.e. η η≥ gr , it is necessary to stop us-
ing the hydraulic assembly.

Refinement of the presented method involves binding the general 
relationship expressing life (fitness time) with the physical mecha-
nisms for hydraulic unit wear and degradation of controlled ele-
ments. 

To implement the method, it is necessary to specify at the design 
stage the limit level ηgr of the parameter of the controlled hydraulic 
drive unit η t( ) .

The presented method is applied in work aimed at determining the 
resource life of military aircraft hydraulic drives. The method enables 
utilizing technical equipment according to a technical state strategy 
with monitoring the parameters. 
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upper-bounD estimation of loaD-carrying capacity of perforateD 
colD-formeD thin-walleD steel lippeD channel columns unDer com-

pression loaDing

oszacowanie górne nośności perforowanych zimno formowanych 
prętów cienkościennych poDDanych ściskaniu 

Upper-bound estimation of the load-capacity of cold-formed steel sections (TWCFS) with perforations, subjected to axial com-
pression is presented. The estimation is performed on the basis of the Yield Line Analysis ((YLA).  TWCFS lipped channel sections 
with two sets of perforations (on the web and on the flanges) are under investigation. The comparison of experimental results, FE 
simulation results, European code ultimate strength predictions and upper-bound estimation based on YLA approach is carried out 
and presented. Some conclusions concerning an applicability of the YLA approach for ultimate strength prediction of perforated 
TWCFS structural members are derived. 

Keywords: cold-formed steel, thin-walled structures, load-capacity, perforations.

W artykule przedstawiono wyniki górnego oszacowania nośności cienkościennych prętów zimno formowanych z perforacjami, 
poddanych osiowemu ściskaniu. Oszacowanie to jest oparte na metodzie załomów plastycznych. Rozpatrywano dwa warianty 
perforacji (środnika i pasów) cienkościennych prętów ceowych z żebrami końcowymi. Przeprowadzono analizę porównawczą wy-
ników eksperymentu, wyników symulacji numerycznych MES oraz wyników obliczeń wg wzorów normatywnych normy europej-
skiej z wynikami oszacowania górnego nośności opartego na metodzie załomów plastycznych. Sformułowano wnioski dotyczące 
możliwości zastosowania tej metody do szacowania nośności cienkościennych prętów zimno formowanych z perforacjami. 

Słowa kluczowe: stal zimno formowana, konstrukcje cienkościenne, nośność, perforacje.

1. Introduction

nowadays, a variety of different steel products, with a large di-
versity of shapes, sizes, and applications are produced using the cold-
forming process. The range of use of TWcFS is very wide, includ-
ing buildings, the automobile industry, shipbuilding, rail transport, 
the aircraft industry, highway engineering, agricultural and industry 
equipment, office equipment, chemical, mining, petroleum, nuclear 
and space industries. compared to their hot-rolled counterparts, 
thin-walled cold-formed steel structural members can provide more 
economical and efficient design solutions due to several advantages, 
such as a light weight, a high flexibility in obtaining various cross-
sectional shapes, a highly adaptable manufacturing process with 
relatively little waste, and easier and faster construction. Perfora-
tions are used in many TWcFS members to accommodate services 
such as electrical, plumbing, and heating. They are particularly used 
in storage racks and in low- to mid-rise multi-storey buildings and 
portal frames.  

Because of the thinness of section walls and the wide variety of 
shapes which can be used (stiffeners, lips, etc.), some specific types 
of buckling, which are not observed in other thin-walled structures, 
can appear in cold-formed steel profiles. Particularly, symmetric and 
anti-symmetric buckling modes, for which buckling loads are of very 
close values [33] as well as coupled buckling modes [4].

Thus, stability and load carrying capacity problems, related to 
those members, induce particular aspects which are new challenges 
for researchers who work on new theoretical solutions (both analyti-
cal and numerical) and it has stimulated a development in the Theory 
of Stability and Theory of Thin-Walled Structures, especially in recent 
years. The problem of the load carrying capacity of such members 
subjected to simple loading systems (pure bending or uniform com-
pression) has been with satisfactory accuracy solved within the theory 
of thin-walled structures, as well as in design code specifications [29, 
31, 39]. This theory provides sufficient methods of the load-carrying 
capacity evaluation, among them effective width method [12, 39], Di-
rect Strength Method – DSM [24, 30]. Such a method should well sat-
isfy the target reliability index in structural design [37]. very recently, 
structural analyses and reliability studies that implement the system-
based design-by-analysis of steel thin-walled structure (rack frames) 
has been presented by cardoso et al [3]. The analysis was based 
on Direct Design method (DDm), modification of DSm method. 

However, there are relatively few reports of research, that have 
been carried out in the analysis of TWcFS members with perforations 
subjected to compression loading. The state of art review indicates, 
that the buckling and ultimate strength of such a structure under com-
pression depends strongly on the shape, size and location of perfora-
tions [21]. Davies et al [5] proposed an analytical method of design 
of axially compressed perforated steel sections, based on the effective 

kotelko M, Macdonald M, kulatungaMP, Marszalek z. upper-bound estimation of load-carrying capacity of perforated cold-formed thin-
walled steel lipped channel columns under compression loading. eksploatacja i niezawodnosc – Maintenance and reliability 2020; 22 (3): 
565–573, http://dx.doi.org/10.17531/ein.2020.3.20.
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thickness approach. kulatunga et al published results of theoretical 
and experimental analysis of cold-formed steel members under com-
pression [17, 19, 20]. moen and Schafer applied the Direct Strength 
method (DSm) to the analysis of cold-formed steel columns with 
holes [23] and compared the results with results of experiments [25]. 
inelastic buckling of perorated plates and sections under compres-
sion with perforations was investigated by yao and Rasmussen [38]. 
The problem of the structural behaviour of plates with special type of 
perforations (cut-outs) in inelastic range was analysed, using Finite 
element Method, by Falkowicz [6]. Buckling load of non-standard 
thin-walled channel beams with perforations, subject to bending, was 
investigated by grenda [8] and magnucka-Blandzi [23]. also, nedel-
cu [28] analysed buckling mode decomposition of thin-walled mem-
bers with holes. However, the above state -of -art review shows, that 
reliable design specifications to predict the ultimate buckling strength 
of perforated steel sections are not yet available. Thus, research into 
an effective method to evaluate load-carrying capacity of those struc-
tures (closely related to the structure’s reliability assessment) is still 
an open question (particularly for members undergoing local buck-
ling). analytical or semi-analytical methods, based on effective thick-
ness approach, for relatively short perforated members have been 
not reported so far. as mentioned above, Davies [5] proposed such a 
method, but it was applicable for relatively long members, for which 
global buckling takes place.

in this paper results of numerical (finite element FE), experimental 
and theoretical investigations based on the yield line analysis (yla) 
approach associated with effective thickness approach are presented, 
and conclusions are drawn on this basis. The conclusions are mainly 
focused on the applicability of the yla approach to the upper-bound 
estimate of load-carrying capacity of TWcFS members with perfora-
tions. Preliminary, selected results of the yla analysis are presented 
in [22]. This approach is competitive in comparison with FE analy-
sis or other numerical and analytical-numerical methods, since algo-
rithms based on it are simple and calculation time is very short, in 
comparison with very time-consuming FE calculations.  The state of 
art review presented above indicates, that the yla approach has not 
been applied to evaluate ultimate strength of perforated thin-walled 
members so far.  

a thin- walled structure is characterized by a certain “redundan-
cy” of its load-carrying capacity (l-c-c). in order to evaluate this “re-
dundancy, one has to solve the problem of stability and post-buckling 
behaviour of the structure, as well as the problem of failure (post-
ultimate) behaviour, i.e. to estimate the upper-bound  load-carrying 
capacity. That estimation consists in the determination of the intersec-
tion–point of a post-buckling path (evaluated using either analytical, 
semi-analytical method or a numerical method, e.g. Finite Element 
analysis) and a rigid-plastic post-ultimate curve obtained from the 
yield line analysis (yla) [14].

Short thin-walled columns (classified in European design code 
as members of class 4) subjected to compression and/or bending un-
dergo local or distortional buckling. The failure of such members is 
initialised by the local-global interactive buckling of plastic-elastic 
type, not an elastic-elastic one. Thus, the failure of those members, 
either in compression or bending, is always initialized by the develop-
ment of a local plastic mechanism in one of the member’s walls. The 
problem of the load carrying capacity (l-c-c) of such members sub-
jected to simple loading systems (pure bending or uniform compres-
sion) has been satisfactorily solved within the theory of thin-walled 
structures, as well as in design code specifications [32]. However, the 
same problem for members of non-standardised sections or shapes, 
and, particularly with perforations, is still an open question and wor-
thy of further investigation. one of the solutions is an appropriate 
upper-bound estimation of l-c-c. 

2. Subject of the analysis 

The subjects of the analysis were lipped channel cross-section 
columns with perforations located either on the web or flanges (Fig-
ures 1 and 2). Tables 1-5 illustrate the columns dimensions, location 
and dimensions of perforations and material parameters taken into 
account in this research. The presented research is a continuation of 
research, the results of which (mainly experimental) have been par-
tially published by macdonald [22]. all investigated columns were of 
the same length and the same cross-section dimensions. in both sets 
the position of perforations (distance from the ends) was constant, but 
with different perforation areas (perforation diameters). 

3. Numerical FE analysis 

To study the structural behaviour (buckling, post-buckling and 
ultimate) of examined sections, the non-linear analysis was applied, 
using aNSyS numerical code. Detailed description of Fe numerical 
model (geometry, boundary conditions), are given in [22]. aNSyS 
element type SHELL181 was used as it is adequate for linear, large 
rotation, and/or large strain nonlinear applications. Load was applied 
through a load bearing plate which represents the actual loading condi-
tions applied in the experiments. aNSyS element type SOlıD45 was 
used to model the load bearing plates [1] [9] [18]. Fine mesh around 

Table 1. Column dimensions and material properties.

Cross-section dimensions 

H (mm) 120.00

B (mm) 50.00

D (mm) 15.00

R (mm) 3.00

t (mm) 1.15

Average yield strength, sy (N/mm2) 195

Modulus of elasticity, E (N/mm2) 210500

Fig. 1. Shape and location of perforations – Set 1 - perforations located on 
the web, [22]
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Table 3. Nominal dimensions of perforations – Set 2

Column Length of the 
column Ø perforation W2

2-1 L 3 b c
2-2 L 4 b c
2-3 L 5 b c
2-4 L 6 b c

2-5 L 7 b c

L = 1000 mm, b = 5 mm, c = 25mm

Fig. 2. Shapes and location of perforations - perforations located on the 
flanges – Set 2 [22]

Table 2. Nominal dimensions of perforations – Set 1

Column Length of the 
column Ø perforation W1

1-1 L 3 b c

1-2 L 4 b c

1-3 L 5 b c

1-4 L 6 b c

1-5 L 7 b c

L = 1000 mm, b = 5 mm, c = 30 mm

Table 4. Actual measured section dimensions

Column Ref. Web height, H 
(mm)

Flange length, B 
(mm)

Lip height, D 
(mm)

Corner radius, R 
(mm) Thickness, t (mm) Total length, 

L(mm)

Se
t 1

1-1 120.20 50.10 15.12 3.00 1.15 1000.20

1-2 120.00 49.20 14.20 3.00 1.15 1000.00

1-3 120.10 49.52 14.92 3.00 1.15 1000.40

1-4 120.42 51.54 14.90 3.00 1.15 1000.10

1-5 120.62 50.80 15.62 3.00 1.15 1000.20

Se
t 2

2-1 120.12 49.86 14.90 3.00 1.15 1000.30

2-2 120.24 50.12 15.32 3.00 1.15 1000.30

2-3 120.16 50.02 15.08 3.00 1.15 1000.30

2-4 121.22 50.80 15.92 3.00 1.15 1000.40

2-5 120.62 50.82 15.84 3.00 1.15 999.90

Table 5. Actual measured dimensions and location of perforations

Column Ref.
Perforation position meas-

ured from bottom end 
(mm)

Ø perforation (mm)

Se
t 1

1-1

15.02
15.04
15.00
15.06

250.02
250.06
750.00
750.08

1-2

20.80
20.22
20.00
20.72

250.04
250.00
750.04
750.02

1-3

25.02
25.06
25.00
25.04

250.00
250.02
750.06
750.04

1-4

30.02
30.04
30.00
30.02

250.02
250.00
750.06
750.04

1-5

35.04
35.02
35.00
35.02

250.02
250.04
250.02
250.06

Se
t 2

2-1

15.02
15.00
15.04
15.06

250.02
250.00
750.04
750.06

2-2

19.98
20.00
20.02
20.04

250.02
250.00
750.06
750.02

2-3

25.00
24.98
25.02
25.00

250.02
250.06
250.00
250.02

2-4

30.02
30.04
30.02
30.06

250.02
250.00
250.04
250.06

2-5

35.02
35.00
35.04
34.98

250.02
250.00
750.04
750.04

Ø
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perforations and coarse mesh further away from the perforations was 
applied [22].  Fixed-fixed (built-in) boundary condition where applied 
in FE model, adequate to actual experiments conditions. 

4. Experimental Investigation 

4.1. Experimental stand and specimens

all columns, with dimensions and all other testing parameters 
specified in Tables 1-5 were tested in the whole range of loading up to 
and beyond the ultimate load - to failure. all tests were carried out on 

the columns with fixed-fixed (built -in) boundary conditions. Experi-
mental results reported in the next paragraphs, were used to validate 
Finite Element analysis results and upper-bound estimation results 
of the columns load-carrying capacity, based on yla analysis. The 
tests were performed on the Tinius-olsen testing machine. all column 
specimens were loaded with displacement control at a constant rate. 
a linear displacement transducer (LvDT) of high accuracy was used 
to   measure the Tinius-olsen testing machine crosshead displacement 
as shown in Figure 3.

Due to their comparative thinness, cold-formed thin-walled steel 
sections can deform easily during handling and hence, these sections 
can have higher initial geometric imperfections. Due to the nature 
of the geometric imperfections, they are categorised into two types 
namely, Type 1 and Type 2 as illustrated in Figure 5.

Figure 5: Definition of geometric imperfections, (a) Type 1: geo-
metric imperfections can be seen in a stiffened element and (b) Type 
2: maximum deviation from straightness for a stiffened lip or un-stiff-
ened flange [31].

in this investigation, measurements were documented along three 
lines in the longitudinal direction in both web and flanges at 20 mm 
intervals using a co-ordinate measuring machine to a precision of 0.01 
mm as presented in Figure 6. The exact values of measured dimen-
sions are given in Tables 4 and 5. 

a set of experiments was carried out to study the influence of 
a perforation area on the buckling and ultimate strength of column 
members. as mentioned above, the specimens were selected to have 
same cross-section dimensions, but with different perforation (Fig-
ures 2,3). The column lengths were kept constant. 

4.2.  Structural behaviour of tested columns 

all tested columns behaved in a very similar way in whole range 
of loading, up to the ultimate load and beyond – in the post-ultimate 
stage. Buckling occurred in all specimens around 85% of the ultimate 
load, which corresponded to the buckling load obtained in FE calcu-
lations. all the specimens failed by local buckling, interacting with 
distortional buckling, at the peak load forming three local-distortion-
al buckling half-waves. maximum deformation occurred around the 
perforations near to the bottom end in the specimens set 1-2 to set 
1-4 whereas, in specimens 1-1 and 1-5, the maximum deformation 
occurred around the perforations near to the top end. in all tested 
specimens the failure was initiated in the area of perforation and, 
subsequently, local plastic mechanisms were developed in this area 
(see Figure 7).

Fig. 3. Tinius olsen structural testing machine and column specimen set-up

Fig. 4. Clamping grips, keeping a column specimen in a built-in position [22]

Fig. 6(a). Locations on the web and flanges to measure geometric imperfec-
tions.

Fig. 5. Definition of geometric imperfections, (a) Type 1: geometric imperfec-
tions can be seen in a stiffened element and (b) Type 2: maximum de-
viation from straightness for a stiffened lip or un-stiffened flange [31]
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5. Load-capacity upper-bound estimation via Yield Line 
Analysis (YLA)

5.1. YLA theoretical backgrounds

The yield line theory (yield line analysis - yla) applied to thin-
walled steel structures enables an analysis of structural behaviour in 
the vicinity of ultimate load and in the post-ultimate stage. The basic 
assumption is that the plastic mechanism is fully developed, and the 
plastic zones developed in the walls of thin-walled steel members are 
concentrated at yield lines, either stationary or travelling [26, 27]. at 
the level of the yield lines, the material is considered to be fully plas-
tic. material characteristics is assumed to be rigid-perfectly plastic or 
rigid-plastic with strain hardening [15].

The theory distinguishes two types of the plastic mechanisms: 
a so-called “true mechanism” [26] and the so-called “quasi-mecha-
nism”, where the flat parts of the walls are limited by yield lines, but 
the walls undergo membrane deformation.

The plastic mechanism approach is based on two basic methods, 
namely the energy method (work method) and the equilibrium strip 
method [7, 16, 35]. ın the present study only the energy method was 
applied. using the energy method, the Principle of Virtual Velocities 
is adopted [14].

in the case of TWcFS members, the following form of this Prin-
ciple, namely of the rate of change of the energy dissipated is usually 
applied: 

 
  Π β χ ε β χ, ,( ) = ( ) + ( )∑ ∫ ∑

i A
p i

j
bi pi

i

N dA E i m0  (1)

where Π is the potential energy of the system. 

Eqn. (1) is a sum of rate of change of membrane strain energy in 
the walls of the global plastic hinge and bending strain energy dis-
sipated at yield lines, where N0 is a vector of membrane forces per 
unit length. The membrane forces N0 are determined from the associ-
ated flow rule, considering corresponding yield criterion (e.g. Huber-
mises). Ai is an area of i-th plastic zone (tension field) vector, βi  is 
an angular velocity vector on the i-th yield line and pim is the plastic 
moment vector on that line.

The first component of Eqn. (1) is taken into account in the case of 
quasi-mechanisms only, which consist of both yield lines and plastic 

zones (tension fields). For the true mechanism only the second 
component of Eqn. (1) should be considered.

Rate of change of the energy dissipated at the rotation of 
two walls of the plastic mechanism along an i-th yield line is 
expressed as:

 E m dlbi pi
l

i
i= ∫ β0

 (2)

For li = constant, the energy itself takes form:

 E l m dbi i pi
i= ∫ ββ

0  (3)

where li is the length of the yield line and βi is an angle of rota-
tion along that line. The plastic moment in Eqn. (3) may be ex-
pressed by different equations, corresponding to different stress 
distributions assumed in the yield line cross-section [33]. For the 
fully plastic cross section, considering the rigid-perfectly plas-
tic isotropic material model, the so called fully plastic moment 
takes the form [26]:

 
 2

4
y

p
t

m
σ ⋅

=  (4)

Thus, for the rigid-perfectly plastic material model, bending strain 
energy dissipated at i-th yield line is expressed as a product:

 
E l mbi i p i= ⋅ ⋅ β

 (5)

after rearranging Eqn. (1) we obtain:

 δ δ δW E Eext b m= +  (6)

where δWext  is the variation of work of external forces, δEb  is the 
variation of the energy of bending plastic deformation, while δEm  is 
the variation of the energy of membrane plastic deformation. eqn. (6) 
provides a relation of generalised load (e.g. compressive load, bend-
ing moment) in terms of general displacement (e.g. shortening, the 
angle of rotation). The graphical representation of this relation will be 
termed in the present paper as a failure curve. alternatively, eqn. (6) 
may be rearranged into the following form:

 P
E Eb m=

∂ +( )
∂δ

 (7)

5.2. Energy of Plastic Deformation in TWCFS Columns Sub-
ject to Compression Loading

in TWcFS columns subjected to compression the energy of plas-
tic deformation is a sum of bending strain and membrane strain en-
ergy and generally may be expressed as follows:

 
1

k
b mj

j
E E E

=
= + ∑  (8)

where k is a number of tension fields. 
The bending strain energy is given as follows:

 E m lb p
i

n
i i= ⋅

=
∑

1
β  (9)

Fig. 6(b). Measuring geometric imperfections on the flange using the co-ordinate measur-
ing machine.
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The membrane strain energy Emj is the energy absorbed in ten-
sion fields, either in the web or in the flange (first component in Eqn. 
(1)):

 E N dAmj
A

p i
i

= ( )∫ 0ε  (10)

5.3. Theoretical Plastic Mechanism Model for Lipped-Chan-
nel Section Members with Perforations

Fig. 7. Comparison of experimental and FE deformation patterns 
in the post-ultimate state in the vicinity of   the perforation 
with theoretical plastic mechanism model: (a) Set 1- perfo-
rations in the web (b) Set 2 – perforation in the flanges [22] 

(c) – theoretical plastic mechanism model [34]

it was stated on the basis of experimental observations, that local 
plastic mechanisms were formed in all tested columns in the perfo-
ration area. The mechanism in both sets was of the same character, 
consisting of yield lines and tension 

fields, both in the web and in the flanges, so that it was classified as 
quasi-mechanism [26]. (see Figure 7c). The theoretical model of this 
mechanism was derived (shown in Figure 9), based on failure modes, 
observed in experiments and obtained from FE simulations (Figure7a, 
b). Tension fields in the model are shadowed areas (dark grey and 
yellow in Fig. 7c). The similar mechanism model was originally de-
rived for TWcFS lipped channel section columns subject to eccentric 
compression [3]. The mechanism is a combination of pitched-roof one 
in the web and so called cF true mechanism in the flanges, originally 
derived by Murray and khoo and described in details in [27, 35]. The 
mechanism shown in Fig.7, after the modification and calibration due 
to the numerical and experimental results, was applied in yla calcu-
lations in the present study. The geometry of the model is shown in 
Figure 9 and the specification of yield lines and tension fields is given 
in Table 6. Since in the analysis the rigid-perfectly plastic material 
model was assumed, the fully plastic moment (5) was taken into ac-

count. The wall thickness t was replaced by the 
equivalent thickness t* in relation (4): 

 m
t

p
y=
⋅σ ( )*��2

4
                     (11)

and in membrane energy of plastic deforma-
tion Emj ,  given by  (10), in tension fields.

The equivalent thickness was assumed to be 
reduced due to the perforation (t*=αt), where α 
is the reduction coefficient for perforated area. 
The reduction coefficient α was based on the 
ratio of the net width of a wall (b-bp) to gross 
width b: t* = (1-bp/b)t. The weight of the net 
length of perforations along the member’s axis 
(proposed by Davies [5]) was not taken into ac-

count, since in the case of yla approach the net 
area should be taken for the very cross-section of perforation and its 
near vicinity, at which the plastic mechanism is formed. it coincides 
with the assumption, that the local plastic mechanism is developed 
exactly in the area of perforation, which was confirmed both by FE 
simulations and experimental tests. 

Some parameters of the mechanism (among them ζ in Fig. 8 – 
[34]) should be determined (calibrated) on the basis of an experiment. 
The calibration of the mechanism model was performed for two sets 
of perforations separately. Within one set values of those parameters 

were the same. Detailed geometrical relations of 
this mechanism (particularly yield lines lengths 
li and rotation angles βi in relation (4)), as well as 
membrane strain energy Emj in tension fields (rel. 
10) are given in [34]. 

5.4.  Load-Carrying Capacity Upper-Bound  
       Estimation Based on YLA

 as mentioned above, upper-bound load- capac-
ity estimation (l-c-c) is an intersection point of post-
ultimate curve, obtained from (9) and post-buckling 
path. in the present solution, this point was obtained 
as an intersection of post-ultimate curve and extrap-
olated pre-buckling path. it is an allowable approxi-
mation, if a buckling load and ultimate load are close 
enough.  The pre-buckling path of a column was 
derived, using the actual total compressive stiffness 
of the member with perforations. Exemplary load-

(c)

Table 6. Specification of yield lines and tension fields 
in the plastic mechanism model

Fig. 8. Theoretical plastic mechanism model [34]; 
for better visibility of the figure tension fields 
□AGHB, □ICJD are not shadowed
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shortening diagrams (analytical pre-buckling path and post-ultimate 
curve) together with FEa and experimental load-shortening diagrams 
are shown in Figure 10. The upper bound l-c-c estimation is indicated 
with the arrow. in the same way upper bound l-c-c was obtained for all 
columns under investigation. The results (ultimate loads) are shown in 
Table 7 and denoted as Pyla, u.

6. Comparative analysis of numerical, theo- 
 retical and experimental result

The comparisons of numerical FE results, upper-
bound l-c-c estimation results based on the analytical 
yla approach and design code predictions comput-
ed from Eurocode [32] with experimental results are 
shown in Table 7 and 8. Since the European design 
code recommendations are based on ultimate load, 
only ultimate loads are compared. FE and test (ex-
perimental) values of ultimate loads are taken from the 
load-shortening diagrams, respectively.

7. Conclusions 

The comparative analysis of numerical FE simulations, experi-
mental and analytical load-capacity prediction based on yla method, 
confirms the applicability of yield line approach to the upper-bound 
estimation of the load-carrying- capacity of TWcFS members with 
perforations subject to axial compression.

This approach is competitive with FE simulations due to the sim-
plicity of algorithms. it also may be used to perform an advanced 
structural analysis based on performance criteria [35].

Table 7. Ultimate strength (test results, numerical FE results, YLA results - upper-bound l-c-c, design code predictions) – Set 1

Se
t 1

Specimen
Ultimate Load (kN) Ultimate Load Ratio

Test, 
Pexp, u

FEA 
PFEA, U

YLA 
PYLA, U

Eurocode,  
Nb,Rd

PFEA, U   
/ Pexp, U

PYLA,U   
/ Pexp, U

Nb,Rd 
/ Pexp, U

Nb,Rd/ 
 PYLA, U

1-1 36.03 35.70 35.95 40.14 0.99 1.00 1.11 1.11

1-2 35.42 38.52 34.55 39.04 1.09 0.98 1.10 1.13

1-3 33.56 33.99 34.52 38.55 1.01 1.03 1.15 1.12

1-4 33.40 32.63 34.49 38.65 0.98 1.03 1.16 1.12

1-5 33.26 32.53 34.45 38.13 0.98 1.04 1.15 1.11

Mean, X̅ 1.01 1.02 1.13 1.12

Standard Deviation, S 0.05 0.03 0.95 0.01

Coefficient of Variation, COV 0.05 0.02 0.02 0.01

Table 8. Ultimate strength (test results, numerical FE results, YLA results - upper-bound l-c-c, design code predictions) – Set 2

Se
t 2

Specimen
Ultimate Load (kN) Ultimate Load Ratio

Test, 
Pexp, u

FEA 
PFEA, U

YLA 
PYLA, U

Eurocode,  
Nb,Rd

PFEA, U  
/ Pexp, U

PYLA,U  
/ Pexp, U

Nb,Rd  
/ Pexp, U

Nb,Rd/ 
 PYLA, U

2-1 33.14 33.50 37.4 33.41 1.01 1.13 1.01 0.89

2-2 33.05 32.30 36.56 31.46 0.98 1.11 0.95 0.85

2-3 30.87 30.10 35.23 28.99 0.98 1.14 0.94 0.83

2-4 29.78 28.60 34.49 27.48 0.96 1.16 0.92 0.80

2-5 27.04 26.31 34.45 25.13 0.97 1.27 0.93 0.73

Mean, X̅ 0.98 1.16 0.95 0.82

Standard Deviation, S 0.02 0.06 0.04 0.06

Coefficient of Variation, COV 0.02 0.05 0.04 0.07

Fig. 9. Exemplary load-shortening diagra
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The agreement of ultimate loads obtained as upper-bound estima-
tion via yla approach with Fe and experimental results is very good 
for members with perforations on the web (Set 1). in that case code 
predictions overestimate theoretical and experimental results. 

For members with perforations on the flanges the agreement of 
upper-bound load-carrying capacity via yla with experimental and 
Fe results is worse (maximum discrepancy about 25%). ın that case 
more accurate calibration and modification of plastic mechanism 
model is necessary. code predictions for that case slightly underes-
timate experimental and FE results and significantly underestimate 
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Badania odporności na zużycie wybranych materiałów  

poddanych procesowi nagniatania ślizgowego 
 

 

Słowa kluczowe: struktura geometryczna powierzchni, tarcie, zużycie 
 

 

Streszczenie: W artykule przedstawiono wyniki badań wpływu procesu nagniatania ślizgowego 

realizowanego z wykorzystaniem różnych ceramik na wielkość zużycia oraz siłę tarcia elementów 

stalowych. Dodatkowo badaniom poddano powierzchnie po procesach szlifowania, docierania oraz 

polerowania. Skojarzenie materiałowe stanowiły tarcze stalowe ulepszone cieplnie do twardości 40±2 

HRC oraz kulki ze stali100Cr6 o twardości 62 HRC. Badania zrealizowano przy trzech prędkościach 

poślizgu: 0,16 m/s, 0,32 m/s oraz 0,48 m/s. Badania udowodniły możliwość  poprawy wybranych 

właściwości tribologicznych par trących dzięki zastosowaniu procesu nagniatania ślizgowego a także 

pozwoliły na ustalenie szeregu zależności pomiędzy parametrami charakteryzującymi strukturę 

geometryczną powierzchni oraz parametrami tribologicznymi. 
 

