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Sun Y, Sun Z, Yin M, Zhou J. Reliability model of sequence motions
and its solving idea. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 359–366, http://dx.doi.org/10.17531/ein.2019.3.1.
The missions of weapon systems are becoming increasingly complex. Thus, more
mechanism motions than one are required to complete one mission. Under such
conditions, a sort of mission has emerged, that needs a few mechanism motions to
be executed in sequence. This means that the mission is not completed until all the
motions have been executed successfully in strict sequence. This sequence motion
system can be considered as a traditional series system with the motions treated as
subsystems. Then, the system reliability can be analyzed with the traditional series
system reliability method. However, this method cannot fully reflect the characteristics
of a sequence. In this work, a reliability model of sequence motions and its solving
idea are proposed. In this reliability model, the influence factors of each motion are
included. Particularly, the performance function of the former motion is regarded
as just one of the influence factors of the next motion, which is the most significant
feature for the sequence motion system. Afterward, a solving idea with characteristics
of a gradually shrinking sample space is proposed based on Monte-Carlo simulation.
Finally, the reliability model of sequence motions and its solving idea are illustrated
with a case study on the automatic chain shell magazine sequence motions of a
self-propelled artillery.

Sun Y, Sun Z, Yin M, Zhou J. Badanie modelu niezawodności ruchów
sekwencyjnych oraz propozycja rozwiązania. Eksploatacja i Niezawodnosc –
Maintenance and Reliability 2019; 21 (3): 359–366, http://dx.doi.org/10.17531/
ein.2019.3.1.
Misje systemów uzbrojenia stają się coraz bardziej złożone. Często, jedna misja wymaga
wykonania przez układ zmechanizowany więcej niż jednego ruchu. W artykule omówiono
misję, w której układ zmechanizowany wykonuje sekwencję kilku ruchów. Misja w takim
układzie nie zostanie ukończona, dopóki wszystkie ruchy nie zostaną prawidłowo wykonane w ściśle określonej kolejności. Taki układ sekwencyjnych ruchów można rozważać
w kategoriach tradycyjnego systemu szeregowego, traktując poszczególne ruchy jako jego
podsystemy. Wówczas, niezawodność systemu można analizować za pomocą tradycyjnej
metody analizy niezawodności systemów szeregowych. Jednak, metoda ta nie jest w stanie
w pełni odzwierciedlić charakterystyki sekwencji. W niniejszym artykule zaproponowano
model niezawodności ruchów sekwencyjnych oraz jego rozwiązanie.

WASIAK M, JACYNA-GOŁDA I, MARKOWSKA K, JACHIMOWSKI R,
KŁODAWSKI M, IZDEBSKI M. The use of a supply chain configuration
model to assess the reliability of logistics processes. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 367–374, http://dx.doi.
org/10.17531/ein.2019.3.2.

WASIAK M, JACYNA-GOŁDA I, MARKOWSKA K, JACHIMOWSKI R,
KŁODAWSKI M, IZDEBSKI M. Zastosowanie modelu konfiguracji łańcucha
dostaw do oceny niezawodności realizacji procesów logistycznych. Eksploatacja
i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 367–374, http://dx.doi.
org/10.17531/ein.2019.3.2.

The article presents an approach to assessing the reliability of logistics processes
implemented in supply chains in terms of time losses resulting from the selection
of a variant of material flows in the supply chain. In order to define this indicator,
a mathematical model of the supply chain has been developed, i.e. the parameters
of the research problem, the decision variables, the constraints and the evaluation
criteria. The method of evaluating the reliability of the system is presented in diagram
form. The algorithm was verified based on experimental data. In order to evaluate the
reliability of the logistic processes for the sample supply chain, a simulation model
was developed that determines the time losses in the points and linear elements of
the examined chain. Time losses are dictated by traffic delays resulting from traffic
congestion on particular sections of the route and road junctions and delays in point
elements in the supply chain.

W artykule przedstawiono podejście do oceny niezawodności procesów logistycznych
realizowanych w łańcuchach dostaw w aspekcie strat czasu wynikających z wyboru wariantu realizacji przepływów materiałowych w łańcuchu dostaw. Na potrzeby tych badań
opracowano model matematyczny łańcucha dostaw, tj. określono parametry problemu
badawczego, zmienne decyzyjne, ograniczenia oraz kryteria oceny. Sposób oceny niezawodności systemu został przedstawiony w postaci schematu. Algorytm został zweryfikowany na podstawie danych eksperymentalnych. W celu oceny niezawodności procesów
logistycznych dla przykładowego łańcucha dostaw opracowano model symulacyjny wyznaczający straty czasu w elementach punktowych i liniowych badanego łańcucha. Straty
czasu podyktowane są opóźnieniami w ruchu drogowym wynikającymi z kongestii ruchu
na poszczególnych odcinkach trasy i węzłach drogowych oraz opóźnieniami w elementach
punktowych łańcucha dostaw.

Li X, Huang H-Z, Li Y-F, Li Y-F. Reliability evaluation for vhf and uhf
bands under different scenarios via propagation loss model. Eksploatacja
i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 375–383, http://
dx.doi.org/10.17531/ein.2019.3.3.

Li X, Huang H-Z, Li Y-F, Li Y-F. Ocena niezawodności propagacji fal radiowych pasm VHF i UHF w różnych warunkach terenowych z wykorzystaniem
modelu utraty mocy sygnału. Eksploatacja i Niezawodnosc – Maintenance and
Reliability 2019; 21 (3): 375–383, http://dx.doi.org/10.17531/ein.2019.3.3.

The significant effect of path loss on the reliability of very high frequency (VHF)
and ultrahigh frequency (UHF) bands propagation has drawn much attention.
Previous works mainly focus on the reliability evaluation for infrastructures and
basic equipment, however, its propagation reliability has not been taken into full
consideration. This paper proposes a new method for evaluating the reliability of
the wireless communication based on the analysis of the traditional outdoor wave
propagation loss models. In the reliability evaluation of the radio communication,
we firstly consider the transmission frequency, the antenna height, the cell type and
the communication distance. Then, we use a lognormal distribution to fit the random
distribution curve of the communication distance so that the relationship between the
path loss value and the reliability can be analysed. We further derive the probability
distribution function (PDF) and the cumulative distribution function (CDF) of the path
loss value from different antenna correction factors, cell type correction factors and
terrain correction factors. Finally, we calculate the radio communication reliability
values at different frequencies based on the threshold of the propagation loss value.
Compared with the reliability degree only considering the communication distance
threshold, the influence of environmental factors on the reliability of the VHF and
the UHF radio propagation has been analysed.

W literaturze przedmiotu, wiele uwagi poświęca się ostatnio znaczącemu wpływowi utraty
mocy sygnału (ang. path loss) na niezawodność rozchodzenia się fal tworzących pasma o
bardzo wysokiej częstotliwości (VHF) i ultra wysokiej częstotliwości (UHF). Wcześniejsze
prace koncentrują się głównie na ocenie niezawodności infrastruktury i podstawowego
wyposażenia, nie uwzględniając w pełni niezawodności propagacji fal. W niniejszym
artykule zaproponowano nową metodę oceny niezawodności komunikacji bezprzewodowej opartą na analizie tradycyjnych modeli utraty mocy sygnału podczas propagacji fal
radiowych w środowisku zewnętrznym. Oceniając niezawodność komunikacji radiowej,
w pierwszej kolejności rozważano częstotliwość transmisji, wysokość anteny, typ komórki
oraz odległość komunikacyjną. Następnie, za pomocą rozkładu lognormalnego, dopasowano krzywą rozkładu losowego odległości komunikacyjnej, co pozwoliło na analizę
związku między wartością utraty mocy sygnału a niezawodnością. W dalszej kolejności,
z wartości różnych współczynników korekcji anteny, typu komórki oraz terenu wyprowadzono funkcję rozkładu prawdopodobieństwa oraz dystrybuantę wartości utraty mocy
sygnału. Na koniec obliczono wartości niezawodności komunikacji radiowej dla różnych
zakresów częstotliwości w oparciu o próg wartości utraty mocy sygnału. Przedstawiona
analiza wykracza poza elementarne obliczenia niezawodności na podstawie maksymalnej
odległości komunikacyjnej biorąc także pod uwagę wpływ czynników środowiskowych
na niezawodność propagacji fal radiowych VHF i UHF.

Dombek G, Nadolny Z, Marcinkowska A. Thermal properties of natural ester and low viscosity natural ester in the aspect of
the reliable operation of the transformer cooling system. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 384–391, http://
dx.doi.org/10.17531/ein.2019.3.4.

Dombek G, Nadolny Z, Marcinkowska A. Właściwości cieplne
estru naturalnego i estru naturalnego o obniżonej lepkości w aspekcie
niezawodności działania układu chłodzenia transformatora. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 384–391, http://dx.doi.
org/10.17531/ein.2019.3.4.

The paper presents the results of comparative studies of thermal properties of various
types of natural esters used as electro-insulating liquids in transformers. Adequate
thermal properties of electro-insulating liquids ensure reliable work of transformers.
Two natural esters were selected for the study – one commonly used in distribution
transformers, the other characterized by low viscosity. Fourier Transform Infrared
Spectroscopy and UV-Visible spectroscopy were used to examine the chemical

W pracy przedstawiono wyniki badań porównawczych właściwości cieplnych różnego
rodzaju estrów naturalnych stosowanych jako ciecze elektroizolacyjne w transformatorach.
Odpowiednie właściwości cieplne cieczy elektroizolacyjnych zapewniają niezawodną
pracę transformatorów. Do badań wybrano dwa estry naturalne – jeden powszechnie
stosowany w transformatorach rozdzielczych, drugi charakteryzujący się obniżoną lepkością. Do analizy struktury chemicznej badanych estrów wykorzystano spektroskopię w
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structure of the examined esters. Properties such as thermal conductivity coefficient
λ, kinematic viscosity υ, specific heat cp, density ρ, and thermal expansion coefficient
β were analyzed. Heat transfer factor α of the liquid was calculated on the basis of
obtained properties. This factor defines the ability of an insulating liquid to heat
transport in the transformer, thus determining its reliability. The authors put forward
a thesis that a low viscosity natural ester will have a higher heat transfer factor α due
to its low viscosity, which affects the factor α. The analysis of thermal properties was
carried out for the following temperatures: 25, 40, 60, and 80 °C. On the basis of the
calculated factor α, the temperature drops in the transformer filled with the analyzed
types of natural esters were determined. It has been shown that if a low viscosity
natural ester is used in the cooling system of the transformer, the temperature of the
hot-spot will be lower. This fact may contribute to more reliable work of transformers
and extend its service life.

podczerwieni z transformatą Fouriera (FT-IR) oraz spektroskopię w ultrafiolecie i świetle
widzialnym (UV-VIS). Analizowanymi właściwościami cieczy były przewodność cieplna
λ, lepkość kinematyczna υ, ciepło właściwe cp, gęstość ρ oraz rozszerzalność cieplna β. Na
podstawie przedstawionych właściwości cieplnych obliczono współczynnik przejmowania
ciepła α. Współczynnik ten określa zdolność cieczy elektroizolacyjnej do transportu ciepła
w transformatorze, a tym samym określa jego niezawodność. Autorzy postawili tezę, że ester naturalny o obniżonej lepkości będzie miał wyższy współczynnik przejmowania ciepła α
ze względu na jego obniżoną lepkość. Analizę właściwości cieplnych przeprowadzono dla
czterech wartości temperatury: 25, 40, 60 i 80°C. Na podstawie obliczonego współczynnika
α określono spadki temperatury w transformatorze wypełnionym analizowanymi estrami
naturalnymi. Wykazano, że jeżeli w układzie chłodzenia transformatora stosowany jest
ester naturalny o obniżonej lepkości, wówczas temperatura najgorętszego miejsca (ang.
hot spot) będzie niższa. Fakt ten może przyczynić się do zwiększenia niezawodności pracy
transformatorów i przedłużyć okres ich eksploatacji.

SHUAI L, ZHENCAI Z, HAO L, GANG S. A system reliability-based design
optimization for the scraper chain of scraper conveyors with dependent
failure modes. Eksploatacja i Niezawodnosc – Maintenance and Reliability
2019; 21 (3): 392–402, http://dx.doi.org/10.17531/ein.2019.3.5.

SHUAI L, ZHENCAI Z, HAO L, GANG S. Oparta na niezawodności systemu optymalizacja konstrukcji łańcucha przenośnikowego zgrzebłowego o zależnych przyczynach
uszkodzeń. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3):
392–402, http://dx.doi.org/10.17531/ein.2019.3.5.
Ze względu na niekompletność danych dotyczących prawdopodobieństwa, modelowanie
wspólnego rozkładu prawdopodobieństwa oraz oparte na niezawodności systemu projektowanie optymalizacyjne systemów konstrukcyjnych, w których zachodzą zależności
między uszkodzeniami stanowią trudne problemy niezawodnościowe. W artykule zaproponowano metodę optymalizacji konstrukcji łańcucha zgrzebłowego, w której wykorzystuje
się obliczenia niezawodności systemu. Ponieważ dla łańcucha tego typu istnieje wiele
potencjalnych przyczyn uszkodzeń, w pierwszej kolejności analizowano powszechnie
występujące przyczyny uszkodzeń. Dla każdego rodzaju uszkodzenia łańcucha otrzymano
model niezawodnościowy. Następnie, mając na uwadze problem modelowania wspólnego
rozkładu prawdopodobieństwa uszkodzeń, zaproponowano metodę szacowania prawdopodobieństwa uszkodzenia łańcucha na podstawie niezawodności systemu. Niezawodność
łańcuchów zgrzebłowych obliczano za pomocą techniki zaburzeń stochastycznych oraz
metody momentu czwartego rzędu. Na podstawie otrzymanej niezawodności systemu,
omówiono problem optymalizacji konstrukcji łańcucha oraz wyznaczono model optymalny. Skuteczność proponowanych metod estymacji wspólnego prawdopodobieństwa
uszkodzenia i optymalizacji konstrukcji weryfikowano na podstawie przykładu łańcucha
zgrzebłowego. Uzyskane wyniki mogą stanowić punkt odniesienia dla optymalnego
projektowania łańcuchów zgrzebłowych.

With the incomplete probability information, the joint probability distribution modelling and system reliability-based optimization design of structural systems with
failure interactions are challenging problems in the domain of reliability. This article
is designed to propose a system reliability-based optimization design method for
optimizing the scraper chain with multiple failure modes. Firstly, the common failure
modes of the scraper chain are analysed. For each failure mode, a reliability model for
the failure of scraper chains is obtained. Secondly, aiming at the joint failure probability
modelling problem, a method for estimating the failure probability of the scraper chain
based on system reliability is proposed. The reliability of scraper chains is calculated
by the stochastic perturbation technique and the four-moment method. And then, the
optimization design problem is discussed based on system reliability. And the optimal
model is established. Finally, the effectiveness of the method is verified by the illustrative example of scraper chains. The proposed joint failure probability estimation
method and design optimization are shown in the example. The results obtained can
provide a reference for the optimal design of the scraper chain.

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, http://dx.doi.org/10.17531/
ein.2019.3.6.

Li X, Li J, He D, Qu Y. Diagnostyka pittingu kół zębatych na podstawie surowego sygnału emisji akustycznej w oparciu o głębokie uczenie maszynowe.
Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 403–410,
http://dx.doi.org/10.17531/ein.2019.3.6.

Gear pitting fault is one of the most common faults in mechanical transmission. Acoustic emission (AE) signals have been effective for gear fault detection because they
are less affected by ambient noise than traditional vibration signals. To overcome the
problem of low gear pitting fault recognition rate using AE signals and convolutional
neural networks, this paper proposes a new method named augmented convolution
sparse autoencoder (ACSAE) for gear pitting fault diagnosis using raw AE signals.
First, the proposed method combines sparse autoencoder and one-dimensional convolutional neural networks for unsupervised learning and then uses the reinforcement
theory to enhance the adaptability and robustness of the network. The ACSAE method
can automatically extract fault features directly from the original AE signals without
time and frequency domain conversion of the AE signals. AE signals collected from
gear test experiments are used to validate the ACSAE method. The analysis result of
the gear pitting fault test shows that the proposed method can effectively performing
recognition of the gear pitting faults, and the recognition rate reaches above 98%. The
comparative analysis shows that in comparison with fully-connected neural networks,
convolutional neural networks, and recurrent neural networks, the ACSAE method
has achieved a better diagnostic accuracy for gear fitting faults.

Pitting kół zębatych stanowi jedno z najczęstszych uszkodzeń przekładni mechanicznych.
Do wykrywania takich uszkodzeń stosuje się sygnały emisji akustycznej (AE), które, ze
względu na niższą wrażliwość na hałas otoczenia, stanowią skuteczniejsze narzędzie
diagnostyczne niż tradycyjne sygnały wibracyjne. Wykrywalność zużycia guzełkowatego
(pittingu) kół zębatych przy użyciu sygnałów AE i splotowych sieci neuronowych jest
jednak niska. Aby rozwiązać ten problem, w niniejszym artykule zaproponowano nową
metodę diagnozowania uszkodzeń kół zębatych za pomocą surowych sygnałów AE,
którą nazwano augmented convolution sparse autoencoder (konwolucją rozszerzoną z
wykorzystaniem autoenkodera rzadkiego, ACSAE). Jest to metoda samouczenia jednowymiarowych splotowych sieci neuronowych realizowanego za pomocą autoenkodera
rzadkiego. Metoda ta wykorzystuje teorię wzmocnienia do zwiększania adaptacyjności
i odporności sieci. Metoda ACSAE pozwala na automatyczne wyodrębnianie cech
degradacji bezpośrednio z oryginalnych sygnałów AE bez konieczności ich konwersji
do domeny czasu i częstotliwości. Walidację metody przeprowadzono na podstawie
sygnałów AE otrzymanych w badaniach kół zębatych. Analiza wyników badań pittingu
kół zębatych wskazuje, że proponowana metoda pozwala na skuteczną detekcję tego typu
uszkodzeń, przy wskaźniku wykrywalności powyżej 98%. Analiza porównawcza pokazuje,
że metoda ACSAE cechuje się większą trafnością diagnostyczną w wykrywaniu błędów
montażowych kół zębatych w porównaniu z sieciami neuronowymi w pełni połączonymi,
splotowymi i rekurencyjnymi.

Aleš Z, Pavlů J, Legát V, Mošna F, Jurča V. Methodology of
overall equipment effectiveness calculation in the context of Industry 4.0
environment. Eksploatacja i Niezawodnosc – Maintenance and Reliability
2019; 21 (3): 411–418, http://dx.doi.org/10.17531/ein.2019.3.7.

Aleš Z, Pavlů J, Legát V, Mošna F, Jurča V. Metodologia obliczania
ogólnej efektywności sprzętu w kontekście środowiska Industry 4.0. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 411–418, http://
dx.doi.org/10.17531/ein.2019.3.7.