Wykaz skrótów i oznaczeń: 

F30 – wartość siły tarcia po pokonaniu drogi tarcia równej 30 m, 

Fśr – wartość średnia siły tarcia, 

Hm – maksymalne wartości mikrotwardości warstwy wierzchniej, 

σmax – maksymalne wartości naprężeń własnych w warstwie wierzchniej,  

Sal – długość autokorelacji, 

Sk – wysokość rdzenia, 

Sku – współczynnik nachylenia powierzchni, 

Spd – gęstość wierzchołków, 



 

Spk – zredukowana wysokość wierzchołków, 

Sq – średnia kwadratowa wysokość powierzchni, 

Ssk – współczynnik asymetrii powierzchni, 

Svk – zredukowana głębokość wgłębień,  

Sz – największa wysokość powierzchni, 

VD – zużycie objętościowe tarcz, 

 

1.  Wprowadzenie 

 

Dowolny nowy obiekt techniczny wykonany zgodnie z wymaganiami zawartymi w 

dokumentacji konstrukcyjnej i technologicznej posiada pełny potencjał eksploatacyjny. W 

miarę użytkowania i wykonanej przez niego pracy potencjał ten ulega obniżeniu w wyniku 

zachodzących zmian fizyko – chemicznych elementów, tj. zużycia par trących, zmęczenia 

materiału, procesów korozyjnych itp. [13]. Zmiany te mogą powodować obniżenie 

niezawodności, podwyższenie uszkadzalności czy też zmniejszenie wydajności obiektów. 

Wskutek oddziaływania wymuszeń roboczych przebiegają procesy niszczenia określane 

zużyciem [36], które powodują nagłą lub stopniową utratę właściwości użytkowych 

elementów. Ponieważ zużywanie w większości przypadków prowadzi do obniżenia 

potencjału eksploatacyjnego maszyn i ich elementów powinno się mu przeciwdziałać. 

Przeciwdziałanie to powinno zacząć się już na etapie konstruowania  poprzez dobór 

odpowiednich elementów zespołu tribomechanicznego umożliwiającego redukcję zużycia w 

trakcie eksploatacji. Oprócz konstrukcyjnego, stosuje się również szereg sposobów 

technologicznych zapobiegania zużycia. Zaliczyć do nich można m.in. [1, 4, 38]: 

• stosowanie obróbki cieplnej i cieplno-chemicznej (np. azotowanie 

utwardzające, nawęglanie, cyjanowanie), 

• stosowanie obróbki plastycznej (np. młotkowanie, dogniatanie), 

• stosowanie pokryć i powłok (np. niklowanie chemiczne, napawanie). 

Jedną z obróbek powierzchniowych mogących opóźniać procesy zużywania jest 

proces nagniatania [22]. Obejmuje on m.in. takie sposoby jak rolkowanie [11], krążkowanie, 

nagniatanie ślizgowe [17] czy też podobne techniki jak np. shot-peening [9, 16]. W przypadku 

nagniatania ślizgowego twardy i gładki element nagniatający dociskany jest do powierzchni 

obrabianej z odpowiednią siłą wywołując w strefie nagniatania tarcie ślizgowe i w 

następstwie tego procesu wygładzenie powierzchni oraz korzystne zmiany właściwości 

warstwy wierzchniej przedmiotu [31]. Przez zastosowanie nagniatania ślizgowego można w 

warstwie wierzchniej podwyższyć twardość [28, 33], uzyskać bardzo dobrą gładkość 

powierzchni [14, 25, 30], wytworzyć naprężenia ściskające [2, 32] oraz uzyskać WW bez 

zanieczyszczeń ściernych. Cechy te korzystnie wpływają na szereg właściwości użytkowych, 

w tym na zużycie tribologiczne [5, 24], wytrzymałość zmęczeniową [33, 34] i odporność na 

korozję [28, 37]. 

W pracy [6] autorzy przeprowadzili badania nagniatania ślizgowego aluminium 6061. 

Wykazali oni, że poprzez zastosowanie odpowiednich parametrów obróbki możliwa jest  

redukcja współczynnika tarcia par trących o 48% a ubytku masy o 60-80%. Hamadache i in. 

[10] proces nagniatania ślizgowego zaaplikowali do stali Rb40. Badania wykazały 

kilkukrotny wzrost odporności na zużycie w stosunku do próbek po procesie toczenia. Wyniki 

badań zrealizowanych przez autorów [18] ukazują korzystny wpływ nagniatania ślizgowego 

na redukcję współczynnika tarcia oraz zużycia polimerów w stosunku do próbek nie 

nagniatanych. Badaniom poddano poliuretan oraz poliformaldehyd. Redukcja współczynnika 

tarcia w badaniach tribologicznych w przypadku obu polimerów sięgała maksymalnie 32%, 

natomiast zużycie uległo zmniejszeniu maksymalnie o 38% w stosunku do próbek po procesie 

toczenia. Stopień redukcji zarówno współczynnika tarcia jak i zużycia zależał mocno od 



 

wartości wyjściowej chropowatości powierzchni. Revankar i in. [26] badali właściwości 

tribologiczne stopu tytanu Ti-6Al-4V. Badano powierzchnie po procesie toczenia oraz po 

procesie nagniatania ślizgowego z różnymi parametrami wejściowymi procesu. Wykazano, że 

w przypadku najkorzystniejszych parametrów nastąpiła redukcja zużycia o 52% a redukcja 

współczynnika tarcia o 64% w stosunku do próbek toczonych. Z kolei autorzy pracy [24] 

badali odporność na zużycie dwufazowych stopów stali HSLA po procesie nagniatania 

ślizgowego. Zaobserwowano, że większą redukcją zużycia charakteryzowały się próbki 

nagniatane z większą siłą docisku. Celem pracy [35] było określenie możliwości ograniczenia 

uszkodzeń stali 316L spowodowanych zużyciem udarowym bez naruszania struktury 

materiału. Jako obróbkę wykończeniową powierzchni stali zastosowano nagniatanie ślizgowe. 

Badania wykazały redukcję objętości śladów zużycia o 53-62% w stosunku do próbek nie 

nagniatanych. Janczewski i in. [12] badali próbki polietylenowe o niskiej gęstości i wysokiej 

masie cząsteczkowej (LDPE). Obróbkę wykończeniową stanowiły procesy frezowania i 

nagniatania ślizgowego. Wykazano, że nagniatanie ślizgowe modyfikuje powierzchnię LDPE 

i radykalnie obniża wielkość zużycia, o ok. 58% w stosunku do próbek frezowanych.  

W badaniach wpływu nagniatania ślizgowego na właściwości tribologiczne skojarzeń 

trących, w zdecydowanej większości przypadków jako element nagniatający stosuje się 

diament lub kompozyt diamentowy, co sprawia, że jest to rozwiązanie stosunkowo drogie. 

Niewiele jest wzmianek wykorzystania tańszych elementów nagniatających aplikowanych w 

szczególności na obrabiarki sterowane numerycznie do poprawy tychże właściwości. 

Możliwość szerszego zastosowania materiałów ceramicznych [3, 26] do ich poprawy 

niewątpliwie prowadziłaby do redukcji kosztów związanych z procesem nagniatania w 

szczególności w przypadku uzyskania jakości powierzchni na poziomie podobnym do tego 

otrzymywanego w wyniku stosowania końcówek diamentowych. Pozwoliłaby również na 

wyeliminowanie lub ograniczenie pracochłonnych operacji obróbki wykończeniowej jak np. 

honowanie, szlifowanie, polerowanie czy też dogładzanie. 

W niniejszej pracy przedstawiono badania wpływu procesu nagniatania ślizgowego 

realizowanego z wykorzystaniem różnych ceramik na wybrane właściwości tribologiczne 

skojarzeń stal – stal. Dodatkowo analizie porównawczej poddano obróbki standardowo 

wykorzystywane w budowie maszyn jak polerowanie, szlifowanie i docieranie.  

 

2. Metodyka badań 
 

Badania tribologiczne przeprowadzono na testerze tribologicznym T-11 trzpień / 

kulka – tarcza, w układzie kulka – tarcza. Skojarzenie tribologiczne stanowiła nieruchoma 

kulka łożyskowa o twardości 62±2 HRC i tarcza wykonana ze stali 42CrMo4 o twardości 

40±2 HRC. Obróbkę wykończeniową tarcz stanowiły procesy nagniatania ślizgowego 

wykonane różnymi rodzajami kulek ceramicznych (Al2O3, SiC, WC). Nagniatanie 

wykonywano z wykorzystaniem pionowego centrum obróbczego Hass VF-3 stosując 3 różne 

siły docisku narzędzia: 30, 70 i 100 N. Zastosowano pojedyncze przejście narzędzia przy 

stałym posuwie wynoszącym 0,05 mm. Dodatkowo badaniom poddano tarcze w których 

obróbkę wykończeniową stanowiły procesy szlifowania, polerowania oraz docierania. 

Widoki izometryczne powierzchni wybranych tarcz zaprezentowano na rys. 1. Z kolei w 

tabeli 1 zestawiono wybrane parametry struktury geometrycznej powierzchni badanych tarcz 

[20]. W przypadku tarcz po procesie nagniatania ślizgowego zastosowano następujące 

oznaczenia: 

• Al30, Al70 oraz Al100 gdy elementem nagniatającym była ceramika Al2O3 

(indeksy oznaczają zastosowaną siłę docisku przy nagniataniu), 

• SiC30, SiC70, SiC100 gdy elementem nagniatającym była ceramika SiC, 

• WC30, WC70, WC100 gdy elementem nagniatającym była ceramika WC. 



 

 
a) b) 

  
c) d) 

 
 

 

Rys. 1. Widoki izometryczne powierzchni badanych tarcz: a) nagniatana Al70, b) nagniatana 

SiC70, c) polerowana, d) szlifowana 

 

Tabela 1. Wybrane parametry struktury geometrycznej powierzchni badanych tarcz 

 Sq Ssk Sku Sz Sal Spd Sk Spk Svk 

Al30 0,28 -0,898 4,36 2,84 0,0256 750 0,527 0,131 0,461 

Al70 0,142 -1,24 6,12 1,8 0,0172 612 0,336 0,1741 0,325 

Al100 0,186 -1.116 4.98 2,44 0,0185 672 0,426 0,148 0,389 

SiC30 0,227 -1,07 5,14 2,56 0,214 304 0,385 0,1335 0,395 

SiC70 0,117 -0,801 4,71 2,19 0,115 493 0,222 0,0538 0,17 

SiC100 0,192 -0.569 3.89 1,98 0,166 468 0,351 0,0944 0,301 

WC30 0,207 -0,951 5,9 3,76 0,0107 790 0,445 0,144 0,35 

WC70 0,3 -0,321 3,86 3,46 0,379 574 0,465 0,119 0,387 

WC100 0,226 -0.869 4.11 2,86 0,189 687 0,458 0,123 0,379 

SZ 0,258 -0,277 3,81 3,92 0,0086 843 0,603 0,123 0,333 

POL 0,0189 -0,17 2,9 0,319 0,214 1170 0,0319 0,01 0,0181 

DOC 0,094 -0,59 4,39 1,3 0,0264 1020 0,198 0,0608 0,137 

 

Dodatkowo procesy szlifowania, polerowania i docierania oznaczono odpowiednio 

przez „SZ”, „POL” i „DOC”. Droga tarcia we wszystkich wariantach wyniosła 282,6 m, co 

odpowiadało 30 minutom testu. Badania przeprowadzono przy obciążeniu 9,81 N oraz trzech 

prędkościach poślizgu: 0,16; 0,32 i 0,48 m/s. Podczas testów mierzono siłę tarcia, natomiast 

po ich przeprowadzeniu określano wielkość zużycia przy użyciu interferometru światła 

białego Talysurf CCI Light. Pomiarów zużycia dokonywano w czterech oddalonych od 

siebie o 90
0
 miejscach, uzyskując obszary 3,3 mm x 3,3 mm. Następnie w każdym z nich 

generowano profile w kierunku prostopadłym do śladów zużycia i wykorzystując 



 

oprogramowanie TalyMap Gold 6.0 obliczano pole przekroju zużycia. Kolejnym krokiem 

było obliczenie zużycia objętościowego tarcz zgodnie ze wzorem (1) 

 
  (1) 

gdzie: 

d – średnica tarcia [mm], 

S – pole przekroju zużycia w [mm
2
]. 

 

Wszystkie testy przeprowadzano z minimum trzykrotną powtarzalnością. Pomiarów 

naprężeń własnych dokonywano  przy pomocy przenośnego dyfraktometru rentgenowskiego 

Xstress 3000 G3R. W pomiarach zastosowano metodę sin 2ψ [7] podczas której kąt padania 

ψ znajdował się w zakresie od −45° do + 45° podzielonym na 7 pozycji pochylenia. Czas 

ekspozycji ustawiono na 40 s. Głębokość penetracji wynosiła około 10 μm. Do pomiarów 

wykorzystano oprogramowanie XTronic. Dla każdej próbki wyznaczano naprężenia własne 

w 2 kierunkach prostopadłym i równoległym do śladów obróbkowych. 

Pomiary mikrotwardości przeprowadzono na mikrotwardościomierzu Brivisor KL2  z 

elektroniką pomiarową HME metodą statycznego wciskania wgłębnika sposobem Vickersa 

[21], przy stałym obciążeniu P = 4,9 N. Czas oddziaływania wgłębnika w kształcie 

foremnego ostrosłupa czworokątnego o kącie dwuściennym 136° wynosił około 15 s. 

Mikrotwardość warstwy wierzchniej badanych próbek zmierzono na zgładach ukośnych 

wykonanych pod kątem 5°. 

 

3. Prezentacja oraz omówienie wyników badań  

 

Na rysunkach 2-4 zaprezentowano wyniki otrzymanych badań. Kolejno przedstawiono 

średnie wartości zużycia objętościowego badanych powierzchni tarcz dla wszystkich 

prędkości ślizgania (rys. 2), średnie wartości siły tarcia uzyskane po procesie docierania (rys. 

3) oraz wartości siły tarcia uzyskane po pokonaniu drogi tarcia równej 30 m (rys. 4). Z kolei 

w tabeli 2 zaprezentowano maksymalne wartości naprężeń własnych σmax oraz 

mikrotwardości Hm a także przedziały ufności u(σmax), u(Hm) wszystkich próbek 

 

 
Rys. 2. Wyniki badań zużycia objętościowego tarcz  



 

 
Rys. 3. Wyniki badań średnich wartości siły tarcia 

 
Rys. 4. Wyniki badań siły tarcia uzyskane po pokonaniu drogi tarcia równej 30 m 

 

poddanych badaniom tribologicznym. Na rysunku 5 przedstawiono pola przekroju zużycia 

wybranych tarcz (Al70 oraz POL), a na rys. 6 przykładowe przebiegi siły tarcia dla tych 

skojarzeń przy prędkości poślizgu równej 0,16 m/s. 

Przy najmniejszej prędkości poślizgu v = 0,16 m/s największe zużycie objętościowe 

zaobserwowano dla skojarzenia z tarczą polerowaną. Wartość parametru VD wyniosła w tym 

przypadku 0,694 mm
3
 i korespondowała z najwyższą wartością siły tarcia uzyskaną po 

pokonaniu drogi tarcia równej 30 m (7,522 N) oraz najwyższą średnią wartością siły tarcia Fśr 

(8,308 N). Najmniejszą wartość parametru VD przy prędkości poślizgu v = 0,16 m/s 

obliczono dla próbki nagniatanej Al70 i było to 0,439 mm
3
. W przypadku tej próbki 

odnotowano również najmniejszą średnią wartość siły tarcia Fśr, która wyniosła 7,808 N.  

 



 

Tabela 2. Maksymalne wartości naprężeń własnych σmax oraz mikrotwardości Hm 

powierzchni badanych tarcz 

Próbka σmax [MPa] u (σmax) 
[MPa] 

Hm [HV] u (Hm) [HV] 

Al30 –212,6 ±18,6 380,1 ±11,6 

Al70 –298,1 ±17,8 389,4 ±14,2 

Al100 –309,8 ±26,2 404,2 ±14,8 

SiC30 –270,3 ±18,6 399,6 ±13,4 

SiC70 –301,6 ±24,8 388,2 ±11,6 

SiC100 –376,1 ±28,6 399,7 ±12,2 

WC30 –288,7 ±26,1 382,4 ±13,9 

WC70 –344,6 ±28,7 403,5 ±12,2 

WC100 –349,4 ±24,4 398,8 ±11,4 

SZ –37,2 ±8,7 381,4 ±12,2 

POL –179,2 ±12,4 385,2 ±14,6 

DOC –96,8 ±10,2 384,1 ±13,8 
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Rys. 5 Pola przekroju poprzecznego zużycia tarcz Al70 (a) oraz POL (b) przy prędkości 

poślizgu równej 0,16 m/s,  

 

Współczynnik tarcia µ zawierał się w granicach od 0,79 (tarcza nagniatana Al70) do 0,85 

(tarcza polerowana). 

Wzrost prędkości poślizgu do 0,32 m/s spowodował wzrost wartości zużycia 

objętościowego poszczególnych próbek oraz niewielki spadek średniej wartości siły tarcia 

oraz wartości siły tarcia uzyskanej po pokonaniu drogi tarcia równej 30 m. Podobnie jak przy 

najmniejszej prędkości poślizgu najmniejszą wartością zużycia objętościowego 

charakteryzowała się próbka Al70 i było to 0,796 mm
3
. Również średnia wartość siły tarcia Fśr 

oraz parametr F30 były w przypadku próbki Al70 najmniejsze, odpowiednio 7,022 N oraz 

6,677 N. Najwyższymi wartościami poszczególnych parametrów charakteryzowała się próbka 



 

polerowana. Parametr VD w przypadku tej próbki wyniósł 1,262 mm
3
. Współczynnik tarcia µ 

zmalał w stosunku do najmniejszej prędkości poślizgu i zawierał się w granicach od 0,72 

(tarcza nagniatana Al70) do 0,81 (tarcza polerowana). 

 
a) b) 

  
 

Rys. 6. Przebiegi siły tarcia par trących zawierających próbki Al70 (a) oraz POL (b) przy 

prędkości poślizgu równej 0,16 m/s 

 

Wzrost prędkości poślizgu do 0,48 m/s spowodował bardzo wyraźny wzrost wartości 

zużycia objętościowego poszczególnych próbek w porównaniu do zużycia zaobserwowanego 

przy niższych prędkościach poślizgu. Najmniejszym zużyciem objętościowym przy tej 

prędkości poślizgu charakteryzowała się ponownie próbka Al70, jednakże najniższe wartości 

Fśr oraz F30 zaobserwowano w przypadku próbki Al30. Parametr VD próbki Al70 wyniósł 

3,796 mm
3
. Najwyższą wartość zużycia objętościowego zmierzono ponownie w przypadku 

próbki polerowanej  i było to 5,759 mm
3
. Z kolei najwyższe wartości parametrów Fśr oraz F30 

odnotowano w przypadku próbki docieranej i było to odpowiednio 7,598 N oraz 7,284 N. 

Dolna wartość współczynnika tarcia była na podobnym poziomie jak przy prędkości 0,32 m/s 

natomiast górna wartość uległa niewielkiemu zmniejszeniu w stosunku do tej prędkości. 

Współczynnik tarcia zawierał się w granicach od 0,72 (tarcza nagniatana Al30) do 0,77 (tarcza 

docierana). 

Najwyższą wartością maksymalnych naprężeń ściskających charakteryzowały się 

próbki nagniatane SiC100 oraz WC100. Zmierzone wartości tych próbek to odpowiednio –376.1 

MPa oraz –349.6 MPa. Z kolei najwyższą maksymalną wartością mikrotwardości 

powierzchni charakteryzowała się struktura geometryczna po nagniataniu kulką Al100. 

Pomimo tego, wspomniane próbki charakteryzowały się stosunkowo dużym zużyciem 

objętościowym tarcz pośród próbek poddanych procesowi nagniatania ślizgowego. 

Najniższymi wartościami parametru VD charakteryzowały się tarcze Al70 i SiC30 przy 

prędkości poślizgu 0,16 m/s, ponownie tarcze Al70 i SiC30 przy prędkości poślizgu 0,32 m/s 

oraz tarcze Al70 i WC30 przy prędkości poślizgu 0,48 m/s. 

Aby zilustrować mechanizm zużycia zużytych powierzchni, przeprowadzono analizę 

topografii powierzchni oraz analizę z wykorzystaniem mikroskopu skaningowego Vega3. 

Analiza topografii powierzchni wykazała utworzenie się jednokierunkowej tekstury po 

badaniach tribologicznych. Uzyskane wartości parametru Str (wskaźnik tekstury powierzchni) 

zawierały się w zakresie 6,98–13,06% i są to wartości charakterystyczne dla powierzchni 

anizotropowych po zużyciu ściernym. Rysunek 7 przedstawia widoki izometryczne tarcz Al70 

oraz POL po badaniach tribologicznych, a także wycinki zużytych powierzchni tych tarcz. W 

przypadku tarczy nagniatanej Al70 parametr Str wyniósł 8,44%, a dla tarczy polerowanej 

9,13%.  



 

Również analiza SEM (rysunek 8) potwierdza dominujący mechanizm zużycia 

ściernego. W jego wyniku nastąpiła całkowita zmiana struktury geometrycznej powierzchni. 

Ślady zużycia na powierzchni tarcz zawierają wydłużone rozciągające się zgodnie z 

kierunkiem ślizgania kratery oraz wygładzone obszary z podłużnymi rowkami powstałe w 

wyniku deformacji plastycznej. Zaobserwowano również występowanie rozwarstwień na 

zużytej powierzchni dysków. 

 

Rys. 7. Widoki izomeryczne tarcz Al70 (a) i POL (b) po badaniach tribologicznych oraz 

wycinki zużytych powierzchni tarcz Al70 (c) i POL (d) 

 

 

Rys. 8. Zdjęcia SEM zużytych tarcz Al70 (a) oraz POL (b) przy prędkości ślizgania v = 0,16 

m/s 

a) b) 

  
c) d) 

  

a) b) 

  



 

Do poszukiwania związków pomiędzy parametrami tribologicznymi a parametrami 

charakteryzującymi strukturę geometryczną powierzchni użyto współczynnika korelacji 

liniowej R. Współczynnik ten zawiera się w przedziale [–1, 1]. Im większa jego wartość 

bezwzględna, tym silniejsza jest zależność liniowa między zmiennymi. Wartość R = 1 lub R = 

-1 informuje o pełnej zależności liniowej  między cechami, natomiast R = 0 wskazuje na brak 

takiej zależności. Silną zależność liniową występującą przy wszystkich prędkościach 

ślizgania znaleziono dla par VD–Ssk (skośność powierzchni) oraz VD–Sku (kurtoza 

powierzchni). Zależności te przedstawiono na rysunku 9. Współczynnik skośności Ssk, zwany 

również współczynnikiem asymetrii charakteryzuje  symetrię  rozkładu rzędnych wysokości  

chropowatości względem płaszczyzny średniej [15]. Wg [27] ujemna wartość tego 

współczynnika wskazuje na powierzchnię o wzniesieniach płaskowyżowych, zaś dodatnia na 

powierzchnię o wzniesieniach w kształcie zaostrzonym. Wszystkie tarcze poddane badaniom 

 
a) b) 

  
c) d) 

  
e) f) 

  
 

Rys. 9. Zależności pomiędzy zużyciem objętościowym VD a parametrami Ssk (a, c, e) oraz 

Sku (b, d, f) przy prędkościach poślizgu: a, b) v = 0,16 m/s; c, d) v = 0,32 m/s; e, f) v = 0,48 

m/s 



 

charakteryzowały się ujemną wartością parametru Ssk, który przyjmował wartości w zakresie 

od –0,17 (tarcza polerowana) do –1,24 (tarcza po nagniataniu Al70). Z kolei parametr Sku jest 

określany miarą smukłości krzywej rozkładu rzędnych. Dla rozkładu normalnego rzędnych 

profilu Sku = 3 [8]. Próbki poddane badaniom tribologicznym charakteryzowały się 

rozkładem normalnym rzędnych lub rozkładem zbliżonym do normalnego. W przypadku 

zużycia objętościowego tarcz i parametru Ssk współczynnik korelacji liniowej R przyjmował 

wartości od 0,77 (dla v = 0,48 m/s) do 0,83 (dla v = 0,16 m/s), a dla VD i parametru Sku 

współczynnik korelacji liniowej R zawierał się między –0,72 (dla v = 0,16 m/s) i –0,78 (dla v 

= 0,32 m/s) i była to zależność odwrotnie proporcjonalna. Najmniejsze wartości zużycia 

objętościowego tarcz osiągano dla minimalnych wartości parametru Ssk oraz maksymalnych 

wartości parametru Sku. Ujemna skośność może poprawić warunki kontaktu przez 

zmniejszanie wskaźnika plastyczności, co z kolei może przyspieszyć redukcję zużycia 

objętościowego wraz ze wzrostem wartości parametru Sku i zmniejszeniem wartości 

parametru Ssk. Powierzchnie o niskiej wartości Ssk i wysokiej wartości Sku mogą stanowić 

„pułapki” do przechwytywania cząstek zużycia. W przypadku badań w warunkach tarcia 

technicznie suchego oraz w temperaturze otoczenia, cząsteczki zużycia mają zazwyczaj od 

ok. 10 do 100 µm. Wydaje się, że część cząstek była na tyle mała, że doliny struktury 

geometrycznej powierzchni zadziałały jak pułapki na część produktów zużycia i przyczyniły 

się do zmniejszenia intensywności zużycia. Inaczej sytuacja mogłaby wyglądać w przypadku 

badań w podwyższonej temperaturze a kompleksowym badaniom dotyczącym struktury 

produktów zużycia powstałych w realizacji procesu tarcia poświęcone są prace autorów [39, 

40]. 

Silną zależność liniową występującą przy wszystkich prędkościach ślizgania 

znaleziono również dla zużycia objętościowego oraz parametrów charakteryzujących krzywą 

udziału materiałowego: Spk (zredukowana wysokość wzniesień), Svk (zredukowana 

wysokość wgłębień) i Sk (wysokość rdzenia). Zależności pomiędzy Spk i Svk 

zaprezentowano na rys. 10. Obszary zaznaczone kolorem czerwonym informują o większej 

wartości parametru VD, a kolorem zielonym (a w szczególności kolorem ciemnozielonym) o 

mniejszym zużyciu tarcz. Analizując otrzymane wyniki, można zauważyć, że zwiększeniu 

wartości parametrów Spk i Svk odpowiadało zmniejszenie zużycia objętościowego tarcz. 

Parametr Svk pozwala na ocenę właściwości smarnych powierzchni i jest miarą zdolności 

utrzymywania płynu przez powierzchnie ślizgowe. Z kolei wyższe wartości parametru Spk 

charakteryzują powierzchnie o wysokich szczytach, przez co obszar początkowego styku jest 

stosunkowo mały, a siła przyłożona na jednostkę powierzchni duża. Dlatego też parametr Spk 

może reprezentować nominalną wysokość materiału, który zostanie usunięty w początkowym 

etapie procesu eksploatacji – docierania [19]. Zwiększenie wartości Spk prowadzi jednak do 

zmniejszenia rzeczywistej powierzchni styku, co może ograniczać wpływ odziaływań o 

charakterze adhezyjnym. Autorzy pracy [29] sugerują, że istotniejszy jest stosunek Spk/Svk, 

niż wartość tych parametrów oddzielnie. We wszystkich badanych strukturach 

geometrycznych powierzchni parametr Svk był większy niż Spk przez co skojarzenia 

wykazywały tendencję do redukcji współczynnika tarcia (szczególnie przy ujemnej wartości 

parametru Ssk). Istotna wydaje się być szczególnie zależność między parametrem Sk a 

zużyciem objętościowym tarczy. Parametr Sk reguluje właściwości tribologiczne obrabianych 

elementów po okresie docierania. W przypadku tarcz o niewielkiej wysokości nierówności 

ma to szczególne znaczenie gdyż okres docierania we wszystkich badanych skojarzeniach nie 

przekraczał 5 minut. W związku z tym parametr ten może być brany pod uwagę pod kątem 

planowania struktury geometrycznej powierzchni o pożądanych właściwościach 

tribologicznych. 

Silną zależność zaobserwowano również pomiędzy zużyciem objętościowym a 

parametrem Spd (gęstość wierzchołków nierówności powierzchni). Parametr ten określa 



 

zagęszczenie wzniesień nierówności na badanej powierzchni. Im większa wartość parametru 

Spd, tym większa powierzchnia nośna [23], w szczególności w połączeniu z ujemną wartością 

parametru Ssk. 

Mocną zależnością liniową charakteryzowało się zużycie objętościowe tarcz oraz 

średnia wartość siły tarcia (rys. 11). W zależności od prędkości poślizgu współczynnik  
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Rys. 10. Zależności pomiędzy zużyciem objętościowym VD a wartościami parametrów Spk i 

Svk przy prędkościach poślizgu: v = 0,16 m/s (a), v = 0,32 m/s (b), v = 0,48 m/s (c) 

 
a) b) 

  
 

Rys. 11. Zależności pomiędzy zużyciem objętościowym VD a średnią wartością siły tarcia Fśr 

przy prędkościach poślizgu: v = 0,16 m/s (a) oraz v = 0,32 m/s (b) 



 

 

korelacji liniowej wynosił: R = 0,85 przy v = 0,16 m/s; R = 0,94 przy v = 0,32 m/s oraz R = 

0,84 przy v = 0,48 m/s. Również wartości siły tarcia uzyskane po pokonaniu drogi tarcia 

równej 30 m były silnie skorelowane ze zużyciem objętościowym tarcz. W tym przypadku w 

zależności od prędkości poślizgu współczynnik korelacji liniowej pomiędzy VD a F30 

wynosił: R = 0,85 przy v = 0,16 m/s; R = 0,73 przy v = 0,32 m/s oraz R = 0,78 przy v = 0,48 

m/s. Zużycie objętościowe tarcz nie było z kolei znacząco skorelowane z maksymalną 

wartością naprężeń własnych (współczynnik korelacji liniowej w zakresie: -0,54 ÷ -0,64) oraz 

mikrotwardością (współczynnik korelacji liniowej w zakresie: -0,25 ÷ -0,34). 

 

4. Wnioski 

 

Na podstawie przeprowadzonych badań można stwierdzić, że wzrost prędkości 

poślizgu prowadził do wzrostu zużycia objętościowego tarcz poddanym badaniom 

tribologicznym. Spośród wszystkich próbek najniższe wartości parametru VD otrzymano w 

przypadku tarcz nagniatanych ślizgowo Al70 oraz SiC30. Zużycie objętościowe tarcz było 

skorelowane ze średnią wartością siły tarcia a także z wartością siły tarcia otrzymaną po 

pokonaniu drogi tarcia równej 30 m.  

Stwierdzono również występowanie szeregu zależności pomiędzy parametrami 

charakteryzującymi strukturę geometryczną powierzchni tarcz a zużyciem objętościowym. 

Silną liniową zależność zaobserwowano w przypadku parametrów charakteryzujących 

krzywą udziału materiałowego (Sk, Svk, Spk) a także w przypadku współczynników 

asymetrii oraz nachylenia powierzchni (Ssk i Sku). 

Przeprowadzone badania potwierdziły korzystny wpływ procesu nagniatania 

ślizgowego (niezależnie od zastosowanej ceramiki) na redukcję zużycia objętościowego 

skojarzeń trących w porównaniu do innych popularnych obróbek wykończeniowych 

stosowanych w budowie maszyn. 
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Przebieg prądowy jako źródło informacji o parametrach sterowania  

wtryskiwaczem paliwowym wtrysku pośredniego
 
 

 

Electric current waveform as a source of information about control parameters 
indirect injection fuel injector 

 
Słowa kluczowe: wtryskiwacz, diagnostyka wtryskiwacza 

Keywords: injector, injector diagnostics, ciśnienie wtrysku, przebieg prądowy.  
 

 

Streszczenie:  

Artykuł przedstawia wyniki eksperymentów laboratoryjnych polegających na testowaniu 

wtryskiwaczy paliwowych stosowanych w silnikach spalinowych z wtryskiem pośrednim. Podczas 

eksperymentów wykonano wiele cykli dawkowania wtryskiwaczy zmieniając parametry sterowania, 

dzięki czemu opracowano charakterystyki dawkowania i określono wpływ stosowanych parametrów 

sterowania na wynikowy przepływ paliwa. Jednocześnie rejestrowano przebiegi napięcia i natężenia 

prądu elektrycznego w cewce wtryskiwacza, dzięki czemu możliwe było powiązanie charakterystyk 

prądowych z determinantami pracy wtryskiwacza. Wykazano, iż parametry prądowe są precyzyjnym 

kryterium oceny pracy zaworu elektromagnetycznego, ponieważ dzięki wykonanej przez prąd pracy 

powstaje przepływ paliwa. Zatem poprzez obserwację zmian prądu płynącego przez cewkę zaworu, 

można precyzyjnie monitorować prawidłowość procesu otwierania przepływu oraz natężenie prądu, 

przy którym przepływ się rozpoczął oraz określać wielkości mechaniczne jak dawka i ciśnienie 

paliwa. Wynikiem badań jest opracowanie charakterystyki wiążącej ciśnienie paliwa z natężeniem 

prądu w punkcie podnoszenia iglicy, co jest podejściem nowatorskim. Taka charakterystyka może być 

wykorzystana w diagnostyce i sterowaniu wtryskiwaczy paliwowych oraz wszelkiego rodzaju 

zaworów elektromagnetycznych. 
 
Abstract:  

 The article presents the results of laboratory experiments consisting in testing fuel injectors 

used in indirect injection internal combustion engines. During the experiments, many injector dosing 

cycles were made, changing the control parameters. As a result, the dosage characteristics were 

developed, and the effect of the control parameters used on the resulting fuel flow was determined. 

Simultaneously, voltage and electric current waveforms in the injector coil were recorded, so it was 

possible to link current characteristics with the determinants of the injector operation. It has been 

shown that current parameters are a precise criterion for assessing the operation of the solenoid valve, 

because the work done by the current creates a fuel flow. Thus, by observing the changes in the 

current flowing through the valve coil, one can precisely monitor the correctness of the process of 

opening the flow and the current at which the flow began and determine the mechanical quantities 

such as the dose and pressure of the fuel. The result of the research is the development of  

a characteristic linking the fuel pressure with the current intensity at the needle lifting point, which is 



an innovative approach. Such characteristics can be used in diagnostics and controlling fuel injectors 

and all kinds of solenoid valves. 

  

1.  Wprowadzenie 

 

Artykuł przedstawia wyniki eksperymentów laboratoryjnych, których celem było 

powiązanie parametrów prądowych zarządzających pracą wtryskiwacza 

elektromagnetycznego z jego parametrami mechanicznymi. Wykorzystanie związku 

parametrów mechanicznych z wielkościami prądowymi pozwala, na podstawie łatwo 

obserwowalnych parametrów prądowych, nadzorować pracę wtryskiwacza oraz precyzyjnie 

oceniać jakość poszczególnych faz wtrysku, czyli kontrować stan techniczny układu 

paliwowego i wtryskiwacza podczas jego eksploatacji. Znajomość relacji tych parametrów 

można wykorzystać nie tylko w diagnostyce wtryskiwacza, ale również w sterowaniu nim. 

Wynika to z faktu, że dzięki pracy wykonanej przez prąd powstaje przepływ paliwa, 

doprowadzanego do wtryskiwacza pod odpowiednim ciśnieniem. Prąd elektryczny, 

przepływający przez cewkę zaworu, powoduje powstanie strumienia magnetycznego a  

w wyniku jego działania pojawia się siła magnetyczna działająca na iglicę (element 

odcinający przepływ paliwa). Siła ta, po pokonaniu wszystkich sił oporu przeciwstawiających 

się tej akcji, umożliwia podniesienie iglicy. Dodatkowo, połączenie elektryczne cewki 

wtryskiwacza realizuje jednocześnie jej sterowanie i zasilanie. Reasumując, praca wykonana 

przez siłę magnetyczną, wynikającą z przepływającego prądu, jest czynnikiem wiążącym prąd 

z wartościami mechanicznymi. Dzięki dokładnemu zdefiniowaniu powyższych relacji, można 

precyzyjnie określić rzeczywiste początki i końce kolejnych faz procesu wtrysku paliwa, co  

z kolei można wykorzystać w zarządzaniu pracą silnika. Taka identyfikacja może pozwolić na 

opracowanie odmiennej strategii w stosunku do dotychczasowej logiki sterowania. Posiadając 

określane na bieżąco informacje o rzeczywistym początku i czasie trwania kolejnych faz 

wtrysku, można opracować sterownik silnika wykorzystujący te informacje. Sterownik taki 

będzie odpowiednio korygował sterowanie wtryskiwaczami w przypadku wykrycia zmian  

w rozpoczęciu i zakończeniu dawkowania w przeciwieństwie do obecnie stosowanych metod 

bazujących wyłącznie na pomiarze jakości spalin i korekcie parametrów wtrysku na 

podstawie zaprogramowanych wcześniej map [1]. Dodatkową weryfikacją procesu sterowania 

może być wielkość dawki paliwowej, określona na podstawie całkowania przebiegu 

prądowego, w ramach danego sposobu sterowania przepływem prądu przez cewkę 

wtryskiwacza. Dokładna znajomość chwilowych parametrów faz wtrysku może być również 

wykorzystana do precyzyjnej diagnostyki wtryskiwaczy przyczyniając się do wczesnego 

wykrycia uszkodzeń, mogących wpłynąć na degradację układu oczyszczania spalin a nawet 

uszkodzenie silnika. Z tego też powodu wczesne wykrywanie uszkodzeń w układzie 

paliwowym jest niezmiernie istotne. 

Działanie wtryskiwacza paliwowego może być oceniane na podstawie różnych 

wielkości. Weryfikacji może podlegać sygnał sterujący lub wynik sterowania, czyli jakość 

generowanej strugi [3]. Kształt, kąt i stopień rozpylenia mieszanki świadczą o jakości 

otrzymanej dawki. Lee i in. [5], przeprowadził analizę dynamicznego zachowania zaworu 

elektromagnetycznego, badając jednocześnie zjawisko pola elektromagnetycznego i przepływ 

przez kanał wylotowy [10]. W swojej pracy Harantova [2] przedstawiła projekt oraz analizę 

układu sterowania i zasilania wtryskiwacza. Analizowane było napięcie zasilania 

wtryskiwacza, ciśnienia w układzie paliwowym dla określonej szerokości impulsu sterującego 

(PWM) [9]. Jednocześnie starano się osiągnąć jak najwyższą wydajności i stabilność pracy 

wtryskiwacza. W pracy [12], przedstawiono metodę weryfikacji wtryskiwaczy paliwowych na 

podstawie charakterystyk prądowych oraz możliwość korygowania działania wtryskiwacza 

poprzez stosowanie odpowiednich algorytmów sterowania. Tan i in. [14] przedstawia, jak 



można dostosować strategię sterowania wtryskiwaczem, żeby uwzględnić zmiany  

w rezystancji i indukcyjności jego cewki, uwzględniając efekty starzenia. Nikolić i in. [8] 

omówił procesy zachodzące w systemach dostarczania paliwa, mianowicie wtrysk paliwa, 

tworzenie mieszanki, spalanie a także emisję spalin. Wyznaczono funkcję K jako powiązanie 

między prędkością przepływu paliwa i ciśnieniem paliwa w zależności od jego rodzaju [4] 

[11]. Wahania ciśnienia paliwa mają zasadniczy wpływ na rozpylanie, spalanie i wielkość 

przepływającego strumienia paliwa oraz opóźnienia w pracy wtryskiwacza [6] [7]. Stępień 

[13], opisał proces tworzenia się osadów w kanałach paliwowych wtryskiwacza paliwowego, 

wpływ powstałych osadów na zmiany parametrów diagnostycznych wskazujących na stopień 

degradacji wtryskiwacza. W pracy [4] przedstawiono nową metodę wykorzystującą 

przepływomierze Coriolisa (CFM) oraz nową, opatentowaną technikę przetwarzania sygnału, 

do pomiaru przepływu paliwa. Wykazano, że jest możliwy pomiar prędkości przepływu 

poszczególnych wtryskiwaczy w silniku w czasie rzeczywistym, co pozwala na dokładną 

ocenę procesu wtrysku. Merola i in. [7] przedstawił metodę weryfikacji wtrysku paliwa  

i procesu spalania za pomocą diagnostyki optycznej za pomocą systemu endoskopowego 

sprzężonego z kamerą CCD zamontowany w kolektorze dolotowym.    

Powyżej przytoczone zostało kilka przykładów aktualnych publikacji, 

przedstawiających metody oceny funkcjonowania wtryskiwacza paliwowego. Jest to końcowy 

element układu paliwowego i od jego prawidłowego działania, zależy prawidłowa praca 

silnika. Uszkodzenia wtryskiwacza mogą spowodować degradację układów oczyszczania 

spalin (reaktora katalitycznego). Z tych powodów prawidłowa diagnostyka i sterowanie 

wtryskiwaczem paliwowym jest niezmiernie istotnym zagadnieniem eksploatacyjnym.  

W kolejnych rozdziałach zaprezentowano, nowatorską metodę diagnostyki wtryskiwaczy 

paliwowych i wszelkiego rodzaju zaworów elektromagnetycznych. Metoda opiera się na 

identyfikacji wartości natężenia prądu sterującego wtryskiwaczem w punkcie podnoszenia 

iglicy. Wartość natężenia prądu w tym punkcie, nie jest wartością stałą. Zależy od kilku 

czynników wynikających z właściwości wtryskiwacza i parametrów sterowania. Precyzja 

określania wartości prądowych i szczegółowa analiza determinant sterowania wtryskiwaczem, 

pozwala na wykorzystanie współzależności wartości natężenia prądu, w charakterystycznych 

punktach przebiegu prądowego dawkującego wtryskiwacza z parametrami mechanicznymi 

wtryskiwacza. Na podstawie obserwacji charakterystycznych punktów prądowych, można 

wykryć praktycznie wszystkie uszkodzenia elektryczne i mechaniczne wtryskiwacza, bez 

potrzeby wykorzystywania diagnostyki poprzez złącze OBD oraz innych metod w tym 

opierających się na wymontowaniu wtryskiwacza z silnika pojazdu. Metoda diagnostyki 

przedstawiona w tym artykule, może być wykonywana w trakcie eksploatacji bez demontażu 

wtryskiwacza a po odpowiednim zaimplementowaniu w sterowniku silnika, uzyska się 

narzędzie działające automatycznie, zapewniające wczesne wykrywanie uszkodzeń zarówno 

wtryskiwacza jak i układu paliwowego. W literaturze dotyczącej diagnostyki wtryskiwaczy 

paliwowych, nie ma metod opartych na zależności przedstawionej w kolejnym rozdziale 3, 

niniejszego artykułu.    

 

2. Dawka i strumień paliwa  

Parametry prądowe precyzyjnie opisują zjawiska, którymi zarządzają. Przedstawia to 

rys. 1, w którym rosnące pole powierzchni pod przebiegiem natężenia prądu (ciągła, 

czerwona linia) odzwierciedla coraz większy przepływ określonego medium w odpowiedzi 

na wydłużanie impulsu napięciowego od 2 ms do 15 ms. Na każdym z przebiegów z rys. 1, 

na poziomie 0,6 V umieszczono kropkowaną granatową linię określającą wskazania 

fotodetektora, przetwarzającego natężenie światła lasera na napięcie. W wykonanych 

badaniach stanowiskowych strumień paliwa zakłócał światło lasera przebiegające pod dyszą 



wtryskiwacza zmniejszając napięcie fotodetektora o około 0,15 V. Na podstawie tego 

sygnału można określić rzeczywisty czas przepływu paliwa przez wtryskiwacz. 

Praca wtryskiwacza opiera się na prawidłowym współdziałaniu układów 

elektrycznego i hydraulicznego, sterowanie którymi zapewnia układ elektroniczny. Przepływ 

prądu w trakcie trwania zadanego czasu wtrysku określa równanie ciągłości: 

 

𝛻 𝑗 +
𝜕𝜌

𝜕𝑡
= 0 

(1)  

 

gdzie: 𝑗 – gęstość prądu elektrycznego, 

𝛻𝑗 =
𝜕𝑗

𝜕𝑥
+

𝜕𝑗

𝜕𝑦
+

𝜕𝑗

𝜕𝑧
 – mnożenie skalarne z operatorem wektorowym nabla, 

𝜌 – gęstość ładunku elektrycznego, 

𝑡 – czas [s]. 

 

 
Rys. 1. Przebiegi zmian prądu, napięcia oraz natężenia światła lasera odpowiadające zwiększanym 

czasom wtrysku, od 2 ms do 15 ms zarejestrowane na stanowisku badawczym 

 

Gęstość prądu j, jest wynikiem różniczkowania natężenia prądu względem powierzchni, 

przez którą przepływa: 

𝑗 =
𝑑𝐼

𝑑𝐴
 

(2)  

 

gdzie: 𝐼 – natężenie prądu [A], 𝐴 – powierzchnia przekroju [m2]. 

Ruch iglicy wtryskiwacza wynika ze zmiany strumienia magnetycznego φ, który z kolei 

wynika z przepływającego przez cewkę prądu I. Mamy wtedy do czynienia z przepływem 

ładunku elektrycznego Q: 

𝑄 = ∫ 𝑖(𝑡)𝑑𝑡 
𝑡2

𝑡1

=  
1

𝑅𝑄
∫

𝑑𝜑

𝑑𝑡

𝜑

0

𝑑𝑡 =
𝜑

𝑅
 

(3)  

 

gdzie 𝑅 jest rezystancją [Ω], zaś 𝜑 to strumień magnetyczny [Wb]. 



Dzięki przepływowi ładunków elektrycznych uzyskujemy przepływ paliwa, opisany 

analogicznym równaniem. Równanie ciągłości strumienia: 

𝜌 ∗ ∇𝑣 +
𝜕𝜌

𝜕𝑡
= 0 

(4)  

 

We wzorze tym 𝑣 oznacza objętość [𝑚3]. 
Zmiany strumieni przepływającego paliwa, można odnieść do przepływającego ładunku 

elektrycznego podczas dawkowania wtryskiwacza. Korzystając z przebiegów prądowych, 

wykonano charakterystyki dawki oraz strumienia paliwa odpowiadające przebiegom 

prądowym. Przykładowo, dla czasu wtrysku 10 𝑚𝑠 i ciśnienia wtrysku 𝑝 =  0,3 MPa, 

uzyskano przepływ strumienia o wartości: 0,0061 ± 0,000124 
mg

ms
, co związane jest  

z przepływem ładunku elektrycznego 𝑄 =  0,00668 C. Ładunek elektryczny Q, obliczono 

całkując przebieg prądowy (3). Następnie obliczono teoretyczną wielkość strumienia paliwa 

według równania (5): 

 

                                                           �̇� = 𝑓𝑠−𝑐 ∗ 𝐴 ∗ 𝜌 ∗ √
2∗(𝑝1−𝑝2)

𝜌𝑖
                                      (5) 

 

gdzie: 𝑓𝑠−𝑐 – współczynnik przepływu,  

𝜌𝑖 – gęstość paliwa podczas przepływu przez dyszę wtryskiwacza, 

𝑝1 – ciśnienie paliwa przed wtryskiwaczem,  

𝑝2 – ciśnienie paliwa za wtryskiwaczem.  

Dla podanego powyżej przykładu (10 ms 𝑖 0,3 MPa), otrzymano przepływ masowy  

o wielkości: 0,00556 
mg

ms
. Wynik obarczony jest błędem pomiaru, wynikającym  

z niepewności pomiaru parametrów z równania (5) takich jak: ciśnienie paliwa czy gęstość 

paliwa. Wynik obliczenia różni się od rzeczywistego o 0,000416
mg

ms
, Z uwagi na niepewność 

pomiaru wielkości z równania (5), jest to wynik zadowalający.  

Rys. 2, przedstawia nałożone na siebie przebiegi prądowe dla różnych szerokości 

impulsów napięciowych, od 1,6 ms do 10 ms.  

 

 
Rys. 2. Przebiegi prądowe dla różnych szerokości impulsów napięciowych, od 1,6 ms do 10 ms,  

z przyporządkowaniem pola powierzchni pod przebiegiem. 

 

Do zakresu 1,6 ms (zakres pierwszy z lewej na rys. 2, objęty złotą ciągłą linią), 

przyporządkowano ładunek elektryczny 𝑞1,6𝑚𝑠 = 0,000418 C, natomiast do zakresu 10 ms 



(cały przebieg prądowy – objęty czerwoną ciągłą linią) ładunek elektryczny o wartości 

𝑞10𝑚𝑠 = 0,00668 C. Różnica między 𝑞1,6𝑚𝑠 a 𝑞10𝑚𝑠 jest 16–krotna. Pola powierzchni 

kolejnych zakresów jak i ładunki elektryczne są proporcjonalne do odpowiadających im 

wartości.  

W przypadku zakresów prądowych dla różnych ciśnień paliwa (rys. 3), różnice między 

ładunkami elektrycznymi, reprezentującymi kolejne przebiegi prądowe są zbyt małe, żeby na 

tej podstawie określić przy jakim ciśnieniu paliwa powstała dawka oraz jaką miała wielkość.  

Wartości te są w zakresie niepewności pomiaru. Wielkość dawki i strumienia można odnieść 

do wartości ciśnienia paliwa, określonej na podstawie natężenia prądu w punkcie podnoszenia 

iglicy, co będzie przedstawione w drugiej części artykułu.  
 

 
Rys. 3. Przebiegi prądowe dla rosnących ciśnień paliwa od 0,1 do 0,5 MPa. 

 

3. Ciśnienie paliwa  

Przebieg prądowy zapisany podczas generowania pojedynczej dawki paliwowej,  

z zadaną ośmio-milisekundową długością impulsu sterującego przedstawia rys. 4. Obwód 

elektryczny cewki wtryskiwacza składa się ze źródła siły elektromotorycznej (𝜀0), rezystancji 

(𝑅) i indukcyjności (𝐿) (obwód RL). Wzrost natężenia prądu w obwodzie RL, opisuje 

równanie Kirchhoffa (6), określając kształt i wartości natężenia elektrycznego zmiennego w 

czasie.  

W przypadku przebiegu prądowego wtryskiwacza, w wyniku wykonywania pracy 

podnoszenia iglicy przez siłę magnetyczną, równania opisujące natężenie prądu muszą 

uwzględniać pokonywane przez tę siłę opory, co zostało omówione w tym rozdziale.  

 

                                               𝐼𝑜𝑝 =
𝜀0

𝑅
∗ (1 − 𝑒

𝑅

𝐿)                                                       (6) 

 

  Kształt przebiegów czasowych obserwowanych w trakcie pracy zaworu 

elektromagnetycznego zależy nie tylko od parametrów prądowych (natężenie prądu, napięcie 

elektryczne) oraz geometrii rdzenia zaworu. Położenie charakterystycznych punktów 

(zarówno ich wartość jak i chwila czasowa), zależy od gęstości właściwej przepływającego 

medium oraz ciśnienia z jakim jest ono doprowadzane do zaworu. W tym fragmencie artykułu 

powołano się na eksperymenty stanowiskowe w których ciśnienie za wtryskiwaczem było 

stałe. Dlatego w wynikach mowa jest tylko o ciśnieniu przed wtryskiwaczem. Analiza ma za 

zadanie pokazanie trendu zmian natężenia prądu elektrycznego w punkcie podnoszenia iglicy 

w zależności od ciśnienia (rzeczywiście, różnicy ciśnień przed i za wtryskiwaczem). Podczas 



pracy silnikowej wtryskiwacza zmienia się ciśnienie w kolektorze dolotowym, którą to 

zmianę trzeba uwzględnić w przeprowadzanych analizach.   

Wpływ paliwa do kanału wewnętrznego wtryskiwacza, diametralnie zmienia czasowy 

przebieg napięciowo – prądowy. W wyniku działania gęstości i ciśnienia paliwa (w sumie 

gęstości, bo ciśnienie powoduje jej wzrost) aby podnieść iglicę należy wygenerować większą 

siłę magnetyczną. Dla określonej wartości natężenia prądu w punkcie podnoszenia iglicy 

(𝐼𝑜𝑝), można ściśle przyporządkować odpowiadające mu ciśnienie paliwa przed iglicą zaworu 

(𝑝𝑖𝑛𝑗). Rys. 4 przedstawia dwa przebiegi prądowe wtryskiwacza, dla dwóch ciśnień paliwa 

przed wtryskiwaczem. Zmiana ciśnienia wtrysku z 0,2 MPa do 0,8 MPa, skutkuje zmianą 

natężenia w punkcie podnoszenia iglicy z 0,379 A do 0,495 A.  

 

 
Rys. 4. Graficzne przedstawienie zależności 𝐼𝑜𝑝 = 𝑓(𝑝𝑖𝑛𝑗). 

 

Na podstawie badań laboratoryjnych, dla określonego typu wtryskiwacza, można 

określić funkcję zależności natężenia prądu w punkcie podnoszenia iglicy od ciśnienia 

wtrysku: 

 

                                                             𝐼𝑜𝑝 = 𝑓(𝑝𝑖𝑛𝑗)                                                                 (7) 

 

Przepływ paliwa uzyskujemy po pokonaniu przez siłę magnetyczną 𝐹𝑚, wszystkich sił 

przeciwstawiających się podnoszeniu iglicy: 

𝐹𝑝 – siły wynikającej z ciśnienia paliwa, 

𝐹𝑖 – siły bezwładności, 

𝐹𝑓 – siły tarcia, 

𝐹𝑠 – siły sprężyny. 

 

                                                           𝐹𝑚 > 𝐹𝑝 + 𝐹𝑖 + 𝐹𝑓 + 𝐹𝑠                                                (8)    

                      

 Siła magnetyczna Fm jest pochodną energii powstającej w cewce w wyniku działania 

prądu. Siłę magnetyczną, wystarczającą do podniesienia iglicy, określamy natężeniem prądu  

𝐼𝑜𝑝 zmierzonym w tym punkcie przebiegu prądowego wtryskiwacza. Najbardziej znaczącą 

siłą oporu jest siła 𝐹𝑝, pozostałe składniki są stałe lub zmieniają się z powodu jej zmiany.  

Z kolei natężenie prądu 𝐼𝑜𝑝, jest funkcją siły wynikającej z ciśnienia paliwa 𝑝𝑖𝑛𝑗: 

 

                                                            𝐹𝑚 = 𝑓(𝐼𝑜𝑝)                                                               (9)                 

    



gdzie: Fm – siła magnetyczna wynikająca z działania strumienia magnetycznego [N],                       

 𝐼𝑜𝑝 – natężenie prądu w punkcie podnoszenia iglicy [A], 

𝑝𝑖𝑛𝑗 – ciśnienie wtrysku paliwa [MPa]. 

Dla wzrastającego ciśnienia paliwa wzrasta siła potrzebna do podniesienia iglicy, 

zatem wzrasta również prąd potrzebny do wygenerowania strumienia magnetycznego  

o odpowiedniej wielkości: 

 

                                   𝐼𝑜𝑝1 = 𝑓(𝑝1) < 𝐼𝑜𝑝9 = 𝑓(𝑝9)       {𝑝1 < 𝑝9}                          (10) 

 

Zależność (10) w sposób graficzny przedstawia rys. 5. Pokazano na nim obraz  

z przebiegu prądowego wtryskiwacza z zaznaczeniem wzrostu natężenia prądu w punkcie 

otwierania iglicy w zależności od ciśnienia wtrysku.  
 

 
Rys. 5. Zmiany natężenia prądu w punkcie podnoszenia iglicy wtryskiwacza dla różnych ciśnień 

wtrysku. 

 

Natężenie prądu w punkcie podniesienia iglicy (𝐼𝑜𝑝, rys. 5), ściśle odpowiada 

ciśnieniu wtrysku. Jest ponadto niezależne od czasu wtrysku, a zależy od wielkości 

generowanej siły magnetycznej. Im większa jest różnica między ciśnieniem przed 

wtryskiwaczem a ciśnieniem w kolektorze dolotowym (za wtryskiwaczem), tym wyższe jest 

natężenie prądu 𝐼𝑜𝑝. Odwzorowanie pracy iglicy, czyli sytuacji, gdy iglica jest 

przemieszczana, wymaga zastosowania w równaniu (6) dodatkowego współczynnika 𝑓𝑝𝑟𝑒𝑠𝑠. 

Po wstawieniu współczynnika w równanie różniczkowe w składnik 
𝜀0

𝑅
, otrzymamy 

oczekiwaną wartość prądu 𝐼𝑜𝑝: 

 

                                               𝐼𝑜𝑝 = (𝑓𝑝𝑟𝑒𝑠𝑠 ∗
𝜀0

𝑅
) ∗ (1 − 𝑒

𝑅

𝐿)                                                (11) 

 

Pierwszy składnik określa wartość maksymalną którą osiągnie  𝐼𝑜𝑝, a z drugiego 

składnika wynika eksponencjalne dążenie do tej wartości (równanie Kirchhoffa). Dzięki 

wyrażeniu (11), można uwzględnić siły oporu w równaniu określającym prąd w obwodzie 

pracującego wtryskiwacza. Charakterystyka 𝐼𝑜𝑝 = 𝑓(𝑝𝑖𝑛𝑗), konieczna w szczegółowym 

modelowaniu przebiegu prądowego wtryskiwacza, może służyć do oceny stanu technicznego 

danego typu wtryskiwacza, w porównaniu różnych rodzajów wtryskiwaczy lub we wczesnym 

diagnozowaniu jego uszkodzeń. Wszelkiego rodzaju defekty zaworu elektromagnetycznego, 

będą skutkowały zmianą natężenia prądu w punkcie podnoszenia iglicy. Można monitorować 

wtryskiwacz w trakcie pracy, kontrolując ten parametr oraz wartość różnicy między 



ciśnieniem wtrysku i ciśnieniem w kolektorze dolotowym. Charakterystyka 𝐼𝑜𝑝 = 𝑓(𝑝𝑖𝑛𝑗) to 

zależność o charakterze liniowym. W miarę wzrostu ciśnienia notujemy niewielki wzrost 

proporcji natężenia prądu 𝐼𝑜𝑝 do  𝑝𝑖𝑛𝑗. W ramach badań opracowane zostały charakterystyki  

dla kilku różnych typów wtryskiwaczy z różnym stopniem zużycia. Dla danego typu 

wtryskiwacza, charakterystyki mają podobny charakter, ale nie są identyczne co wynika z 

różnic w ich działaniu. Charakterystyki dwóch typów wtryskiwaczy, oznaczonych symbolami 

„a” i „b” (rys. 6), zmieniają się w całym zakresie ciśnienia wtrysku (od 0,1 do 0,8 MPa). 