Industry 4.0 and related Maintenance 4.0 demand higher requirement for productivity
and maintenance effectiveness. Nakajim’s OEE indicator still plays an important
role in measuring effectiveness of production and maintenance. In connection with
the current Industry 4.0 challenge, the issue of Industrial Internet of Things (IIoT)
is highly accentuated. This topic includes the matter of autonomous management
and communication of individual machines and equipment within higher and more
complex production units. Authors propose original calculations OEE for the whole
production line from OEE knowledge and individual machines, including knowledge

Industry 4.0 i związana z nią strategia Maintenance 4.0 stawiają wyższe wymagania
odnośnie wydajności produkcji i utrzymania ruchu. Wskaźnik ogólnej efektywności
urządzeń (OEE) Nakajimy nadal odgrywa ważną rolę w pomiarach efektywności produkcji i utrzymania ruchu. W związku z wyzwaniami stawianymi obecnie przez Industry
4.0, dużą uwagę zwraca się na koncepcję Przemysłowego Internetu Rzeczy. Obejmuje
ona kwestię autonomicznego zarządzania i komunikacji pomiędzy poszczególnymi
maszynami i urządzeniami w bardziej złożonych jednostkach produkcyjnych wyższego
stopnia. Autorzy niniejszej pracy proponują oryginalną metodę obliczania OEE dla całej

IV

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

W skrócie – A bstracts
of their nominal and actual performance. The presented solution allows a greater depth
of analysis of machine efficiency and overall effectiveness calculation of different assembled production lines based on knowledge of individual machines efficiencies.

linii produkcyjnej na podstawie znajomości ogólnej efektywności urządzeń oraz
efektywności pojedynczych maszyn, w tym wiedzy o ich nominalnej i rzeczywistej
wydajności. Przedstawione rozwiązanie pozwala na głębszą analizę wydajności maszyn
oraz obliczanie ogólnej efektywności różnych linii produkcyjnych w oparciu o wiedzę
na temat wydajności poszczególnych maszyn.

WANG H, DUAN F, MA J. Reliability analysis of complex uncertainty
multi-state system based on Bayesian network. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 419–429, http://dx.doi.
org/10.17531/ein.2019.3.8.

WANG H, DUAN F, MA J. Zastosowanie sieci bayesowskiej do analizy
niezawodności złożonych systemów wielostanowych w warunkach niepewności. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21
(3): 419–429, http://dx.doi.org/10.17531/ein.2019.3.8.

Reliability analysis of complex multi-state system has uncertainty, which is caused
by complex structures, limited test samples, and insufficient reliability data. By introducing fuzzy mathematics and grey system theory into the Bayesian network, the
model of the grey fuzzy Bayesian network is built, and the reliability analysis method
of complex uncertainty multi-state system with the non-deterministic membership
function and the interval characteristic quantity is proposed in this paper. Using the
trapezoidal membership function with fuzzy support radius variable to describe the
fault state of the component, it can effectively avoid the influence of human subjective
factors on the selection of the membership function and solve the problem that the
fault states of the system and its components are difficult to define accurately. And
the conditional probability table containing interval grey numbers is constructed to
effectively express the uncertain fault logic relationship between the system and its
components. Moreover, a parameter planning model of the system reliability characteristic quantities is constructed, and the system reliability characteristic quantities are
expressed as the form of interval values. Finally, two sets of numerical experiments
are conducted and discussed, and the results show that the proposed method is an
effective and a promising approach to reliability analysis for complex uncertainty
multi-state systems.

Analiza niezawodności złożonych systemów wielostanowych obarczona jest niepewnością związaną ze złożonością ich struktury, ograniczoną liczbą próbek badawczych
i niewystarczającymi danymi dotyczącymi niezawodności. W przedstawionej pracy,
wprowadzenie elementów matematyki rozmytej i teorii szarych systemów do sieci
bayesowskiej umożliwiło budowę modelu szarej rozmytej sieci bayesowskiej i zaproponowanie metody analizy niezawodności złożonych systemów wielostanowych w warunkach niepewności, która wykorzystuje niedeterministyczną funkcję przynależności
oraz pojęcie interwałowej wielkości charakterystycznej. Zastosowanie trapezoidalnej
funkcji przynależności z rozmytą zmienną promienia nośnego do opisu stanu uszkodzenia komponentu, pozwala zniwelować wpływ subiektywnego czynnika ludzkiego
na wybór funkcji przynależności i eliminuje konieczność precyzyjnego definiowania
stanu uszkodzenia systemu i jego elementów składowych. Opracowana tabela prawdopodobieństw warunkowych zawierająca szare liczby interwałowe pozwala wyrazić
niepewne zależności logiki uszkodzeń między systemem a jego składnikami. Ponadto,
w pracy skonstruowano model planowania parametrów charakterystycznych wielkości
niezawodności systemu wyrażonych w postaci wartości interwałowych. W ostatniej
części artykułu omówiono dwie serie eksperymentów numerycznych, których wyniki
pokazują, że proponowana metoda stanowi skuteczne i obiecujące podejście do analizy
niezawodności złożonych systemów wielostanowych w warunkach niepewności.

Gao H, Zhang X. Reliability-based design optimization under fuzzy
and interval variables based on entropy theory. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 430–439, http://dx.doi.
org/10.17531/ein.2019.3.9.

Gao H, Zhang X. Oparta na teorii entropii niezawodnościowa optymalizacja konstrukcji dla zmiennych rozmytych i przedziałowych. Eksploatacja
i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 430–439, http://
dx.doi.org/10.17531/ein.2019.3.9.

Reliability-based design optimization under fuzzy and interval variables is important in
engineering practice. The interval Monte Carlo simulation (IMCS), extremum method,
and saddlepoint approximation (SPA) can be used for reliability optimization issues
contain only interval variables. Thus, how to deal with the fuzzy variables is critical
for system reliability analysis and optimization design. The α-level cut method can be
applied to deal with fuzzy variables but it is complex and computationally expensive.
Therefore, an equivalent conversion method based on entropy theory is proposed in
this paper, which can convert the fuzzy variables to the normal random variables to
avoid the complex integral process. According to the equivalent conversion method,
the entropy-based sequential optimization and reliability assessment (E-SORA) is
developed in combination with the worst case analysis (WCA) for reliability-based
design optimization under fuzzy and interval variables. A numerical example about
the reliability design of the crank-link mechanism under fuzzy and interval variables
is solved by the E-SORA, double-loops method, and α-level cut algorithm, respectively, is used to demonstrate the accuracy and efficiency, and the results show that
the proposed method is feasible for reliability-based design optimization under fuzzy
and interval variables.

Zagadnienie optymalizacji niezawodnościowej konstrukcji w przypadkach, gdy mamy
do czynienia ze zmiennymi rozmytymi i przedziałowymi odgrywa ważną rolę w
praktyce inżynierskiej. Problemy optymalizacji niezawodności, w których wykorzystuje się tylko zmienne przedziałowe można z powodzeniem rozwiązywać stosując
przedziałową symulację Monte Carlo, metodę ekstremum czy aproksymację metodą
punktu siodłowego. Kluczowe znaczenie dla analizy niezawodności oraz projektowania
optymalizacyjnego systemów ma zatem sposób postępowania ze zmiennymi rozmytymi.
Wprawdzie zmienne rozmyte można przekształcać do zmiennych interwałowych za
pomocą metody alfa-przekrojów, jest to jednak metoda skomplikowana i kosztowna
obliczeniowo. Dlatego w niniejszym artykule zaproponowano równoważną metodę
konwersji opartą na teorii entropii, która umożliwia przekształcanie zmiennych rozmytych do normalnych zmiennych losowych, pozwalając w ten sposób pominąć złożony
proces całkowania. W oparciu o tę metodę, opracowano entropijną metodę optymalizacji
sekwencyjnej i oceny niezawodności (E-SORA), którą, w połączeniu z analizą najgorszego przypadku, można stosować do niezawodnościowej optymalizacji konstrukcji
przy zmiennych rozmytych i przedziałowych. W przykładzie numerycznym, metodę
E-SORA zastosowano w połączeniu z metodą podwójnej pętli do rozwiązania problemu niezawodnościowego projektowania mechanizmu korbowego przy zmiennych
rozmytych i przedziałowych. Trafność i skuteczność proponowanej metody oceniano
za pomocą algorytmu alfa-przekrojów. Wyniki pokazują, że proponowana metoda
stanowi odpowiednie narzędzie do przeprowadzania optymalizacji niezawodnościowej
konstrukcji w przypadku gdy zmienne mają charakter rozmyty i przedziałowy.

Szwarc E, Bocewicz G, Banaszak Z, Wikarek J. Competence
allocation planning robust to unexpected staff absenteeism. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 440–450, http://
dx.doi.org/10.17531/ein.2019.3.10.

Szwarc E, Bocewicz G, Banaszak Z, Wikarek J. Planowanie
przydziału kompetencji odpornego na nieprzewidziane absencje pracowników. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21
(3): 440–450, http://dx.doi.org/10.17531/ein.2019.3.10.

In order to deal with unexpected events such as employee absenteeism and/or a
demand for personnel that is higher or lower than expected, organizations need to
adopt proactive and reactive scheduling strategies to protect the personnel roster and
to respond to this operational variability, respectively. In this paper, we discuss a
proactive approach that exploits the concept of employee substitutability to improve
the flexibility of a personnel shift roster to respond to schedule disruptions. With a
view to developing a DSS-driven method dedicated to competence allocation planning robust to unexpected staff absenteeism, we present the concept of the so-called
robust employee competence structure. A declarative model of the concept allows
to find an employee competence structure robust to a given set of disruptions while
guaranteeing an admissible personnel allocation to the assumed set of tasks. Since the
problem of designing such a robust structure is NP-hard, another goal of the present
study is to propose a sufficient condition the fulfilment of which will guarantee the

Funkcjonowanie organizacji w warunkach występowania nieprzewidzianych absencji
pracowników i/lub zmieniającego zapotrzebowania na pracowników o określonych
kwalifikacjach wymusza działania mające na celu bądź to budowę, odpowiednio przygotowanego zespołu pracowników (dostosowanego do możliwości wystąpienia zidentyfikowanego zakłócenia), bądź też wprowadzania, w trybie online, zmian w przyjętym
planie realizacji zadań niwelujących skutki wystąpienia zidentyfikowanego zakłócenia.
W pracy rozważane jest pierwsze z ww. działań. Mając na celu opracowanie metody
interakcyjnego planowania przydziału zadań przedstawiona została koncepcja struktury
kompetencji odpornej na zakłócenia absencji pracowniczej. Wykorzystywany w niej
model, umożliwia poszukiwanie struktur kompetencji gwarantujących dostosowanie
kompetencji wykonawcy do wymagań danego zadania w sytuacjach występowania
zakładanego rodzaju zakłóceń, np. powodowanych absencją pracowników. Z uwagi na
fakt, że sprowadzający się do syntezy odpornych struktur kompetencji problem planowania odpornego przydziału kompetencji umożliwiającego substytucję redundantnych
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validity of calculations. Potential applications of the proposed solution are discussed
using examples.

kompetencji należy do klasy problemów NP-trudnych, wyznaczane są również warunki
wystarczające spełnienie których gwarantuje istnienie jakiejkolwiek poszukiwanej struktury dopuszczalnej. Możliwości praktycznego wykorzystania przedstawianego podejścia
zilustrowane zostało na przykładach.

Iscioglu F, Kocak A. Dynamic reliability analysis of a multi-state
manufacturing system. Eksploatacja i Niezawodnosc – Maintenance and
Reliability 2019; 21 (3): 451–459, http://dx.doi.org/10.17531/ein.2019.3.11.

Iscioglu F, Kocak A. Analiza dynamicznej niezawodności wielostanowego systemu produkcyjnego. Eksploatacja i Niezawodnosc – Maintenance and
Reliability 2019; 21 (3): 451–459, http://dx.doi.org/10.17531/ein.2019.3.11.

Dynamic reliability analysis of binary systems has been widely studied in case of
homogeneous continuous time Markov process assumption in the literature. In this
study, we evaluate dynamic performance of a multi-state rotor line of electric motors
manufacturing system under non-homogeneous continuous time Markov process
(NHCTMP) degradation by using lifetime distributions of seven workstations within
the system. By means of this degradation process assumption we capture the effect
of age on the state change of components in the analysis by means of time dependent
transition rates between states of the workstations. Essentially this is typical of many
systems and more practical to use in real life applications. The working principle is
based on a three state structure. If all the machines within each workstation work, the
workstation is defined as working with the full performance. Whenever at least one
machine fails within each workstation, then the workstation is defined as working with
partial performance. If all the machines in the workstation fail then the workstation
is defined as failed. The lifetime properties of the workstations under NHCTMP
assumption have been studied for this three-state structure of the workstations. The
workstations are all working independently and nonidentically from each other and
they are connected in series within the system.We especially performed an extensive
application study based on the lifetime data regarding the seven workstations within
a manufacturing system. Dynamic reliability results are also discussed for the system
structure. Some performance characteristics are developed for both workstations
and the system as well. Numerical results for the performance characteristics of
those workstations and the system are provided and supported with some graphical
illustrations.

W literaturze przedmiotu, niezawodność dynamiczną układów binarnych analizuje się
szeroko przy założeniu, że badane procesy stanowią jednorodne procesy Markowa z
czasem ciągłym. W niniejszym artykule dokonano oceny dynamiki pracy wielostanowej
linii do produkcji wirników będącej częścią systemu produkcji silników elektrycznych.
Badania prowadzono przy założeniu, że degradacja stanowi niejednorodny proces
Markowa z czasem ciągłym (NHCTMP). Do badań wykorzystano rozkłady cyklu życia
siedmiu stanowisk wchodzących w skład systemu. Dzięki założeniu dotyczącemu procesu degradacji, udało się uchwycić wpływ wieku komponentów na zmianę ich stanu
wykorzystując w analizie zależne od czasu szybkości przejścia między stanami badanych
stanowisk. Ujęte w ten sposób zjawisko degradacji jest typowe dla wielu systemów, co
oznacza, że proponowana metoda lepiej niż inne metody sprawdzi się w rzeczywistych
zastosowaniach. W metodzie przyjmuje się, że stanowiska produkcyjne charakteryzuje
struktura trójstanowa. Jeśli wszystkie maszyny na danym stanowisku działają prawidłowo,
stanowisko określa się jako w pełni sprawne. Gdy co najmniej jedna maszyna na danym
stanowisku ulegnie uszkodzeniu, stanowisko określa się jako częściowo sprawne. Jeśli
wszystkie maszyny na danym stanowisku ulegną uszkodzeniu, stanowisko określa się jako
niesprawne. Właściwości cyklu życia stanowisk produkcyjnych badano przy założeniu
NHCTMP oraz trójstanowej struktury stanowisk. Wszystkie stanowiska w omawianym
systemie działają niezależnie od siebie w sposób nieidentyczny i tworzą układ szeregowy.
W pracy przeprowadzono obszerne badania aplikacyjne w oparciu o dane dotyczące cyklu
życia siedmiu stanowisk wykorzystywanych w badanym systemie produkcyjnym. Omówiono także wyniki analizy niezawodności dynamicznej dla struktury systemu. Ponadto
opracowano parametry pracy zarówno dla indywidualnych stanowisk jak i systemu jako
całości. Wartości liczbowe tych parametrów zestawiono w tabelach oraz przedstawiono
w formie graficznej.

Gorbunov M, Kravchenko K, Bureika G, Gerlici J,
Nozhenko O, Vaičiūnas G, Bučinskas V, Steišūnas S. Estimation of sand electrification influence on locomotive wheel / rail adhesion
processes. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019;
21 (3): 460–467, http://dx.doi.org/10.17531/ein.2019.3.12.

Gorbunov M, Kravchenko K, Bureika G, Gerlici J, Nozhenko O,
Vaičiūnas G, Bučinskas V, Steišūnas S. Ocena wpływu elektryzacji
piasku na przyczepność w punkcie styku koła pociągu z szyną. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 460–467, http://dx.doi.
org/10.17531/ein.2019.3.12.

The article describes a method of increasing the adhesion of the wheel to the rail
based on the preliminary electrification of the abrasive-air mixture before its feed
into a contact. A simulation model of the movement of sand in the system “injecting
nozzle of a sandbox - a rail” is presented. The effectiveness of the proposed method to
improve adhesion is confirmed experimentally. The results of experiments carried out
on a friction machine, which characterize the change in friction ratio depending on the
temperature with different methods of sand supply, are presented. The reduction in the
consumption of sand caused by its electrification and the supply of a rational amount
of abrasive substance into the contact of the wheel with the rail is estimated.

W artykule opisano metodę zwiększania przyczepności koła pociągu do szyny polegającą
na wstępnej elektryzacji mieszaniny powietrza i substancji ściernej przed jej podaniem
pod koła w punkcie styku koła z szyną. Przedstawiono symulacyjny model ruchu piasku
w układzie "dysza wtryskowa piasecznicy-szyna". Skuteczność proponowanej metody
poprawy przyczepności badano doświadczalnie. Przedstawiono wyniki eksperymentów
przeprowadzonych na maszynie ściernej, które pokazują zmiany współczynnika tarcia w
zależności od temperatury przy różnych metodach podawania piasku. Oszacowano jaki
wpływ na stopień zmniejszenia zużycia piasku wywiera jego wcześniejsza elektryzacja
oraz racjonalne dozowanie.

Bryk R, Schmidt H, Mull T. Modeling of emergency condenser
system response to loss of coolant accident in a BWR III+ generation.
Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3):
468–475, http://dx.doi.org/10.17531/ein.2019.3.13.

Bryk R, Schmidt H, Mull T. Modelowanie zachowania systemu kondensatora awaryjnego w przypadku awarii utraty chłodziwa w reaktorze BWR
generacji III+. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019;
21 (3): 468–475, http://dx.doi.org/10.17531/ein.2019.3.13.

Emergency Condenser (EC) is a heat exchanger composed of a large number of
slightly inclined U-tubes arranged horizontally. The inlet header of the condenser is
connected with the top part of the Reactor Pressure Vessel (RPV), which is occupied
by steam during critical operation. The lower header in turn is linked with the RPV
below the liquid water level during normal operation of the reactor. The tube bundle
is filled with cold water and it is located in a vessel filled with water of the same
temperature. Thus, the EC and RPV form together a system of communicating vessels. In case of an emergency and a decrease of the water level in the RPV, the water
flows gravitationally from U-tubes to the RPV. At the same time the steam from the
RPV enters to the EC and condenses due to its contact with cold walls of the EC. The
condensate flows then back to the RPV due to the tubes inclination. Hence, the system
removes heat from the RPV and serves as a high- and low-pressure injection system
at the same time. In this paper a model of the EC system is presented. The model was
developed with Modelica modeling language and OpenModelica environment which
had not been used in this scope before. The model was verified against experimental
data obtained during tests performed at INKA (Integral Test Facility Karlstein) ̶ a
test facility dedicated for investigation of the passive safety systems performance of
KERENA ̶ generation III+ BWR developed by Framatome.