 

 
Rys. 6. Charakterystyki  𝐼𝑜𝑝 = 𝑓(𝑝𝑖𝑛𝑗) dla różnych wtryskiwaczy: “a”, “b”, “c” i “d”. 

 

Strumień magnetyczny wynikający z przepływającego prądu, generowany wokół 

cewek tych wtryskiwaczy, jest większy niż generowany przez cewki wtryskiwaczy „c” i „d” 

(rys. 6). Natężenie prądu dla wtryskiwaczy „c” i „d”, począwszy od ciśnienia 0.5 MPa, 

przechodzi w stan ustalony (maksymalna wartość – pozioma linia). Powyżej tego ciśnienia 

wtryskiwacze nie zwiększają swoich dawek a natężenie w punkcie podnoszenia iglicy jest 

stałe (takie jak natężenie prądu stanu ustalonego w obwodzie). Zdolność do pokonania sił 

przeciwstawiających się podnoszeniu iglicy przy niższym prądzie 𝐼𝑜𝑝, świadczy o większej 

sprawności danego wtryskiwacza. 

Charakterystyka zależności natężenia prądu w punkcie podnoszenia iglicy od oporów 

mechanicznych podnoszenia, wynika z właściwości elektrycznych i geometrycznych 

wtryskiwacza, układu paliwowego i zadanych parametrów sterowania. Dokładne określenie 

odpowiadających sobie parametrów, pozwala weryfikować stan techniczny układu 

paliwowego również w czasie bieżącym. To nowatorskie podejście może być wykorzystane 

zarówno w diagnostyce jak i w korekcie sterowania wtryskiwaczem. Dodatkowo, 

przedstawiona analiza poparta eksperymentalnie pokazuje, że na podstawie wybranych 

punktów czasowego przebiegu prądowo – napięciowego, obserwowanego podczas 

dawkowania wtryskiwacza, można określić wartość różnicy między ciśnieniem wtrysku 

(ciśnienie przed wtryskiwaczem) a ciśnieniem w kolektorze dolotowym (ciśnienie za 

wtryskiwaczem) a łącząc te informacje z powierzchnią pola pod wykresem natężenia prądu, 

można scharakteryzować przepływ masowy. 

 

4. Podsumowanie 

W artykule przedstawiono wyniki eksperymentów laboratoryjnych polegających na 

testowaniu wtryskiwaczy paliwowych stosowanych w silnikach spalinowych z wtryskiem 



pośrednim bez doładowania. Podczas eksperymentów rejestrowano m.in. przebiegi napięcia, 

natężenia prądu elektrycznego w cewce wtryskiwacza, opracowano charakterystyki 

dawkowania oraz określono wpływ stosowanych parametrów sterowania na wynikowy 

przepływ paliwa. Na tej podstawie wykazano, że parametry prądowe są precyzyjnym 

kryterium oceny pracy wtryskiwacza. Powiązanie przebiegów prądowych z parametrami 

dawkowania wtryskiwaczy paliwowych pozwoliło stwierdzić, że zmiany w przebiegach 

wynikają nie tylko z właściwości prądowych. Zależą również od wartości mechanicznych  

z których wynika przepływ (4), takich jak gęstość, ciśnienie wtrysku czy opory ruchu iglicy. 

Wypływa stąd wniosek, że przebieg natężenia prądu elektrycznego (6) w obwodzie cewki 

wtryskiwacza, zawiera informacje o mechanicznych parametrach wtrysku (11) oraz 

elektrycznych i mechanicznych właściwości wtryskiwacza. Zakres przebiegu prądowego czy 

przepływający ładunek elektryczny (3), można przyporządkować do przepływającego 

strumienia paliwa (5). Dla dokładnego odwzorowania dawki paliwa, konieczne jest określenie 

przy jakim ciśnieniu przepływ paliwa nastąpił. Charakterystycznym punktem przebiegu 

prądowego wykorzystanym w przedstawionej analizie, jest punkt podnoszenia iglicy. Wartość 

natężenia prądu w tym punkcie odnosi się wprost do sił przeciwstawiających się jej 

podnoszeniu (8). Największą z nich jest siła wynikająca z ciśnienia paliwa, która jest jedyną 

ze zmiennych. Drugą zmienną jest ciśnienie za wtryskiwaczem, czyli ciśnienie  

w kolektorze dolotowym. Odniesienie do wartości natężenia prądu w punkcie podnoszenia 

iglicy ma sens w przypadku takich samych warunków porównania, czyli z bieżącą kontrolą 

ciśnienia za wtryskiwaczem.  

Wynika stąd wniosek, że skokowa zmiana natężenia prądu w tym punkcie następuje  

w wyniku zmiany stosunku ciśnienia paliwa (7) do ciśnienia w kolektorze dolotowym, co 

potwierdzają przeprowadzone eksperymenty laboratoryjne.     

Obserwacja przebiegów prądowych i ich analiza, w połączeniu z wykonaną wcześniej 

charakterystyką odpowiadających sobie parametrów, pozwala weryfikować poprawność 

procesu dawkowania paliwa, jak również służyć ocenie stanu technicznego układu 

paliwowego i samego wtryskiwacza. Przedstawione przebiegi prądowe mogą być 

obserwowane przez sterownik w czasie bieżącym w trakcie eksploatacji, dzięki czemu taka 

weryfikacja może wspomagać diagnostykę OBD oraz systemy kontrolujące skład spalin 

pozwalając na szybsze wykrycie uszkodzeń w układzie paliwowym.  Zależność wartości 

natężenia prądu w punkcie podnoszenia iglicy od ciśnienia paliwa, może być wykorzystana 

nie tylko w diagnostyce wtryskiwaczy paliwowych, lecz również w weryfikacji różnego 

rodzaju zaworów elektromagnetycznych. 

Wyniki eksperymentów laboratoryjnych przedstawione w niniejszym artykule, to 

nowe spojrzenie na diagnostykę wtryskiwaczy paliwowych. Dodatkowo, weryfikacja o której 

mowa, może być wykonywana w czasie bieżącym w trakcie eksploatacji wtryskiwacza czy 

zaworu elektromagnetycznego. Diagnostyka „on-line” może przyczynić się do 

wcześniejszego wykrycia uszkodzeń więc może zabezpieczać przed degradacją układu 

oczyszczania spalin a nawet uszkodzeniem silnika. Funkcję ciśnienia paliwa można 

wykorzystać również w sterowaniu wtryskiwaczami. Określenie rzeczywistej fazy wtrysku 

paliwa może wspomóc zarządzanie pracą silnika. Jest to zmiana strategii w stosunku do 

dotychczasowej. Przedstawione informacje mogą być wykorzystane w module sterującym 

pracą silnika, który będzie wykorzystywał w algorytmie sterowania informacje o rzeczywistej 

chwili rozpoczęcia i zakończenia dawkowania a nie funkcjonował tylko na podstawie 

opracowanych wcześniej algorytmów, korygowanych przez adaptacje sterowania i sondę 

lambda.   
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Ocena właściwości eksploatacyjnych proekologicznej cieczy chłodząco- 

smarującej zawierającej asparaginian cynku 
 

 
Słowa kluczowe: proekologiczna ciecz chłodząco-smarująca, asparaginian cynku, zużycie narzędzia, 

topografia powierzchni, badania mikrobiologiczne 
 

Abstract: W pracy przedstawiono wyniki badań wpływu cieczy chłodząco-smarującej 

z asparaginianem cynku na jakość technologiczną warstwy wierzchniej obrabianych elementów. 

Asparaginian cynku dotychczas nie był stosowany w takich rozwiązaniach, głównie wykorzystywany 

był w medycynie i farmakologii. W badaniach przeprowadzono analizę porównawczą 

proekologicznego chłodziwa zawierającego asparaginian cynku z klasycznym chłodziwem opartym na 

bazie oleju mineralnego. Ciecze chłodząco-smarujące poddano badaniom toksyczności oraz wykonano 

kontrolowany proces eksploatacji narzędzi w czasie toczenia poprzecznego. Wyniki badań wskazują, 

że zastosowanie chłodzenia cieczą na bazie asparaginianu cynku redukuje parametry chropowatości 

obrabianego materiału nawet o 35%, korzystnie wpływając na jakość finalną detalu.  

 

1. Wstęp  

 

Obróbka skrawaniem jest najczęściej stosowaną metodą kształtowania przedmiotów 

praktycznie we wszystkich technologiach produkcyjnych [18, 20], w czasie której stosowane 

są ciecze chłodząco-smarujące [2, 23]. Spełniają one szereg funkcji eksploatacyjnych, spośród 

których najważniejsze są: chłodzenie, smarowanie oraz poprawa stanu obrabianej 

powierzchni [22], transportowanie wiórów ze strefy obróbki [3] i czasowa ochrona wyrobu 

przed korozją [6, 21]. Płyny chłodząco-smarujące, aby mogły spełnić wyżej oczekiwane 
funkcje muszą mieć określony skład chemiczny, który nie może oddziaływać niekorzystnie na 

ludzi oraz środowisko [2, 6, 24]. Podczas obróbki skrawaniem stosuje się zazwyczaj ciecze 

chłodząco-smarujące na bazie wody lub oleju. Substancje smarujące na bazie oleju 

mineralnego są szeroko stosowane ze względu na niskie koszty. Największą ich wadą jest 

zanieczyszczanie środowiska, wynikające z trudnej do kontroli degradacji i toksyczności [18, 



20]. Dodatkowo płyny te wzbogacane są dodatkami funkcyjnymi, takimi jak modyfikatory 

tarcia, wysokociśnieniowe EP, przeciwzużyciowe AW, inhibitory korozji, przeciwutleniacze, 

itp. [1, 3, 10, 16].  

Yadav i in. [21] zbadali wpływ dodatków wysokociśnieniowych EP oraz 

przeciwzużyciowych AW w nowych i zużytych olejach silnikowych klasy SAE 15W40 oraz 

SAE 20W50 na zużycie badanych kulek. Testy przeprowadzono na czterokulowym testerze 

Ducom TR-30L, badania realizowano przy następujących parametrach: temperaturze 75oC, 

obciążeniu 392 N i przy stałej prędkości 1250 obr/min. Uzyskane wyniki wskazały, że 

średnica wytarcia po testach wzrasta stopniowo wraz ze zwiększaniem czasu eksploatacji 

olejów silnikowych. Stwierdzono, że działanie dodatków EP i AW determinowane jest przede 

wszystkim warunkami eksploatacji olejów silnikowych. 

Maruda i in. [9] przeprowadzili badania wpływu dodatków wysokociśnieniowych 

i przeciwzużyciowych (EP/AW) na topografię powierzchni stali podczas toczenia 

z wykorzystaniem różnych środków chłodzących w zmiennych warunkach prędkości 

przepływu. Wyniki wykazały, że dodanie dodatków na bazie estru fosforanowego do ośrodka 

aktywnego spowodowało tworzenie się tribofilmu na styku narzędzie/wiór, który wpłynął na 

zmniejszenie tarcia. Wykorzystanie metody smarowania minimalną ilością chłodziwa 

z dodatkami EP/AW doprowadziło do poprawy parametrów topografii powierzchni.  

W innym artykule Maruda i in. [10] porównali toczenie: na sucho z chłodzeniem 

sprężonym powietrzem, mgłą emulsyjną, mgłą emulsyjną + Crodafos O4A-LQ- (MH) i mgłą 

emulsyjną + Crodafos EHA-LQ- (MH). Wyniki badań wskazały, że użycie podczas toczenia 

mgły emulsyjnej z modyfikatorami obniżają parametry chropowatości obrabianego materiału 

nawet o 80%.  

Ponadto Maruda i in. [8] zbadali możliwość wprowadzenia dodatków AW i AS we 

mgle emulsyjnej podczas smarowania najpierw na obrabianej powierzchni elementu maszyny, 

a następnie do strefy kontaktu pary ciernej. W wyniku tak przeprowadzonych testów 

uzyskano poprawę jakości powierzchni obrabianej – uzyskano mniejszą chropowatość 

obrabianej powierzchni stali nierdzewnej, dodatkowo wprowadzone do emulsji dodatki na 

bazie estrów fosforanowych intensyfikowały to działanie. Wykazano, że dodatek na bazie 

fosforanów pozostaje na obrabianej powierzchni w znacznych ilościach, nawet po 30 

minutach pracy przy dużych obciążeniach, zmniejszając chwilowo współczynnik tarcia 

i temperaturę w strefie kontaktu.  

Na rynek wprowadzane są środki smarowe na bazie oleju roślinnego ze względu na 

ich biodegradowalność oraz nietoksyczność. Stanowią one potencjalną alternatywę do 

przygotowania smarów eliminujących pochodne ropy naftowej [15, 17].  

Wiele prac poświęcono badaniom cieczy obróbkowych opartych na olejach 

roślinnych. Ozcelik i współautorzy [14] badali chłodziwa na bazie oleju słonecznikowego 

oraz rzepakowego z dodatkiem wysokociśnieniowym EP o zawartości 8% 

i 12%. Wyniki tych badań dowodzą, że ciecz obróbkowa zawierająca olej rzepakowy 

wykazała lepszą jakość powierzchni obrobionego detalu w porównaniu z olejem 

słonecznikowym o ponad 11% i 4%, odpowiednio dla zawartości 8% dodatku EP oraz 12% 

dodatku EP. Kumar i jego zespół [5] badali chłodziwo z olejem kokosowym z dodatkami 

wysokociśnieniowymi EP. Wykazali, że olej kokosowy zmniejszył siłę posuwu o 31%, siłę 

nacisku o 28%, siłę skrawania o 20%, temperaturę narzędzia skrawającego o 7% oraz zużycie 

powierzchni przyłożenia narzędzia o 34% w porównaniu do innych cieczy obróbkowych. 

Z kolei Zhang i in. [24, 25] badaniom poddali chłodziwa na bazie soi, którą porównano do 

ropopochodnych cieczy obróbkowych oraz obróbką na sucho. Wykazali, że chłodziwo na 

https://www.sciencedirect.com/science/article/pii/S2214785317323179#!
https://link.springer.com/article/10.1007/s12206-018-0313-7#auth-1
https://link.springer.com/article/10.1007/s12206-018-0313-7#auth-1
https://link.springer.com/article/10.1007/s12206-018-0313-7#auth-1


bazie soi działało podobnie, jak ropopochodna ciecz obróbkowa. Jednocześnie uzyskano 

znacznie lepszą chropowatość powierzchni detalu i mniejsze zużycie narzędzia niż po 

obróbce bez chłodziwa.  

Trajano oraz współautorzy [19] przeprowadzili badania tribologiczne oleju 

słonecznikowego i sojowego zawierającego dodatki CuO oraz nanocząsteczki ZnO. 

W przypadku nanopłynów sojowych o stężeniu 0,5% wag. CuO i ZnO współczynnik tarcia 

zmalał odpowiednio o 11% oraz 18%. Natomiast dla oleju słonecznikowego z tą samą frakcją 

wypełniacza współczynnik tarcia zmalał o 22% i 20%, odpowiednio dla CuO i ZnO. 

Z przeprowadzonej powyżej analizy literatury stwierdzono, że w obszarze badań 

chłodziw istnieją duże luki badawcze. Dotychczas nie prowadzono badań w celu określenia 

wpływu asparaginianu cynku jako biodegradowalnego dodatku modyfikującego do cieczy 

chłodząco-smarujących. Analiza bibliometryczna wskazała na zastosowanie asparaginianu 

cynku jedynie w medycynie i farmakologii. Wykorzystanie asparaginianu cynku jako dodatku 

do cieczy obróbkowych powinno wpłynąć na poprawę właściwości smarowych oraz 

utrzymanie w odpowiednim stanie eksploatacyjnym maszyn i urządzeń [4].  

W niniejszej pracy przedstawiono wyniki badań uzyskane podczas procesu obróbki 

skrawaniem z zastosowaniem nietoksycznej cieczy chłodząco-smarującej zawierającej 

asparaginian cynku. Określono również wpływ na wybrane wskaźniki i jakość powierzchni 

obrabianego detalu.  

 

2. Materiały stosowane do badań 
 

2.1. Ciecze obróbkowe 

Do badań użyto nieobciążającej środowisko cieczy chłodząco-smarującej 

zawierającej asparaginian cynku o stężeniu 5%, opartej na bazie wody demineralizowanej 

DEMI. W skład chłodziwa wchodzi, m.in.:  

• boran alkanoloaminy;  

• biodegradowalny oligomer na bazie poli (kwasu-asparaginowego) (PKA); 

• woda demineralizowana.  

Podstawą biostabilności cieczy chłodząco-smarującej są poliasparaginiany cynku. 

Właściwości fizyczne i chemiczne zastosowanej cieczy chłodząco-smarującej zawierającej 

asparaginian cynku przedstawiono w tabeli 1. 

 
Tabela 1. Właściwości cieczy chłodząco-smarującej zawierającej asparaginian cynku 

Kolor Zapach pH, 3% Gęstość, g/cm3 Rozpuszczalność  

w wodzie 

od pomarańczowej do czerwonej specyficzny 9,2 ÷ 9,7 1,20 ÷ 1,25 rozpuszczalna 

 

Chłodziwo zawierające asparaginian cynku porównano z komercyjną cieczą 

obróbkową. W jej skład wchodzi głównie olej mineralny, a ponadto: alkohole o długości 

łańcucha alifatycznego C16÷18, etoksylowane, kwas borowy, dicykloheksyloaminę, 

3-lodo-2-propynylbutylkarbaminian, 1,2-benzoizotiazol-3(2H)-jeden. Stosowana jest od 

ogólnej do ciężkiej obróbki skrawaniem aluminium, stali, żeliwa, metali nieżelaznych, stopów 

aluminium, mosiądzu oraz miedzi. Chłodziwo to przyczynia się do powstawania dobrej 

jakości obrabianych powierzchni. Podstawowe parametry cieczy chłodząco-smarującej 

zamieszczono w tabeli 2. 
 

 



Tabela 2. Podstawowe parametry porównywanej cieczy chłodząco-smarującej na bazie oleju 

mineralnego 

Kolor Zapach Zawartość oleju 

mineralnego 

pH, 5% Gęstość, g/cm3 Rozpuszczalność 

w wodzie 

żółto-brązowa jak olej 

mineralny 

56% 9,1 0,92 ÷ 0,96 rozpuszczalna 

 

2.2. Narzędzie i materiał obrabiany 

Do toczenia powierzchni czołowych wykorzystano narzędzie wykonane ze stali 

HS6-5-2C. Stal ta charakteryzuje się bardzo dobrą ciągliwością, udarnością oraz odpornością 

na ścieranie. Przeznaczona jest ona do pracy na gorąco i może być poddawana obróbce 

cieplnej w podwyższonych temperaturach: hartowania – 1190 ÷ 1230°C oraz odpuszczania – 

550 ÷ 650°C. Jej twardość po ulepszaniu cieplnym w temperaturach 500 ÷ 550°C wynosi 

65 HRC. Skład chemiczny stali HS6-5-2C zestawiono w tabeli 3. 
 

Tabela 3. Skład chemiczny stali wolframowo-molibdenowej HS6-5-2C 

 Pierwiastek C Mn Si P S Cr Ni Mo W V Co Cu 

Udział, % 
0,82÷ 

0,92 

max 

0,4 

max 

0,5 

max 

0,03 

max 

0,03 

3,5÷ 

4,5 

max 

0,4 

4,5÷ 

5,5 

6 ÷ 

7 

1,7÷ 

2,1 

max 

0,5 

max 

0,3 

 

Wybór narzędzi ze stali HS6-5-2C był podyktowany tym, że narzędzia te są 

powszechnie stosowane w obróbce skrawaniem. Szacuje się, że ich udział w produkcji 

wynosi ok. 40%. Mimo zwiększania się popytu na narzędzia z węglików spiekanych, które 

można stosować przy dużych prędkościach w obróbce skrawaniem na obrabiarkach CNC, 

narzędzia ze stali szybkotnących są nadal ekonomiczną alternatywą, biorąc pod uwagę ich 

cenę oraz łatwość ostrzenia. Coraz częściej na narzędzia wykorzystywane są stale 

szybkotnące otrzymywane metodą spiekania proszków, a na ich ostrza nanoszone są złożone 

powłoki dedykowane do konkretnych zastosowań. 

Materiałem obrabianym był wałek o średnicy 38 mm wykonany ze stali C45. Jest to 

stal niestopowa, do ulepszania cieplnego, trudno spawalna, łatwa w obróbce, której skład 

chemiczny przedstawiono w tabeli 4. Stal C45 stosowana jest na średnio obciążone elementy 

maszyn i urządzeń. Wyroby z tego materiału mogą być hartowane powierzchniowo, 

uzyskując twardość 50 ÷ 60 HRC. 

 
Tabela 4. Skład chemiczny stali C45 

Pierwiastek C Mn Si P S Cu Cr Ni Mo Cu 

Udział, % 
0,42÷ 

0,5 

0,5÷ 

0,8 

0,1÷ 

0,4 

max 

0,04 

max 

0,04 

max 

0,3 

max 

0,3 

max 

0,3 

max 

0,1 

max 

0,3 

 

3. Metodyka badań 

 

Do badań kinetyki termooksydacyjnej płynów eksploatacyjnych zastosowano 

spektrometr podczerwieni FTIR Spectrum Two z przystawką ATR firmy Perkin Elmer. 

Wykonano pomiary próbek czystego oligomeru oraz po przeprowadzonych modelowych 

badaniach tribologicznych. W czasie badań spektralnych stosowano następujące parametry 

analityczne: 

• zakres spektralny: 4000 ÷ 400 cm-1; 

• liczba skanów tła: powietrze oraz próbki – 4. 

Do oceny mikrobiologicznej – toksyczności chłodziwa użyto specjalny zestaw 

Microbiology Cult Dip Combi, umożliwiający ustalenie obecności drobnoustrojów. Składał 



się on z pojemników z przytwierdzonymi płytkami testowymi pokrytymi odpowiednimi 

pożywkami. Jedna ze stron płytek testowych była jaśniejsza i służyła do wykrywania 

obecności bakterii, a druga strona – ciemniejsza do wykrywania obecności drożdży 

i grzybów. Wszystkie części zestawu do badań były sterylne. Testom toksyczności zgodnie 

z instrukcją [12] poddano chłodziwo zawierające asparaginian cynku oraz konwencjonalne 

chłodziwo na bazie oleju mineralnego. Pierwsze sprawdzenie próbek nastąpiło po 48 

godzinach, drugie po 96 godzinach, a trzecie – po 7 dniach. Po upływie 7 dni próbki poddano 

ocenie organoleptycznej i porównano ze wzorcami kolonii mikroorganizmów (Rys. 1).  

 
a) 

 

b) 

 

c) 

 
Rys. 1. Wzorce kolonii mikroorganizmów: a) bakterii, b) drożdży, c) pleśni [12] 

 

Proces toczenia poprzecznego przeprowadzono na tokarce sterowanej numerycznie 

CTX 310 ECO produkcji DMG MORI z wykorzystaniem sterowania Sinumerik 810. 

Zastosowanie stałej prędkości obrotowej 400 m/min podczas toczenia poprzecznego, 

spowodowało, że prędkość skrawania vc dla każdego przejścia zmieniała się cyklicznie 

w zakresie 47,5 ÷ 0 m/min. W celu porównania właściwości cieczy chłodząco-smarującej 

zawierającej asparaginian cynku z chłodziwem na bazie oleju mineralnego wykonano 

toczenie poprzeczne przy użyciu obu cieczy. Po procesie toczenia badano zużycie oraz 

obserwowano narosty na narzędziach. Parametry toczenia przedstawiono w tabeli 5.  
 

Tabela 5. Parametry skrawania 

Prędkość skrawania, vc, m/min Posuw na obrót, f, mm/obr Głębokość skrawania, ap, mm 

47,5 ÷ 0 0,098 0,5 

 

Do badań zastosowano wymienne narzędzia skrawające – noże oprawkowe „stalki” 

o przekroju kwadratowym o wymiarach 10 mm x 10 mm, które mocowano w oprawce do 

stalek. Stalki wykonane były ze stali szybkotnącej HS6-5-2C. Charakteryzowały się one 

następującą geometrią: 

• kąt przystawienia głównej krawędzi skrawającej Kr = 36,6° w płaszczyźnie 

podstawowej Pr,  

• pomocniczy kąt przystawienia Kr’ = 53,4°, 

• dodatni kąt natarcia = 5,3°,  

• kąt naroża εr = 90°,  

• kąt podchylenia krawędzi skrawającej λs = 7° w płaszczyźnie krawędzi skrawającej Ps,  

• kat przyłożenia α = 5,3°, 

• kąt natarcia γ = 7°, 

• kąt ostrza β = 77,7°, 

• promień naroża rs = 0,04 mm. 

Materiałem obrabianym był wałek ze stali C45 o średnicy 38 mm.  

Podczas toczenia zastosowano konwencjonalne chłodzenie zalewowe na powierzchnię 

natarcia narzędzia. Widok oraz schemat systemu doprowadzania i odprowadzania chłodziwa 

przedstawiono na Rysunku 2. 

 



a) 

 

b)  

 

 

 
1 – pojemnik na chłodziwo 

2 – uchwyt tokarski, 

3 – przedmiot obrabiany  

4 – narzędzie; 

5 – pompa; 

6 – zbiornik na chłodziwo 

Rys. 2. Zewnętrzny system obiegu chłodziwa podczas toczenia poprzecznego na tokarce CTX 310 

ECO: a) widok, b) schemat 

 

Wykonano 10 etapów toczenia poprzecznego, z czego pierwszy liczył 10 przejść, 

a każdy następny był zwiększany o 10 przejść (Rys. 3). Po każdym etapie odcinano cienki 

kawałek – „plasterek” materiału obrabianego oraz wymieniano narzędzie skrawające. 

 

 
Rys. 3. Schemat przebiegu procesu toczenia poprzecznego dla noży skrawających 

 

Celem badań była ocena podstawowych funkcji eksploatacyjnych nowej cieczy 

chłodząco-smarującej zawierającej asparaginian cynku oraz zużycie noża podczas toczenia 

powierzchni czołowych. 

Do oceny topografii powierzchni elementów obrabianych oraz narzędzi skrawających 

wykorzystano skaningowy mikroskop elektronowy JSM-7100F firmy JEOL. Mikroanalizator 

EDS umożliwił identyfikację pierwiastków na powierzchni narzędzi skrawających w miejscu 

powstania narostu, po 10-tym cyklu toczenia z zastosowaniem chłodziw. 

Strukturę geometryczną detali po toczeniu obrazowano przy użyciu mikroskopu 

konfokalnego DCM8 firmy Leica. Dodatkowo do obserwowania zużycia narzędzi 

skrawających po obróbce wykorzystano stereoskopowy mikroskop inspekcyjny SX80.  

 

4. Wyniki badań 

 

Na Rysunku 4 przedstawiono zestawienie widm, gdzie zaobserwowano wyraźne 

nasilenie się dwóch pasm wraz ze wzrostem obciążenia i drogi tarcia. Zarejestrowane sygnały 

o słabej intensywności z maksimum piku przy około 1394 oraz 1066 cm-1, które odpowiadają 

drganiom rozciągającym wiązania grupy C-O (COH). Świadczy to o zainicjowaniu procesów 

degradacji chłodziwa i utworzeniem grupy karboksylowej. Obserwacje cieczy chłodząco-

smarującej zawierającej asparaginian cynku po testach tribologicznych wskazują zmianę jej 



barwy. Wraz ze wzrostem obciążenia oraz drogi tarcia staje się ona coraz ciemniejsza, od 

jasnożółtej do brązowej.  

Ciecz chłodząco-smarującą można poddać regeneracji poprzez uzupełnienie składnika 

podstawowego – asparaginianu cynku oraz kontrolę pozostałych parametrów 

eksploatacyjnych. 

 

 
Rys. 5. Zestawienie widm FTIR dla chłodziwa przed i po testach 

 

Przy użyciu zestawu Microbiology Cult Dip Combi wykonano ocenę toksyczności 

chłodziwa zawierającego asparaginian cynku i dla porównania cieczy obróbkowej opartej na 

bazie oleju mineralnego. Do badań użyto po dwie próbki testowe dla chłodziw poddawanych 

ocenie. Po upływie 7 dni próbki testowe poddano obserwacjom (Rys. 5 i 6).  

 
a) 

 

b) 

 
Rys. 5. Widok próbek testowych po upływie 7 dni – bakterie dla chłodziwa: a) zawierającego 

asparaginian cynku, b) na bazie oleju mineralnego 

 

a) 

 

b) 

 
Rys. 6. Widok próbek testowych po upływie 7 dni – drożdże i pleśnie dla chłodziwa: a) zawierającego 

asparaginian cynku, b) na bazie oleju mineralnego 

 

Na podstawie otrzymanych wyników stwierdzono, że ciecz chłodząco-smarująca 

zawierająca asparaginian cynku jest nietoksyczna. Nie doszło do powstania choćby 

najmniejszej kolonii bakterii (Rys. 5a), drożdży ani pleśni (Rys. 6a). Natomiast na jednej 

z próbek testowych, które zanurzone były w chłodziwie na bazie oleju mineralnego 

zaobserwowano kilka plamek po stronie bakterii (Rys. 5b). Zgodnie z instrukcją [12] 

powstałe plamki świadczą o powstaniu niewielkiej infekcji. Biorąc pod uwagę uzyskane 

wyniki chłodziwo zawierające asparaginian cynku okazało się lepsze niż chłodziwo na bazie 

oleju mineralnego. 

Przy użyciu oprogramowania z mikroskopu inspekcyjnego przeprowadzono pomiary 

zużycia na powierzchni przyłożenia narzędzi skrawających zgodnie z normą [13], które 

przedstawiono na Rysunku 7. 

 



 
Rys. 7. Wskaźniki zużycia narzędzi skrawających ze stali HS6-5-2C po toczeniu z chłodziwami 

 

Z otrzymanych wykresów wynika, że wartość średniej VBB oraz maksymalnej VBBmax 

szerokości pasma zużycia osiągnęła niższą wartość równą odpowiednio 0,03 mm 

i 0,05 mm po obróbce z chłodziwem zawierającym asparaginian cynku. Większe wartości 

parametrów opisujących zużycie narzędzi otrzymano po toczeniu z zastosowaniem chłodziwa 

zawierającego olej mineralny.  

Na Rysunku 8 zaprezentowano obrazy śladów zużycia ostrzy skrawających po 

obróbce na sucho i z zastosowaniem chłodziw uzyskane na skaningowym mikroskopie 

elektronowym oraz wyniki analiz składu chemicznego w mikroobszarach wykonanych 

metodą EDS. Po ostatniej 10 próbie toczenia z chłodziwami na narzędziach skrawających 

w miejscu zużycia powstały narosty, których skład chemiczny zbadano za pomocą 

skaningowego mikroskopu elektronowego. 

Po toczeniu z cieczą chłodząco-smarującą zawierającą asparaginian cynku 

w analizowanym punkcie zarejestrowano oprócz pierwiastków wchodzących w skład 

narzędzia dodatkowo koncentrację atomów cynku. Oznacza to, że powstała cienka warstwa 

powierzchniowa związków cynku o właściwościach przeciwzużyciowych. Powstała ona jako 

rezultat procesów tribochemicznych, które zachodzą głównie między dodatkami 

uszlachetniającymi, zawartymi głównie w środkach smarowych a powierzchniami trącymi. 

Szybkość i rodzaj reakcji chemicznych jest uzależniony od warunków pracy węzła tarcia. 

Wytworzona w taki sposób powierzchniowa warstwa reakcyjna zmienia warunki pracy 

elementów współpracujących tarciowo, co wywołuje kolejne reakcje tribochemiczne. Taka 

powierzchniowa warstwa wpływa na obniżenie tarcia, a także przedłużenie trwałości 

eksploatacyjnej elementów współpracujących tarciowo [16].  
 

a) 

 

b)  

 

 

 

 
Rys. 8. Widmo charakterystycznego promieniowania rentgenowskiego z obszaru śladu zużycia ostrza 

skrawającego po toczeniu z chłodziwem zawierajacym: a) asparaginian cynku, b) olej 

mineralny 



Na Rysunkach 9 i 10 przedstawiono topografię oraz profile chropowatości powierzchni 

obrabianych przedmiotów w wybranych obszarach, otrzymanych po 10 etapie toczenia na 

sucho oraz z cieczami chłodząco-smarującymi.  

 
a) 

 

b) 

 
c) 

 
Rys. 9. Struktura geometryczna brzegu obrobionego przedmiotu po toczeniu z chłodziwem 

zawierającym olej mineralny: a) mapa warstwicowa, b) widok izometryczny, c) profil pierwotny 

a) 

 

b) 

 

c) 

 
Rys. 10. Struktura geometryczna brzegu obrobionego przedmiotu po z chłodziwem zawierającym 

asparaginian cynku: a) mapa warstwicowa, b) widok izometryczny, c) profil pierwotny 

 

Porównując mapy warstwicowe, widoki izometryczne i profile pierwotne 

zaobserwowano w obu przypadkach równomierne rozłożenie wierzchołków [7] prawie co 

1 mm (posuw wynosił 0,098 mm). Najniższe wzniesienia ok. 16 µm oraz najpłytsze 

wgłębienia ok. 15 µm powstały na elemencie po toczeniu z zastosowaniem cieczy chłodząco-

smarującej zawierającej asparaginian cynku. Natomiast najwyższe wzniesienia i wgłębienia 

sięgały ok. 20 µm odnotowano po toczeniu z zastosowaniem chłodziwa zawierającego olej 

mineralny.  

W tabeli 6 przedstawiono parametry struktury geometrycznej powierzchni materiałów 

obrobionych powstałych po toczeniu z zastosowaniem cieczy chłodząco-smarującej 

zawierającej asparaginian cynku i chłodziwa zawierającego olej mineralny. 



Tabela 6. Parametry struktury geometrycznej powierzchni materiałów obrobionych po toczeniu 

 

Zestawiając wartości parametrów chropowatości powierzchni obrobionych elementów 

po procesie toczenia poprzecznego z zastosowaniem chłodziwa zawierającego asparaginian 

cynku odnotowano niższe wartości niż z użyciem chłodziwa z olejem mineralnym. Świadczy 

to o tym, że ciecz chłodząco-smarująca wpływa na poprawę jakości powierzchni elementów 

obrabianych. 

 

4. Wnioski 

 

Na podstawie otrzymanych wyników badań sformułowano następujące wnioski:  

1. Zastosowane w procesie toczenia poprzecznego chłodziwo z asparaginianem cynku 

wpłynęło na zmniejszenie zużycia elementów systemu tribologicznego poprzez tworzenie 

warstw zawierających związki cynku o dobrych właściwościach przeciwzużyciowych. 

2. Najniższe wzniesienia oraz najpłytsze wgłębienia powstały na elemencie po toczeniu 

z zastosowaniem cieczy chłodząco-smarującej zawierającej asparaginian cynku. 

3. Morfologia powierzchni w procesie toczenia zależy od kierunku ruchu oraz wielkości 

posuwu.  

4. Nietoksyczne chłodziwo z asparaginianem cynku w procesie obróbki ulegało reakcyjnej 

przemianie uzależnionej od warunków eksploatacji. 

5. Stwierdzono, że ciecz chłodząco-smarująca zawierająca asparaginian cynku nie wykazuje 

właściwości toksycznych i może być poddawana prostej regeneracji. 

6. Badana ciecz chłodząco-smarująca ze względu na dobre właściwości proekologiczne 

może być stosowana podczas eksploatacji na konwencjonalnych tokarkach, gdzie 

bezpośredni kontakt operatora z chłodziwem jest większy niż na tokarkach sterowanych 

numerycznie. 

7. Ciecz obróbkowa z asparaginianem cynku zagwarantowała lepszą jakość technologiczną 

warstwy wierzchniej obrabianych elementów oraz wydłużyła czas pracy narzędzia ze stali 

szybkotnącej w porównywaniu do klasycznego chłodziwa. Wartości parametrów 

chropowatości powierzchni obrobionych elementów były niższe (dla parametru Sa 

o 22%, Sq o 25%, Sp o połowę, Sv o 11%, Sz o 35%, Ssk ponad 2 razy, a Sku o 17%) niż 

z użyciem chłodziwa z olejem mineralnym.  
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Streszczenie: W artykule zaproponowano oryginalny sposób modelowania zjawisk 
wibroakustycznych eksploatowanych maszyn/urządzeń z zastosowaniem metody parametryzacji 
sygnału fonicznego. Sposób ten rozszerza dotychczasowe podejście do tego rodzaju badań i polega na 
uwzględnianiu efektów psychoakustycznych towarzyszących emisji energii wibroakustycznej. 
Proponowane rozwiązanie opiera się na wyznaczeniu współczynników mel-cepstralnych badanego 
sygnału i jego klasyfikacji, ze względu na oddziaływanie hałasu. Przedstawiono weryfikację 
zastosowania metody na przykładzie badań oddziaływania źródeł hałasu drogowego. 

 
1. Wprowadzenie 

 
Źródłem zjawisk zachodzących podczas eksploatacji maszyn i urządzeń są złożone 

procesy wibroakustyczne. Składają się na nie zróżnicowane oddziaływania drgań, hałasu, 
dźwięków powietrznych i materiałowych, czy też pulsacji medium w przestrzeniach 
elementów maszyn. Oddziaływania te w postaci energii wibroakustycznej emitowane są do 
otoczenia. Efekty zjawisk wibroakustycznych stanowią odpowiedź działania 
maszyn/urządzeń w stosunku do ich elementów lub otoczenia. Niezależnie od postawionego 
celu badawczego nośnikiem informacji o zjawiskach wibroakustycznych jest sygnał 
wibroakustyczny, który podlegać może różnym przekształceniom. Analiza sygnału 
wibroakustycznego jako procesu przetwarzania danych na informacje użyteczne 
wykorzystywana jest nie tylko w zadaniach utrzymania ruchu [3, 10], diagnozowania [13], 
niezawodności [9], oceny stanu eksploatacji obiektów technicznych [14], ale także w 
zadaniach oddziaływania maszyn/urządzeń na otoczenie. Oddziaływanie to analizowane może 
być w przestrzeniach otwartych, pomieszczeniach oraz w odniesieniu do organizmu 
człowieka. Za zjawiska wibroakustyczne uznaje się wszelkie przebiegi drganiowe i 
akustyczne, które powiązane są ze sobą przyczynowo. Stwierdzono, że w badaniach tych 
zjawisk uwzględniać się powinno następujące zagadnienia [5]: 

 czasowy i przestrzenny rozkład charakterystyki opisującej energię pochodzącą ze 
źródła, 

 odpowiedź układu, wibroakustyczna funkcja przejścia, 
 współzależność między źródłami. 

Zjawiska wibroakustyczne opisywane są za pomocą podstawowych wielkości fizycznych, 
takich jak: ciśnienie akustyczne, prędkość, przyspieszenie, przemieszczenie, siła [5]. Z kolei 
sygnał wibroakustyczny reprezentowany może być za pomocą funkcji jednoargumentowej lub 
wektora [1]. 
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Stosowane metody analiz sygnałów wibroakustycznych wykorzystują m.in. różne 
przekształcenia Fouriera dzięki czemu uzyskać można widma amplitudowe, fazowe, bądź 
energetyczne. Transformata Fouriera poprzez zmianę sygnału z dziedziny czasu do dziedziny 
częstotliwości pozwala pozyskać cenne informacje, szczególnie gdy występuje duża 
dynamika zmian parametrów sygnału w czasie. W badaniach wibroakustycznych wymaga się 
nie tylko przeprowadzenia pomiarów parametrów drgań i hałasu, lecz pozyskania także 
informacji o badanym zjawisku. Przyjęty cel badań w odniesieniu do obiektu technicznego 
lub jego otoczenia determinuje ustalenie metodyki pomiarów [5].  
 
2. Modelowanie zjawisk wibroakustycznych oraz percepcji dźwięku - przegląd obecnych 
rozwiązań 
 

 Modelowaniu sygnału wibroakustycznego podlegają zjawiska drganiowe i akustyczne 
powstające podczas eksploatacji maszyn/urządzeń, które analizowane są łącznie. Do analizy 
procesów wibroakustycznych w otoczeniu wykorzystuje się modelowanie akustyczne maszyn 
i urządzeń [5]. Stosuje się w tym celu metody modelowania pola akustycznego 
maszyn/urządzeń dla identyfikacji źródeł dźwięku. Cechy źródeł dźwięku ocenić można 
poprzez [5]: 

 pole akustyczne wytwarzane przez źródło, 
 samo źródło jako emitora energii wibroakustycznej. 

Metody modelowania zjawisk wibroakustycznych znajdują szerokie zastosowanie w 
zadaniach m.in. identyfikacji oraz redukcji źródeł drgań i hałasu, analizy procesów 
wibroakustycznych [11], oceny stanu technicznego maszyn/urządzeń i ich niezawodności, 
analizy uszkodzeń elementów maszyn/urządzeń, czy też oceny oddziaływania energii 
wibroakustycznej na organizm człowieka. Przykładowo, metody modelowania 
diagnostycznego wykorzystują sygnał wibroakustyczny do badania zużycia lub uszkodzenia 
elementów obiektu technicznego [5]. Wśród znanych metod modelowania tych zjawisk 
wyróżnić można m.in. metody: ciśnieniowe, natężeniowe, wzajemnościowe, elementów 
skończonych, inwersyjne, transformaty Fouriera, krótkoczasowej transformacji Fouriera, 
transformacji falkowej [1, 5]. 
 
W analizie zjawisk wibroakustycznych przetwarzaniu podlegają najczęściej dane i informacje 
związane bezpośrednio ze źródłem dźwięku, człowiekiem lub środowiskiem, z 
uwzględnieniem zachodzących interakcji pomiędzy: źródłem dźwięku - człowiekiem -
środowiskiem. Jednym z celów poszukiwania związków charakteryzujących 
maszynę/urządzenie w środowisku tj. źródło hałasu, a parametrami pola akustycznego w jego 
otoczeniu jest formułowanie modeli emisji dźwięku dla potrzeb oceny jego oddziaływania 
[23]. W tym zakresie, wyznacza się z sygnału wibroakustycznego odpowiednie cechy 
fizyczne mierzonych wielkości energetycznych. Na tej podstawie określa się stopień 
szkodliwości drgań lub hałasu, negatywny wpływ zjawisk wibroakustycznych na organizm 
człowieka, bądź na elementy maszyn/urządzeń lub otoczenie. Danymi wejściowymi do 
modelowania zjawisk wibroakustycznych są pozyskiwane informacje akustyczne z 
ustalonych punktów przestrzeni otoczenia maszyn/urządzeń. Dla potrzeb określenia stopnia 
narażenia w określonym punkcie przestrzeni powinny wykonane być pomiary wielkości 
charakteryzujących zagrożenie hałasem [6]. W wyniku pomiarów akustycznych otrzymuje się 
w danym punkcie odpowiednie wartości wskaźników energetycznych [4, 21]. Prowadzone 
badania nad słuchowymi skutkami hałasu człowieka potwierdzają, że identyfikacja 
zagrożenia hałasem jedynie za pomocą wskaźników energetycznych jest ograniczona i 
niewystarczająca [24, 20]. Pomija się w stosowanym podejściu subiektywne znaczenie 
wrażeń oddziaływania hałasu. Nie jest uwzględniana interakcja wysokości dźwięku i 
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głośności dynamicznie zmieniających się dźwięków. Stosowane w tym zakresie filtry A-, B , 
C- oraz D- przybliżają odwrócony kształt krzywych o równej głośności, przy różnych 
poziomach ciśnienia akustycznego. Ważenie filtrem A stało się najczęściej stosowanym 
współczynnikiem częstotliwości, chociaż nie jest on rozwiązaniem optymalnym dla 
wszystkich poziomów ciśnienia akustycznego. Z badań nad percepcją dźwięku wynika, że 
składowe harmoniczne dźwięku o częstotliwościach zawartych w przedziale 1÷5[kHz] są 
lepiej słyszalne, niż pozostałe [16]. Ma to znaczenie w interpretacji występowania zjawisk 
elementarnych i złożonych w niskich oraz wysokich zakresach częstotliwości [15]. W 
badaniach nad wyznaczeniem subiektywnego odczuwania przez człowieka głośności dla 
dźwięków ciągłych stosuje się model polegający na wyznaczeniu całkowitego 
(równoważnego) poziomu dźwięku skorygowanego filtrem korekcyjnym słyszenia (A). 
Zaznaczyć należy, że charakterystyka częstotliwościowa filtru (A) stanowi pewne 
przybliżenie odbioru wrażeń akustycznych o niskich poziomach dźwięku. Z analizy 
charakterystyki progu słyszalności wynika, że czułość słuchu jest największa w zakresie 
częstotliwości średnich 1000÷4000[Hz] i istotnie spada ona w paśmie niskich i wysokich 
częstotliwości. Zaznaczyć należy, że charakterystyki progów słyszalności, dyskomfortu oraz 
bólu istotnie różnią się między sobą w funkcji częstotliwości [12]. Analizując mechanizm 
powstawania wrażeń akustycznych w stosunku do cech dźwięku to stwierdzić należy, że 
pomiędzy fizycznymi i subiektywnymi cechami dźwięku nie występuje prosta oraz 
jednoznaczna relacja. Prowadzone badania nad subiektywnymi cechami dźwięku odnoszą się 
między innymi do opisu i interpretacji wrażeń słuchowych. Otrzymane wyniki badań nad 
zjawiskiem hałasu potwierdzają, że istotny wpływ na percepcję hałasu mają m.in. 
psychoakustyczne aspekty dźwięku, struktura czasowa sygnału, kształtowanie się 
subiektywnych cech dźwięku w dziedzinie: czasu, częstotliwości, czasowo-
częstotliwościowej [8, 17, 18, 19]. Podejmowane badania nad oceną jakości sygnałów 
fonicznych opierają się na stosowaniu dwóch kategorii metod, [26], tj.: 

 metod subiektywnych - polegających na dokonywaniu oceny wrażeń słuchowych 
przez człowieka, 

 metod obiektywnych - polegających na stosowaniu przybliżonych modeli 
matematycznych w celu uwzględnienia mechanizmów percepcji. 

W subiektywnych metodach oceny jakości dźwięku wykorzystuje się odsłuchy sygnału 
ocenianego dla potrzeb określenia odczuwalnego przez słuchacza stopnia podobieństwa obu 
sygnałów, stopnia ich różnicy, bądź też poziomu dyskomfortu wywołanego obecnością 
zakłóceń lub zniekształceń. Metody te z jednej strony pozwalają na wartościowanie 
otrzymania bezpośredniej odpowiedzi od odbiorcy, z drugiej strony indywidualne czynniki 
subiektywne wpływają istotnie na pojedynczą ocenę. Wśród metod obiektywnych wyróżnić 
można badania, tj.: 

 sygnałowe - najczęściej sygnał oceniany porównywany jest z sygnałem oryginalnym, 
bez zniekształceń (sygnałem odniesienia). Wykorzystuje się także sposoby, w których 
nie uwzględnia się sygnału odniesienia. 

 parametryczne - ocenie podlega jakość dźwięku na podstawie wiedzy o zastosowanej 
technice przetwarzania i znajomości jej parametrów, które są argumentami 
wejściowymi algorytmu oceny. 

Z przedstawionej analizy metod i modeli nad stosowanymi rozwiązaniami w zakresie analizy 
zjawisk wibroakustycznych oraz oceny jakości dźwięku wynika, że cechy zawarte w sygnale 
fonicznym stanowić mogą cenne źródło informacyjne w badaniu percepcji hałasu. Za ważne 
w tym obszarze uznać należy uwzględnienie efektów psychoakustycznych oddziaływania 
energii wibroakustycznej na organizm człowieka zarówno podczas realizacji przez niego prac 
obsługowo-użytkowych, utrzymania ruchu, jak i przebywania w otoczeniu źródeł emisji 
drgań i hałasu. 
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Podejmowany problem dotyczy uwzględnienia w zadaniach modelowania zjawisk 
wibroakustycznych efektów psychoakustycznych będących skutkiem eksploatacji 
maszyn/urządzeń.  
 
3. Sposób modelowania zjawisk wibroakustycznych z zastosowaniem metody 
parametryzacji sygnału 
 
 Występujące słuchowe wrażenia dźwiękowe będące skutkiem procesów akustycznych 
zależne są silnie od częstotliwości, ze względu na uwarunkowania fizyczne propagacji fali 
akustycznej i percepcję. Za istotne uznać należy nieliniowość i zakres percepcji zjawisk 
dźwiękowych człowieka, w odniesieniu do amplitudy ciśnienia akustycznego i częstotliwości 
[2]. Autor zaproponował nowe podejście do modelowania zjawisk wibroakustycznych 
występujących w otoczeniu eksploatowanych maszyn/urządzeń. Podejście to polega na 
zastosowaniu ekstrakcji wybranych cech z sygnału akustycznego i sygnału fonicznego. 
Reprezentację sygnału akustycznego stanowią fizyczne cechy dźwięku. W sygnale fonicznym 
zawarte są informacje reprezentujące subiektywne cechy dźwięku. W proponowanym 
sposobie punktem wyjścia do modelowania zjawisk wibroakustycznych są cechy sygnału 
akustycznego i sygnału fonicznego. Na rys. 1 przedstawiono sposób modelowania zjawisk 
wibroakustycznych występujących podczas eksploatacji maszyn/urządzeń, który uwzględnia 
psychoakustyczne efekty hałasu.  

Test psychoakustyczny 
sygnału badanego 

Pomiar i rejestracja 
badanego sygnału 

Ekstrakcja 
cech sygnału

Klasyfikacja sygnału
badanego

Sygnał akustyczny

Sygnał foniczny

Cechy fizyczne dźwięku

Informacja o 
źródłach  hałasu

Cechy sygnału badanego

Ocena cech sygnału

Cechy sygnału 
wzorcowego

Miara oceny cech 
subiektywnych dźwięku

 
Rys. 1 Sposób przetwarzania cech sygnału akustycznego i sygnału fonicznego 
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Zgodnie z rys. 1 autor zaproponował realizację następujących działań dla potrzeb klasyfikacji 
sygnału badanego, tj.: 

 pomiar i rejestracja badanego sygnału: stanowi źródło informacyjne dla pozyskiwania 
oraz przetwarzania cech sygnału akustycznego i fonicznego, 

 ekstrakcja cech sygnału: polega na zastosowaniu metody/modelu oceny fizycznych i 
subiektywnych cech sygnału akustycznego oraz fonicznego,  

 ocena cech sygnału badanego: podstawą oceny cech sygnału fonicznego jest stopień 
zgodności jego cech z cechami sygnału wzorcowego, 

 klasyfikacja sygnału badanego: przyporządkowanie sygnału fonicznego do danej klasy 
sygnału wzorcowego na podstawie przeprowadzonej oceny cech. 

W przyjętym sposobie założono, że ocena i wybór sygnałów wzorcowych przeprowadzone 
zostaną na podstawie odtwarzania słuchaczom zarejestrowanych sygnałów fonicznych w 
ramach eksperymentu psychoakustycznego. Przyporządkowanie sygnałów wzorcowych do 
odpowiedniej klasy oceny hałasu realizowane jest w oparciu o uzyskane wyniki z 
prezentowanych sygnałów podczas eksperymentu. 
 
3.1 Opis metody parametryzacji sygnału fonicznego  
 
 W rozpatrywanym problemie badawczym zaproponowana metoda parametryzacji 
sygnału fonicznego opiera się o model perceptualny wykorzystujący własności mechanizmu 
słyszenia ucha ludzkiego, charakteryzującego się nieliniową percepcją wysokości 
częstotliwości w skali melowej odbieranych sygnałów dźwiękowych. Zastosowanie przez 
autora metody parametryzacji sygnału fonicznego w modelowaniu zjawisk 
wibroakustycznych jest oryginalne i nie spotykane w literaturze przedmiotu. Do 
najpowszechniej stosowanych metod parametryzacji sygnału mowy należy metoda MFCC 
(ang. Mel-Frequency Cepstral Coefficients), która pozwala na wyznaczenie zbioru 
współczynników cepstralnych tj. cech sygnału z widma melowego [7]. Współczynniki mel 
cepstralne wzorowane są na przetwarzaniu sygnału akustycznego w ślimaku narządu słuchu 
człowieka. Zadaniem ich jest odzwierciedlenie naturalnej odpowiedzi układu słuchowego na 
pobudzanie dźwiękami. Zaproponowana metoda polega na modelowaniu parametrów 
ekstrahowanych z sygnału fonicznego, które silnie zależą od subiektywnych wrażeń 
słuchowych dźwięku. Przesłankami do realizacji badań zjawisk wibroakustycznych za 
pomocą współczynników mel cepstralnych było rozpoznanie możliwości zastosowania 
metody parametryzacji sygnału fonicznego, która pozwala na uwzględnienie m.in.: 

 losowości sygnałów występujących powszechnie w eksploatowanych 
maszynach/urządzeniach, 
 zmienności struktury częstotliwościowej w przebiegu sygnału, 
 estymacji widma sygnału w subiektywnej skali perceptualnej, 
 nieliniowości postrzegania częstotliwości dźwięku przez człowieka. 

Wyznaczenie współczynników mel-cepstralnych daje możliwości skutecznej klasyfikacji i 
oceny badanych sygnałów fonicznych. Brak uniwersalności rozwiązań w zakresie 
rozpoznawania wzorców sygnałów akustycznych dla potrzeb ich oceny nie wynika z 
niedoskonałości metod, lecz ze złożoności źródłowych sygnałów. Z tego powodu stosuje się 
transformację analizowanych sygnałów w celu uzyskania odpowiedniej przestrzeni cech 
dźwięku. Dla potrzeb wyznaczenia wektora współczynników MFCC zastosowano algorytm 
umożliwiający ekstrakcję cech sygnału fonicznego (rys. 2). 
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Preemfaza
Ramkowanie

Okienkowanie
FFT Filtracja melowa DCT

Sygnał 
akustyczny

Wektor
MFCC  

 
Rys. 2 Procedura parametryzacji sygnału fonicznego z zastosowaniem współczynników 
MFCC [25] 
 
Zgodnie przedstawioną na rys. 2 procedurą przyjęto etapową realizację przetwarzania cech 
sygnału [25] tj.: 
Etap 1: Proces preemfazy polegający na filtracji formującej, w wyniku której następuje 
osłabienie składowych o małych częstotliwościach i wzmocnieniu składowych o wysokich 
częstotliwościach. 
Etap 2: Ramkowanie sygnału, czyli podział sygnału na krótkie fragmenty zwane ramkami. 
Możliwe jest zastosowanie nakładania się kolejnych ramek czasowych. Następnie na tym 
etapie realizowane jest okienkowanie z zastosowaniem okna Hamminga: 

 1
( ) 0,54 0, 46 cos(2 )

1

n
Ham N

N
 

 


 (1) 

gdzie: 
N - długość ramki, 
n=1,2,...,N. 
Etap 3: Wykonanie algorytmu szybkiej transformaty Fouriera (FFT) na zokienkowanym 
sygnale w poszczególnych ramkach i wyznaczenie modułu estymaty widmowej gęstości 
mocy sygnału. 
Etap 4: Przeprowadzenie filtracji melowej za pomocą zestawu środkowoprzepustowych 
filtrów trójkątnych o częstotliwościach wyznaczonych zgodnie z: 

 
102595 log (1 )

700
Hz
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f
f    (2) 

W obliczeniach używany jest logarytm energii, co pozwala na zredukowanie wrażliwości 
filtrów na bardzo głośne i bardzo ciche dźwięki oraz modelowanie nieliniowej amplitudowej 
wrażliwości ucha ludzkiego.  
Etap 5: Ostatnim etapem procedury jest zastosowanie dyskretnej transformaty kosinusowej 
(DCT). Otrzymany wektor współczynników MFCC obliczony jest zgodnie z zależnością: 
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gdzie: 
i -numer filtra, 
Xr-widmo ramki, 
Hi-zestaw filtrów 
Si-energia pasma 
n-numer współczynnika, 
N-ilość użytych filtrów. 
W większości systemów rozpoznawania n przyjmuje wartości od 1, a współczynnik MFCC0 
jest pomijany. Wygenerowany wektor współczynników MFCCn przyjmuje postać: 

 
1 2 3 13, , ,...nMFCC MFCC MFCC MFCC MFCC  (5) 

W przedstawionym sposobie badań założono, że rozpoznane w ramach eksperymentu 
psychoakustycznego sygnały wzorcowe poddane zostaną parametryzacji celem wyznaczenia 
współczynników mel-cepstralnych. Zgodnie z procedurą (rys. 2) dla każdego badanego 
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sygnału fonicznego wyznaczane są współczynniki mel-cepstralne, które podlegać będą 
następnie ocenie przy wykorzystaniu sygnałów wzorcowych. Na podstawie wyznaczonych 
współczynników MFCC klasyfikacja badanego sygnału polega na ocenie stopnia zgodności 
jego cech z cechami sygnałów wzorcowych. W celu przeprowadzenia klasyfikacji badanych 
sygnałów fonicznych (na podstawie zbioru sygnałów wzorcowych) autor zaproponował jako 
miarę oceny najmniejszą odległość pomiędzy dwoma ciągami wektorów cech, tj. 
współczynników MFCC z zastosowaniem metody DTW (ang. Dynamic Time Warping). 
Sygnały emitowane przez źródła wibroakustyczne charakteryzuje dynamiczna zmienność w 
czasie, co powoduje, że cechy tych sygnałów podlegają także zmienności. Dynamiczne 
dopasowanie czasowe (DTW) należy do metod stosowanych w rozpoznawaniu mowy, w 
szczególności metoda ta znalazła przede wszystkim zastosowanie w rozpoznawaniu 
izolowanych słów oraz wyszukiwaniu haseł. Metodę tą wykorzystuje się w rozpoznawaniu i 
klasyfikacji macierzy cech współczynników MFCC jako nieliniową transformację czasową. 
Polega ona na transformacji osi czasu, w celu lepszego dopasowania dwóch sekwencji 
czasowych. Wyznaczenie odległości metodą dynamicznego dopasowania czasowego (DTW) 
polega na, tj.: 

 obliczeniu tzw. macierzy odległości lokalnych d(m,n), która powstaje poprzez 
obliczenie odległości euklidesowych pomiędzy każdym wektorem badanego 
sygnału i sygnału wzorca, 

 wyznaczeniu sumy odległości lokalnych (euklidesowych), która stanowi odległość 
zakumulowaną wzdłuż ścieżki optymalnej przebiegającej w macierzy odległości 
lokalnych, od lewego dolnego rogu macierzy do jej prawego górnego rogu.  