Kondensator awaryjny jest wymiennikiem ciepła złożonym z dużej ilości U-rurek lekko
nachylonych względem pozycji horyzontalnej. Kolektor wlotowy kondensatora połączony
jest pojedynczym przewodem z górną częścią zbiornika ciśnieniowego reaktora, w której
w trakcie normalnej pracy reaktora znajduje się para wodna. Dolny kolektor połączony
jest natomiast ze zbiornikiem ciśnieniowym poniżej lustra wody w stanie ciekłym. Wiązka
rurek kondensatora, w trakcie krytycznej pracy reaktora, wypełniona jest zimną wodą i
zanurzona jest w basenie z wodą o tej samej temperaturze. Wiązka rurek kondensatora
oraz rur doprowadzających tworzą wraz ze zbiornikiem ciśnieniowym zespół naczyń
połączonych. W razie sytuacji awaryjnej, w przypadku spadku poziomu wody w zbiorniku
ciśnieniowym, woda z kondensatora spływa grawitacyjnie do zbiornika ciśnieniowego,
a para, która dostaje się do U-rurek kondensuje na skutek wymiany ciepła z zimną wodą
otaczającą kondensator od zewnątrz. W ten sposób kondensator działając pasywnie, zastępuje wysokociśnieniowy oraz niskociśnieniowy wtrysk wody chłodzącej do zbiornika ciśnieniowego. W artykule przedstawiono model systemu kondensatora awaryjnego wraz ze
zbiornikiem ciśnieniowym. Model został wykonany przy użyciu niestosowanego wcześniej
w tym zakresie języka Modelica oraz środowiska OpenModelica. Następnie opracowany
kod został zweryfikowany poprzez porównanie wyników z pomiarami eksperymentalnymi
przeprowadzonymi na obiekcie INKA (Integral Test Facility Karlstein) – obiekcie testowym
dedykowanym badaniom nad pasywnymi systemami bezpieczeństwa reaktora KERENA
– reaktora BWR generacji III+ opracowanego przez firmę Framatome.
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HAWRYLUK M, KONDRACKI P, KRAWCZYK J, RYCHLIK M,
ZIEMBA J. Analysis of the impact of forging and trimming tools wear
on the dimension-shape precision of forgings obtained in the process of
manufacturing components for the automotive industry. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 476–484, http://
dx.doi.org/10.17531/ein.2019.3.14.

HAWRYLUK M, KONDRACKI P, KRAWCZYK J, RYCHLIK M, ZIEMBA J.
Analiza wpływu zużycia narzędzi do kucia i okrawania na dokładność wymiarowo-kształtową odkuwek uzyskiwanych w procesie wytwarzania elementów
dla przemysłu motoryzacyjnego. Eksploatacja i Niezawodnosc – Maintenance
and Reliability 2019; 21 (3): 476–484, http://dx.doi.org/10.17531/ein.2019.3.14.

The study presents the results of an analysis of the manufacturing process of a
yoke-type forging for automotive industry with the use of numerical modelling and
3D scanning techniques, taking into account the gradual wear of both forging tools
and trimming to determine the mutual impact of their operation on the dimensional
accuracy of the forgings. The performed analysis included the 4 variants which are
that have the most common place in the industrial process that is, for a combination of
new and partly worn out die inserts (used during hot forging) and new and partly used
cutting tools used for cold trimming. The first stage involved modelling of a hot die
forging process. Next, the obtained results were implemented into second modelling
stage, which involved a simulation of a cold trimming process of a flash, with the
use of the normalized Cockcroft-Latham fracture criterion, with the consideration of
eliminating the removed elements, for which the cracking value has been exceeded.
The obtained results was verified by means of a case study under industrial conditions
for the least favourable operating conditions of both types of tools and their impact
on the dimension-shape precision of the forgings. These results allowed for a more
complete analysis of the trimming process for a variety of operating conditions and
the confirmation of the correctness of carried out numerical modelling, and thus
the possibility of its use in combination with scanning technique to computer-aided
manufacturing processes. The proposed solution allows the selection of optimum
conditions for implementation of the processes of forging and trimming because of
their use to provide the required net shape forgings.

W pracy przedstawiono wyniki analizy procesu wytwarzania odkuwki typu rozwidlonego
dla przemysłu motoryzacyjnego z wykorzystaniem modelowania numerycznego oraz
technik skanowania 3D przy uwzględnieniu sukcesywnego zużywania się zarówno narzędzi do kucia, jak i do okrawania w celu określenia wzajemnego wpływu ich eksploatacji
na dokładność wymiarową odkuwek. Przeprowadzona analiza obejmowała 4 warianty
najczęściej występujące w procesie przemysłowym, czyli dla kombinacji nowych i
częściowo wyeksploatowanych wkładek matrycowych (stosowanych podczas kucia na
gorąco) oraz nowych i częściowo zużytych narzędzi okrojczych wykorzystywanych do
okrawania na zimno. W pierwszym etapie zamodelowano proces kucia matrycowego na
gorąco. Następnie uzyskane wyniki zaimplementowano do drugiego etapu modelowania, w którym zasymulowano proces okrawania na zimno wypływki przy zastosowaniu
znormalizowanego kryterium pękania Cockcrofta-Lathama z uwzględnieniem eliminacji
elementów, dla których została przekroczona wartość pękania. Uzyskane wyniki zostały
zweryfikowane za pomocą studium przypadku w warunkach przemysłowych dla najmniej korzystnych warunków eksploatacji obu rodzajów narzędzi oraz ich wpływu na
dokładność wymiarowo-kształtową odkuwki. Uzyskane wyniki pozwoliły na pełniejszą
analizę procesu okrawania dla różnych warunków eksploatacyjnych oraz potwierdzenie
poprawności przeprowadzonego modelowania numerycznego, a tym samym możliwości
jego wykorzystania do komputerowego wspomagania procesów wytwarzania. Zaproponowane rozwiązanie pozwala na wybór optymalnych warunków realizacji procesów kucia
i okrawania ze względu na ich eksploatację w celu zapewnienia wymaganej dokładności
wymiarowo-kształtowej odkuwek.

Liu J, Xu Y, Wang L, Xu Z, Tang C. Influence of the local defect
distribution on vibration characteristics of ball bearings. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 485–492, http://
dx.doi.org/10.17531/ein.2019.3.15.

Liu J, Xu Y, Wang L, Xu Z, Tang C. Wpływ rozkładu wad lokalnych
na charakterystykę drgań łożysk kulkowych. Eksploatacja i Niezawodnosc –
Maintenance and Reliability 2019; 21 (3): 485–492, http://dx.doi.org/10.17531/
ein.2019.3.15.

Local defects in ball bearings may occur at the center line of raceway and its surrounding areas. However, most current studies were concentrated in studying the influence
of the local defect located at the centerline of raceway on the bearing vibrations, where
the effects of local defects surround the centerline were ignored. To overcome this
problem, based on Hertzian point contact theory and multi-body dynamic algorithm,
a multi-body dynamic model considering the offset and angular distributions for a
ball bearing with a local defect on its outer raceway is established. The influences of
offset distance and skew angle between the geometric center of local defect and the
centerline of outer raceway on the bearing vibrations are investigated. The relationship
between the offset distance and the impulse waveform characteristics is obtained,
as well as that between the skew angle and the impulse waveform characteristics.
The results show that the offset distance and skew angle of the local defect have a
great influence on the time-domain impulse waveform characteristics of the bearing
accelerations. This paper can provide a useful guidance for the accurate diagnosis of
early local fault in the ball bearings.

Wady lokalne łożysk kulkowych mogą występować na linii środkowej bieżni oraz w
otaczających ją obszarach. Jednak większość dotychczasowych badań nad wpływem wad
lokalnych na drgania łożyska koncentruje się na wadach linii środkowej bieżni ignorując
oddziaływanie wad zlokalizowanych w obszarach otaczających tę linię. Aby rozwiązać ten
problem, w przedstawionej pracy wykorzystano teorię kontaktu Hertza oraz algorytm do
analizy dynamiki układów wieloczłonowych, co pozwoliło na utworzenie modelu dynamiki układu wieloczłonowego uwzględniającego przesunięcie i rozkłady kątowe łożyska
kulkowego z lokalną wadą na bieżni zewnętrznej. Badano wpływ wartości przesunięcia i
kąta nachylenia między geometrycznym środkiem wady lokalnej a linią środkową bieżni
zewnętrznej na drgania łożyska. Otrzymano zależności pomiędzy wartością przesunięcia
a charakterystyką przebiegu impulsu, a także między kątem nachylenia a charakterystyką
przebiegu impulsu. Wyniki pokazują, że wartość przesunięcia i kąt nachylenia wady
lokalnej mają duży wpływ na przebieg przyspieszeń łożyska w dziedzinie czasu. Praca
dostarcza pożytecznych wskazówek na temat trafnego diagnozowania lokalnych uszkodzeń
łożysk kulkowych w ich wczesnych stadiach.

Kosmol J. An extended model of angular bearing - influence of fitting
and pre-deformation. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 493–500, http://dx.doi.org/10.17531/ein.2019.3.16.

Kosmol J. Rozszerzony model łożyska tocznego – wpływ pasowania
i odkształcenia wstępnego. Eksploatacja i Niezawodnosc – Maintenance and
Reliability 2019; 21 (3): 493–500, http://dx.doi.org/10.17531/ein.2019.3.16.

The paper presents a modeling of angular bearing in the context of motion resistance. It
was assumed that the motion resistance depends on the contact forces. For that reason,
the main goal of modeling was an estimation of the forces and determination of the
influence of such parameters, like rotational speed of the bearing ring, pre-displacement of the bearing and fit of the shaft and the inner ring, exerted on those forces.
In the literature, when estimating the contact forces, such parameters are taken into
account very rarely. The modelling was performed by means of a numerical method,
viz. FEM. The modeling results show that the omission of such parameters will lead
to big errors in estimation of contact forces, and those errors may be as high as 100%,
or even higher. The real motion resistance will be bigger than calculated.

W artykule przedstawiono modelowanie łożyska tocznego skośnego w kontekście oporów ruchu. Ponieważ przyjęto, że opory ruchu są proporcjonalne do sił kontaktowych to
głównym celem modelownia stało się oszacowanie ich wielkości oraz określenie wpływu
takich parametrów jak prędkość obrotowa pierścienia łożyskowego, wstępne odkształcenie łożyska i pasowania wałka i pierścienia łożyskowego na te siły. W literaturze tematu
parametry te są rzadko albo w ogóle nieuwzględniane przy szacowaniu sił kontaktowych.
Modelowanie przeprowadzono metodą numeryczną MES. Wyniki modelowania pokazują,
że pomijanie ww. parametrów prowadzi do błędnego oszacowania sił kontaktowych, tj. do
ich zaniżania, a błędy mogą sięgać 100% i więcej. W rezultacie rzeczywiste opory ruchu
będą większe od oszacowanych na drodze numerycznej.

LI X, HUANG H-Z, LI F, REN L. Remaining useful life prediction model of
the space station. Eksploatacja i Niezawodnosc – Maintenance and Reliability
2019; 21 (3): 501–510, http://dx.doi.org/10.17531/ein.2019.3.17.

LI X, HUANG H-Z, LI F, REN L. Model predykcji pozostałego czasu pracy
stacji kosmicznej. Eksploatacja i Niezawodnosc – Maintenance and Reliability
2019; 21 (3): 501–510, http://dx.doi.org/10.17531/ein.2019.3.17.

Space station is a very complex system, and its remaining useful life will be affected
by the key equipment, cosmonauts’ maintenance activities as well as space environments. It is important for the operation management of a space station to predict its
remaining useful life (RUL). A valid RUL prediction model is the key foundation for
this issue, which motivates the research presented in this paper. Firstly, different types
of space station life are defined. Secondly, the function and performance requirements
as well as the operation mission program of the space station are analysed, which
are further used to confirm the model development precondition. A life prediction
model is then proposed by synthetically taking account of the safety, reliability and

Stacja kosmiczna stanowi wysoce złożony system, którego pozostały czas pracy (ang.
remaining useful time, RUL) zależy od kluczowego sprzętu, czynności konserwacyjnych
przeprowadzanych przez kosmonautów, a także warunków panujących w kosmosie.
Zarządzanie operacyjne stacją kosmiczną wymaga przewidywania RUL. Podstawą tego
zagadnienia jest stworzenie prawidłowego modelu predykcji RUL, co jest przedmiotem
niniejszej pracy. W artykule, w pierwszej kolejności, zdefiniowano różne kategorie czasu
pracy stacji kosmicznej na orbicie. Następnie, przeanalizowano wymagania dotyczące
funkcji i eksploatacji stacji a także program jej misji operacyjnych. Wyniki tych analiz
wykorzystano do weryfikacji wstępnych warunków koniecznych do budowy modelu. W
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maintainability restrictions. Finally, the data requirement for supporting the RUL
prediction is determined. Based on this work, a comprehensive procedure for RUL
prediction model development is constructed for the operation management engineers
of the space station. If the data of the development and operation is adequate, RUL
prediction of the space station can be well implemented, and can be further leveraged
to support the space station operation management.

dalszej kolejności, zaproponowano model predykcji czasu pracy stacji, który w sposób
syntetyczny uwzględnia ograniczenia dotyczące bezpieczeństwa, niezawodności i możliwości konserwacji. Na koniec określono rodzaje danych wspierających predykcję RUL. Na
podstawie opisanych etapów prac skonstruowano kompleksową procedurę opracowywania
modeli predykcji RUL dla inżynierów zarządzania operacyjnego pracujących na stacjach
kosmicznych. Jeśli dane dotyczące rozwoju i operacji są prawidłowe, zaprojektowany
algorytm predykcji pozostałego czasu pracy stacji kosmicznej można z powodzeniem
zaimplementować, a także rozszerzyć tworząc skuteczne narzędzie wsparcia personelu
zarządzającego pracą stacji kosmicznej.

Papis M, J astrz ę bski D, K opyt A, M atyjewski M,
Mirosław M. Driver reliability and behavior study based on a car
simulator station tests in ACC system scenarios. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 511–521, http://dx.doi.
org/10.17531/ein.2019.3.18.

Papis M, Jastrzębski D, Kopyt A, Matyjewski M, Mirosław M.
Analiza niezawodności i zachowania kierowcy z wykorzystaniem testów na
symulatorze pojazdu osobowego w scenariuszach systemu ACC. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 511–521, http://dx.doi.
org/10.17531/ein.2019.3.18.

Nowadays Advanced Driver Assistant Systems (ADAS) are becoming more popular
in car equipment. During ADAS development process it is necessary to prepare
numerical models and perform simulation tests, so the systems could be safely
implemented. However, because these systems are directly connected to a human
– machine interface, volunteer tests on a car simulator are conducted. They are indispensable for testing the correct operation of the system, but above all for showing
differences in the operation of the system and a driver in terms of human reliability.
Presented research shows results of simulator tests in two cases: extra - urban and
mixed scenarios. The tests were classic, tracking tasks in which the driver was required
to keep a safe, predefined distance from the leading car. Consequently, the results of
experiments were compared to results of the reference car performance, i.e. the car
equipped with Adaptative Cruise Control system. It made possible to assess the driver
reliability. Moreover, questionnaire tests (NASA TLX) were also applied to assess
subjects’ workload. Finally, results of volunteers’ rides were compared to results of
a simulation with use a driver model based on fuzzy logic. This model, in the future,
may be used in development of a car simulator equipped with ADAS.

Obecnie zaawansowane systemy wspomagania kierowcy (ADAS) stają się coraz popularniejszym elementem wyposażenia samochodów. Z procesem ich rozwoju wiąże się konieczność przygotowania modeli numerycznych i przeprowadzenie testów symulacyjnych,
aby zapewnić bezpieczne wdrożenie systemów. Z faktu ich bezpośredniego powiązania
z interfejsem człowiek- maszyna wynika potrzeba prowadzenia testów na symulatorze z
udziałem ochotników. Są one niezbędne do sprawdzenia poprawności działania danego
systemu, ale przede wszystkim do wykazania różnic w działaniu systemu i kierowcy w
kontekście niezawodności człowieka. Prezentowane badania pokazują wyniki testów
symulatorowych w dwóch scenariuszach: pozamiejskim i mieszanym. Testy składały
się z klasycznych zadań, w których kierowca musiał utrzymywać bezpieczną, z góry
określoną odległość od wiodącego samochodu. W rezultacie wyniki eksperymentów porównano z osiągami samochodu referencyjnego, wyposażonego w tempomat adaptacyjny
tzw. ACC (Adaptative Cruise Control). Umożliwiło to ocenę kierowcy pod kątem jego
niezawodności. Ponadto do analizy obciążenia uczestników zastosowano również testy
kwestionariuszowe NASA TLX. Ostatecznie wyniki przejazdów uczestników testów
porównano także z wynikami symulacji przeprowadzonej z wykorzystaniem modelu
wirtualnego kierowcy (zbudowanego z użyciem logiki rozmytej). Model ten w przyszłości
będzie mógł być wykorzystany do opracowania i rozwoju symulatora samochodowego
wyposażonego w ADAS.

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, http://dx.doi.
org/10.17531/ein.2019.3.19.

Paszkowski W. Ocena efektów akustycznych eksploatowanych pojazdów
drogowych z wykorzystaniem subiektywnych cech dźwięku. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 522–529, http://dx.doi.
org/10.17531/ein.2019.3.19.

The article proposed an original way to assess the acoustic effects of road vehicles in
the environment, with the use of selected methods of sound modeling and simulation.
The taken solution presents a way of estimating the acoustic emission to the environment, from the exploited road vehicles, using subjective sound features. In ongoing
studies, it is assumed to analyze and evaluate the sound features in the following
order: source - propagation way - receiver. The distribution of these features in the
time and frequency domains depends on generation, propagation and immission of
acoustic energy, by the partial sources of the vehicle. The obtained information in the
form of an acoustic signal can be represented by physical and subjective features of
the sound. The undertaken research include the use of subjective features of sound
in the assessment of acoustic effects of road vehicles exploited in the environment.
The developed method was verified using modeling and simulation methods based
on recorded acoustic signals in an urbanized environment.

W artykule zaproponowano oryginalny sposób oceny efektów akustycznych pojazdów
drogowych w środowisku, z zastosowaniem wybranych metod modelowania i symulacji
dźwięku. Podejmowane rozwiązanie przedstawia sposób oszacowania emisji akustycznej
do środowiska od eksploatowanych pojazdów drogowych przy wykorzystaniu subiektywnych cech dźwięku. W realizowanych badaniach zakłada się analizę i ocenę cech dźwięku
w układzie: źródło-droga propagacji-odbiornik. Rozkład tych cech w dziedzinie czasu i
częstotliwości uzależniony jest od generowania, propagacji i immisji energii akustycznej
przez źródła cząstkowe pojazdu. Otrzymana informacja w postaci sygnału akustycznego
reprezentowana może być cechami fizycznymi i cechami subiektywnymi dźwięku. Podejmowane badania obejmują sposób wykorzystania subiektywnych cech dźwięku w ocenie
efektów akustycznych eksploatowanych pojazdów drogowych w środowisku. Opracowany
sposób zweryfikowany został za pomocą metod modelowania i symulacji na podstawie
zarejestrowanych sygnałów akustycznych w środowisku zurbanizowanym.

Gao H-F, Wang A, Zio E, Ma W. Fatigue strength reliability assessment
of turbo-fan blades by Kriging-based distributed collaborative response
surface method. Eksploatacja i Niezawodnosc – Maintenance and Reliability
2019; 21 (3): 530–538, http://dx.doi.org/10.17531/ein.2019.3.20.

Gao H-F, Wang A, Zio E, Ma W. Ocena niezawodności wytrzymałości
zmęczeniowej łopatek turbowentylatora rozproszoną metodą powierzchni
odpowiedzi z wykorzystaniem krigingu. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 530–538, http://dx.doi.org/10.17531/
ein.2019.3.20.