Poszczególne odległości DTW pomiędzy sygnałami wzorcowymi i sygnałem badanym 
wyznaczyć można zgodnie z następującą formułą: 
 

 
, , , ,

1

( , ) ( ) ( )
K

mn k m k n k m k n
k

d X Y x y x y


     (6) 

gdzie: 
K- wymiar sygnałów, 
m, n - ciągi wektorów cech X i Y. 
Odległość zakumulowana obliczona wzdłuż ścieżki optymalnej jest najmniejszą z możliwych 
odległości zakumulowanych poszczególnych wektorów współczynników MFCC badanego 
sygnału i sygnału wzorca. Przyjęto, że kryterium klasyfikacji badanego sygnału w zakresie 
oceny dokuczliwości hałasowej stanowić będzie najmniejsza odległość DTW pomiędzy 
współczynnikami mel-cepstralnymi badanego sygnału i danym sygnałem wzorcowym o 
jednakowej długości czasowej. 

 
3.2 Przykład zastosowania metody i klasyfikacja badanego sygnału fonicznego 
 

Wybranym do badań sygnałem fonicznym była próbka dźwiękowa o nazwie 
DW13a_9_56 charakteryzująca się równoważnym poziomem dźwięku LAeq=56[dB(A)]. 
Sygnał zarejestrowany został w punkcie przestrzeni zlokalizowanym na wysokości pasa 
drogowego i obejmował pomiar imisji źródeł hałasu drogowego przemieszczających się 
pojazdów po nawierzchni z kostki brukowej. Z uwagi na postawiony cel badań pomiar nie 
został przeprowadzony zgodnie z obowiązującą metodyką realizacji pomiarów 
środowiskowych [22]. Do nagrań i pomiarów wykorzystano następujący zestaw urządzeń 
oraz pomocy pomiarowych: 

 miernik poziomu dźwięku Brüel & Kjær 2238 Mediator, 
 mikrofon pomiarowy Brüel & Kjær 4188 do pomiarów pola swobodnego,  
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 rejestrator dźwięku ZOOM Handy Recorder H4n, 
 statyw mikrofonowy. 

Czas nagrań i pomiarów ustalony został na 5[min]. Podczas nagrywania i pomiarów mikrofon 
umieszczony był na statywie i w połowie szerokości chodnika, na wysokości 1,7[m], co 
odpowiadało przybliżonej wysokości położenia głowy potencjalnego przechodnia. Przyjęto, 
że w ocenie subiektywnej próbek dźwiękowych (w eksperymencie psychoakustycznym) 
udział będą brać osoby ze słuchem prawidłowym. Dla każdego 5-minutowego pliku 
wyselekcjonowano dziesięć plików 10-sekundowych. W przeprowadzanym eksperymencie 
wzięło udział 80 osób w wieku pomiędzy 22-50 lat spełniających ww. założenie. W 
realizowanych badaniach psychoakustycznych zaproponowano skalę punktową w zakresie od 
1 do 5 dla oceny dokuczliwości hałasu drogowego prezentowanych 30 sygnałów fonicznych. 
Przyporządkowano odpowiednie etykiety ocenianym sygnałom, tj:  

 wcale - ocena 1, 
 mało - ocena 2, 
 średnio - ocena 3, 
 bardzo - ocena 4, 
 nie do zniesienia ocena 5. 

Biorąc pod uwagę rozpiętość uzyskanych wartości poziomu dźwięku odpowiadającym 
różnym lokalizacjom pomiarowych (charakteryzującym się zmienną zabudową, zmiennym 
układem infrastruktury drogowej) oraz różnym nawierzchniom jezdni (tj. bruk, asfalt) 
zdecydowano, że wyselekcjonowane próbki sygnałów przygotowane zostaną w taki sposób, 
aby ich poziom  równoważny odpowiadał jednej z pięciu następujących wartości, tzn.: 56, 62, 
68, 74, 80[dB(A)]. Danymi wejściowymi dla wyznaczenia wektora MFCCn stanowiły 
foniczne sygnały wzorcowe w dziedzinie czasu, wybrane na podstawie eksperymentu 
psychoakustycznego i reprezentujące odpowiednie klasy dokuczliwości hałasowej. W wyniku 
realizacji procedury (rys. 2) obliczonych zostało 13 współczynników mel-cepstralnych dla 
każdego ze wzorcowych sygnałów i sygnału badanego. Obliczenia przeprowadzono w 
środowisku Matlab R2018a przy zastosowaniu funkcji (mfcc). Wartości odchylenia 

standardowego ( ) oraz średniej arytmetycznej ( x ) wyznaczone zostały dla każdego ze 
współczynników dla 1000 danych (wartości obliczone zostały z krokiem 0,01[s]), (tabela 1). 

Tabela 1. Zestawienie wartości   oraz x  współczynników mel-cepstralnych MFCCn dla 
sygnałów wzorcowych 

 
Sygnał  

wzorcowy 1 
Sygnał 

wzorcowy 2 
Sygnał 

wzorcowy 3 
Sygnał 

wzorcowy 4 
Sygnał 

wzorcowy 5 
Nr 
współcz. 

  x    x    x    x    x  

MFCC1 1,25 -2,07 1,40 -2,08 1,16 -1,99 1,38 0,61 1,40 1,43 
MFCC2 1,27 -18,01 1,81 -16,32 1,62 -14,21 2,01 -11,14 2,00 -10,60 
MFCC3 0,35 3,26 0,31 3,20 0,35 3,11 0,43 3,27 0,43 2,79 
MFCC4 0,25 -0,51 0,25 -0,65 0,24 -0,99 0,33 -0,75 0,61 0,13 
MFCC5 0,23 0,38 0,23 0,30 0,20 -0,09 0,28 -0,30 0,36 0,03 
MFCC6 0,20 0,06 0,22 0,03 0,20 -0,03 0,31 -0,07 0,32 0,03 
MFCC7 0,18 0,28 0,18 0,29 0,18 0,16 0,24 0,24 0,29 0,26 
MFCC8 0,20 0,11 0,19 0,08 0,18 -0,09 0,21 0,24 0,32 0,19 
MFCC9 0,18 0,13 0,20 0,16 0,18 0,13 0,21 0,47 0,34 0,18 
MFCC10 0,17 0,02 0,18 0,03 0,17 0,10 0,20 0,02 0,37 0,14 
MFCC11 0,16 0,06 0,17 -0,03 0,18 0,06 0,20 0,18 0,39 0,04 
MFCC12 0,17 0,02 0,18 -0,02 0,17 -0,01 0,27 -0,22 0,42 -0,02 
MFCC13 0,16 0,03 0,17 -0,03 0,18 0,02 0,18 0,20 0,44 -0,01 
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Przeprowadzona analiza porównawcza wartości współczynników MFCC badanego sygnału z 
sygnałami wzorcowymi wykazała, że największe (lokalne) różnice względne pomiędzy 
współczynnikami MFCC wystąpiły dla przypadku zestawienia sygnału badanego z sygnałem 
wzorcowym 4 (rys. 3). 

 
Sygnał wzorcowy 1/sygnał badany Sygnał wzorcowy 2/sygnał badany 

Sygnał wzorcowy 3/sygnał badany Sygnał wzorcowy 4/sygnał badany 

Sygnał wzorcowy 5/sygnał badany  

 
 
 
 

 

Rys. 3 Analiza porównawcza współczynników MFCC badanego sygnału z sygnałami 
wzorcowymi 

 

Poszczególne odległości DTW pomiędzy sygnałami wzorcowymi i sygnałem badanym 
wyznaczone zostały za pomocą funkcji (dtw) w środowisku Matlab R2018a. Po podstawieniu 
do (6) wyznaczone zostały odległości DTW pomiędzy współczynnikami MFCC dla 
poszczególnych sygnałów wzorcowych i badanego sygnału fonicznego DW13a_9_56. 

  
Tabela 2. Zestawienie odległości zakumulowanych DTW sygnału badanego z sygnałami 
wzorcowymi 

Lp. Rodzaj wariantu Odległość zakumulowana DTW 
1. Sygnał wzorcowy 1 / sygnał badany 197,829 
2. Sygnał wzorcowy 2 / sygnał badany 249,447 
3. Sygnał wzorcowy 3 / sygnał badany 304,864 
4. Sygnał wzorcowy 4 / sygnał badany 496,279 
5. Sygnał wzorcowy 5 / sygnał badany 537,361 
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Z tabeli 2 wynika, że najmniejszą zakumulowaną odległość DTW uzyskano dla wariantu 
oceny badanego sygnału DW13a_9_56 z wzorcem 1, co oznacza, że sygnał badany 
zakwalifikowany został do klasy dokuczliwości hałasu: wcale. 
 
4. Dyskusja wyników i wnioski 
 
 Otrzymane wyniki klasyfikacji badanego sygnału fonicznego na podstawie oceny jego 
cech tj. współczynników MFCC uzasadniają zastosowanie metody parametryzacji sygnału 
fonicznego w modelowaniu zjawisk wibroakustycznych maszyn/urządzeń, która pozwala 
uwzględnić efekty psychoakustyczne hałasu. Przedstawiony sposób może mieć bezpośrednie 
zastosowanie w zadaniach m.in. oceny źródeł dźwięku, kształtowania zdrowia pracowników, 
czy też opracowywania rozwiązań projektowo-konstrukcyjnych ochrony przed hałasem. 
Zaproponowana metoda parametryzacji sygnału fonicznego rozszerza i uzupełnia stosowane 
energetyczne podejście do modelowania zjawisk wibroakustycznych maszyn/urządzeń. 
Możliwości analizy cepstralnej opartej na charakterystyce ludzkiego słyszenia (skali 
Melowej) stanowiły dla autora ważny argument dla poszukiwania nowego sposobu badań 
modelowania zjawisk wibroakustycznych. Przedstawiony sposób pozwala na dokonanie 
klasyfikacji dowolnego sygnału fonicznego pod względem oceny hałasu w oparciu o Melową 
skalę słyszenia, dla zidentyfikowanego rodzaju źródła energii wibroakustycznej. Ważną zaletą 
stosowania metody parametryzacji sygnału fonicznego jest możliwość modelowania 
cepstrum, co pozwala na uwzględnienie percepcji hałasu i interpretację zawartych informacji 
w widmie sygnału fonicznego. Parametry wyznaczane w skali perceptualnej odzwierciedlają 
naturalne wrażenia słuchowe, co ma znaczenie dla psychoakustycznej oceny zjawisk 
wibroakustycznych. Opracowany sposób modelowania zjawisk wibroakustycznych opiera się 
na zastosowaniu oceny sygnału akustycznego/fonicznego przy wykorzystaniu metod tj.: 

 metody skalowania sygnału fonicznego (subiektywna ocena wrażeń akustycznych w 
ramach eksperymentu psychoakustycznego), 

 metody parametryzacji sygnału fonicznego (ocena cech sygnału w skali Melowej) 
stanowiącej obiektywny opis percypowanego hałasu. 

Zakłada się, że podjęte w tym zakresie badania kontynuowane będą w obszarze stosowalności 
metod i modeli opisujących efekty psychoakustyczne hałasu w dziedzinie czasowo-
częstotliwościowej oraz innej skali perceptualnej, np. skali Barkowej. Zaproponowany przez 
autora sposób modelowania zjawisk wibroakustycznych daje nowe możliwości w zakresie 
oceny maszyn/urządzeń na etapie: 

 projektowania i konstruowania, jako dodatkowe kryterium w procesie optymalizacji 
cichobieżności pracy elementów, 

 eksploatacji, w ramach badań diagnostycznych dla potrzeb weryfikacji stopnia zużycia 
poszczególnych elementów i podzespołów, a w efekcie oceny poziomu ich 
niezawodności. 

Przetwarzane informacje w postaci pozyskanych cech z sygnału fonicznego stanowią wartość 
dodaną dla sygnału akustycznego i mogą być skutecznie wykorzystywane we wspomaganiu 
podejmowania decyzji ww. zadań. 
 
Acknowledgement: Artykuł jest wynikiem badań prowadzonych w Katedrze Inżynierii 
Produkcji Wydziału Organizacji i Zarządzania Politechniki Śląskiej, które sfinansowane 
zostały ze środków Rektorskiego Grantu Habilitacyjnego o numerze 13/030/RGH19/0057. 
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Metoda wyznaczania szybkości spadku wydajności stosu ogniw paliwowych 
typu PEMFC na podstawie przesunięcia charakterystyki napięciowo-prądowej 

 
 

The method of determining PEMFC fuel cell stack performance decrease rate 
based on the voltage-current characteristic shift 

 

Słowa kluczowe: eksploatacja systemów ogniw paliwowych, wskaźniki eksploatacyjne stosu 
ogniw paliwowych, spadek wydajności stosu po latach eksploatacji, charakterystyka 
eksploatacyjna stosu. 
 

Streszczenie: Artykuł przedstawia model matematyczny przeznaczony do wyznaczenia szybkości 

spadku wydajności stosu ogniw paliwowych. Szybkość spadku wydajności stosu ogniw jest 

wyznaczana na podstawie wartości napięcia średniego stosu. Zaproponowany model wykorzystano do 

wyznaczenia krzywej mocy i wskaźników eksploatacyjnych stosu ogniw paliwowych o mocy 

nominalnej 50 kW po 14 000 h ciągłej pracy. Model wykorzystano także do wyznaczenia szybkości 

zmiany wartości napięcia średniego jedenastoletniego stosu ogniw paliwowych o mocy 1,2 kW. 

W obu badaniach wyznaczono wartości wskaźników eksploatacyjnych oraz ich różnice względem 

wielkości nominalnych. 

 

 

Keywords: fuel cells system exploitation, fuel cell stack exploitation indicators, stack 
performance decrease after years of operation, stack exploitation characteristics. 
 

Abstract: The article presents mathematical model designed to estimate the rate of performance 

decrease in fuel cell stack. The fuel cell stack performance decrease rate is determined on the basis of 

stack average voltage measurements. The proposed model is used to determine power curve as well as 

exploitation indicators of fuel cell stack with a nominal power of 50 kW after 14 000 hours of 

continuous operation. The model is also used to determine the average voltage drop for the eleven-

year fuel cell stack with a nominal power of 1,2 kW. In both studies, the values of exploitation 

indicators as well as their differences in relation to nominal values are determined. 

 

 



 

1. Wprowadzenie 

 

Wodorowe ogniwa paliwowe z jonowymienną membraną polimerową (PEMFC- ang. 

Proton Exchange Membrane Fuel Cell) są uznawane za jedną z najbardziej obiecujących 

i perspektywicznych technologii wytwarzania energii elektrycznej i ciepła. Przewiduje się ich 

zastosowanie dla elektrowni dużych mocy, małych źródeł rozproszonych [14] oraz sektora 

transportu [12,30]. Ogniwa paliwowe mogą być eksploatowane w szerokim zakresie 

zmienności obciążeń elektrycznych cechując się przy tym korzystnymi wartościami 

wskaźników eksploatacyjnych takich jak: sprawność przetwarzania energii chemicznej paliwa 

na elektryczną, jednostkowe zużycie energii chemicznej paliwa, jednostkowe zużycie paliwa. 

Mimo to wskaźniki niezawodnościowe pracy ogniw wciąż osiągają niezadowalające wartości 

i są główną przyczyną zahamowania komercjalizacji tej technologii na szeroką skalę [21]. 

Poprawa wskaźników niezawodnościowych i określenie wskaźników 

eksploatacyjnych jest obecnie aktualnym i ważnym problemem. Rozwój technologii ogniw 

paliwowych będzie głównym motorem napędowym rozwoju sektora energetyki wodorowej 

oraz transportu opartego na paliwie wodorowym. Prowadzone są badania nad 

wykorzystaniem wodoru jako paliwa dodatkowego do silników benzynowych 

i wysokoprężnych [18,20]. Analiza wyników badań przeprowadzona przez autorów pracy 

[20] wykazała brak zasadności stosowania wodoru jako paliwa dodatkowego w silnikach 

o zapłonie samoczynnym. Do zasilania wodorem przystosowuje się głównie silniki o zapłonie 

iskrowym. W pracy [30] stwierdzono, że jest to jednak rozwiązanie tymczasowe mające na 

celu wstępne przygotowanie i wdrożenie infrastruktury przechowywania i rozprowadzania 

wodoru przed wprowadzeniem perspektywicznych ogniw paliwowych. 

Ze względu na ciągle wysokie koszty ogniw paliwowych wiele badań nad tą 

technologią jest wykonywanych za pomocą autorskich modeli matematycznych [2, 34]. Prace 

dotyczące modelowania stosu ogniw paliwowych można podzielić na dwie grupy. Do 

pierwszej należą prace przedstawiające modele przeznaczone do optymalizacji parametrów 

stosu według funkcji celu takich jak: minimalizacja kosztów budowy, maksymalizacja 

gęstości prądu [1,4,6,15,27,32]. 

W artykule [4] autorzy przedstawiają trójwymiarowy wielofazowy model ogniwa 

paliwowego typu PEM przeznaczony do zbadania wpływu ciśnienia montażowego na 

rezystancję styku między warstwą dyfuzji gazu (GDL) a płytką bipolarną. Właściwy dobór 

wartości ciśnienia montażowego pozwala na wykonanie stosu o dłuższym czasie życia.  

W pracy [6] autorzy prezentują model przeznaczony do optymalizacji wymiarów stosu 

ogniw paliwowych według ulepszonej wersji algorytmu optymalizacji mewy. Model pozwala 

na wyznaczenie charakterystyki eksploatacyjnej stosu, jednak nie uwzględnia jej przesunięcia 

po czasie eksploatacji. Z kolei w pracy [1] autorzy przedstawiają model stosu ogniw 

paliwowych o mocy 500 watów z jonowymienną membraną polimerową zaimplementowany 

w środowisku Matlab/Simulink. Model służy do wyznaczania wartości referencyjnej prądu 

elektrycznego dla dowolnego stanu ustalanego.  

W pracy [27] autorzy przedstawiają procesy zachodzące w stosie ogniw paliwowych 

oraz opracowane modele numeryczne mające na celu minimalizację kosztów produkcji stosu 

i maksymalizację gęstości prądu. Modele te są przeznaczone do wspomagania projektowania 

stosów ogniw paliwowych. 

Opracowywane są nowe techniki modelowania ogniw paliwowych np. 

z wykorzystaniem tzw. wykresów wiązań [32]. Prowadzone są także badania modelowe nad 

zwiększeniem efektywności energetycznej poprzez połączenie stosu ogniw z generatorem 

termoelektrycznym w układ hybrydowy [15]. 



 

Wszystkie wyżej wymienione modele matematyczne są budowane w celu 

wspomagania projektowania stosu ogniw paliwowych. Modele te nie uwzględniają natomiast 

spadku wydajności stosu po latach eksploatacji. 

Do drugiej grupy publikacji dotyczących modelowania stosów należą prace, w których 

modeluje się procesy degradacyjne zachodzące w stosie podczas jego pracy. Autorzy skupiają 

się na wyznaczaniu wpływu jednego z elementów konstrukcyjnych, takich jak warstwa 

dyfuzyjna gazu (z ang. gas diffusion layer – GDL) [23], płytki dwubiegunowe, membrana 

polimerowa [26] i warstwa katalizatora na elektrodach stosu [31], na charakterystykę 

napięciowo-prądową. Modele te są wykorzystywane do minimalizacji źródła degradacji 

i zwiększenia żywotności stosu. 

W pracy [26] przedstawiono numeryczny model ogniw paliwowych przeznaczony do 

badania mechanicznej degradacji membrany spowodowanej lokalnymi nieprężeniami. W celu 

zmniejszenia naprężeń autorzy sugerują zastosowanie dodatkowej uszczelki w łączeniu 

elektroda-elektrolit z GDL. 

Kolejne prace dotyczą określenia prawdopodobieństwa degradacji danego elementu 

[25,35]. Autorzy artykułu [25] zaproponowali wykorzystanie drzewa błędów (z ang. faul 

three analysis) do wyznaczenia prawdopodobieństwa wystąpienia degradacji elementów stosu 

ogniw paliwowych. Z kolei w artykule [35] zaproponowano nowatorski model 

prognozowania degradacji ogniwa paliwowego z membraną wymiany protonów 

z wykorzystaniem metody filtru cząsteczkowego i ekstrapolacji danych. 

Niestety wyżej wymienione modele i proponowane metody nie są nastawione na 

praktyczne zastosowanie, ponieważ brakuje w nich wykazania, jak postępujące procesy 

degradacyjne wpłyną na wydajność stosu ogniw paliwowych po wielu godzinach bądź latach 

eksploatacji a przede wszystkim jak zmienią się wartości wskaźników eksploatacyjnych. 

Znajomość zmian wartości wskaźników eksploatacyjnych będzie miała decydujący wpływ na 

poprawne określenie kosztów eksploatacji stosu.  

Publikacje dotyczące modelowania hybrydowych systemów wytwórczych z ogniwem 

paliwowym [16,19,28] potwierdzają, że zapotrzebowanie na model wykazujący wpływ 

starzenia się stosu ogniw paliwowych na wskaźniki eksploatacyjne jest obecnie bardzo 

wysokie. Techniki modelowania systemów hybrydowych przedstawione w wyżej 

wymienionych pracach nie  uwzględniają spadku wydajności stosu po latach eksploatacji.  

W konsekwencji, w takim systemie hybrydowym może dojść do niezbilansowania energii 

[24], co będzie skutkowało zwiększeniem poboru z sieci elektroenergetycznej [9]. 

Analogicznie, jeśli ogniwo paliwowe jest wykorzystywane w sektorze transportu 

[3,11,29], nieuwzględnienie spadku wydajności stosu może doprowadzić do błędnego 

oszacowania zasięgu pojazdu lub zapotrzebowania na paliwo, co spowoduje błędne 

oszacowanie kosztów eksploatacji pojazdu.  

W celu poprawnego określenia kosztów eksploatacyjnych pojazdu lub systemu 

hybrydowego wytwarzania energii elektrycznej z ogniwem paliwowym należy budować 

modele matematyczne, które umożliwią określenie spadku wydajności ogniw po latach 

eksploatacji. 

Głównym celem niniejszego artykułu jest prezentacja modelu matematycznego 

pozwalającego na wyznaczenie szybkości spadku wydajności stosu ogniw paliwowych oraz 

przesunięcia charakterystyki eksploatacyjnej stosu względem charakterystyki dla danych 

katalogowych po zadanym czasie użytkowania. Model pozwala na wyznaczenie wartości 

wskaźników eksploatacyjnych tj. sprawności elektrycznej, jednostkowego zużycia energii 

chemicznej paliwa na produkcję energii elektrycznej, jednostkowego zużycia paliwa na 

produkcję energii elektrycznej i porównanie ich z wartościami wskaźników odpowiadającymi 

charakterystyce katalogowej stosu.   

 



 

2. Model matematyczny ogniwa paliwowego 

 

Opisywane w literaturze modele matematyczne ogniw paliwowych pozwalają na 

wyznaczenie charakterystyki eksploatacyjnej dla warunków znamionowych (parametrów 

katalogowych). Proponowane modele nie uwzględniają spadku wydajności stosu po latach 

życia i eksploatacji. 

Zaproponowana przez autorów metoda analizy pozwala na wyznaczanie 

charakterystyki eksploatacyjnej stosu ogniw paliwowych dla danych znamionowych, oraz 

charakterystyki po „n” latach eksploatacji. Z drugiej strony proponowany algorytm można 

wykorzystać do określenia szybkości spadku wydajności stosu na podstawie przesunięcia 

między charakterystyką katalogową a charakterystyką stosu po zadanym okresie 

użytkowania. 

Metoda pozwala na szybkie wyznaczanie sprawności oraz pozostałych wskaźników 

eksploatacyjnych stosu ogniw paliwowych. 

Sprawność przetwarzania energii chemicznej paliwa na elektryczną przez stos ogniw 

paliwowych można przedstawić za pomocą wzoru (1) [7]:  

 

𝜂𝑒𝑙 =
𝑃𝑒𝑙

�̇�𝐻2
∙  𝑄𝑊𝐻2

=
𝑈 ∙ 𝐼

�̇�𝐻2
∙  𝑄𝑊𝐻2

 (1) 

 

gdzie: 𝑃𝑒𝑙 – moc elektryczna stosu ogniw paliwowych, U – napięcie stosu ogniw paliwowych,  

I – natężenie prądu, �̇�𝐻2
- molowy strumień wodoru, 𝑄𝑊𝐻2

 – wartość opałowa wodoru 

odniesiona odpowiednio do 1 mola wodoru. 

Wskaźnik jednostkowego zużycia energii chemicznej paliwa na produkcję energii 

elektrycznej przez stos definiuje wzór (2): 

 

𝑞𝑒𝑙 =
�̇�𝐻2

∙  𝑄𝑊𝐻2

𝑃𝑒𝑙
[
𝑘𝐽

𝑘𝐽
] (2) 

 

Wskaźnik jednostkowego zużycia paliwa na produkcję energii elektrycznej można 

obliczyć za pomocą wzoru (3): 

 

𝑏𝑒𝑙 =
𝑉𝐻2

𝑃𝑒𝑙
[
𝑁𝑚3𝐻2

𝑘𝑊ℎ
] (3) 

 

gdzie: 𝑉𝐻2
 – objętościowy strumień wodoru. 

 

Należy zaznaczyć, że producenci systemów ogniw paliwowych typu PEMFC 

w specyfikacji technicznej podają dwie wartości sprawności przetwarzania energii chemicznej 

paliwa na elektryczną: wartość sprawności odniesioną do wartości opałowej wodoru (ang. 

LHV – Low Heating Value) oraz wartość sprawności odniesioną do ciepła spalania wodoru 

(ang. HHV – High Heating Value). Analiza przedstawiona w tej pracy jest prowadzona 

w odniesieniu do wartości opałowej wodoru, ponieważ wartość wskaźnika qel definiuje się, 

w klasycznej teorii eksploatacji źródeł wytwórczych, w odniesieniu do tej wielkości.

 Definiowanie sprawności ogniwa paliwowego w odniesieniu do wartości opałowej 

pozwala na porównywanie jej wartości z innymi technologiami wytwarzania energii 

elektrycznej wykorzystującymi energię chemiczną paliwa, np. konwencjonalne bloki parowe, 

bloki gazowe i gazowo-parowe, silniki gazowe czy technologie wykorzystujące biomasę. 



 

Wzór na strumień molowy wodoru można wyznaczyć na podstawie II prawa 

elektrolizy Faradaya (4): 

 

𝑞 = 𝑛 ∙ 𝑧 ∙ 𝐹 (4) 

 

gdzie: q [C] – ładunek elektryczny, n – liczba moli gazu, z [-] liczba elektronów koniecznych 

do uwolnienia cząsteczki dla H2 = 2, tzn. 2 mole elektronów są potrzebne do uwolnienia 

1 mola H2, dla O2 = 4, F [C/mol] – stała Faradaya.  

 

Dzieląc równanie (4) przez czas t otrzymuje się zależność na natężenie prądu 

elektrycznego (5):  

𝐼 =
𝑛

𝑡
∙ 𝑧 ∙ 𝐹 (5) 

 

Z równania (5) można wyznaczyć strumień molowy oznaczony jako �̇� (6): 

 

�̇� =
𝑛

𝑡
=

𝐼

𝑧 ∙ 𝐹
 (6) 

 

Dla stosu ogniw paliwowych strumień molowy wodoru jest proporcjonalny do liczby 

celek wchodzących w skład stosu, stąd: 

 

�̇�𝐻2
=

𝐼 ∙  𝑛𝑐𝑒𝑙𝑒𝑘

𝑧 ∙ 𝐹
 (7) 

 

gdzie: ncelek – liczba celek (pojedynczych ogniw), z których zbudowany jest stos 

 

W teorii ogniw paliwowych praktyczne zastosowanie ma wielkość nazwana 

potencjałem termoneurtralnym, który jest zdefiniowany wg wzoru (8) [22]:  

 

𝐸𝑡
0 = −

∆𝐻𝐻20(𝑔)
0

𝑧 ∙ 𝐹
 (8) 

 

gdzie: 𝐸𝑡
0 – potencjał termoneutralny [V], ∆𝐻𝐻20(𝑔)

0  – standardowa entalpia tworzenia wody 

w fazie gazowej [kJ/mol], indeks “0” oznacza warunki standardowe (T = 298 K, p = 10
5
 Pa). 

Potencjał termoneutralny jest teoretyczną wartością napięcia jakie osiągnie ogniwo 

paliwowe przy teoretycznym założeniu, że 100 % strumienia dostarczonej energii chemicznej 

zostanie przekształcone w energię elektryczną. 

Standardowa entalpia tworzenia wody w fazie gazowej ΔHH2O(g) energetycznie 

odpowiada wartości opałowej wodoru, przy założeniu, że woda jest produktem w stanie 

gazowym (9) [17]: 

 

−∆𝐻𝐻20(𝑔)
0 = 𝑄𝑊𝐻2

 (9) 

 

Podstawiając równania (4), (8), (9) do równania (1) wzór na sprawność wytwarzania 

energii elektrycznej przez stos ogniw paliwowych przyjmuje postać wzoru (10): 

 

𝜂𝑒𝑙 =
𝑈

𝑛𝑐𝑒𝑙𝑒𝑘 ∙ 𝐸𝑡
0 (10) 

 



 

Wartość średniego napięcia stosu ogniw paliwowych zdefiniowana jest jako stosunek 

napięcia stosu do liczby celek (pojedynczych ogniw) tworzących stos: 

 

𝑈𝑎𝑣 =
𝑈

𝑛𝑐𝑒𝑙𝑒𝑘
 (11) 

 

Po podstawieniu zależności (11) do wzoru (10) wzór na sprawność stosu można 

przedstawić z pomocą zależności: 

 

𝜂𝑒𝑙 =
𝑈𝑎𝑣

𝐸𝑡
0  (12) 

  

Wzór (12) na sprawność przetwarzania energii chemicznej paliwa na elektryczną 

przez stos jest bardzo praktyczny, ponieważ do wyznaczenia sprawności wystarczy pomiar 

napięcia stosu i znajomość liczby pojedynczych ogniw (celek) tworzących stos. Nie potrzeba 

natomiast dokonywać pomiarów strumienia zużywanego wodoru. 

Miarą zmiany sprawności stosu jest zmiana wartości średniego napięcia stosu. Zmiana 

sprawności jest zgodnie z zależnością (13) wprost proporcjonalna do zmiany wartości  

średniego napięcia stosu:  

 

∆𝜂𝑒𝑙 =
∆𝑈𝑎𝑣

𝐸𝑡
0  (13) 

 

Zmianę wartości średniego napięcia stosu definiuje wzór (14): 

 

∆𝑈𝑎𝑣 = 𝑈𝑎𝑣 −
𝑑𝑈𝑎𝑣

𝑑𝑡
∙ 𝑡 (14) 

 

gdzie: 
𝑑𝑈𝑎𝑣

𝑑𝑡
 – szybkość zmiany wartości średniego napięcia stosu w czasie [μV/h], t – czas 

życia stosu ogniw paliwowych [h]. 

Zmianę mocy stosu można wyznaczyć na postawie zależności (15): 

 

∆𝑃𝑒𝑙 = ∆η𝑒𝑙 ∙ �̇�𝐻2
∙ 𝑄𝑊𝐻2

 (15) 

 

Przedstawiony powyżej algorytm pozwala w szybki sposób na określenie szybkości 

zmiany wartości średniego napięcia stosu, a co za tym idzie szybkości spadku generowanej 

mocy elektrycznej i sprawności przetwarzania energii chemicznej paliwa na elektryczną 

a także wzrostu wartości wskaźników jednostkowego zużycia paliwa i jednostkowego zużycia 

energii chemicznej przez stos. 

Dane wejściowe modelu stanowią parametry katalogowe stosu oraz wyznaczona na 

podstawie pomiarów wartość napięcia stosu. Na podstawie wzorów (1) – (15) wyznaczane są 

wartości wskaźników eksploatacyjnych stosu oraz wykreślane charakterystyki eksploatacyjne 

dla parametrów katalogowych oraz po zadanym okresie użytkowania. W celu wyznaczenia 

szybkości spadku wydajności stosu algorytm wykonuje szereg symulacji dla różnych 

wartości szybkości zmian średniego napięcia stosu z zadanym krokiem i ocenia, z zadaną 

dokładnością, dopasowanie charakterystyki rzeczywistej do symulowanej. 

 

 

 



 

3. Wyznaczanie wskaźników eksploatacyjnych na podstawie szybkości zmiany wartości 

średniego napięcia stosu 

 

Zmianę wartości średniego napięcia stosu ΔUav można aproksymować funkcją liniową 

[33]. Szybkość zmiany wartości średniego napięcia w czasie dla systemów o mocy rzędu 

kilkudziesięciu kilowatów zawiera się, na podstawie doświadczeń eksploatacyjnych, 

w zakresie od około 3 do 9 μV/h [33]. Wartość ta zależy od wielu czynników, takich jak 

kultura eksploatacji stosu (przestrzeganie procedur ruchowych, rozruchu, odstawiania stosu), 

warunki pracy stosu (warunki atmosferyczne, temperatura otoczenia), charakter pracy stosu 

(ciągła, przerywana) itp.  

Pilotażowa instalacja zbudowana z ogniw PEM o mocy 50 kW (12 stosów o mocy 

4,2 kW) w Niderlandach, w miejscowości Delfzijl przepracowała bez przerw 14 000 h. 

Pomiary w czasie eksploatacji wykazały, że wartość średniego napięcia stosu zmniejszała się 

z szybkością średnią 8 μV/h [33]. 

Bazując na równaniach (1) – (15) oraz autorskim kodzie opracowanym w środowisku 

Matlab przeprowadzono symulacje w celu wyznaczenia krzywej mocy stosu oraz wartości 

wskaźników eksploatacyjnych. Wyniki symulacji przedstawiono na rysunku 1 oraz w tabeli 1. 

  

 
Rys. 1. Wpływ zmiany wartości Uav na krzywą mocy stosu ogniw paliwowych o mocy 

50 kW – badania symulacyjne 

 

Tabela 1. Wskaźniki eksploatacyjne stosu ogniw paliwowych 50 kW – badania symulacyjne 

 Dane  

znamionowe 

Po 14 000 h  

eksploatacji 

P [kW] 50 42,4 

ΔP [kW] -7,6 

ηel [-] 0,55 0,46 

Δηel [-]  -0,09 

qel [kJ/kJ] 1,81 2,16 

Δqel [kJ/kJ]   0,35 

bel [Nm
3
H2/kWh] 0,60 0,72 

Δbel [Nm
3
H2/kWh]   0,12 

 



 

Po 14 000 h ciągłej pracy sprawność wytwarzania energii elektrycznej przez instalację 

zmniejszyła swoją wartość o 16,36% spadając z 55% do wartości 46%. Efektem spadku 

sprawności jest spadek wartości mocy elektrycznej generowanej przez stos oraz zwiększenie 

wartości wskaźników jednostkowego zużycia energii chemicznej paliwa oraz jednostkowego 

zużycia paliwa. Moc nominalna stosu zmniejszyła się o 15,2%. Oznacza to, że dodatkowe 

7,6 kW strumienia energii chemicznej wodoru zostanie zamienione przez instalację na moc 

cieplną kosztem wartości generowanej mocy elektrycznej. Wartość wskaźnika qel wzrosła 

o 19,3% w stosunku do wartości nominalnej, natomiast wartość wskaźnika bel wzrosła o 20%.  

 

4. Wyznaczanie wartości szybkości zmiany napięcia średniego stosu na podstawie 

pomiaru charakterystyki eksploatacyjnej 

 

W celu weryfikacji modelu wykorzystano go do dopasowania charakterystyki 

napięciowo-prądowej stosu ogniw paliwowych o mocy 1,2 kW i wyznaczenia szybkości 

zmiany wartości napięcia średniego stosu. Badany stos ogniw paliwowych jest elementem 

systemu treningowego NEXA, który znajduje się w laboratorium konwersji energii 

Politechniki Wrocławskiej. 

System NEXA jest urządzeniem przeznaczonym do awaryjnego zasilania urządzeń 

stało i przemiennoprądowych. Oprócz stosu o mocy 1,2 kW system zbudowany jest z [8]:  

 układu zasilania wodorowego – butle ze sprężonym wodorem 20 MPa, reduktor 

ciśnienia wodoru, regulator ciśnienia wodoru, zawór nadmiarowego ciśnienia, 

zawór elektromagnetyczny odcinający dopływ paliwa podczas wyłączania systemu, 

detektor wycieku wodoru, 

 układu zasilania powietrznego – dmuchawa typu Roots, 

 układu chłodzenia stosu – stos ogniw w systemie NEXA jest chłodzony 

powietrzem za pomocą wentylatora chłodzącego, 

 elektronicznego system sterowania – komputer sterujący, czujniki pomiarowe. 

Wiek stosu ogniw paliwowych wynosi 11 lat. Na podstawie przeprowadzonej 

symulacji określona wartość szybkości zmiany napięcia średniego wynosi 0,34 μV/h. Dla tej 

wartości uzyskuje się najlepsze dopasowanie charakterystyki symulowanej do mierzonej. 

Niska, w porównaniu z systemem 50 kW,  wartość szybkości zmiany napięcia średniego jest 

spowodowana tym, że stos ogniw 1,2 kW składa się z 46 celek. Dodatkowo system NEXA 

pracuje w trybie przerywanym, jest wykorzystywany tylko do celów badawczych 

i dydaktycznych. 

Na rysunku 2a przedstawiono charakterystyki stosu ogniw paliwowych: nominalną, 

charakterystykę wyznaczoną na podstawie pomiarów (pomiar wykonany w marcu 2020) oraz 

charakterystykę uzyskaną na podstawie symulacji. Rysunek 2b przedstawia dopasowanie 

charakterystyki mierzonej do symulowanej. 

 



 

 
Rys. 2. a) Charakterystyki stosu ogniw paliwowych: katalogowa, symulowana, 

zmierzona, b) ΔU między charakterystyką symulowaną a zmierzoną. 

 

Odchylenia widoczne na charakterystyce pomiarowej są efektem działania układu 

płukania anody w czasie wykonywania pomiarów [5]. W tym punkcie różnica między 

wielkością mierzoną a symulowaną wynosi około 0,6 V. W większości przedziału obszaru 

omowego [10,13] charakterystyki napięciowo – prądowej różnica między punktami wynosi 

około 0,2 V. 

W tabeli 2 przedstawiono porównanie wskaźników eksploatacyjnych obliczonych na 

podstawie danych katalogowych oraz na podstawie wyników symulacji.  

 

Tabela 2. Wskaźniki eksploatacyjne stosu ogniw paliwowych 1,2 kW 

 Dane znamionowe Po 11 latach 

Pel [kW] 1,2 1,16 

ΔP [kW] -0,040 

ηel [-] 0,550 0,521 

Δηel [-] -0,029 

qel [kJ/kJ] 1,840 1,920 

Δqel [kJ/kJ] 0,080 

bel [Nm
3
H2/kWh] 0,610 0,640 

Δbel [Nm
3
H2/kWh] 0,030 

 

Niska wartość szybkości zmiany napięcia średniego stosu skutkuje mniejszymi 

zmianami wartości mocy stosu i wskaźników eksploatacyjnych. Moc nominalna stosu ogniw 

paliwowych po 11 latach spadła z 1,2 kW do 1,16 kW, zmniejszając swoją wartość o 3,33%. 

Sprawność przemiany energii chemicznej wodoru na energię elektryczną zmalała o 5,27%. 

Wartość wskaźnika jednostkowego zużycia energii chemicznej paliwa na produkcję energii 

elektrycznej wzrosła o 4,35%. Jednostkowe zużycie paliwa na produkcję jednej kWh energii 

elektrycznej wzrosło o 4,92%. 



 

Mając na uwadze fakt, że stos pracuje w warunkach laboratoryjnych z zachowaniem 

wysokiej kultury eksploatacji wyniki należy uznać za poprawne. 

 

5. Podsumowanie 

 

Aktualizacja charakterystyk eksploatacyjnych ogniw paliwowych z jonowymienną 

membraną polimerową jest kluczowym zagadnieniem w momencie rozwoju technologii 

opartych na wodorze tj. rozproszonej generacji energii elektrycznej oraz elektromobilności.  

Zaproponowana metoda pozwala w łatwy i szybki sposób określić spadek wydajności 

stosu ogniw paliwowych, co pozwala na wyznaczenie aktualnych wartości wskaźników 

eksploatacyjnych stosu. Z kolei, wyznaczone wartości wskaźników eksploatacyjnych po 

latach użytkowania stosu pozwalają na bardziej dokładne oszacowanie kosztów eksploatacji 

systemu ogniw paliwowych. 

Proponowana metoda stanowi przydatne narzędzie do przeprowadzania analizy 

studium wykonalności danego projektu (np. hybrydowy system wytwórczy z magazynem 

energii w postaci wodoru, samochód lub autobus na wodór), na podstawie której, inwestor 

będzie w stanie dokładniej ocenić ryzyko związane z danym przedsięwzięciem, 

urzeczywistniając szacunki techniczno-finansowe. Proponowany model może stanowić 

ułatwienie w planowaniu długoterminowej pracy stosów ogniw paliwowych zarówno 

w układach generacji rozproszonej jak i w pojazdach wodorowych.  

Zaletami proponowanej metody są jej prostota, krótki czas obliczeń oraz fakt, że do 

określenia wydajności stosu ogniw paliwowych wystarczy wykonać pomiar napięcia 

generowanego przez stos. 

Przeprowadzone symulacje wykazały, że wartość spadku wydajności stosu zależy od 

jego mocy nominalnej (pośrednio od liczby celek) oraz trybu i warunków pracy (praca ciągła, 

praca przerywana). Przedstawiony w artykule model stanowi przyczynek do rozwoju metod 

aktualizacji charakterystyk eksploatacyjnych stosów ogniw paliwowych. Zagadnienia te będą 

miały coraz większe znaczenie ze względu na spodziewaną decentralizację struktury sektora 

wytwórczego systemu elektroenergetycznego, rozwój hybrydowych systemów wytwórczych 

ze stosami ogniw paliwowych oraz elektromobilności. Spadek wydajności stosu ogniw 

paliwowych w trakcie lat eksploatacji to aspekt niezwykle istotny dla inwestorów 

zainteresowanych  nowymi technologiami wodorowymi. 
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Metoda do szacowania trwałości lotniczych napędów hydraulicznych 
 

Słowa kluczowe: lotnictwo, trwałość, napęd hydrauliczny, pompa hydrauliczna, stan 
techniczny 

 
Streszczenie: W dotychczasowej praktyce szacowania trwałości zespołów lotniczych napędów 

hydraulicznych stosowany jest wariant, który wymaga prowadzenia długotrwałych badań zespołów 

napędu do czasu ich przejścia w stan niezdatności. Badania tego typu, umożliwiające szacowanie 

trwałości a posteriori, są kosztowne i długotrwałe. Istnieje więc potrzeba poszukiwania nowych 

strategii szacowania trwałości. W artykule zaprezentowano metodę szacowania trwałości zespołu 

napędu hydraulicznego opartą o kontrolę jego zmiany stanu technicznego. Kontrola stanu 

technicznego umożliwia wykrycie we właściwym czasie stanu przed awaryjnego zespołu 

hydraulicznego. Novum metody jest wykorzystanie, do wykrycie stanu przed awaryjnego zespołu, 

zasady wyznaczania uprzedzających tolerancji parametru kontrolnego. Tolerancje uprzedzające 

stanowią zbiór wartości parametru kontrolnego zawartych między poziomami granicznym i przed 

awaryjnym (dopuszczalnym). Intensywność wyczerpywania się trwałości (intensywności starzenia, 

zużywania) ma losowy charakter. W artykule przedstawiono stochastyczny opis zmiany parametru 

kontrolnego oraz wynikające z niego empiryczne zależności funkcji gęstości prawdopodobieństwa 

czasu przeprowadzania sprawdzeń parametru kontrolnego (okresowość kontroli) i funkcji gęstości 

prawdopodobieństwa zmiany wartości parametru kontrolnego. Opisano wzajemne związki obu tych 

funkcji. Przedstawiono zależności umożliwiające wyznaczenie wartości dopuszczalnej parametru 

kontrolnego i okresowość sprawdzeń parametru kontrolnego po przekroczeniu wartości dopuszczalnej. 

Zaprezentowano przykład szacowania trwałości tłoczkowej pompy hydraulicznej z samolotu 

użytkowanego w Siłach Zbrojnych RP. Dla wybranych parametrów kontrolnych pompy hydraulicznej 

wyznaczono ich wartości dopuszczalne oraz czas pierwszej kontroli parametru kontrolnego po 

przekroczeniu wartości dopuszczalnej. Zaprezentowana metoda wiąże trwałość z fizycznymi 

mechanizmami zużywania się zespołów. Przedstawiona metoda może być wykorzystana w pracach 

mających na celu określanie zasobu pracy urządzeń technicznych. Umożliwia ona użytkowanie 

urządzeń technicznych według strategii stanu technicznego z kontrolowaniem parametrów.  

 

1. Wstęp 

 

Problem szacowania trwałości zespołów lotniczego napędu hydraulicznego stanowi 

szerokie zagadnienie prognozowania w fazie konstruowania ich eksploatacyjnych zachowań, 



jak również prognozowania zmiany ich stanu technicznego w fazie eksploatacji. 

Doświadczenia z eksploatacji lotniczych napędów hydraulicznych w statkach powietrznych 

(SP) wskazują, że po wykorzystaniu ustalonej przez producenta trwałości normatywnej 

większość zespołów hydraulicznych ma jeszcze pewien zasób pracy, który może być 

wykorzystany [21, 24]. Może to świadczyć o tym, że na etapie projektowania zespołów 

hydraulicznych niewłaściwie zidentyfikowano warunki ich pracy i narzucono nieadekwatne 

ograniczenia przy szacowaniu ich trwałości [14]. Istnieje więc potrzeba technicznego  

i naukowego poszukiwania metod szacowania trwałości korygujących przyjęte założenia 

projektowe z jednoczesnym zachowaniem funkcjonalności i efektów działania zespołu 

hydraulicznego. 

Na podstawie dostępnej literatury można sobie wyrobić pewien pogląd odnośnie do 

ogólnych zasad szacowania trwałości zespołów hydraulicznych, przyjętych przez różne 

ośrodki naukowo-badawczo-produkcyjne [1, 14].  

Dotychczasowa praktyka szacowania trwałości zespołów lotniczego napędu 

hydraulicznego jest wielowątkowa i wielokierunkowa. Główny kierunek szacowania 

trwałości opiera się o zasadę, że na podstawie danych z badań laboratoryjnych  

i stanowiskowych można oszacować trwałość zespołu w odpowiednich warunkach 

eksploatacyjnych [7, 23]. Drugim kierunkiem, uzupełniającym główny kierunek jest 

szacowanie trwałości oparte na badaniach niezawodności eksploatacyjnej zespołu [1,13]. Oba 

kierunki wykorzystują do projektowania zespołów koncepcje bezpiecznej trwałości. 

Pierwszy kierunek szacowania trwałości wymaga prowadzenia długotrwałych  

i kosztownych badań zespołów hydraulicznych do czasu ich przejścia w stan niezdatności  

[2, 7]. W podejściu tym na etapie projektowania przeprowadza się próby zużyciowe zespołów 

hydraulicznych [4, 18]. Próby te wykonywane są wyłącznie w warunkach stanowiskowych  

[5, 11]. Mają one na celu sprawdzenie założonej odporności hydraulicznych par precyzyjnych 

badanego zespołu [2, 22]. Próby te prowadzi się wg specjalnie opracowanych programów dla 

danego zespołu, z reguły przewidujących przyspieszony ich tryb i ostrzejsze warunki 

obciążeń od występujących w eksploatacji [14]. Realizuje się je do czasu uszkodzenia się 

zespołu hydraulicznego. Na ogół program prób, ustalany w trakcie opracowywania danego 

zespołu hydraulicznego, przewiduje realizację szeregu jednakowych, kolejno po sobie 

następujących etapów, z których każdy składa się z szeregu podetapów o różnych wartościach 

parametrów obciążeń badanego zespołu, realizowanych w określonym czasie a więc  

w określonej liczbie cykli obciążeń [9, 12]. Widać stąd, że czasokres badań jest bardzo długi  

i stąd badania te są również kosztowne. Próby zużyciowe nie uwzględniają jednak wszystkich 

wymuszeń eksploatacyjnych, gdyż samo odtworzenie na stoisku rzeczywiście występujących 

w eksploatacji obciążeń badanego zespołu jest dużym problemem. Zasady ustalania 

każdorazowego programu prób są też zagadnieniem niezmiernie skomplikowanym  

i czasochłonnym. Rozrzut wyników eksperymentalnych badań zużyciowych przy szacowaniu 

trwałości zespołu hydraulicznego jest podstawą do wprowadzania współczynnika 

bezpieczeństwa, czyli niemianowanego stosunku wartości niebezpiecznej do wartości 

dopuszczalnej. Najczęściej współczynnik bezpieczeństwa uwzględnia: ewentualną 

nieadekwatność programu prób do rzeczywistych warunków pracy zespołu w warunkach 

eksploatacji [2], dostępność dla kontroli miejsca zużycia [19], charakter postępującego 

zniszczenia oraz prędkość destrukcji [14], stopień wiarogodności określenia obciążeń 

badanego zespołu [24], liczebność próbki badanej na stanowisku [2]. Agamirov i Reicher 

przyjmowali wartość współczynnika uwzględniającego ewentualną nieadekwatność programu 

prób do rzeczywistych warunków pracy zespołu równą 1,0 [2], a Ignatowicz z zespołem 

wartość równą 1,5 [14]. Uwzględniając dostępność dla kontroli miejsca zużycia, charakter 

postępującego zniszczenia oraz prędkość destrukcji Otshu i zespół przyjmowali wartość 

współczynnika 1,2 [19]. Uwzględniając liczebność próbki, w przypadku jednej próbki 



badanej na stanowisku przyjmowano wartość współczynnika 5, a dla sześciu próbek wartość 

3 [2]. Generalnie wartość współczynnika bezpieczeństwa przejmowana jest od 1 do 5  

[14, 24]. Na podstawie wyników badań zużyciowych oraz uwzględniając współczynniki 

bezpieczeństwa ustala się trwałość normatywną (resurs) [1, 26]. 

Innym podejściem szacowania trwałości zespołów hydraulicznych wykorzystującym 

koncepcje bezpiecznej trwałości są badania niezawodności eksploatacyjnej [17, 27]. Strategia 

ta zakłada użytkowanie zespołu na statku powietrznym do chwili wystąpienia uszkodzenia.  

W ramach tej strategii wykorzystuje się metody statystyczne oraz komputerowe techniki 

symulacyjne i programowane badania niezawodności. Strategia ta może być stosowana tylko 

wówczas, gdy następstwa uszkodzeń nie naruszają zasad bezpieczeństwa pracy i nie 

zwiększają kosztów eksploatacji zespołów hydraulicznych [27].  

Metody szacowania trwałości oparte na współczynnikach bezpieczeństwa nie dają 

możliwości oceny funkcji rozkładu trwałości zespołu hydraulicznego na etapie projektowania. 

Dlatego też realizowane są również prace mające na celu zapewnienie efektywnej eksploatacji 

zespołów hydraulicznych, wykorzystując do tego celu nowoczesne metody diagnostyczne 

[16, 20]. Głównym kierunkiem tych prac jest opracowywanie metodologii zarządzania 

prognostycznego i zarządzania stanem technicznym zespołów oparte na łączeniu wielu źródeł 

informacji z eksploatacji. Do przetwarzania danych z eksploatacji służą nowoczesne techniki 

śledzenia sieci neuronowych, a także algorytmy automatycznego wnioskowania i algorytmy 

progresji prawdopodobieństwa awarii [6, 8]. W ten nurt wpisują się również badania tzw. 

trwałości resztkowej, w których wykorzystuje się modele rozszerzonej techniki filtra 

Kalmana, przewidywania szeregów czasowych, wielowymiarowego rozkładu danych  

i rekonstrukcji przestrzeni fazowej [9, 20]. Badany jest również wpływ kontaminacji na 

trwałość różnych hydraulicznych par precyzyjnych zespołów hydraulicznych [25]. Do 

prognozowania okresu użytkowania zespołu hydraulicznego wykorzystywana była 

eksperymentalna metoda pomiaru wrażliwości na zanieczyszczenia oparta o model 

wrażliwości na zanieczyszczenia. W niektórych pracach identyfikowano czas niezawodnej 

pracy odnawialnego obiektu technicznego poprzez zastosowanie trzech kryteriów, w których 

użyto następujących statystyk: zmodyfikowanej statystyki Kołmogorowa-Smirnowa (MK-S), 

statystyki średniego odchylenia bezwzględnego dystrybuanty hipotetycznej od empirycznej 

oraz statystyki obliczanej na podstawie zlogarytmowanej funkcji wiarygodności [3, 21]. 

Wartości tych statystyk posłużyły do rangowania jedenastu rozkładów prawdopodobieństwa 

uszkodzeń. Wykazano, że na podstawie zagregowanego kryterium uwzględniającego trzy 

statystyki zgodności dopasowania zwiększa się wiarygodność estymacji rozkładu czasu pracy 

do uszkodzenia, unikając tym samym błędów jakie można popełnić uzależniając się tylko od 

jednej z nich. 

Agamirov i Vestyak oraz Blancke z zespołem wykazali, że w napędach 

hydraulicznych występuje silne skorelowanie parametrów określających ich stan zdatności  

z czasem ich użytkowania [1, 7]. Można więc przewidywać chwilę wystąpienia zmiany stanu 

technicznego zespołu napędu hydraulicznego, pod warunkiem periodycznej kontroli tego 

stanu [1, 24]. Wykorzystując tę własność autorzy niniejszego artykułu zaproponowali 

aprioryczno-predykcyjną metodę szacowania trwałości.  

Metoda przedstawiana w niniejszym artykule opiera się na obserwacji wybranego 

parametru kontrolnego zespołu napędu hydraulicznego w czasie jego użytkowania. Kontrola 

ta ma na celu wykrycie we właściwym czasie stanu przed awaryjnego (dopuszczalnego). 

Novum metody jest wykorzystanie do wykrycia stanu przed awaryjnego zasady tolerancji 

uprzedzających na wybrany parametr kontrolny. Tolerancje uprzedzające stanowią zbiór 

wartości wybranego parametru kontrolnego zawarty miedzy poziomami granicznym i przed 

awaryjnym (dopuszczalnym). Periodyczna kontrola stanu technicznego zespołu 

hydraulicznego za pomocą wybranych parametrów kontrolnych umożliwia przewidywanie 



chwili wystąpienia stanu granicznego zespołu napędu hydraulicznego. Ilościowe 

charakterystyki zużyciowe zespołów hydraulicznych zmieniają się w czasie a ich wpływ na 

stan techniczny lotniczego napędu hydraulicznego ma charakter losowy. Warunkiem 

implementacji metody jest znajomość poziomu granicznego parametru kontrolnego zespołu 

napędu hydraulicznego. Wartość graniczna parametru kontrolnego zespołu napędu 

hydraulicznego jest określana na etapie jego konstruowania i projektowania. Wynika ona  

z warunków konstrukcyjnych hydraulicznych par precyzyjnych (par nurnikowych, 

rozdzielczych, regulacyjnych) i funkcjonalnych całego zespołu hydraulicznego. Zależy  

w dużej mierze od zastosowanych materiałów oraz rozwiązania konstrukcyjnego 

hydraulicznych par precyzyjnych i konfrontowana jest głównie z procesami destrukcji tych 

par, w wyniku ich eksploatacji. Wartość graniczna najważniejszych parametrów zespołu 

hydraulicznego podawana jest przez producenta w jego dokumentacji technicznej i stanowi 

kryterium odniesienia w czasie eksploatacji. 

Przedstawiana metoda oparta jest na kontroli poziomu wartości dopuszczalnej (stan 

przed awaryjny) wybranego parametru kontrolnego i określeniu związku tego parametru  

z okresowością jego sprawdzeń, przy zapewnieniu zadanego poziomu nieuszkadzalności 

(wyznaczona a priori niezawodność zespołu hydraulicznego). Dopuszczalny poziom 

parametru kontrolnego jest to taka jego wartość, przy której parametr ten zmierzony w chwili 

t1 nie osiągnie do momentu t2 poziomu granicznego z prawdopodobieństwem 𝑝(𝑡) ≥ 𝑝𝑤, 

gdzie 𝑝𝑤 jest założonym poziomem prawdopodobieństwa bezawaryjnej pracy zespołu  

w czasie Δ𝜏 = 𝑡2 − 𝑡1. Jeżeli wartość dowolnego parametru kontrolnego zespołu 

hydraulicznego 𝜂 przekroczy wartość dopuszczalną 𝜂𝑑𝑜𝑝, ale nie przekroczy wartości 

granicznej 𝜂𝑔𝑟, tj. 𝜂𝑑𝑜𝑝 ≤ 𝜂 ≤  𝜂𝑔𝑟, to  uważa się, że napęd hydrauliczny znajdują się  

w stanie przed awaryjnym. Osiągnięcie przez parametr kontrolny poziomu dopuszczalnego 

związane jest ze zmianą częstotliwości kontroli tj.  Δ𝜏 = 𝑡2 − 𝑡1. Wielkość tolerancji 

uprzedzających Δ𝜂 = 𝜂𝑔𝑟 − 𝜂𝑑𝑜𝑝 jest związana z częstotliwością kontroli Δ𝜏 = 𝑡2 − 𝑡1  

w taki sposób, aby realizacja procesu zmiany parametru decydującego o stanie technicznym 

zespołu hydraulicznego, po przecięciu poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 przy przepracowanym 

czasie 𝑡1 ≤ 𝜏 ≤ 𝑡2 nie przecięła do chwili 𝑡2 poziomu 𝜂𝑔𝑟 z prawdopodobieństwem 

𝑝(𝑡) ≥ 𝑝𝑤. Osiągnięcie przez którykolwiek parametr kontrolny wartości dopuszczalnej 

umożliwia identyfikację zespołów, które wkrótce mogą osiągnąć stan graniczny. Osiągnięcie 

przez którykolwiek parametr kontrolny 𝜂 poziomu granicznego 𝜂𝑔𝑟 tj. 𝜂 ≥ 𝜂𝑔𝑟 oznacza kres 

trwałości zespołu hydraulicznego tj. konieczność zaprzestania jego użytkowania. Należy tu 

dodać, że w przypadku zespołów odnawialnych można poddać go procedurze remontowej. 