Fatigue crack propagation affects the operational reliability of engine turbo-fan blades.
In this article, we integrate a Kriging regression model and a distributed collaborative response surface method (DCRSM) for the reliability assessment of turbo-fan
blades, considering the relevant uncertainty. Following a series of deterministic
analyses, such as steady-state aerodynamic analysis, harmonic response analysis
and Campbell diagram, and based on the assumption that vibration stress is mainly
from aerodynamic load, the fatigue strength is calculated for turbo-fan blades under
coupling aerodynamic forces, according to a modified Goodman curve of titaniumalloy. Giving consideration to the uncertainty of the resonance frequencies and
material properties, the fatigue strength of the turbo-fan blade is evaluated, including
probabilistic analysis and sensitivity analysis. In the case study analyzed, the conclusions are that the fatigue strength reliability reaches 96.808% with confidence level
of 0.95 for the turbo-fan blade under the coupling aerodynamic forces, and the first
three-order resonant frequencies are found to have important influence on the fatigue
performance of turbo-fan blades.

VIII

Propagacja pęknięć zmęczeniowych wpływa na niezawodność pracy łopatek turbowentylatora w silnikach samolotowych. W przedstawionej pracy, niezawodność łopatek
turbo-wentylatora oceniano za pomocą techniki która łączy rozproszoną metodę powierzchni odpowiedzi (ang. distributed collaborative response surface method, DCRSM)
z krigingiem, z jednoczesnym uwzględnieniem niepewności. Po przeprowadzeniu serii
analiz deterministycznych, w tym analizy aerodynamicznej w stanie ustalonym, analizy
harmonicznej i wyznaczeniu wykresu Campbella, oraz przyjmując założenie, że naprężenia
wibracyjne powstają głównie na skutek obciążeń aerodynamicznych, obliczono wytrzymałość zmęczeniową łopatek turbowentylatora w warunkach sprzęgających sił aerodynamicznych, zgodnie ze zmodyfikowaną krzywą Goodmana dla stopu tytanu. Biorąc pod
uwagę niepewność częstotliwości rezonansowych i właściwości materiału, wytrzymałość
zmęczeniową łopatki turbowentylatora określano na podstawie analizy probabilistycznej
i analizy czułości. W omawianym studium przypadku wykazano, że niezawodność
wytrzymałości zmęczeniowej łopatki turbowentylatora w warunkach sprzęgających sił
aerodynamicznych sięga 96,808% przy poziomie ufności 0,95, a trzy pierwsze postacie
drgań rezonansowych mają istotny wpływ na jej wydajność zmęczeniową.
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Reliability model of sequence motions and its solving idea
Badanie modelu niezawodności ruchów sekwencyjnych
oraz propozycja rozwiązania
The missions of weapon systems are becoming increasingly complex. Thus, more mechanism motions than one are required to
complete one mission. Under such conditions, a sort of mission has emerged, that needs a few mechanism motions to be executed
in sequence. This means that the mission is not completed until all the motions have been executed successfully in strict sequence.
This sequence motion system can be considered as a traditional series system with the motions treated as subsystems. Then, the
system reliability can be analyzed with the traditional series system reliability method. However, this method cannot fully reflect
the characteristics of a sequence. In this work, a reliability model of sequence motions and its solving idea are proposed. In this
reliability model, the influence factors of each motion are included. Particularly, the performance function of the former motion
is regarded as just one of the influence factors of the next motion, which is the most significant feature for the sequence motion
system. Afterward, a solving idea with characteristics of a gradually shrinking sample space is proposed based on Monte-Carlo
simulation. Finally, the reliability model of sequence motions and its solving idea are illustrated with a case study on the automatic
chain shell magazine sequence motions of a self-propelled artillery.
Keywords: sequence motion reliability, motion reliability, Monte-Carlo simulation, shrinking sample space,
automatic chain shell magazine.
Misje systemów uzbrojenia stają się coraz bardziej złożone. Często, jedna misja wymaga wykonania przez układ zmechanizowany
więcej niż jednego ruchu. W artykule omówiono misję, w której układ zmechanizowany wykonuje sekwencję kilku ruchów. Misja w
takim układzie nie zostanie ukończona, dopóki wszystkie ruchy nie zostaną prawidłowo wykonane w ściśle określonej kolejności.
Taki układ sekwencyjnych ruchów można rozważać w kategoriach tradycyjnego systemu szeregowego, traktując poszczególne ruchy jako jego podsystemy. Wówczas, niezawodność systemu można analizować za pomocą tradycyjnej metody analizy niezawodności systemów szeregowych. Jednak, metoda ta nie jest w stanie w pełni odzwierciedlić charakterystyki sekwencji. W niniejszym
artykule zaproponowano model niezawodności ruchów sekwencyjnych oraz jego rozwiązanie.
Słowa kluczowe: niezawodność ruchów sekwencyjnych, niezawodność ruchu, symulacja Monte-Carlo, malejąca przestrzeń próby, zmechanizowany układ zasilania amunicją, pocisk artyleryjski.

1. Introduction
Mechanical structural reliability has been studied since the 1960s
and gradually applied in engineering machinery, aerospace, electrical equipment, and other fields [1, 5, 8, 13, 18, 20]. However, with
the development of machinery to high precision and automation, the
precision of mechanism motion has gradually become the main index for reliability evaluation [9, 10]. In the 1980s, mechanism motion
precision started to be analyzed comprehensively from the perspective of probability statistics. Sandler [17] analyzed the kinematic and
dynamic precision of simple mechanisms with a nonlinear method.
Rhyu and Kwak [16] studied the optimization design of the planar
four-bar linkages based on reliability. By the 1990s, progress had been

made in applications of mechanism motion reliability. Misawa [12]
proposed a research method for predicting the reliability of a deployable satellite antenna based on conventional reliability analysis. Then
by the turn of this century, the reliability analysis of mechanism motion became increasingly based on simulation methods with the rapid
development of computer technology. Rao and Bhatti [15] systematically established a probabilistic model of a simple manipulator based
on Gaussian distribution and a Markov stochastic process. Kim et al.
[11] calculated the reliability of an open-loop mechanism considering
machining error and hinge clearance based on AFOSM (Advanced
first order second moment) method and Monte-Carlo simulation. Asri
et al. [2] analyzed the fatigue reliability of a wheel steering mechanism with a Monte-Carlo simulation method. Moreover, the reliability
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topology optimization design was carried out by Patel et al. [14] via
stochastic neural networks.
However, as mechanism motion reliability develops, the mission
cannot be finished by only one mechanism motion due to the increasing requirements. Usually, a series of mechanism motions fulfills one
mission in sequence. On this occasion, the motion system is usually
regarded as a series system. Therefore, series system reliability analysis methods can be applied to evaluate the mission reliability. Series
system reliability has been studied for a long time. Chao and Fu [6]
studied the reliability of a general series system under certain regularity conditions based on a Markov chain. Chern [7] proved that some
reliability redundancy optimization problems for a series system are
NP-hard. Sung and Cho [19] derived a branch-and-bound algorithm
for a reliability optimization problem of a series system. A new Monte
Carlo simulation technique for composite system reliability evaluation has been presented [4]. Moreover, the requirements of a composite generation and transmission system reliability evaluation were
described in previous research [3]. Little research has been reported
for combining mechanism motion reliability and series system reliability, which is studied in this work.
Here, series system reliability analysis and mechanism motion reliability analysis are combined. Thus, each motion is regarded as an
element of the series system. Moreover, a sequence motion reliability
model and its solving idea are proposed according to a special feature
called “unidirectional correlation.” The rest of this work is organized
as follows. In Section 2, the reliability model of the sequence motions
is described, and the solving idea is derived. Section 3 presents a case
study on the automatic chain shell magazine sequence motions of a
self-propelled artillery. Section 4 concludes this study.

2. Reliability model of sequence motions and its solving
idea
2.1. Reliability model of sequence motions
2.1.1. Mechanism motion reliability theory
Mechanism motion reliability refers to the ability to maintain output parameters within the allowable range, which could ensure that the
mechanism achieves specified mission under the given time and conditions. An output parameter is a random function expressed as Y (x ) ,
T
where x = (x1, x2 ,..., xn ) (T is the signal of matrix transposition) is
a vector including n random variables x1 ~ xn representing influence
factors. The allowable range is defined as Ymin (x ) , Ymax (x ) .
Therefore, the motion is reliable when Ymin (x ) ≤ Y (x ) ≤ Ymax (x ) ,
which is expressed as:
F (Ymax (x ))− F (Ymin (x )) = Pr {Ymin (x ) ≤ Y ≤ Ymax (x )}

(1)

where F (• ) is the distribution function.
First, the fundamental problem for the structural reliability theory
is the computation of the reliability expressed as:
Pr  g (x ) > 0  = ∫
T

g (x )> 0

f (x ) dx

(2)

where x = (x1, x2 ,..., xn ) is a vector including n random variables
x1 ~ xn representing uncertain structural quantities, f (x ) denotes
the joint probability density function of x , and g (x ) is the performance function. Moreover, g (x ) > 0 means x belongs to the
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reliability set – that is, the structure is regarded as reliable when
g (x ) > 0 [21].
Afterward, the performance function theory of structural reliability can be extended to mechanism motion reliability. Y ∗ (x ) and
Y (x ) are used to express the ideal displacement and actual displaceT
ment, respectively, and x = (x1, x2 ,..., xn ) represents influence factors. Then, the location error can be defined as:
∆Y (x ) = Y ∗ (x ) − Y (x )

(3)

The performance function of mechanism motion reliability can
be defined as:
g (x ) = z − ∆Y (x )

(4)

where z is the maximum allowable location error. Thus, the reliability
of mechanism motion can be expressed as:
Pr  g (x ) > 0  = Pr  z − ∆Y (x ) > 0 

(5)

2.1.2. Reliability model of sequence motions
To fulfill a mission, it is necessary for the motion system to execute the motions according to specific rules. This is a special kind of
problem in system reliability called “ motion system reliability.” In
this section, the feature that the motions must be executed in sequence
is examined.
The characteristic of sequence motions is that each motion is
based on the reliable execution of its previous motion—that is, the
reliability of each motion depends on the reliability of its previous
motion. Thus, reliability analysis should be conducted in the same
order. The reliability of the prior motion should be analyzed. If it is
reliable, the reliability of the next motion would have the chance and
necessity to be analyzed. The reliability model of sequence motions
is shown in Fig. 1.

Fig. 1. Reliability model of sequence motions

Assume that the motion system involves n motions, and they must
be executed in a specific sequence, which is from motion 1 to motion n. If any one of the n motions is a failure, its subsequent motions
cannot be executed. It means that the failure of any motion can cause
the whole motion system to fail. From the perspective of system, because each of the motion mechanisms has no “ backups,” the motion
system can be regarded as a kind of series system. Moreover, the influence between any two consecutive motions is unidirectional—that
is, the prior motion can influence the latter motion, but the latter one
cannot influence the prior one. Therefore, the system is a special series system characterized by a particular correlation called “unidirectional correlation.”
As is shown in Fig. 1, the motion 1 has m1 influence factors expressed as x11, x12 , ⋅ ⋅ ⋅, x1m1 , and its performance function expressed
as g1 is just one influence factor of motion 2. In a similar way, the
performance function of motion 2 expressed as g 2 is one influence
factor of motion 3. By parity of reasoning, the performance function
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of motion n-1 expressed as g n −1 is one influence factor of motion n.
The performance function of motion n expressed as g n is also the
performance function of the whole system. The specific description
is as follows.
First, the successful execution of motion i (i=1,2,…,n) is denoted
by event Ai ; thus, the successful completion of the whole system
n

mission can be expressed as

∏ Ai . Then, based on conditional probi=1

ability, it can be obtained that:

(

  n

 P  ∏ Ai  = P (A1 )P (A 2 | A1 )P (A3 | A1A 2 )
  i =1 

⋅⋅⋅ P (A n | A1A 2 ⋅⋅⋅ A n -1 )



 P ( A ) = P (g > 0 )
i
i


(6)

⇓
P {g n > 0} = P {g1 > 0}P {(g 2 > 0 ) | (g1 > 0 )}P {(g3 > 0 ) | (g1 > 0 )  (g 2 > 0 )}
⋅⋅⋅ P {(g n > 0 ) | (g1 > 0 )  ⋅⋅⋅  (g n −1 > 0 )}

Moreover, based on Fig. 1 and the meaning of the performance
function:

(
)
(
)
T
x m = (x11, ⋅ ⋅ ⋅, x1m , x21, ⋅ ⋅ ⋅, x2 m , ⋅ ⋅ ⋅, xn1, ⋅ ⋅ ⋅, xnm )

 gi xi1, xi 2 , ⋅ ⋅ ⋅, xij , ⋅ ⋅ ⋅, xim
(i = 1)
i

gi (x m ) = 
 gi gi −1, xi 2 , xi 3 , ⋅ ⋅ ⋅, xij , ⋅ ⋅ ⋅, ximi
(i = 2  n )

1

2

ple size and sample values are denoted, respectively, by N1 and
x1 j1 ~ x1 jN1 . Thus, N1 values of g1 can be obtained, which are denoted by g11 ~ g1N1 . Then, in g11 ~ g1N1 , the number of items larger
than 0 and their values are denoted， respectively， by N 2 and
g11 ~ g1N 2 . Therefore, the reliability of motion 1 is
N
P {g1 > 0} = 2 .
N1
Afterward, the sampling for motion 2 would be executed according to the conditional probability density functions (
f x2 j | {g1 > 0} ( j = 1, 2,..., m2 ) ) with the sample size N 2 . The
g11 ~ g1N 2 can just be regarded as the sample value for the sampling
of g1 on the condition that motion 1 is reliable; then, the N 2 sample
values of g 2 are just g 21 ~ g 2 N 2 . In g 21 ~ g 2 N 2 , the number of
items larger than 0 is denoted by N3 . Therefore, on the condition that
motion 1 is reliable, the reliability of motion 2 is
N
P (g 2 > 0 ) (g1 > 0 ) = 3 .
N2

(7)

n

where mi and xij are, respectively, the number of influence factors
and the jth influence factor of the ith motion.

2.2. Solving idea for reliability model of motions in sequence
For the above-mentioned reliability model of motions in sequence, a solving idea characterized by a gradually shrinking sample
space is proposed based on Monte-Carlo simulation. The analytical
idea is shown in Fig. 2.

)

{

}

Finally, it is obtained that:
Ni +1

(i = 1)
 P {gi > 0} = N

i

 P {(g > 0 ) | (g > 0 )  ⋅ ⋅ ⋅  (g > 0 )}= Ni +1
i
1
i −1

Ni

(i = 2 ~ n )

(8)

Moreover, N n ≤ N n −1 ≤ ⋅ ⋅ ⋅ ≤ N1 , which shows that the sample
space shrinks gradually.

3. Case study
The automatic chain shell magazine sequence motions of a selfpropelled artillery are used for the case study. The prior motion is
shell-selecting and the next is shell-pushing, which are executed in
sequence to transmit the shell to the coordinator. The reliability influence factors of the two motions and the correlation between them are
shown in Fig. 3. Wheel wear and sprocket setover are two main influence factors of the shell-selecting, which can lead to location error of
the selected shell. Then, the mentioned location error and the section
radius of the pushing rod are two considerable influence factors of
the shell-pushing. The maximum contact force of the shell-cylinder is
regarded as the performance function of motion 2.
As is shown in Fig. 4, the parameterized models of the two motion mechanisms were built in software called ADAMS (automatic
dynamic analysis of mechanical systems). Thus, the mechanism motion reliability can be analyzed based on Monte-Carlo simulation and
cycle emulation technique of ADAMS.

Fig. 3. Specific reliability model of the automatic chain shell magazine sequence motions

The qualitative analysis for every influence factor is described in
Sections 3.1 and 3.2.
Fig. 2. Analytical idea of gradually shrinking sample space based on MonteCarlo simulation

3.1. Qualitative analysis for influence factors of shell-selecting (motion 1)

First, the sampling for motion 1 would be executed according to
the probability density functions ( f x1 j ( j = 1, 2,..., m1 ) ). The sam-

First, the horizontal displacement changing processes with different wheel wear (2, 4, and 6 mm) and sprocket setover (1, 2, and 3 mm)

( )
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Fig. 4. Parameterized model of shell-selecting (a) and shell-pushing (b)
mechanism

(a) Influence factor vs. wheel wear

(b) Influence factor vs. sprocket setover
(a) Different wheel wear

Fig. 6. Relationship between influence factors and location error of shellselecting

(b) Different sprocket setover

Fig. 7. Relationship for location error of selected shell and its influence factors

Fig. 5. Horizontal displacement changing processes with different influence
factors

are shown, respectively, in Figs. 5 (a) and (b). They indicate that, with
either wheel wear or sprocket setover getting larger, both the horizontal displacement oscillation and steady-state error increase.
Second, the relationship between location error and wheel wear is
shown in Fig. 6 (a), and the relationship between location error and
sprocket setover is shown in Fig. 6 (b). They indicate in more detail
that, with the increase of wheel wear, the location error gets larger,
and the increasing rate is time-varying. And then, when the sprocket
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setover becomes larger, the location error increases, and the increasing rate changes almost linearly with time.
At last, as shown in Fig. 7, with the wheel wear and sprocket
setover getting larger together, the location error decreases earlier
and then increases. In conclusion, the location error is influenced by
the two influence factors mentioned above, which indicates that the
considered influence factors are reasonable for the motion reliability
analysis of shell-selecting.
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3.2. Qualitative analysis for influence factors of shell-pushing (motion 2)
First, the shell-cylinder contact force changing processes with different location error (1, 2, and 3mm) and section radius of pushing
rod (5, 10, and 20mm) are shown, respectively, in Figs. 8 (a) and (b).
They indicate that, with the location error increasing or section radius
decreasing, the maximum contact force of shell-cylinder increases.
Second, the relationship between maximum contact force and
location error is shown in Fig. 9 (a), and the relationship between
maximum contact force and section radius is shown in Fig. 9 (b). They
indicate in more detail that, with the increase of location error, the
maximum contact force gets larger, and the increasing rate is timevarying relatively conspicuously. And then, when the section radius
becomes larger, the maximum contact force decreases, and the decreasing rate changes obviously.
At last, as shown in Fig. 10, with location error increasing and
section radius decreasing, the maximum contact force gradually gets
larger. In conclusion, the maximum contact force is influenced by
the two influence factors mentioned above, which indicates that the
considered influence factors are reasonable for the motion reliability
analysis of shell-pushing.