 

2. Opis procesu zmiany parametru kontrolnego zespołu hydraulicznego 

 

W poniższym artykule przyjęto następujące oznaczenia: 

𝜂(𝑡)   – funkcja losowa parametru kontrolnego, 

𝜂𝑑𝑜𝑝   – dopuszczalna wartość parametru kontrolnego w losowym momencie czasu 𝑇𝑑𝑜𝑝,  

𝜂𝑔𝑟     – graniczna wartość parametru kontrolnego,  

 𝑇1      – czas osiągnięcia przez parametr kontrolny poziomu dopuszczalnego, 

𝑇2    – czas przeprowadzania sprawdzenia stanu technicznego po przekroczeniu poziomu         

              dopuszczalnego (zakres trwałości resztkowej),  

𝑥  – losowy czas przecięcia przez funkcję losową parametru kontrolnego                                       

               dopuszczalnego 𝜂𝑑𝑜𝑝 lub granicznego 𝜂𝑔𝑟. 

Do opisu metody szacowania trwałości napędu hydraulicznego przyjęto następujące 

założenia: 



1) Zmiany wartości parametru kontrolnego zespołów hydraulicznych przebiegają 

nieprzerwanie w czasie i zachodzą w wyniku procesów zużycia precyzyjnych par 

tribologicznych tych zespołów. 

2) Zmiana wybranego parametru kontrolnego zespołu napędu hydraulicznego 𝜂 jest 

procesem losowym 𝜂(𝑡) przebiegającym pod oddziaływaniem szerokiego widma 

czynników eksploatacyjnych. 

3) Z badań stanowiskowych lub eksploatacyjnych pozyskano dane umożliwiające formalny 

opis procesu losowego. 

4) Na etapie projektowania określono wartość poziomu granicznego 𝜂𝑔𝑟 wybranych 

parametrów kontrolnych zespołu napędu hydraulicznego 𝜂(𝑡). Wartość graniczna 

parametru kontrolnego nie ulega zmianie w czasie całego życia zespołu hydraulicznego  

i jest nieprzekraczalnym kryterium odniesienia. 

Aby można było oszacować trwałość zespołu napędu hydraulicznego należy 

dysponować konkretną postacią rozkładu zmiennej losowej, w postaci funkcji gęstości 

prawdopodobieństwa.  

Na rys. 1 przedstawiono zmiany jednowymiarowej funkcji gęstości rozkładu 

𝜙(𝜂, 𝑡) losowego parametru kontrolnego i funkcji gęstości rozkładu  𝑓(𝜂𝑑𝑜𝑝, 𝑡) przecięcia 

granicy pola trwałości resztkowej. Przebiegi zmiany funkcji gęstości dzielą trwałość napędu 

na trzy obszary:  

1) obszar w którym zespół hydrauliczny jest w stanie pełnej sprawności, 

2) obszar przed awaryjny, w którym występuje ścisły związek wartości tolerancji resztkowej 

kontrolowanego parametru z okresowością sprawdzeń, przy zapewnieniu zadanego 

poziomu nieuszkadzalności (wyznaczona a priori niezawodność zespołu hydraulicznego),  

3) obszar graniczny, czyli obszar w którym zespół hydrauliczny jest w stanie niezdatności do 

pracy. 

 

 
Rys. 1. Charakterystyka trwałości zespołu napędu hydraulicznego dla przypadku procesu losowego 

𝜂(𝑡) zmiany parametru kontrolnego tego zespołu [Źródło: Opracowanie własne] 



Z rys. 1 wynika, że dla wykrycia - we właściwym czasie - stanu przed awaryjnego 

(dopuszczalnego) należy określić związek okresowości sprawdzeń Δ𝜏 = 𝑇2 − 𝑇1  i tolerancji 

uprzedzających (trwałości resztkowej) Δ𝜂 = 𝜂𝑔𝑟 − 𝜂𝑑𝑜𝑝 na kontrolowany parametr, przy 

zapewnieniu zadanego poziomu nieuszkadzalności (wyznaczona a priori niezawodność 

zespołu hydraulicznego). Moment sprawdzenia powinien być wybrany w ten sposób, żeby 

𝜂𝑑𝑜𝑝 < 𝜂(𝑇) <  𝜂𝑔𝑟. 

Dla poziomu parametru kontrolnego 𝜂𝑑𝑜𝑝 mamy 𝑥 ≤ 𝑇1 wtedy i tylko wtedy, gdy 

𝜂 > 𝜂𝑑𝑜𝑝 a dla poziomu 𝜂𝑔𝑟 mamy 𝑥 ≤ 𝑇2 wtedy i tylko wtedy, gdy 𝜂 > 𝜂𝑔𝑟. Stąd do 

przecięcia zdarzeń na poziomie 𝜂𝑑𝑜𝑝 mamy {𝑥 ≤ 𝑇1} ∩ {𝑥 ≤ 𝑇2} = {𝑥 ≤ 𝑇1} wtedy i tylko 

wtedy, gdy dla czasu 𝑇2 mamy {𝜂 > 𝜂𝑑𝑜𝑝} ∩ {𝜂 > 𝜂𝑔𝑟} = {𝜂 > 𝜂𝑔𝑟}. Możemy więc 

zapisać, że:  

𝑃{𝑥 ≤ 𝑇1}𝜂𝑑𝑜𝑝
= 𝑃{𝜂 > 𝜂𝑔𝑟}

𝑇2
, 

 

co oznacza, że prawdopodobieństwo 𝑃{𝑥 ≤ 𝑇1} przy poziomie dopuszczalnym parametru 

kontrolnego 
𝑑𝑜𝑝

 jest równe prawdopodobieństwu 𝑃{𝜂 > 𝜂𝑔𝑟} w czasie 𝑇2 sprawdzenia 

stanu technicznego po przekroczeniu poziomu dopuszczalnego. Stąd otrzymujemy: 

 

∫ 𝑓(𝑥/𝜂𝑑𝑜𝑝)𝑑𝑥 = ∫ 𝜙(𝜂/𝑇2, )

∞

 𝑔𝑟

𝑇1

0

𝑑𝜂 (1) 

 

gdzie: 𝑓(𝑥/𝜂𝑑𝑜𝑝) – warunkowa funkcja gęstości rozkładu wielkości losowej czasu x pod    

                                  warunkiem, że parametr kontrolny przyjął wartość 𝜂𝑑𝑜𝑝; 

𝜙(𝜂/𝑇2) – warunkowa funkcja gęstości rozkładu wielkości losowej 𝜂(𝑡) pod    

                   warunkiem, że czas pracy osiągnął czas 𝑇2 sprawdzenia stanu technicznego   

                 po przekroczeniu poziomu dopuszczalnego. 

Podobnie jak równanie (1) wyprowadza się równanie dla poziomu dopuszczalnego 

𝜂𝑑𝑜𝑝 w czasie 𝑇2: 

 

∫ 𝑓(𝑥/𝜂𝑑𝑜𝑝)𝑑𝑥 = ∫ 𝜙(𝜂/𝑇2)

∞

𝜂𝑑𝑜𝑝

𝑇2

0

𝑑𝜂 (2) 

 

Porównując równanie (1) z równaniem (2) otrzymamy: 

 

∫ 𝑓(𝑡/𝜂𝑑𝑜𝑝)𝑑𝑡 = ∫ 𝜙(𝜂/𝑇2)

𝜂𝑔𝑟

𝜂𝑑𝑜𝑝

𝑇2

𝑇1

𝑑𝜂 (3) 

 

Z równania (3) wynika, że dla monotonicznego procesu losowego 𝜂(𝑡) z danym 

czasem 𝑇1 i znanej wartości poziomu granicznego 𝜂𝑔𝑟 wyznaczyć można kolejny termin 

sprawdzenia stanu technicznego 𝑇2 i wartość poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 w tym czasie. 

Następstwem wynikającym z zapisu równania (3) jest następujące równanie: 

            



∫ 𝑓(𝑡/𝜂𝑔𝑟)𝑑𝑡 = ∫ 𝑓(𝑡/𝜂𝑑𝑜𝑝)

𝑇1

0

𝑇2

𝑇1

𝑑𝑡 (4) 

           

Z powyższego równania wynika, że zmiana wartości wybranego parametru kontrolnego, po 

przecięciu poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 przy przepracowanym czasie 𝑡1 ≤ 𝜏 < 𝑡2 nie 

przetnie do czasu 𝑡2 poziomu 𝜂𝑔𝑟. Wszystkie trajektorie procesu losowego parametru 

kontrolnego przechodząc z obszaru ab (patrz rys. 1) do obszaru bc powodują zmianę 

częstotliwości  sprawdzeń zespołu hydraulicznego. 

Zmiany wartości wybranych parametrów kontrolnych zespołu hydraulicznego 

przebiegają nieprzerwanie w czasie i przejście zespołu hydraulicznych z jednego stanu do 

drugiego zachodzi w wyniku procesów zużycia precyzyjnych par tribologicznych tych 

zespołów. Ze względu na fakt, że wystąpienie uszkodzenia elementu zespołu hydraulicznego 

jest spowodowane przypadkowymi zmianami intensywności procesu zużycia można założyć 

liniowy przebieg procesu zużycia. Pozwala to opisać proces zużycia precyzyjnych par 

tribologicznych zespołu hydraulicznego rozkładem normalnym.  

Dla rozkładu normalnego wartość oczekiwana 𝑚𝜂(𝑡) i odchylenie standardowe 𝜎𝜂(𝑡)   

są aproksymowane zależnościami liniowymi: 

 

𝑚𝜂(𝑡) = 𝑚𝑎 + 𝑚𝑏𝑡 

𝜎𝜂(𝑡) = 𝜎𝑎 + 𝜎𝑏𝑡 
(5) 

 

Stałe współczynniki 𝑚𝑎 i 𝑚𝑏 określa się wzorami: 

 

𝑚𝑎 =
𝑡𝑖+1 𝑚𝜂(𝑡𝑖) − 𝑡𝑖 𝑚𝜂(𝑡𝑖+1)

𝑡𝑖+1 − 𝑡𝑖
 

𝑚𝑏 =
 𝑚𝜂(𝑡𝑖+1) − 𝑚𝜂(𝑡𝑖)

𝑡𝑖+1 − 𝑡𝑖
 

(5a) 

 

Współczynniki 𝜎𝑎 i 𝜎𝑏 oblicza się z analogicznych wzorów. Funkcje momentów 𝑚𝜂(𝑡)  

i 𝜎𝜂(𝑡) określamy z histogramów rozkładu 𝜙(𝜂,  𝑡2)  (patrz rys. 2 do 4). 

Dla rozkładu normalnego funkcja gęstości rozkładu 𝜙(𝜂,  𝑡2) wielkości losowej 𝜂(𝑡) 

w czasie 𝑡2 sprawdzenia stanu technicznego ma postać: 

 

ϕ(η/t2) =
1

√2𝜋 (𝜎𝑎 + 𝜎𝑏𝑡2)
𝑒𝑥𝑝 [−

(η − 𝑚𝑎 − 𝑚𝑏𝑡2)2

2(𝜎𝑎 + 𝜎𝑏𝑡2)2
] (6) 

 

Na podstawie zależności (4) funkcja gęstości rozkładu czasu pierwszego przecięcia poziomu 

przed awaryjnego (dopuszczalnego) 𝑓(𝜂𝑑𝑜𝑝, 𝑡) ma postać: 

 

𝑓(𝑡/𝜂𝑑𝑜𝑝) =
1

√2𝜋 (𝜎𝑎 + 𝜎𝑏𝑡)
𝑒𝑥𝑝 [−

(η𝑑𝑜𝑝 − 𝑚𝑎 − 𝑚𝑏𝑡)
2

2(𝜂𝑎 + 𝜎𝑏𝑡)
]

𝑑

𝑑𝑡
(

η𝑑𝑜𝑝 − 𝑚𝑎 − 𝑚𝑏𝑡

𝜎𝑎 + 𝜎𝑏𝑡
) (7) 

 



Podstawiając wyrażenie (6) i (7) do równania (3) wykonując całkowanie i niezbędne 

przekształcenia otrzymamy zależności na 𝜂𝑑𝑜𝑝 i Δ𝜂 = 𝜂𝑔𝑟 − 𝜂𝑑𝑜𝑝 dla rozkładu normalnego 

parametru kontrolnego: 

 

η𝑑𝑜𝑝 =
ηgr(𝜎𝑎 + 𝜎𝑏𝑇1) − (𝑚𝑏𝜎𝑎 − 𝑚𝑎𝜎𝑏)𝜏

𝜎𝑎 + 𝜎𝑏𝑇1 + 𝜎𝑏𝜏
 (8) 

 

Δη =
[(η𝑔𝑟 − 𝑚𝑎)𝜎𝑏 + 𝑚𝑏𝜎𝑎]𝜏

𝜎𝑎 + 𝜎𝑏𝑇1 + 𝜎𝑏𝜏
 (9) 

 

Czas osiągnięcia przez parametr kontrolny poziomu dopuszczalnego 𝑇1 tj. czas pierwszego 

sprawdzania parametru kontrolnego, określić można z warunku założonego poziomu 

prawdopodobieństwa bezawaryjnej pracy 𝑃𝑏𝑝
 zgodnie z następującym wyrażeniem: 

 

𝑃{η𝑔𝑟 < η ≤  ∞, 𝑡1} = ∫ ϕ(η/𝑡1)𝑑η ≤ 𝛿𝑑𝑜𝑝

∞

η𝑔𝑟

 (10) 

 

gdzie 𝛿𝑑𝑜𝑝 = 1 − 𝑃𝑏𝑝
  jest dopuszczalnym prawdopodobieństwem uszkodzenia. 

Podstawiając funkcję gęstości rozkładu 𝜙(𝜂,  𝑡2) tj. zależność (6) do wyrażenia (10) 

określimy czas osiągnięcia przez parametr kontrolny poziomu dopuszczalnego 𝑇1 tj. moment 

pierwszego sprawdzania parametru kontrolnego, w następującej postaci: 

 

𝑇1 =
η𝑔𝑟−𝑚𝑎−𝑢𝑝𝑏𝑝

𝜎𝑎

𝑚𝑏−𝑢𝑝𝑏𝑝
𝜎𝑎

  , 
(11) 

 

gdzie: 𝑢𝑝𝑏𝑝
 jest kwantylem rozkładu normalnego odpowiadający prawdopodobieństwu 𝑃𝑏𝑝

. 

Czas pierwszego sprawdzenia zespołu hydraulicznego jako całości  (osiągnięcie przez 

którykolwiek parametr kontrolny poziomu dopuszczalnego) określimy z warunku: 

 

t1 = min(T1v, T1p, T1δ) , (12) 

 

gdzie 𝑇1𝑉, 𝑇1𝑝, 𝑇1δ są wybranymi parametrami kontrolnymi zespołu hydraulicznego np. 

maksymalne ciśnienie tłoczenia,  współczynnik sprawności objętościowej itp. 

 

3. Szacowanie trwałości rotacyjnej pompy hydraulicznej typu tłoczkowego  

 

Jako przykład określenia czasu osiągnięcia przez parametr kontrolny 𝜂(𝑡) poziomu 

dopuszczalnego (zakres trwałości ograniczonej) i czasu przeprowadzania sprawdzenia stanu 

technicznego po przekroczeniu poziomu dopuszczalnego (zakres trwałości monitorowanej) 

oraz poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 parametru kontrolnego 𝜂(𝑡) posłuży nam rotacyjnymi 

pompami typu tłoczkowego z tarczą rozdzielczą i regulacją wydatku. 

W czasie badań pomp rejestruje się między innymi następujące jej parametry 

kontrolne: maksymalne ciśnienie tłoczenia 𝑝𝑡𝑚𝑎𝑥, współczynnik sprawności objętościowej 

𝜗𝑣𝑝 i sumaryczne luzy promieniowe w parach tłoczkowych δ𝑝𝑡. Powyższe parametry 

traktować będziemy jako wielkości losowe, tj. 𝜂𝑝(𝑡𝑖), 𝜂𝑣(𝑡𝑖), 𝜂𝛿(𝑡𝑖). 



Dla ustalonych wartości czasu pracy 𝑡𝑖 tłoczkowych pomp hydraulicznych 

wynoszących: 0 h, 500h i 1000h, dla każdej wielkości losowej 𝜂𝑖(𝑡𝑖) określa się empiryczną 

funkcję gęstości rozkładu 𝜙(𝜂𝑖 ,  𝑡𝑖), wartość oczekiwaną mi i średnie odchylenie kwadratowe 

𝜎𝑖. Parametry stochastyczne 𝜙(𝜂𝑖,  𝑡𝑖), 𝑚𝑖 i 𝜎𝑖 dla parametrów kontrolnych: maksymalnego 

ciśnienie tłoczenia, współczynnika sprawności objętościowej pompy i sumarycznego luzu 

promieniowego w parach tłoczkowych uzyskano z badań laboratoryjnych i sprawdzeń 

kontrolnych w czasie eksploatacji pomp na samolocie, których wyniki znajdują się  

w opracowaniach wewnętrznych Instytutu Technicznego Wojsk Lotniczych. Podstawiając 

wartości parametrów kontrolnych do zależności (5a) a następnie wartości tych 

współczynników do (5) otrzymamy dla założonego czasu pracy pompy funkcje momentów 

parametrów tłoczkowej  pompy hydraulicznej.  

Histogramy rozkładów 𝜙(𝜂, 𝑡) i funkcji momentów 𝑚𝜂(𝑡), 𝜎𝜂(𝑡) dla ciśnienia 

maksymalnego przedstawiono na rys. 2, współczynnika sprawności objętościowej pompy 

hydraulicznej na rys. 3 i sumarycznych luzów osiowych w parach tłoczkowych pompy 

hydraulicznej na rys. 4. 

Dla współczynnika sprawności objętościowej 𝜗𝑣𝑝 funkcje momentów parametrów 

tłoczkowej pompy hydraulicznej będą: 

 

𝑚𝜂𝑣
(𝑡) = 0,942 − 0,000065 ∙ 𝑡 

𝜎𝜂𝑣
(𝑡) = 0,024 + 0,000015 ∙ 𝑡 

 

Dla maksymalnego ciśnienia 𝑝𝑡𝑚𝑎𝑥 w [Pa], funkcje momentów parametrów 

tłoczkowej pompy hydraulicznej będą: 

 

𝑚𝜂𝑝
(𝑡) =  (215,6 − 0,0031 ∙ 𝑡)105 

𝜎𝜂𝑝
(𝑡) =  (3,43 + 0,00054 ∙ 𝑡)105 
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Rys. 2. Histogramy rozkładów  𝜙(𝜂, 𝑡) i funkcji momentów 𝑚𝜂(𝑡), 𝜎𝜂(𝑡) dla ciśnienia maksymalnego 

[Źródło: Opracowanie własne] 
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Rys. 3. Histogramy rozkładów 𝜙(𝜂, 𝑡) i funkcji momentów 𝑚𝜂(𝑡), 𝜎𝜂(𝑡) dla  współczynnika 

sprawności objętościowej pompy hydraulicznej [Źródło: Opracowanie własne] 
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Rys. 4. Histogramy rozkładów 𝜙(𝜂, 𝑡) i funkcji momentów 𝑚𝜂(𝑡), 𝜎𝜂(𝑡) dla sumarycznych luzów 

osiowych w parach tłoczkowych pompy hydraulicznej [Źródło: Opracowanie własne] 

 

Dla sumarycznego luzu promieniowego w parach tłoczkowych δ𝑝𝑡 w [m], funkcje 

momentów parametrów tłoczkowej pompy hydraulicznej będą: 

 

𝑚𝜂𝛿
(𝑡) = 49,34 − 0,00973 ∙ 𝑡 

𝜎𝜂𝛿
(𝑡) = 18,8 + 0,0012 ∙ 𝑡 

 



Dla pomp hydraulicznych wyznaczono poziom graniczny: współczynnika sprawności 

objętościowej pompy tj. 𝜂𝑔𝑟𝑣= 0,75, maksymalnego ciśnienia pompy tj. 𝜂𝑔𝑟𝑝= 200,9x10
5
 Pa, 

oraz sumarycznego luzu promieniowego w parach tłoczkowych, tj. 𝜂𝑔𝑟𝛿= 0,150 m. Znając 

poziomy graniczne parametrów kontrolnych określamy wg wzoru (12) czas osiągnięcia przez 

parametr kontrolny poziomu dopuszczalnego, tj. moment pierwszego sprawdzania parametru 

kontrolnego.  

Dane wyjściowe do określenia funkcji momentów parametrów pompy hydraulicznej 

oraz zależności 𝜂𝑑𝑜𝑝(𝑡𝑖) zamieszczono w tablicy 1. Sprawdzenie hipotezy o rozkładzie 

normalnym 𝜙(𝜂𝑖,  𝑡𝑟) testem zgodności Kołmogorowa wykazało jej zgodność z danymi 

optymalnymi. 
 

Tablica 1. Dane wyjściowe do określenia momentów parametrów kontrolnych pompy hydraulicznej 

Parametry 𝜂𝑔𝑟𝑖 𝑚𝑎𝑖 𝑚𝑏𝑖 𝜎𝑎𝑖 𝜎𝑏𝑖 

Współczynnik sprawności objętościowej 

pompy 
0,750 0,915 -0,000062 0,020 0,000012 

Maksymalne ciśnienie tłoczenia [Pa] 2000,9.10
5

 214,9.10
5

 -0,0033.10
5

 3,53.10
5

 0,00059.10
5

 

Sumaryczny luzu promieniowy w parach 

tłoczkowych [μm] 
0,150 51,73 0,0397 18,5 0,0012 

 

Czas osiągnięcia przez parametr kontrolny pompy poziomu dopuszczalnego ze 

względu na jej współczynnik sprawności objętościowej wynosi 𝑡1𝑣𝑝
= 857 godz., ze względu 

na jej maksymalne ciśnienie 𝑡1𝑝𝑚𝑎𝑥
= 1232 godz., ze względu na jej sumaryczne luzy 

promieniowe w parach tłoczkowych 𝑡1𝛿
= 1326 godz. 

Czas osiągnięcia przez parametr kontrolny pompy hydraulicznej poziomu 

dopuszczalnego określimy z (12): 

 

𝑡1 = 𝑚𝑖𝑛(857, 1232, 1326) = 857 𝑔𝑜𝑑𝑧𝑖𝑛 
 

W oparciu o dane wyjściowe przedstawione w tab. 1 za pomocą wzoru (8) określimy 

zależność poziomu dopuszczalnego parametru kontrolnego 𝜂𝑑𝑜𝑝 od okresowości sprawdzeń 

dla rozpatrywanych parametrów pompy: 

 

𝜂𝑑𝑜𝑝𝑣 =
0,0263 + 0,00001243 ∙ 𝜏

0,0268 + 0,000012 ∙ 𝜏
 , 

 

𝜂𝑑𝑜𝑝𝑝 =
(801,12 + 0,1502 ∙ 𝜏)105

4,02 + 0,0006 ∙ 𝜏
    [𝑃𝑎], 

 

𝜂𝑑𝑜𝑝𝛿 =
2879 − 0,6879 ∙ 𝜏

18,95 + 0,012 ∙ 𝜏
     [𝜇𝑚]. 

 

Wartości poziomu dopuszczalnego parametru kontrolnego 𝜂𝑑𝑜𝑝 ze względu na 

współczynnik sprawności objętościowej pompy przedstawiono na rys. 5, ze względu na 

maksymalne ciśnienie pompy na rys. 6, ze względu na sumaryczne luzy promieniowe  

w parach tłoczkowych na rys. 7.  

 



 
Rys. 5. Zależność poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 i tolerancji resztkowej Δ𝜂 = 𝜂𝑔𝑟 − 𝜂𝑑𝑜𝑝 od 

okresowości sprawdzeń  𝜏 dla współczynnika sprawności objętościowej pompy [Źródło: Opracowanie 

własne] 

 

 
Rys. 6. Zależność poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 i tolerancji resztkowej Δ𝜂 = 𝜂𝑔𝑟 − 𝜂𝑑𝑜𝑝 od 

okresowości sprawdzeń  𝜏 dla maksymalnego ciśnienia pompy [Źródło: Opracowanie własne] 

 

 
 

Rys. 7. Zależność poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 i tolerancji resztkowej Δ𝜂 = 𝜂𝑔𝑟 − 𝜂𝑑𝑜𝑝 od 

okresowości sprawdzeń  𝜏 dla sumarycznego luzu promieniowego w parach tłoczkowych [Źródło: 

Opracowanie własne] 



Wykresy przedstawione na rys. 5, 6 i 7 wykonano na podstawie obliczeń za pomocą 

wzoru (8) i (9) dla funkcji i momentów rozkładu 𝜙(𝜂𝑖 ,  𝑡𝑖), 𝑚𝑖  i 𝜎𝑖 parametrów kontrolnych 

dla czasu pracy 𝑡 > 500 h. Mają one charakter poglądowy. Prezentują charakter zmiany 

poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 i tolerancji uprzedzającej Δ𝜂 dla wybranego parametru 

kontrolnego od okresowości sprawdzeń 𝜏. Dla 𝜏 = 0  wartość dopuszczalna wybranego 

parametru kontrolnego osiąga wartość graniczną tego parametru tj. 𝜂𝑑𝑜𝑝 = 𝜂𝑔𝑟 a tolerancja 

uprzedzająca Δ𝜂 = 0. Osiągnięty jest kres trwałości zespołu ze względu na konkretny 

parametr kontrolny. Na podstawie wykresu dotyczącego np. współczynnika sprawności 

objętościowej pompy możemy określić okresowość sprawdzeń ze względu na ten parametr. 

Jeśli w czasie kontroli wartość współczynnika sprawności objętościowej będzie wynosiła 0,81 

to czas następnego przeglądu będzie wynosił 800 h, natomiast gdyby wartość tego 

współczynnika wynosiła 0,78 to czas następnego przeglądu będzie wynosił 400 h. Zmiana 

wartości dopuszczalnej współczynnika sprawności objętościowej w polu tolerancji 

uprzedzającej powoduje zmianę czasu kontroli (sprawdzenia). 

 

4. Uwagi końcowe 

 

Zaprezentowana metoda szacowania trwałości wykorzystuje występującą w lotniczych 

napędach hydraulicznych właściwość polegającą na silnym skorelowaniu parametrów 

określających ich stan zdatności z czasem ich użytkowania. Umożliwia to prognozowanie 

chwili wystąpienia stanu granicznego zespołu napędu hydraulicznego, pod warunkiem 

periodycznej kontroli stanu technicznego tego zespołu z wykorzystaniem wybranych 

parametrów kontrolnych. Kontrola ta ma na celu wykrycie we właściwym czasie stanu przed 

awaryjnego (dopuszczalnego). W przedstawionej metodzie do wykrycia stanu przed 

awaryjnego wykorzystuje się tolerancje uprzedzające wybranego parametru kontrolnego.  

Przedstawiono związek tolerancji uprzedzających wybranego parametru kontrolnego  

z okresowością jego sprawdzeń, przy zapewnieniu zadanego poziomu wyznaczonej a priori 

niezawodności zespołu hydraulicznego. Osiągnięcie przez wybrany parametr kontrolny 

poziomu przed awaryjnego (dopuszczalnego) związane jest ze zmianą częstotliwości kontroli 

tj. ∆𝜏 = 𝑡2 − 𝑡1. Wielkość tolerancji uprzedzających Δ𝜂 = 𝜂𝑔𝑟 − 𝜂𝑑𝑜𝑝 jest związana  

z częstotliwością kontroli  Δ𝜏 = 𝑡2 − 𝑡1 w taki sposób, aby realizacja procesu zmiany 

wybranego parametru kontrolnego decydującego o stanie technicznym zespołu 

hydraulicznego, po przecięciu poziomu dopuszczalnego 𝜂𝑑𝑜𝑝 przy przepracowanym czasie 

𝑡1 ≤ 𝜏 < 𝑡2 nie przecięła do czasu 𝑡2 poziomu 𝜂𝑔𝑟 z prawdopodobieństwem nie 

przekraczającym założonego prawdopodobieństwa bezawaryjnej pracy zespołu w czasie Δ𝜏. 

Osiągnięcie przez którykolwiek parametr kontrolny wartości dopuszczalnej umożliwia 

identyfikację zespołów, które wkrótce mogą osiągnąć stan graniczny. Osiągnięcie przez 

którykolwiek parametr kontrolny poziomu granicznego 𝜂𝑔𝑟 tj. 𝜂 ≥ 𝜂𝑔𝑟 oznacza konieczność 

zaprzestania użytkowania zespołu hydraulicznego. 

Uszczegółowienie przedstawionej metody polega na związaniu ogólnej zależności 

wyrażającej trwałość (czas zdatności) z fizycznymi mechanizmami zużywania się zespołów 

hydraulicznych i degradacji parametrów kontrolowalnych.  

Dla zaimplementowania metody niezbędne jest wyznaczenie na etapie projektowania 

poziomu granicznego 𝜂𝑔𝑟 parametru kontrolowanego zespołu napędu hydraulicznego 𝜂(𝑡). 

Przedstawiona metoda wykorzystywana jest w pracach mających na celu określanie 

zasobu pracy napędów hydraulicznych wojskowych statków powietrznych. Metoda 

umożliwia użytkowanie napędów hydraulicznych według strategii stanu technicznego  

z kontrolowaniem parametrów.  
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