(a) Influence factor vs. location error

(b) Influence factor vs. section radius of pushing rod
Fig. 9. Relationship between influence factors and maximum contact force of
shell-cylinder

(a) Influence factor vs. location error

Fig. 10. Relationship for maximum contact force of shell-cylinder and its influence factors

3.3. Reliability analysis for the sequence motions (shellselecting and shell-pushing)
(b) Influence factor vs. section radius of pushing rod
Fig. 8. Contact force changing processes with different influence factors

The probability distribution of the influence factors is listed in
Table 1. For the first motion, 50 samples were used to execute MonteCarlo simulation, and the results of location error are listed in Table 2.
Moreover, when the location error is smaller than 10mm, the motion
is regarded as reliable. Thus, based on the proposed solving idea mentioned in Section 2.2, the results of maximum contact force of the
shell-cylinder are listed in Table 3. Moreover, when the maximum
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Table 1. Probability distribution of influence factors
Influence factor
Wheel wear

Distribution type

Distribution parameter / mm

Uniform distribution

Upper limit = 3
Lower limit = 1

Mean value = 2
Standard deviation= 0.333

Normal distribution

Sprocket setover

Section radius of pushing rod

Upper limit = 20
Lower limit = 5

Uniform distribution

Table 2. Results of location error of shell-selecting
Wheel wear/mm

Sprocket setover/
mm

Location error/
mm

Wheel wear /mm

Sprocket setover/
mm

Location error/mm

2.1692

1.7370

12.670

1.9252

1.6025

9.586

2.5605

1.625

1.4748
2.0939
2.0111
1.5559
2.3755
2.1166
1.9004
2.0076
1.9128
1.4172
1.9049
1.7232
1.6739
1.6149
1.8223
1.3331

2.3211
2.1732
1.9933
1.9884
1.7342
2.3392
1.9556

1.7621

1.3670
2.2512
1.1623
2.8588
2.5514
1.9736
1.8717
1.8936
1.6127
2.0170
2.0215
2.6353
2.5897
2.2886
1.7572

2.6232
2.0657
1.7015
2.8780
2.7519
2.1003
2.2450

2.1741

6.601

2.4500

5.095

1.8039
1.9022

9.558

1.7176

6.861

1.6270

1.739

2.8412

7.243

2.5513

7.943

2.1024

8.107

1.5814

2.821

1.7118

5.897

1.9412

1.934

2.2635

5.935

1.5564

5.822

1.2242

0.507

1.5175

0.111

2.1111

1.589

2.1303

5.434

2.1504

9.317

1.9566

4.807

2.0612

6.472

1.8414

0.949

2.2871

5.260

1.5466

0.747

2.1515

contact force is larger than 15,000N, the second motion is regarded as
a failure. Then, the reliability results are calculated as follows:
N 2 46

 P1 = N = 50 = 0.9200
1


N3 39
=
= 0.8478
 P2 =
N 2 46



 P = P1P2 = 0.9200 × 0.8478 = 0.7800
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(9)

1.4155
1.9418
1.4610
2.6886
1.3895
1.4518
1.3414
1.4553
1.8714
1.6222
2.8468
1.8604
1.3696
2.8098
2.9595

8.421
3.898
9.830
5.736
6.566
8.403
7.998
3.673
0.275
5.271
4.228
1.778
9.956
2.496
1.098

1.8777

10.480

1.5161

2.564

1.2222
1.8174
2.1898
1.5244
2.2057
2.4224

1.4435

4.539
7.057
4.492
7.746
2.887

10.144

13.505

4. Conclusion
Sequence motions widely exist in many complex weapon systems.
However, there is limited literature focusing on this kind of system,
especially the character called motions in sequence. In this work, a
reliability model of sequence motion system was proposed. It takes
the character-motions in sequence into account. Then, the solving idea
characterized by a gradually shrinking sample space based on MonteCarlo simulation was performed.
Moreover, the proposed reliability model and the solving idea
were illustrated by the automatic chain shell magazine sequence motions of a self-propelled artillery. For the motion 1 (shell-selecting),
the location error of the selected shell changed obviously with the
variation of wheel wear and sprocket setover. Meanwhile, for the mo-
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Table 3. Results of maximum contact force of shell-cylinder
Location error/
mm

Section radius/
mm

Maximum contact
force/N

Location error/
mm

Section radius/mm

Maximum contact
force/N

5.095

14.8078

5884.4116

8.421

18.4957

8639.9607

9.558

11.1034

3.898

11.7559

1.739

15.0040

6.601
1.625
6.861
7.243

7.943

8.107

8.1016
6.0808

11.1009

0.111
1.589

11.2557

5.736
6.566

8.403

8.0851

18.4948

16.4388

5884.4117
7349.6471
4574.7764

18059.1505

11485.6963

0.275

9.2743

8665.1109

4574.7766

3.673

4574.7766

5.271

15.0984

1.778

13.4208

11324.0032

2.496

14.6427

8056.4325

4.539

12.8856

7.057

6.8422

7225.1924

9182.0909

1.098

8370.0608

11388.9555
8275.1491
4575.3470
5038.2660

18.7057

13571.8120

13.9830

5823.7299

13.3743

12.4312

7876.5438

10611.5848

8.7003

11.3218

14.6533

8529.2861

18.2373

9.956

11.8211

7.2332

7.998

44169.5195

17.9622

18.2426

5.260

9.830

10.8333

4.807
6.472

9.586

10740.2859

16.7663

0.949

7843.4679

0.747

19.8196

5.434
9.317

6746.8551

4722.1065

17.1643

19.5768

5.822

4335.2860

12.2682

1.934
0.507

4475.2930
31076.2078

16.3512

5.935

4922.2563

19.0059

2.821
5.897

30603.4861

7977.1237

tion 2 (shell-pushing), the maximum contact force also changed obviously with the variation of location error and section radius.
Finally, the promising results suggest that the reliability model
is applicable to practical systems, and the solving idea can produce a
quality solution for reliability analysis.

4.228

2.564

9.7563

14.9642
7.4393
9.2508
7.9985

4.492

11.1098

2.887

15.7500

7.746

9.1293

8435.3218
6358.5859
4574.7766

12017.7631
7800.9378
9874.3345
8450.5749

10329.3290

19864.1772

19537.9651
7056.1575
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The use of a supply chain configuration model
to assess the reliability of Logistics processes
Zastosowanie modelu konfiguracji łańcucha dostaw
do oceny niezawodności Realizacji procesów logistycznych*
The article presents an approach to assessing the reliability of logistics processes implemented in supply chains in terms of time
losses resulting from the selection of a variant of material flows in the supply chain. In order to define this indicator, a mathematical model of the supply chain has been developed, i.e. the parameters of the research problem, the decision variables, the
constraints and the evaluation criteria. The method of evaluating the reliability of the system is presented in diagram form. The
algorithm was verified based on experimental data. In order to evaluate the reliability of the logistic processes for the sample
supply chain, a simulation model was developed that determines the time losses in the points and linear elements of the examined
chain. Time losses are dictated by traffic delays resulting from traffic congestion on particular sections of the route and road junctions and delays in point elements in the supply chain.
Keywords: reliability of logistic processes, loss of time in logistic processes, supply chain, simulation models.
W artykule przedstawiono podejście do oceny niezawodności procesów logistycznych realizowanych w łańcuchach dostaw
w aspekcie strat czasu wynikających z wyboru wariantu realizacji przepływów materiałowych w łańcuchu dostaw. Na potrzeby
tych badań opracowano model matematyczny łańcucha dostaw, tj. określono parametry problemu badawczego, zmienne decyzyjne, ograniczenia oraz kryteria oceny. Sposób oceny niezawodności systemu został przedstawiony w postaci schematu. Algorytm
został zweryfikowany na podstawie danych eksperymentalnych. W celu oceny niezawodności procesów logistycznych dla przykładowego łańcucha dostaw opracowano model symulacyjny wyznaczający straty czasu w elementach punktowych i liniowych badanego łańcucha. Straty czasu podyktowane są opóźnieniami w ruchu drogowym wynikającymi z kongestii ruchu na poszczególnych
odcinkach trasy i węzłach drogowych oraz opóźnieniami w elementach punktowych łańcucha dostaw.
Słowa kluczowe: niezawodność procesów logistycznych, straty czasu w procesach logistycznych, łańcuch dostaw, modele symulacyjne.

1. Introduction
The supply chain is generally understood as a group of companies
such as mining, production or distribution companies, etc., which carry out joint activities necessary to satisfy the demand of final recipients for specific products. The coordination of activities is carried out
throughout the whole chain of goods flow from the acquisition of raw
materials to deliveries to the final recipient. These activities may include: development, production, sale, maintenance, procurement, distribution, resource management, support activities, etc. The role and
location of individual companies – entities in the structure of the supply chain – results from the division of labour at subsequent stages of
production and sale of products. Intersecting supply chains constitute
a network of relations of interdependent organisations which, acting
on the basis of mutual cooperation, jointly manage the material goods
flows and information from suppliers to final customers, control and
improve them [1, 4, 17, 21, 22, 23, 24, 36, 21]. It may therefore be
said that entities operating in the supply chain through links with sup-

pliers and recipients are involved in various processes and activities
that create value in the form of products and services delivered to final
consumers. Each of the companies integrated in the supply chain is
responsible for a part of the realized flows between entities.
There are many unpredictable situations in material goods flows
which have a negative impact on the continuity and quality of these
flows. The main operational risks1 in this respect from the point of
view of an established cell of the supply chain result from the following adverse events:
–– delivery delay, e.g. due to: organisational disruptions at the supplier, lack of availability of ordered materials at the supplier,
late delivery of the means of transport for loading, wrong selection of transport route, road conditions, delivery errors, extended customs clearance,
1 In general, risk assessments also distinguish legislative, financial and strategic risks
[36].

(*)	Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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–– too fast delivery, e.g. due to delayed delivery of the means of
transport for loading, road conditions,
–– incomplete delivery, e.g. due to non-availability of all ordered
materials from the supplier and damage or theft during transport,
–– inadequate quality of the goods delivered, e.g. due to failure to
meet the required transport conditions,
–– damage to stored material goods,
–– ageing (spoilage) of stored material goods,
–– theft of stored material goods,
–– breakdowns of internal transport equipment and other warehouse equipment,
–– workers’ strikes,
–– accidents at work,
–– atypical, very large customer orders,
–– IT system failures,
–– natural disasters and extraordinary events.
The listed adverse events have an unquestionable impact on the
continuous flow of material goods, including the ability to meet customer demand, although this impact is minimised with varying degrees of success through the use of well-thought-out inventory management strategies. Nevertheless, the assessment of these strategies
should also be carried out taking into consideration their impact on the
reliability of logistics processes.
From the point of view of the reliability of supply processes in the
logistics chain, the following indicators are distinguished: punctuality
of deliveries, reliability of deliveries (complete delivery of ordered
goods of appropriate quality), as well as readiness for delivery, and
quality and flexibility of deliveries. The latter relate to the ability of
suppliers to respond in emergency situations. Of course, the reliability
of logistics processes in supply chains is always determined by the
so-called weak links.
Researching the reliability of complex systems, such as the supply
chain, requires a number of factors to be considered. The effectiveness of the supply chain is determined by the effectiveness of its operation. An important aspect is the dimensioning of factors that affect
the effectiveness of supply chain operations, especially those aspects
of supply chain operations that affect its reliability. One of the important determinants of the supply chain reliability is the timeliness of
logistics processes. With this in mind, for an established structure of
the supply chain, an approach to evaluating the reliability of the supply chain due to time losses resulting from various types of delays in
the performance of tasks has been proposed.

2. State of knowledge
In technology, the dependability of a system (technical object) is
usually defined as a set of properties that describe the readiness of
the object as well as the reliability, maintainability and maintenance
support that affect it. The term ‘dependability’ is used only for general
quality description of technical object properties.
Nowakowski [30] draws attention to the following basic differences in the application of the reliability theory apparatus to describe
technical objects and logistics processes:
–– dependability is understood as a measure of task completion in
time, which may be compared to the notion of reliability,
–– the concept of readiness is used in a similar way in both logistical and technical terms,
–– from the logistics point of view, there is no equivalent of the
characteristics of maintainability or repairability (activities preventing the occurrence of errors are not assessed, as there are
no indicators characterising the removal of the effects of the
error),
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–– all measures are in the form of coefficients or structure indicators – no other characteristics are used, even though the assessed processes are random processes.
Thus, according to [30] the reliability of the supply chain means,
among others: timely completion of the task, complete fulfilment of
the order, receipt and release of goods without any damage.
To research the responsiveness and reliability of supply chain elements, i.e. to determine whether or not supply chain relations have
a high reliability coefficient, companies use the Supply Chain Operation Reference Model (SCOR) [38]. The SCOR model is used to
describe and analyse the supply chain in a comprehensive manner [18,
28, 39]. It allows processes throughout the supply chain to be measured, controlled and managed, covering all participants (manufacturers, transport companies, distributors and consumers).
The delivery reliability as indicated by Twaróg [41] is the quotient
of timely deliveries to the total number of orders. The delivery quality
may be measured by the quotient of the number of complaints and the
total number of orders. On the other hand, the delivery flexibility (the
ability to adapt to customer needs) may be determined by the quotient
of the number of special requests fulfilled to the number of special requests. The delivery readiness may be expressed by the quotient of the
number of orders delivered from the warehouse to the total number of
orders. On the other hand, according to [27] and [29], the reliability
is one of the non-quantifiable factors taken into consideration when
designing logistics systems. A measure of operational reliability is a
disturbance or the extent of decrease in efficiency. In this context, the
flexibility of the system, i.e. adaptability, is analysed.
Numerous studies of the supply chain reliability problems consider the issues of system efficiency decrease and changes in the load
capacity of displacement routes ([2, 3, 5, 7, 10]). By contrast, the studies on reliability of network of connections described in [8] and [11]
focus mainly on connectivity and reliability during the journey.
One of the approaches to the supply chain reliability analysis is
Fault Tree Analysis [16], which is a probabilistic approach allowing
for the analysis of safety, reliability or risk. The Dynamic Fault Tree
(DFT) method has been described, among others, in [12] and [13]. It
was assumed that dynamic DFT gates can define:
–– dynamic replacement of damaged components with spare components,
–– occurrence of damage only in a predetermined order.
The use of a four-step model for the optimisation of the distribution network within the supply chain using the grey systems theory
to take into account the uncertainties of phenomena and information
was proposed in [44]. However, the issues of reducing the risk of supply chain disruption are described in [9]. It has been pointed out that
the basic methods of risk reduction, i.e. creating reserves, increasing the efficiency of logistics facilities and cooperation with many
suppliers, significantly increase costs. Therefore, increasing the supply chain efficiency means increasing the flexibility of the examined
chain to adapt to adverse events and reduce risk. Increased supply
chain flexibility without reducing its efficiency in relative terms may
be achieved by segmenting the supply chain as well as configuring
and adapting particular cells to the requirements of the surroundings.
A similar approach is described in [26], using the concept of agility
of the supply chain.
Another approach to supply chain reliability was proposed in
[37], where fuzzy modelling was used to model the relations between
customer requirements and the required reliability of solutions in the
context of supply chain management.
It was noted in [34] that most current research on uncertainty and
hence the supply chain efficiency and effectiveness focuses on the
relations between manufacturers and suppliers, and most of the developed models are based on this dual relation. Thus, it adds a third
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element – a key logistics operation – transport, as a natural complement to the model for researching the supply chain under conditions
of uncertainty. As a result, the obtained model reflects in a better way
the working conditions of the supply chain and indicates potential
points for reducing uncertainty. The model described in [34] includes
the uncertainty analysis from the supplier, customer and carrier point
of view.
According to the above, the issues of the supply of material goods
often have to take into account elements of uncertainty, such as customer demand or driving time of vehicles. This is related to the dynamic vehicle routing (VRP) problem. When solving these problems,
information that is the subject of uncertainty is updated through the
use of the latest technologies, such as GPS or various types of telematics systems. The results of research carried out in this area may be
found in, among others [6, 31, 32, 33]. The issues of searching for the
shortest routes are still very topical. Many researchers dealing with
this problem are looking for effective algorithms for finding the shortest routes (e.g. [19, 20, 25, 40, 46]).
Efficiency, productivity and the way logistics processes are carried out are strongly influenced by various types of random phenomena. Sources of random phenomena may be located both in warehouse
facilities or management systems operating therein, as well as in close
and distant surroundings. Due to the randomness of phenomena that
determine the way processes are carried out in logistics facilities, an
approach using the stochastic process theory apparatus is very often
applied during the examination of these facilities [43].
The theory of mass handling and simulation studies are widely
used in research and analysis of supply chains in terms of reliability
of processes carried out therein ([2, 3, 14, 15, 42, 45]).
Bearing in mind undertaken in literature aspects of evaluating the
supply chain reliability, the aim of the research was to develop a supply chain configuration model, which, taking into consideration the
evaluation of the reliability of logistics processes in supply chains due
to the total time losses resulting from traffic congestion on particular
sections of the route and road junctions and delays in point elements
of the supply chain, will enable the selection of the best variant of
the supply chain configuration. At the same time, it is important to
emphasise the possibility of using various variants of the supply chain
configuration by including intermediate storage facilities in the physical flows. This reduces the need for small-tonnage vehicles and, consequently, the negative effects of transport.
Regardless of the variant of the supply chain configuration, both
the handling times of physical streams at point elements of the supply chain and at transport connections between them are mapped by
random variables (resulting from the traffic conditions existing at the
moment). In this context, logistics processes in supply chains are stochastic processes.
With this in mind, it may be concluded that the performance times
of physical flows in the supply chain are strictly dependent on random factors, e.g. failure of the internal transport device or vehicle,
accidents, control errors, human errors, accumulation in flows. These,
in turn, determine the reliability of a given logistics process. It is
therefore important to develop a method for assessing the reliability
of logistics processes in terms of the time needed to complete these
processes, and in particular in terms of time losses. Time losses are
understood here as an extension of the time of execution of a given
process in relation to the nominal time of its execution. In the design practice, various coefficients are taken into consideration which
represent the extension of the nominal time of a given activity (e.g.
coefficients of working conditions), or functional dependencies (e.g.
the function of the average speed of a given process depending on the
number of units serviced), however, emergency events are ignored
here. Moreover, in the literature there is no method of supply chain
configuration taking into consideration the evaluation of the reliability of logistics processes due to the total time losses.

3. Supply chain configuration model due to reliability
of execution of logistics processes
From the point of view of the reliability of the logistics process,
all elements (cells) of the supply chain must meet specific efficiency
expectations. This means that these cells may be regarded as a whole
series reliability system. The unreliability of one or more cells translates into the unreliability of the entire chain. Conversely, the reliability of particular cells in the supply chain means that it can meet
efficiency expectations in all areas of its surroundings. At the same
time, it should be stressed that the optimisation of logistics solutions is
always carried out simultaneously, taking into account the quality assessment criteria (service level) and the criteria for assessing the costs
of logistics processes. This results in a multi-criteria approach or (in
the classical sense) a single-criteria approach, where the assessment
criterion is cost and the quality assessment indicators are recognised
in constraints. With this in mind, and in view of the objective of the research, a supply chain configuration model has been proposed which
takes into consideration two criteria for assessing solutions (costs and
probability of occurrence of time losses) and, among the constraints,
additional requirements for the implementation of logistics processes within a certain time frame have been taken into account. In this
model, the following values were taken into account among the data
characterising the above-mentioned functions of the criteria:
–– a set of variants of the supply chain configuration: LD = {ld:
ld = 1, …, LD},
–– sets of numbers of cells of the supply chain in variants of its
configuration, V(ld), ld ∈ LD,
–– sets of relations between cells in variants of the supply chain
configuration, LF(ld), ld ∈ LD,
–– sets of beginnings of relations of displacement of goods A(ld)
and sets of ends of these relations in the variants of the supply
chain B(ld), ld ∈ LD,
–– sets of numbers of routes which, in variants of the supply chain
configuration may combine beginnings with ends of displacement relations, E(ld, a, b), ld ∈ LD, a ∈ A(ld), b ∈ B(ld),
–– sets of arcs forming routes in particular relations,
EL(ld, a, b, e)
–– sets of types of vehicles identified for variants of the supply
chain STZ(ld),
–– sets of types of vehicles STZV(v, ld), sets of types of internal
transport mode STWV(v, ld) for variants of the supply chain
and their cells,
–– sets of numbers of types of material goods supported by variants of the supply chain configuration, H(ld), ld ∈ LD,
–– the length of the connection between cells of the supply chain in
particular variants of its configuration, (ld ,(v, v ')) , ld ∈ LD,
(v, v’) ∈ LF(ld),
–– a random variable, interpreting the temporary traffic flow load
capacity of the connection between cells of the supply chain
in particular variants of its configuration, q0 (ld ,(v, v '), t ) ,
ld ∈ LD, (v, v’) ∈ LF(ld) the average value of which is equal
to q0 (ld ,(v, v '), t )
–– the speed of vehicles in free movement between cells of the
supply chain for variants of its configuration, vs ( st , ld ,(v, v ')) ,
ld ∈ LD, st ∈ STZ(ld), (v, v’) ∈ LF(ld),
–– the costs of vehicles using road connections between cells of the
supply chain for variants of its configuration, kd ( st , ld ,(v, v ')) ,
ld ∈ LD, st ∈ STZ(ld), (v, v’) ∈ LF(ld),
–– fixed costs for the variants of the supply chain configuration,
K (ld ) , ld ∈ LD,
–– distances per unit kl (ld , v, st ) and the cost of the use of vehicles
of particular types available to cells of the supply chain per unit
kh(ld , v, st ) , ld ∈ LD, v ∈ V(ld), st ∈ STZV(v, ld),
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–– the cost of operating the internal transport mode of st-th type
by v-th element of ld-th supply chain kw(ld,v,st) , ld ∈ LD,
v ∈ V(ld), st ∈ STZV(v, ld),
–– a set of time intervals T = {t: t = 1, 2, ..., T}.
However, the decision variables refer to:
–– the selection of the variant of the supply chain configuration,
x(ld), ld ∈ LD,
–– the times of vehicle involvement in handling cargo streams in
the selected variants of the supply chain configuration, y1(ld, st,
(v, v’), v’’, a, b, e, h), ld ∈ LD, v’’ ∈ V(ld), st ∈ STZV(v’’, ld), (v,
v’) ∈ LF(ld), a ∈ A(ld), b ∈ B(ld), e ∈ E(ld, a, b), h ∈ H(ld),
–– the times of involvement of means of transshipment in handling
cargo streams in the selected variant of the chain configuration, y2(ld, st, v, h), ld ∈ LD, v ∈ V(ld), st ∈ STWV(v, ld),
h ∈ H(ld),
–– the number of journeys of unloaded vehicles between cells
of the supply chain in the selected variant of the configuration, zp1(ld , st ,(v, v '), v '') , ld ∈ LD, v’’ ∈ V(ld), st ∈ STZ(ld),
(v, v’) ∈ LF(ld),
In the developed model, taking into consideration the data described above, the values of the above decision variables should be
determined in order to meet the constraints concerning:
–– the selection of the supply chain structure as well as transport
and storage routes,
–– ensuring that the total working time of the vehicles is not longer
than the available time,
–– the use of the working time of the transport means,
–– ensuring that the time obtained for the provision of logistics
services will be accepted by the participants in the supply chain,
which entails the selection of an appropriate technological route
for each relation and the selection of technical means which
will ensure that the provision of logistics services in this relation will not exceed the time expected by the participants in the
supply chain,
and that the function of the criterion on the interpretation of the
flow costs (formula (2)) and/or the function of the criterion on the
interpretation of the probability of time losses (formula (4)) adopts
minimum values:
WKC (ld ) = K (ld ) ⋅ x(ld ) +

∑

∑


(zl1(ld , st ,(v, v '), v '') + zp1(ld , st (v, v '), v '') )⋅

∑

st∈STZ (ld ) (v ,v ')∈LF (ld ) v ''∈V (ld ) 



(ld ,(v, v '))
⋅  kd ( st , ld ,(v, v ')) + (ld ,(v, v ')) ⋅ kl (ld , v '', st ) +
⋅ kh(ld , v '', st )   +
vs ( st , ld ,(v, v '))


+

∑

∑


 kw (ld , v, st )⋅

v∈V (ld ) st∈STWV (v ,ld ) 

∑

h∈H (ld )


y 2 (ld , st , v, h ) 
→ min
 ld ∈LD

(2)

where zl1(ld , st , (v, v '), v '') is the number of loaded journeys determined as follows:

∀ld ∈ LD ∀v '' ∈V (ld ) ∀st ∈ STZV (v '', ld ) ∀(v, v ') ∈ LF (ld )
zl1(ld , st ,(v, v '), v '') =
⋅

∑

∑

∑

vs ( st , ld ,(v, v '))
⋅
(ld ,(v, v '))

∑

h∈H (ld ) a∈A(ld ) b∈B (ld ) e∈E (ld , a ,b ):(v ,v ')∈EL(ld , a ,b,e)

(

)

(3)

y1(ld , st ,(v, v '), v '', a, b, e, h )

R(ld) = P ∆T(ld) ≤ t g 
→ max
ld∈LD

(4)

where tg is the permissible value of losses of time to be considered
in technological routes, and ∆T (ld ) is the actual value of losses in
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physical stream flows for ld-th variant of the supply chain configuration calculated as follows:

∀ld ∈ LD
+

∑

∑

∆T (ld ) =

T


sgn ( y 2(ld , st , v, h) ) ∫ ω 2(ld , st , v, h, t ) dt  +


h∈H (ld ) v∈V (ld ) st∈STWV (v,ld ) 
t =0


∑

∑

∑

∑

∑

∑

∑

∑


sgn ( y1(ld , st ,(v ', v ''), v, a, b, e, h) )⋅

h∈H (ld ) a∈A(ld ) b∈B (ld ) e∈E (ld , a ,b ) v∈V (ld ) st∈STZV (v,ld ) (v ',v '')∈EL(ld , a ,b,e) 
T

∫ ω1(ld , st ,(v ', v ''), v, a, b, e, h, t )

t =0


dt 


(5)
where ω 2(ld , st , v, h, t ) is a function mapping the time losses of the
internal transport means of st-th type when handling material goods
of h-th type in v-th cell of the supply chain for ld-th variant of its configuration, and ω1(ld , st ,(v ', v ''), v, a, b, e, h, t ) is a function mapping
the time losses of transport means of st-th type, which are at the disposal of v-th cell of the supply chain, when handling material goods
of h-th type on (v’, v’’) connection between cells in the supply chain
constituting an element of e-th route distinguished between a-th and
b-th cell of the supply chain for ld-th variant of its configuration.
Time losses in flows of material goods are one of the most important measures for assessing the performance of logistics tasks in
supply chains from the reliability point of view. These losses arise
as a result of conflict situations occurring during the performance
of logistics processes. In the proposed approach, they are identified
with the use of simulation methods, because in practice time losses
in individual elements of the supply chain result from decisions concerning the selection of technological paths and the selection of resources for their implementation, as well as from a number of other
random events.
Additionally, the form of functions mapping time losses is strongly dependent on the type of these elements and their detailed parameters. For example, in road traffic models many analytical forms of
functions are used which represent the extension of driving time due
to the intensity of road traffic, while the identification and parameterisation of these functions in relation to particular sections of the
transport network requires in-depth research. As an example, one may
indicate here, quite often used in practice, the BPR2 function in the
following form:
T((v,v'), t) = T0 (v,v') +
β (v,v')



q((v,v'), t)
α (v,v') ⋅ T0 (v,v') ⋅ 
, if q((v,v'), t) < c(v,v') ⋅ q max (v,v')


 c(v,v') ⋅ q max (v,v') 
+
β '(v,v')



q((v,v'), t)
, contrary
α (v,v') ⋅ T0 (v,v') ⋅ 

 c(v,v') ⋅ q max (v,v') 


(6)
where T((v, v’), t) is characteristic for the t moment actual journey
time of the connection (v, v’), min, T0(v, v’) – the journey time of
the connection (v, v’) in free movement (for q((v, v’), t) = 0), min,
q((v, v’), t) – identified for the t moment of the traffic flow on the
connection (v, v’), veh/h, qmax(v, v’) – infrastructure capacity of the
connection (v, v’), veh/h, c(v, v’) – a coefficient determining the part
of the infrastructure capacity of the connection (v, v’) characteristic
for the level of freedom of movement C, while α(v, v’), β(v, v’),
β’(v, v’) are empirically determined parameters of the model for the
connection (v, v’).
At the same time, it should be noted that the load capacity on
the transport network sections considered here results from the decision on the configuration of a given supply chain and, above all, from
the existing distribution of traffic flows in a given transport network,
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which is a random phenomenon. As a consequence, the identification of the function mapping time losses and their parameters must be
performed individually for each element of a given logistics network.
On the other hand, the load capacities of elements taken into account
in the calculation of service time extension, which result from logistics processes other than those analysed, may be assumed as average
values characteristic for a given moment (time of day), or drawn according to an identified probability distribution, which describes this
phenomenon.
The above conditions cause that the value of the function R (ld ) is
determined on the basis of an empirical distribution obtained experimentally, taking into account the randomness of the state of elements
of the logistics system.
The reliability of the supply chain may also be considered from
the point of view of the reliability of the tasks performed. In this respect, the reliability indicators for the transport means and load equipment and the category of human work should also be taken into account. Owing to this, by assigning the most reliable resources to the
most reliable production lines, it is possible to guarantee the effective
performance of logistics tasks in the supply chain.

4. Reliability evaluation algorithm for performance of
logistics tasks
In order to assess the reliability of the supply chain due to the
probability of excessive time losses in the performance of logistics
tasks, which depend on random situations occurring during transport,
handling operations and other transformations made in the supply
chain in physical streams, an algorithm was developed to determine
the distribution of sums of time losses in the flow of material goods
and the probability that time losses will not be greater than permissible. The article presents a simplified form of this algorithm taking
into consideration one variant of the supply chain configuration and
one relation of displacement of material goods within one route, as
well as one type of cargo.
For the purpose of developing the algorithm for determining the
probability of exceeding the permissible time losses, an ex designation was introduced to interpret the number of the simulation experiment and EX to interpret the number of these experiments.
The steps of the developed algorithm may be presented as follows:
Step 1. 		 Enter the input data including, among others: LD, V(ld),
A(ld), B(ld), E(ld, a, b), STZ(ld), STW(ld) H(ld), as well
as variants of logistics processes (technological routes and
means of work and employees assigned to their performance).
Step 2. 		 Experiment number ex := 1;
Step 3. 		 Simulation mapping of disturbances for the current experiment (ex) related to, among others, uncertainty of orders
and malfunction of means of work, as well as the current
load capacity of elements of the logistics system.
Step 4. 		 Development of schedules for the current experiment (ex)
for the performance of material goods flow processes, taking into account time losses resulting from disturbances and
the resulting conflict situations. For this purpose, the moment of flow initiation and its subsequent stages are taken
into account.
Step 5. 		 Determination of the amount of losses in the flows of physical streams for the current experiment (ex) and for individual variants of the supply chain configuration ld ∈LD
according to the relation (5).
Step 6. 		Is ex = EX?
						NO: Assume ex := ex + 1 and go to step 3.
						 YES: Go to step 7.

Step 7. 		 Determination of empirical distribution of average time
losses in the flows of physical streams for individual variants of the supply chain configuration ld ∈ LD.
Step 8. 		 Determination of the value of the function of purpose (4)
for particular variants of the supply chain configuration ld
∈ LD.
Step 9. 		 Comparison of variants of the supply chain configuration
due to exceeding the permissible time losses in the flows of
physical streams.

5. Practical application
Time losses on connections between cells of the supply chain and
in its point elements were simulated using the algorithm described in
the previous section. Therefore, additional disruptions and accumulations in the flows of physical streams as well as the current random
load capacity on elements of the logistics network have been taken
into consideration here. The simulation assumed that in cells of the
supply chain and in linear elements time losses were described by
an exponential distribution of individually determined parameters
(lambda = 0.5). The probability of occurrence of time losses R (ld ) in
the whole supply chain was determined as the product of probability
in its particular elements (called partial probabilities in the simulation
model) R'(ld) , because random events in particular objects of the
supply chain are treated as randomly independent events. The distribution function of the exponential distribution, on the basis of which
the probability of exceeding the permissible time losses was determined, is presented as:
P(X < T dop ) = 1 − e-λ T

dop

(7)

The analysed supply chain consists of the following elements:
suppliers {1, 2}, manufacturer {3}, distribution warehouse {4} and
recipient {5}. The delivery of cargo from the manufacturer to the recipient may be carried out in two ways: directly in a relationship between the manufacturer – the recipient {(3, 5)} or indirectly through a
distribution warehouse {(3, 4), (4, 5)}. – Fig. 1.
Taking into account the above and the two types of vehicles (with
16 and 33 pallet spaces), the following variants were considered in the
simulation research of the flow of cargo streams in the supply chain:
–– Variant. 1. More frequent direct deliveries in a relationship between the manufacturer – the recipient (smaller vehicles). The
following limit values have been adopted for each element of
the supply chain: suppliers {1} – 5 [min.], suppliers {2} – 4
[min.], manufacturer {3} – 7 [min.], distribution warehouse {4}
– 6 [min.], recipient {5} – 4 [min.], all relationships on connections – 8 [min.]. More frequent deliveries impose the minimisation of permissible time losses in connection with a saturated
production plan.
–– Variant. 2. Intermediate deliveries in a relationship between the
manufacturer – the distribution warehouse with larger vehicles
(less frequent deliveries) and the distribution warehouse – the
recipient with smaller vehicles (more frequent deliveries). The
following limit values have been adopted for each element of
the supply chain: suppliers {1} – 7 [min.], suppliers {2} – 8
[min.], manufacturer {3} – 7 [min.], distribution warehouse {4}
– 8 [min.], recipient {5} – 4 [min.], connection (3,4) – 9 and
(4,5) – 7 [min], other relationships 9 [min.]. Less frequent deliveries make it possible to increase the permissible time losses
and result from a less saturated production plan.
–– Variant. 3. Less frequent direct and indirect deliveries in a relationship between the manufacturer – the recipient (larger vehicles), delivery of material goods to the manufacturer with larger
vehicles (less frequent deliveries), frequent deliveries to the
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manufacturer. The following limit values have been adopted for
each element of the supply chain: suppliers {1} – 5 [min.], suppliers {2} – 4 [min.], manufacturer {3} – 7 [min.], distribution
warehouse {4} – 8 [min.], recipient {5} – 8 [min.], connection
(3,5), (3,4) and (4,5) – 8, other relationships 5 [min.].
Source: own elaboration.

Fig. 1. Cells of the supply chain

In order to determine the probability of exceeding the permissible time losses R(ld) for the analysed variants, time R’(ld) chain
have been taken into account according to empirical probability distributions. The results obtained for the three variants described above
are presented in Table 1. Costs are indicators for the assessment of
cargo flows in supply chains that do not determine time losses, thus
they have been omitted from the analysis. Costs are the effect of time
losses and are reflected in the financial settlements of the chain flow.
Considering the results presented in Table 1, it may be concluded that
the main factor affecting time losses in particular cells and on the
linear elements of the logistics network is the frequency of cargo delivery. In the case of frequent deliveries, minimum time losses are
required due to the timeliness of completion of particular tasks in
the chain and maintaining the cargo flow. According to the assumed
empirical distribution (i.e. exponential distribution), it may be stated
that the frequency of deliveries negatively affects the probability of
exceeding the permissible time losses in the analysed supply chains.
In each element of the supply chain, increasing the time of permis-

sible losses increases the likelihood of occurrence of such losses. The
analysed variants present various combinations of permissible time
losses in different elements depending on the frequency of deliveries.
In variant 2, the requirements for minimising the losses in particular
elements of the chain generated the highest probability of not exceeding these losses.

6. Summary
The article presents an approach to studying the reliability of logistics processes, taking into account the probability of exceeding
the total time losses generated in point and linear elements of the
supply chain. Time losses generated in the supply chain also depend
to a large extent on traffic conditions, as well as accumulations in
the flows of physical streams (especially in logistics facilities) and
related delays. The simulation model considered time losses resulting from delays generated in linear and point elements of the supply
chain, which are formed by suppliers, recipients and logistics facilities (e.g. transshipment points) and other entities occurring in physical flows of material goods.
Further research on the assessment of the reliability of logistics
processes in terms of calculating of total time losses may be carried
out by extending the mathematical model with additional random factors generating time losses, e.g. accidents, wrong route selection by
drivers.
It should be stressed that taking time losses into consideration as
a criterion for assessing the variants of the supply chain configuration
is a response to the need to increase the efficiency of supply chains
– especially in terms of minimising the operations not increasing the
value of material goods.

Table 1. Results of simulation research on time losses in variants of the supply chain configuration and allocation of means of work

Supplier of materials (1)

Supply chain element

Supplier of semi-finished products (2)
Manufacturer (3)

Distribution warehouse (4)

Variant 2

Variant 3

0.86

0.98

0.86

0.91

0.96

0.86

Connection (1, 2)

0.98

Connection (2, 3)

0.98

Connection (3, 4)

0.98

Connection (4, 5)

0.98

Likelihood of exceeding the permissible time losses R(ld) for the variant

Source: own elaboration.

Variant 1

0.95

Recipient (5)

Connection (3, 5)

Partial likelihood of exceeding the permissible time losses R’(ld)

0.98

0.55

0.96

0.96

0.91

0.86

0.98

0.98

0.98

0.96

0.98

0.62

0.91

0.96

0.98

0.98

0.91

0.91

0.98

0.98

0.98

0.56
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Reliability evaluation for vhf and uhf bands under different
scenarios via propagation loss model
Ocena niezawodności propagacji fal radiowych pasm VHF i UHF
w różnych warunkach terenowych
z wykorzystaniem modelu utraty mocy sygnału
The significant effect of path loss on the reliability of very high frequency (VHF) and ultrahigh frequency (UHF) bands propagation has drawn much attention. Previous works mainly focus on the reliability evaluation for infrastructures and basic equipment,
however, its propagation reliability has not been taken into full consideration. This paper proposes a new method for evaluating
the reliability of the wireless communication based on the analysis of the traditional outdoor wave propagation loss models. In the
reliability evaluation of the radio communication, we firstly consider the transmission frequency, the antenna height, the cell type
and the communication distance. Then, we use a lognormal distribution to fit the random distribution curve of the communication
distance so that the relationship between the path loss value and the reliability can be analysed. We further derive the probability
distribution function (PDF) and the cumulative distribution function (CDF) of the path loss value from different antenna correction factors, cell type correction factors and terrain correction factors. Finally, we calculate the radio communication reliability
values at different frequencies based on the threshold of the propagation loss value. Compared with the reliability degree only
considering the communication distance threshold, the influence of environmental factors on the reliability of the VHF and the
UHF radio propagation has been analysed.
Keywords: Propagation, reliability estimation, lognormal distribution, VHF radio propagation, UHF radio
propagation.
W literaturze przedmiotu, wiele uwagi poświęca się ostatnio znaczącemu wpływowi utraty mocy sygnału (ang. path loss) na
niezawodność rozchodzenia się fal tworzących pasma o bardzo wysokiej częstotliwości (VHF) i ultra wysokiej częstotliwości
(UHF). Wcześniejsze prace koncentrują się głównie na ocenie niezawodności infrastruktury i podstawowego wyposażenia, nie
uwzględniając w pełni niezawodności propagacji fal. W niniejszym artykule zaproponowano nową metodę oceny niezawodności
komunikacji bezprzewodowej opartą na analizie tradycyjnych modeli utraty mocy sygnału podczas propagacji fal radiowych w
środowisku zewnętrznym. Oceniając niezawodność komunikacji radiowej, w pierwszej kolejności rozważano częstotliwość transmisji, wysokość anteny, typ komórki oraz odległość komunikacyjną. Następnie, za pomocą rozkładu lognormalnego, dopasowano
krzywą rozkładu losowego odległości komunikacyjnej, co pozwoliło na analizę związku między wartością utraty mocy sygnału
a niezawodnością. W dalszej kolejności, z wartości różnych współczynników korekcji anteny, typu komórki oraz terenu wyprowadzono funkcję rozkładu prawdopodobieństwa oraz dystrybuantę wartości utraty mocy sygnału. Na koniec obliczono wartości
niezawodności komunikacji radiowej dla różnych zakresów częstotliwości w oparciu o próg wartości utraty mocy sygnału. Przedstawiona analiza wykracza poza elementarne obliczenia niezawodności na podstawie maksymalnej odległości komunikacyjnej
biorąc także pod uwagę wpływ czynników środowiskowych na niezawodność propagacji fal radiowych VHF i UHF.
Słowa kluczowe: propagacja, ocena niezawodności, rozkład lognormalny, propagacja fal radiowych VHF,
propagacja fal radiowych UHF.

Acronyms and Abbreviations
CDF
FM
FS
GPS
LCCS
LPM
PDF
PM
RMa

Cumulative distribution function.
Frequency modulation.
Free-space.
Global position system.
Linear consecutively connected system.
Large-scale propagation model.
Probability distribution function.
Propagation model.
Rural macrocell.

RS
Receiving station.
SPM
Small-scale propagation model.
TRG
Two-ray ground propagation model.
BS
Base station.
UHF	Ultrahigh frequency.
UMa	Urban macrocell.
UMi	Urban microcell.
VHF
Very high frequency.
3GPP
3rd Generation Partnership Project.
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Notations
h (t )

Fading factor.

d
δ (i)
g 2 (t )
L
Lbs

Path loss in free space.

Amu

Median attenuation.

GT (hte )

Gain factor of the transmitting station antenna
height.

G AREA

Correction factor associated with the type of environment.
Frequency of transmission.

fc

Transmission distance.
Shadow fading factor.
Small-scale fading factor.
Path loss value.

hb

Effective height of base station antenna.

hre

Effective height of receiving station antenna.
Receiving station antenna height correction factor.
Cell type correction factor.
Terrain correction factor.
PDF of ln d .
Mean value of ln d .
Standard deviation of ln d .

  α(hre)
Ccell
Cterrain
  fln d
μln d
  σln d
f c max
  

Maximum of the frequency.

dT

Threshold of distance.

LT

Threshold of path loss.
Reliability.

R

1. Introduction
With the advantages of long distance communication and high
transmission rate, VHF band (30-300MHz) [13] and UHF band
(300MHz-3GHz) [40] are widely used in military and commercial
communications, such as radio astronomy, mobile phones, Bluetooth
and GPS [25]. Reliable radio communication is very important for the
military to perform tasks or for normal civil operation. Under different propagation scenarios, such as small city, large city, suburban, and
rural environments, the reliability of VHF and UHF communications
is largely influenced by the path loss [6]. As the popularization of the
VHF and UHF bands, many research groups pay attention to reliability evaluation method for the radio communication.
Fig.1 shows two research directions for the reliability evaluation
on wireless communication. One of the ways to calculate the reliability is to analyze the communication channels between two-terminal
nodes [18, 20]. Chen [4] proposed a simulation approach to calculate
two nodes reliability of a mobile ad hoc network (MANET) in a [0,
1]2 topology with N nodes. In Ref. [26], the propagation-based link
reliability of the MANET was calculated by using the Monte Carlo
Simulation. Currently, the researchers focused on the connectivity
analysis of the linear consecutively connected system (LCCS), which
can be applied to assess the reliability of the radio communication
system. Levitin modeled the LCCS considering the nodes allocation
such as service nodes [16], series parallel nodes [14] and standby
nodes [15]. Other researchers also studied the radio communication
LCCS optimization methods by considering different situations, such
as random repair time as well as different repair polices [42], multistate components [44] and topological structures [39].
Another way to assess the reliability of radio communication is
to evaluate the devices. Park [27], Mi [23, 24] and Zadehparizi [45]
assessed the reliability of wireless communication based on the evalu-
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Fig. 1. Reliability evaluation methods for wireless communication

ation of the communication devices [7, 19], such as the antennas and
the controllers [17]. However, the environmental factors have not
been taken into account in these models, so that these models are only
suitable for free space communication environments. The link capacity and the path loss of radio propagation in each communication scenarios should not be ignored.
Propagation loss is one of the most important and the greatest
affective factors to evaluate the reliability of the radio communication. Some international telecommunications unions including the
3rd Generation Partnership Project (3GPP) [8] and the International
Telecommunications Union-Radio communication Sector (ITU-R)
[35] have released their study on path loss models for VHF and UHF
bands. Many influence factors in the propagation loss models for radio communications that were investigated including the prediction
accuracy [37], different scenarios such as small city [38], large city
[5], suburban and rural environments [21], line-of-sight (LOS) and
non-LOS (NLOS) [22,43].
Based on the propagation loss models, this paper proposes a new
evaluation method on radio communication reliability. The organization of this paper is: In Section II, the propagation models, including
the fading characteristics, the Okumura model and the Okumura-Hata
model, are introduced briefly. In Section III, the proposed methodology and corresponding evaluation method of the link reliability are
presented. In Section IV, an example of reliability evaluation for the
radio communication links is used to illustrate this method. Finally,
main conclusions and relevant future research are drawn in the last
section.

2. Propagation Model (PM)
2.1. Fading characteristics
The prototype of radio wave propagation originated from the
research work of scientist James Clerk Maxwell [34, 9], who established the electromagnetic field theory and predicted the existence of
electromagnetic waves. Subsequently, his predictions were proved
by Heinrich Hertz. A prelude to the study of wireless communication
was led by the work of Maxwell and Hertz, and radio communication
attracts people’s eyes [32]. After nearly a century of development,
mobile communication has brought people a free and convenient way
in transmitting information. With the growing use of smart phones in
daily life, consumers are increasingly demanding the speed and quality of mobile communication. The reliability of radio communication
in the process of electromagnetic radio propagation has also attracted
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people’s interest. Research on the reliability of wireless communication has become a hot issue [41].
In general, for the environment, radio waves propagation includes
geographical environment, climatic characteristics, electromagnetic
interference, and so on [11, 3]. The radio waves transmitting in this
environment mainly manifest in following modes: reflection, diffraction and scattering, and their synthesis [28]. Due to the complexity of
the mobile working environment, the impacts on radio wave communication can be mainly summarized as:
1) Transmission loss [36]: transmission loss caused by different
propagation distance of radio waves;
2) Shadow fading [1]: being faded radio waves due to the topographical features (buildings and other obstacles) in the propagation environment, i.e. shadow fading;
3) Multipath fading [12]: Radio waves are reflected, diffracted,
and scattered by the terrain or buildings through the propagation path, so that the received signal is a superposition of different signals from multiple paths. This multipath propagation
will result in a random variation in the amplitude, phase, and
arrival time of the receiver signal, i.e., multipath fading.
The scientists who study on mobile propagation models usually
predict the average received signal intensity at a specific communication distance, and the PM is often divided into a large-scale propagation model (LPM) and a small-scale propagation model (SPM) [37].
Fig.2 shows these effects. In addition, if the mobile terminal
(communication station) moves in the direction of the radio propagation path, the Doppler shift [33] will occur at the receiving signal,
that is, the received signal will spread in the frequency domain, and
this effect will generate additional frequency modulation (FM) noise,
resulting in distortion of the signal.

Let h (t ) be the fading factor of the channel. The radio propagation loss characteristics of communication links can be described as
follows:
δ (t ) 

−
h (t ) =  const × d −α × 10 10  × g 2 (t )





(1)

−α

is the influence of the path transmission loss and is inwhere d
versely proportional to the transmission distance d , α is generally
−δ t 10
denotes the influence of shadow fading,
between 2  5 ; 10 ( )
and the shadow fading δ (t ) follows lognormal distribution; g 2 (t )
indicates the effects of small-scale fading, including multipath fading.
The fading characteristics of the communication channel are the combination of path transmission loss, shadow fading, and small-scale
fading.
In a general radio communication system, the environment and
the topography which the nodes worked in is complex, the characteristics of the transmission channel may change at any time and place,
and thus radio communication system is a typical variable parameter communication channel. In the mobile channel, the signal will
be affected by the LPM and SPM: LPM include transmission loss
and shadow fading; SPM mainly refers to multipath fading, including
Doppler shift [33].
For the radio communication system, the transmission environment is more complex than the free space, and the impact of wireless
transmission environment on the propagation loss of the radio waves
is the principal influence factor. Therefore, in most cases, a realistic
model is often built based on different environment according to the
test data, and the amendment in that way can make the models more
realistic and accurate. In this paper, we will evaluate the reliability of
radio communication reference to the following propagation models.

2.2. Okumura model
The Okumura model [29] is built by Japanese scientist Okumura
based on the measurement data of radio transmission loss in Tokyo.
The Okumura model can be formally expressed as the following formula:
L = Lbs + Amu ( f , d ) − GT (hte ) − GR (hre ) − G AREA

Fig. 2. Propagation loss in wireless channels

The LPM [37] is applied to analyse the variety of the receiving
signal intensity under long communication distances (several hundred
meters or several kilometres), such as the transmission loss and shadow fading. It characterizes the changes of the received signal strength
that occur slowly with the changes of the propagation distance and
the environment in a certain period. The SPM is mainly applied to
analyse the rapid fluctuation of the receiving signal intensity in several wavelengths or several seconds, the rapid fluctuation is mainly
caused by multipath transmission of wireless channels, and its effects
are described as follows: signal intensity changes rapidly after short
distance propagation, random signal caused by time-varying Doppler
shift of different multipath signals, and multipath propagation delay.
However, these fading characteristics are not independent, and both
involved in the same radio propagation.

(2)

where L is the median of the propagation loss value; Lbs is the propagation loss in free space; Amu is the median attenuation; GT (hte ) is
the gain factor of the transmitting station antenna height; GR (hre ) is
the receiving station antenna height gain factor; G AREA is the correction factor associated with the type of environment.
The Okumura model is the most widely used empirical model in
PMs. Many subsequent analysis models are derived from the Okumura model.

2.3. Okumura-Hata model
The Okumura-Hata model [10] is one of the PMs which are derived from the Okumura model under different scenarios, applied to
f c from 150 to 1500MHz. The model includes the essence elements
of Okumura model and further derives a more applicable model to
reflect the effects of propagation fading caused by different scenarios.
Its formulation is given as:
L = 69.55 + 26.16lg f c − 13.82lg hb − α (hre ) + (44.9 − 6.55lg hb )lg d + Ccell + Cterrain
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where f c is the frequency of transmission; hb is the difference between the actual altitude of the BS and the average ground altitude
within the actual distance of the BS along the propagation direction;
α(hre) is the RS antenna height correction factor. For small city, the
factor is:

α ( hre ) = (1.11lg f c − 0.7 ) hre − (1.56 lg f c − 0.8 )

(4)

For a large city, suburban and rural environments, the factor is:
 8.29 ( lg1.54h )2 − 1.1,
f c ≤ 300Mhz

re
α ( hre ) = 
2
3.2 ( lg11.75hre ) − 4.97, f c > 300Mhz

Ccell

L = 69.55 + 26.16 lg f c − 13.82 lg hb − α ( hre ) + ( 44.9 − 6.55 lg hb )

ln d
+ Ccell + Cterrain
ln 10

(7)

(5)

When the frequency f c is 100MHz, the L of the radio communication and d exhibits logarithmic relation as shown in Fig. 3.
According to Eq. (7), we can observe that since the effective antenna correction factor α(hre) and the cell type correction factor Ccell
are not affected by the communication distance d . The coefficient of
(44.9 − 6.55lg hb ) = 19.5 − 2.84lg h
ln d ,
(
b ) , is only affected by hb .
ln10

(6)

d is the horizontal distance between the BS and RS, because the position of the mobile station antenna changes at any time, and f c is the
frequency of transmission, the f c is determined value within a certain range, and it can be assumed that d follows the lognormal distri-

Ccell is the cell type correction factor, and it is expressed as:

0
cities

2

= −2 lg ( f c 28 ) − 5.4
suburban

2
 −4.78 (lg f c ) + 18.33lg f c − 40.98
rural

It can be seen from Eq. (3) that the L of the communication channel is mainly affected by the electromagnetic wave carrier frequency
f c and d between the BS and the RS. Through investigation and
analysis, it can be concluded that d follows lognormal distribution,
the path loss L follows the normal distribution, and the original model can be rewritten as:

Cterrain is the terrain correction factor and its unit is decibel
( dB ).

(


( ln d − µln d )2
−

2
1
2σ ln

d
e
,
f ln d ( d ) = 
 d 2πσ ln d

0,

3. Methodology
3.1. The PDF and CDF of the propagation loss
The scenarios of the radio communication system in this study
are described as follows [10]: large city, small city, suburban and rural areas. The terrain correction factor Cterrain reflects the influence
of some important terrain environmental factors on path loss, such
as buildings. The reasonable terrain correction factor values are obtained by testing and correcting the propagation model, and can also
be set by humans; the range of terrain correction factor Cterrain is:
−1  −8dB . In this paper, we assume that the terrain correction factor
Cterrain is −5dB [2, 30, 31].

)

2
bution, let ln d  N µln d ,σ ln
d .

d >0

(8)

d ≤0

The communication scenario is set by the modelling assumptions described at the beginning of this section. The mean value of
the communication distance of different carrier frequency is shown
in Table 1.
Table 1. The parameters for the radio communication
Parameter

Effective height of base station antenna hb
Effective height of receiving station antenna hre

value

100m

Terrain correction factor Cterrain

2.5m

μln d ( f c = 150Mhz )

2.3

μln d ( f c = 550Mhz )
σ ln d

-5dB
1.6

0.3

When μln d = 2.3, it means that the distance approximately equals 10
km. the PDF and CDF of the distance are shown in Fig.4.
From Eqs. (7) and (8), we can conclude that L follows the normal
distribution, i.e.

(

2

L  N (19.5 − 2.84 lg hb ) µln d + 69.55 + 26.16 lg fc − 13.82 lg hb − α ( hre ) + Ccell + Cterrain , (19.5 − 2.84 lg hb ) σ ln2 d

Fig. 3. The effect of d on the path loss
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Its PDF is given by:
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vironment, and is only affected by hb . The only parameter that is affected by environmental change is μL.
The μL under different communication scenarios is shown in Table 2.
From the equations listed in Table 2, we can obtain the PDF curve
and the CDF curve of the propagation path loss values of the VHF
bands with a frequency of 150 MHz and the UHF bands of 550 MHz
under different communication scenarios. The results are shown in
Figs. 6 and 7.
In Figs. 6 and 7, when f c = 150Mhz , the effect of the city size on
L is slight, the μL in the small city and the large city are 123.9286 dB
and 123.8810 dB, respectively. It can be concluded that in the communication situation of cities, the path loss is mainly affected by the
communication distance. When the distance difference is not large,
the path loss values of the large city and small city are similar.

3.2. The threshold of the path loss
Fig. 4. The PDF and CDF of the distance

f L (l ) =

1

(19.5 − 2.84 lg hb )

2πσ ln d

e

l −( (19.5− 2.84 lg hb ) µln d + 69.55+ 26.16 lg fc −13.82 lg hb −α ( hre ) + Ccell + Cterrain )

−
2
2(19.5− 2.84 lg hb ) σ ln2 d

2

To evaluate the reliability of the communication, the threshold of
the path loss value should be firstly calculated. As the practical path
loss threshold is determined by the experiment or test, and in different
scenarios, the test result is changed. In this study, we suppose that the
path loss threshold LT can be obtained through the following equation:

In order to prove the correctness of this
PDF, we use the Monte Carlo simulation [9] to
calculate the distribution of the path loss under
the small city which the f c = 150Mhz . Compare with the calculation results shown in Fig.
5, the closed-form solution of the path loss distribution proves to be proper.
It is noted that the variance of the path loss
threshold does not change regardless of the enFig. 7. The CDF curve of the path loss in each communication scenarios
LT = 69.55 + 26.16 lg fc max − 13.82 lg hb − α ( hre )

fc = fc max

+ (19.5 − 2.84 lg hb ) ln dT + Ccell

fc = fc max

+ Cterrain

(9)
where f c max is the maximum of the frequency, and dT is the threshold distance. After LT has been obtained, the reliability can be calculated according to Eq. (10):
Fig. 5. The results of the Monte Carlo simulation compared with the closedform solution

LT
0

R=∫

1
e
(19.5 − 2.84 lg hb ) 2πσ ln d

l −( (19.5− 2.84 lg hb ) µln d + 69.55+ 26.16 lg fc −13.82 lg hb −α ( hre ) + Ccell + Cterrain )

−
(19.5− 2.84 lg hb )2 σ ln2 d

2

dl .

(10)

4. Case Study

Fig. 6. The PDF curve of the path loss in each communication scenarios

The reliability of the radio communication system is mainly affected by the distance.
In the real world, the communication distance
is mainly affected by the transmission power
of the radio, and the receiving power is mainly affected by the communication scenarios.
Through survey and data fitting, a random distribution which the communication distance is
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Table 2. The μL under each communication scenarios
Communication scenario

fc

small city

——

≤ 300Mhz
large city

> 300Mhz

≤ 300Mhz
suburban

> 300Mhz

≤ 300Mhz

rural

> 300Mhz

μL

(19.5 − 2.84lg hb )µln d + 69.55 + 26.16lg fc − 13.82lg hb
− (1.11lg f c − 0.7 )hre − (1.56lg f c − 0.8 ) + Cterrain
(19.5 − 2.84lg hb )µln d + 69.55 + 26.16lg fc − 13.82lg hb
2

− 8.29 (lg1.54hre ) − 1.1 + Cterrain



(19.5 − 2.84lg hb )µln d + 69.55 + 26.16lg fc − 13.82lg hb
2

− 3.2 (lg11.75hre ) − 4.97  + Cterrain



(19.5 − 2.84lg hb )µln d + 69.55 + 26.16lg fc − 13.82lg hb
2
2
− 8.29 (lg1.54hre ) − 1.1 − 2 lg ( f c 28 ) − 5.4 + Cterrain



(19.5 − 2.84lg hb )µln d + 69.55 + 26.16lg fc − 13.82lg hb
2
2
− 3.2 (lg11.75hre ) − 4.97  − 2 lg ( f c 28 ) − 5.4 + Cterrain



(19.5 − 2.84lg hb )µln d + 69.55 + 26.16lg fc − 8.29 (lg1.54hre )2 − 1.1
2

−13.82lg hb − 4.78 (lg f c ) + 18.33lg f c − 40.98 + Cterrain

(19.5 − 2.84lg hb )µln d + 69.55 + 26.16lg fc − 3.2 (lg11.75hre )2 − 4.97 
2

−13.82lg hb − 4.78 (lg f c ) + 18.33lg f c − 40.98 + Cterrain

Table 3. Each communication channels’ frequency
Communication
channel

Frequency

A-VHF

100-150MHz

B-UHF

550-700MHz

Table 4. Thresholds of path loss under different
communication scenarios
Communication
scenario
small city
large city
suburban
rural

f c max /MHz dT /km
150

23

150

23

150

25

150

30

700

700

700

700

9

9

10

12

LT /dB

135.5
139.2

135.4
139.8

130.1
131.9

115.3
116.2

following can be abstained. Under different environmental conditions, the path loss of the radio changes when the communication distance
is different. Through the iterative solution of the
distribution function, the PDF of the path loss
can be obtained. According to the research, when the path loss ex-
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Fig. 8. The effect of the A-VHF’s f c on the reliability

Fig. 9. The effect of the B-UHF’s f c on the reliability

ceeds a certain threshold, the wireless communication will become
unreliable. The research objects of this study are two radio channels
shown in Table 3.
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because the communication distance and the maximum distance of
the small and large cities in this case are the same, so the horizontal
reliability values of the small and large cities are overlapped. It can
also reflect the advantages of the proposed method compared to the
results that do not change along with the carrier frequency.

5. Conclusions

Fig. 10. The effect of the A-VHF’s f c on the reliability

According to Eq. (9), when the maximum of the frequency f c max
and the threshold distance dT is reached, the thresholds of the transmission channel path loss LT corresponding to different communication scenarios can be calculated. The thresholds of the path loss under
different communication scenarios are shown in Table 4.
When the path loss threshold LT has been obtained, the reliability
can be calculated according to Eq. (10), the effect of f c on the radio
communication reliability is shown in Figs. 8 and 9.
Through our calculation, the path loss of various communication
channels of the radio can be obtained. By studying the relationship
between L and the communication reliability, the reliability of radio
communication under a particular loss threshold can be obtained.
If we only consider the maximum distance in calculating the reliability value of the radio communication, the results are shown in the
Fig. 10, corresponding to the horizontal lines. As shown in the Fig.10,

Based on the investigation of existing path loss models, this paper
comprehensively considers some important factors in communication systems, including the carrier frequency, operating environment,
communication distance and equipment performance parameters of
the radio communication system. Accordingly, the Okumura-Hata
path loss model is adopted as the basic tool for radio transmission reliability evaluation. After using the simplified processing of the model,
the communication distance is treated as a random variable which is
fitted by the logarithmic normal distribution. Based on the solution of
communication distance’s PDF and CDF, we can inference that the
path loss follows the Gaussian distribution, and the explicit model of
the PDF is derived subsequently. By setting the path loss threshold,
the reliability of various communication channels with different carrier frequencies can be evaluated.
Though in this paper the path loss threshold of various communication channels is not accurately measured but calculated through
the maximum communication distance, the result of this method also
reflects the effect of the communication scenarios on the radio communication. In the future work, the problem of the path loss threshold
could be addressed by experimental test or simulation. The PM in this
paper is also an empirical model. With the development of radio communication, the popularity of 5G and the increase of radio wave communication frequency, the empirical models of the propagation loss
model is also constantly updated. If the basic propagation loss model
is being updated, whether the proposed parameter fitting method is
still applied to the reliability evaluation of the radio communication.
This deserves further investigation in our future work.
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Thermal properties of natural ester and low viscosity
natural ester in the aspect of the reliable operation
of the transformer cooling system
Właściwości cieplne estru naturalnego i estru naturalnego
o obniżonej lepkości w aspekcie niezawodności działania
układu chłodzenia transformatora
The paper presents the results of comparative studies of thermal properties of various types of natural esters used as electroinsulating liquids in transformers. Adequate thermal properties of electro-insulating liquids ensure reliable work of transformers.
Two natural esters were selected for the study – one commonly used in distribution transformers, the other characterized by low
viscosity. Fourier Transform Infrared Spectroscopy and UV-Visible spectroscopy were used to examine the chemical structure of
the examined esters. Properties such as thermal conductivity coefficient λ, kinematic viscosity υ, specific heat cp, density ρ, and
thermal expansion coefficient β were analyzed. Heat transfer factor α of the liquid was calculated on the basis of obtained properties. This factor defines the ability of an insulating liquid to heat transport in the transformer, thus determining its reliability. The
authors put forward a thesis that a low viscosity natural ester will have a higher heat transfer factor α due to its low viscosity,
which affects the factor α. The analysis of thermal properties was carried out for the following temperatures: 25, 40, 60, and 80°C.
On the basis of the calculated factor α, the temperature drops in the transformer filled with the analyzed types of natural esters
were determined. It has been shown that if a low viscosity natural ester is used in the cooling system of the transformer, the temperature of the hot-spot will be lower. This fact may contribute to more reliable work of transformers and extend its service life.
Keywords: natural ester, dielectrics, power transformer, thermal properties.
W pracy przedstawiono wyniki badań porównawczych właściwości cieplnych różnego rodzaju estrów naturalnych stosowanych
jako ciecze elektroizolacyjne w transformatorach. Odpowiednie właściwości cieplne cieczy elektroizolacyjnych zapewniają niezawodną pracę transformatorów. Do badań wybrano dwa estry naturalne – jeden powszechnie stosowany w transformatorach
rozdzielczych, drugi charakteryzujący się obniżoną lepkością. Do analizy struktury chemicznej badanych estrów wykorzystano
spektroskopię w podczerwieni z transformatą Fouriera (FT-IR) oraz spektroskopię w ultrafiolecie i świetle widzialnym (UV-VIS).
Analizowanymi właściwościami cieczy były przewodność cieplna λ, lepkość kinematyczna υ, ciepło właściwe cp, gęstość ρ oraz
rozszerzalność cieplna β. Na podstawie przedstawionych właściwości cieplnych obliczono współczynnik przejmowania ciepła α.
Współczynnik ten określa zdolność cieczy elektroizolacyjnej do transportu ciepła w transformatorze, a tym samym określa jego
niezawodność. Autorzy postawili tezę, że ester naturalny o obniżonej lepkości będzie miał wyższy współczynnik przejmowania
ciepła α ze względu na jego obniżoną lepkość. Analizę właściwości cieplnych przeprowadzono dla czterech wartości temperatury:
25, 40, 60 i 80°C. Na podstawie obliczonego współczynnika α określono spadki temperatury w transformatorze wypełnionym
analizowanymi estrami naturalnymi. Wykazano, że jeżeli w układzie chłodzenia transformatora stosowany jest ester naturalny o
obniżonej lepkości, wówczas temperatura najgorętszego miejsca (ang. hot spot) będzie niższa. Fakt ten może przyczynić się do
zwiększenia niezawodności pracy transformatorów i przedłużyć okres ich eksploatacji.
Słowa kluczowe: ester naturalny, dielektryki, transformator, właściwości cieplne.

1. Introduction
The beginning of the 21st century brought significant changes
in transmission power grids. Performance requirements of electrical
power equipment, including transformers, have also increased [5].
More and more stringent standards and regulations force transformer
manufacturers to look for innovative solutions to fulfil them. At the
same time, it should be noted that energy consumption in areas characterized by high population density (which increases from year to
year) is constantly growing. Therefore, in addition to the use of dis-
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tribution networks that are harmless to the environment and people,
safe transformers are also required. As reported in numerous literature
sources, even today large transformers, whose power exceeds several
hundred MVA, should be integrated with large residential buildings.
Therefore, issues such as fire safety and environmental protection are
of particular importance [1, 35].
Fire safety is directly related to the exploitation of the transformer.
It is estimated that the risk of transformer fires is low but not negligible. However, in the event of a fire, the consequences are very
serious. This applies first of all to transformers filled with insulating

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

S cience and Technology
liquids, which are located in urban areas characterized by a large concentration of population, as well as located near water reservoirs and
landscape parks. Therefore, in addition to the appropriate electrical
parameters to be met by the transformer, the environmental and fire
properties of the used insulating liquid should also be taken into account [9, 11].
Limitation of soil and water contamination in the event of a transformer failure can be reduced by using environmentally friendly electro-insulating liquids. Currently, most of the working transformers
are filled with mineral oil. Recently, however, an increase in interest
in liquids alternative to mineral oil, including natural esters, can be
observed [30, 38]. These liquids are already used not only in distribution transformers but also in transmission transformers [23, 33]. It is
worth noting that the first transformers designed at the end of the 19th
century were filled with natural esters (vegetable oils). The increased
interest in vegetable oils, in the context of their application in electrical power equipment, results directly from their properties. In contrast
to mineral oil, these liquids exhibit a number of features that in the
context of environmental protection are considered their main advantages. These are primarily high biodegradability [8, 15], low toxicity
[8, 41] and properties that directly translate into fire safety – high fire
point and flash point [11, 28, 29, 36].
In addition to the above-mentioned properties of insulating liquids, one of their key tasks, in addition to providing adequate electrical insulation, is the cooling of the transformer. Due to the fact that
the electro-insulating liquid constitutes the largest volume element of
the transformer cooling system, it mainly determines the effectiveness of its cooling [25]. In the case of electro-insulating liquids, the
cooling effect is related to the heat transfer effect of the liquid and is
determined on the basis of the heat transfer factor α. In turn, this factor
depends to a large extent on the thermal properties of liquids, which
include thermal conductivity λ, kinematic viscosity υ, specific heat
cp, density ρ, and thermal expansion coefficient β [13, 32]. Therefore,
the temperature in the transformer to a large extent will depend on the
properties of the used electro-insulating liquid.
A high temperature is the main factor that contributes to the acceleration of aging processes in the transformer insulation system. Each
temperature which rises above the limit value, apart from the acceleration of aging processes, also entails a number of other negative
effects such as increased gas emission [7, 22, 40] or deterioration of
thermal and dielectric properties [10, 24, 31]. It can also contribute to
the danger both for the device itself, as well as for operating personnel and the environment. In the past, failure of transformers has often
been the cause of their fire and destruction. As a result, in addition to
significant material losses associated with the loss of property and
possibility of using energy, there was also contamination of soil and
water [6, 9, 26].
This paper presents the results of research on thermal properties of
vegetable oils used as an electro-insulating medium in transformers.
Two popular natural esters, one of which is widely used in distribution
transformers, and the other with low viscosity, have been compared in
terms of transformer cooling capacity. The results of the research and
their discussion are presented in the following chapters.

2. Purpose, range, methodology, and investigated objects
2.1. Purpose and range of the work
Comparison of the heat transport capacity of popular vegetable
oils used as an electro-insulating medium in transformers was the
purpose of this work. The scope of work included measurements of
thermal properties of the analyzed insulating liquids depending on the
temperature. Thermal properties such as thermal conductivity λ, kinematic viscosity υ, specific heat cp, density ρ, and thermal expansion

coefficient β were studied. Measurements of thermal properties of the
tested vegetable oils for temperature 25, 40, 60, and 80°C were carried out. On the basis of the measured thermal properties, according
to the formula (1), the heat transfer factor α by the analyzed electroinsulating liquids was calculated [12, 13]:

α = n +1 c ⋅ λ1− n ⋅ g n ⋅ δ 3n −1 ⋅ β n ⋅ ρ n ⋅ c p n ⋅ υ − n ⋅ q n

(1)

where: α – heat transfer factor [W·m−2·K−1], n, c – constants dependent on the flow character, temperature and geometry, λ – thermal conductivity coefficient [W·m−1·K−1], g – gravity [m·s−2], δ – characteristic dimension [m], β – thermal expansion [K-1], ρ – density [g·l-1],
cp – specific heat [J·kg−1·K−1], υ – kinematic viscosity [mm2·s−1],
q – surface thermal load [W·m−2].
The above formula shows that the increase in thermal conductivity, density, specific heat, and thermal expansion coefficient will
result in an increase in the heat transfer factor α. In turn, the increase
in kinematic viscosity will cause a decrease in the factor α.

2.2. Methodology
The thermal conductivity of the tested vegetable oils was measured using a measuring system designed and built by the authors, described in the article [14]. In turn, the kinematic viscosity of the tested
liquids was determined using Ubbelohde viscometers in accordance
with the standard [20]. The density of both esters was determined
based on the standard [21]. In turn, the thermal expansion coefficient
was measured in accordance with the standard [2].
Due to the fact that the authors did not have the measurement system described in the standard [3], the specific heat of the tested vegetable oils was determined using the Mettler Toledo DSC1 differential
scanning calorimeter (Figure 1). The measurement of specific heat
consisted in determining the heat flux transmitted during heating to
the sample of the test liquid, which was placed in an aluminium crucible, and the heat flux transmitted to the reference sample (empty crucible). Prior to the measurements, a temperature program defining the
course of the measurement procedure was defined. It is important that
in the temperature range in which the measurement is performed, the
test sample is thermally stable; i.e. there are no changes in it. This action causes that the sample temperature of the tested liquid changes in
the same way as the temperature of the reference sample – according
to the adopted temperature program. In order to properly determine
the specific heat of the tested vegetable oils at the initial temperature
(25°C) and final temperature (80°C) it was found that the measurement of the stream of heat transmit to them should start at 5°C and end
at 105°C. In the first stage of the temperature program implementation, the tested vegetable oils were cooled to 5°C and maintained at
this temperature for 5 minutes. Then they were heated at a speed of
5°C per minute to 105°C. In the last step of measurement of the sample was maintained at 105°C for 5 minutes.
Specific heat was measured under an inert gas atmosphere (argon 50 ml·min−1) at a heating rate of 10°C·min−1. The mass of an oil
sample was about 35 mg. All specific heat measurements were blank
curve corrected. The measurements of blank curves were performed
before the sample measurements. Then, in accordance with the previously established procedure, measurements of samples of the tested
liquid were performed.
In the last step, on the basis of the dependence of the thermal flux
transmitted to the liquid sample on the temperature, using the Mettler
STARe Evaluation program, the specific heat of the tested vegetable
oils was determined. The specific heat was determined based on the
dependence:
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however, they differ in basic parameters. The first of the analyzed
natural esters (natural ester NE 1) is widely used in distribution transformers. Its structure is based on a glycerol backbone, to which three
naturally occurring groups of fatty acids are attached. It was developed from vegetable oils and additives that increase its efficiency [8].
The second of the tested natural esters (natural ester NE 2) is characterized by low viscosity. Like other vegetable oils, its structure is
based on triglycerides, but as a result of the chemical modification,
their content is lower. In this ester, the ratio of triglycerides to monoesters is about 50%/50% [39]. Data concerning the fundamental
physicochemical and dielectric properties of the tested electro-insulating liquids are presented in Table 1.

3. Results
3.1. Fourier transform infrared spectroscopy FT-IR
Fig. 1. Differential scanning calorimeter Mettler Toledo DSC 1

cp =

dH dt 1
⋅ ⋅
dt β s ms

(2)

where: dH/dt – heat flux [W·s-1], βs – sample heating speed (dTs/
dt) [K·s-1], ms – sample weight [kg].
Fourier Transform Infrared Spectroscopy was used to examine
the chemical structure of the examined esters. The IR spectra were
recorded on a Nexus Nicolet model 5700 FTIR (Thermo Electron Scientific Instruments Corporation, USA) spectrometer in the 400–4000
cm–1 range (at room temperature) with a spectral resolution 4 cm–1.
The samples of oils were taken from hermetically sealed containers
right after their opening and were scanned in the form of thin films
between KBr plates.
The UV-VIS spectra were recorded on a Jasco V-530 apparatus in
the 200–1000 cm–1 range (at room temperature). For investigations,
the solutions of natural esters in heptane were prepared by dissolving
2 mg of sample in 5.5 ml of solvent. Measurements were carried out
in disposable cuvettes.

Investigated vegetable oils are natural esters, i.e. triglycerides
– fatty acid esters, containing a mixture of saturated and unsaturated fatty acids with different carbon length chains containing one
to three double bonds. Therefore, their infrared absorption spectra
should differ. On Figure 2 IR spectra of investigated vegetable oils
are presented. Comparison of these two spectra revealed that there
are no substantial differences between them if we took under consideration the main absorption bands. We can observe slight differences in the intensity of some bands as well as some shifts in their
position. The main difference is observed in the so-called fingerprint

2.3. Investigated objects
Two different commercial electro-insulating liquids were tested
during the experiment. Both tested esters have the same plant origin,

Fig. 2. FT-IR spectra of investigated esters NE 1 and NE 2 at room temperature

Table 1. Some physicochemical and dielectric properties of used natural esters [8, 39, 43]
Property

Natural ester 1 (NE 1)

Natural ester 2 (NE 2)

Kinematic viscosity at 0°C [mm2·s−1]

207

84

Density at 20°C [kg·m−3]

2

−1

Kinematic viscosity at 40°C [mm ·s ]

920
36

890
17

Kinematic viscosity at 100°C [mm2·s−1]
Pour point [°C]

8

−21

−28

Flash point [°C]
Fire point [°C]

330

Permittivity at 20°C

360

200

3.2

2.8

4.6

270

Dissipation factor at 90°C and 50 Hz

0.02

0.04

Biodegradability

Readily
biodegradable

Readily
biodegradable

Breakdown strength IEC 60156 2.5 mm [kV]

386

73

70

region, below 1500 cm–1; where each different compound produces its own unique pattern
of peaks. Spectral bands in the regions 30002800 cm–1 and 1500-1350 cm–1 correspond to
aliphatic hydrocarbons, while the bands in the
regions 3040-3000 cm–1, 1680-1600 cm–1, and
680-730 cm–1 correspond to olefin vibrations,
whereas peaks in the regions 1770-1715 cm–1,
1300-1100 cm–1 are attributed to vibrations of
esters. The exact positions of the individual
bands in the spectra of investigated oils are
given in Table 2.

3.2.

UV-visible spectroscopy

The UV-VIS spectra of investigated natural esters were performed in heptane because
this saturated hydrocarbon is essentially transparent in UV-VIS range. Therefore, absorption
bands in the investigated range should be gen-
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Table 2. Evaluation of FT-IR spectra of investigated esters NE 1 and NE 2 [17, 34, 44]
Wavenumber [cm-1]
NE 1

NE 2

Assignment

3467

3460

2954

2956

asymmetric stretching vibration of C–H of aliphatic -CH3 groups due to the alkyl
rest of triglycerides present in large quantities in vegetable oils

2855

C–H symmetric stretching vibration of aliphatic CH2 group

3009

2925
2854
1746

3006

2926

C=O stretching vibration of the ester carbonyl functional groups of the triglycerides

1464

C–H bending vibration of CH2 and CH3 aliphatic groups

1653

1384

1383

1239

C–H asymmetric stretching vibration of aliphatic CH2 group

1742

1655
1465

Overtone of C=O of ester group

=C-H stretching symmetric vibration of the cis double bonds

1240

C=C stretching vibration of cis-disubstituted olefins, RHC=CHR
C–H bending symmetric vibration of CH2 groups
C–O stretching vibration of ester groups

compounds, absorption bands in
the range of 200-400 nm were
expected. Figure 3 shows the
UV-VIS spectra of investigated
natural esters (NE 1 and NE 2),
where four main absorption
bands are visible. The maxima
positions of these bands are very
similar for tested samples but
slightly shifted (Table 3) and
they are in agreement with π →
π * and n → π * electron transitions due to the presence of C=C
and C=O functional groups in
unsaturated triglycerides, as was
mentioned above.

3.3. Thermal properties

Table 4 presents the results
of the thermal properties of the
1100
1095
C–O stretching vibration of ester groups
investigated natural esters (NE
961
967
out-of-plane bending vibration of trans –HC=CH− group of disubstituted olefins
and NE 2). As it results from
the presented measurements, the
914
910
out-of-plane bending vibration of cis –HC=CH− group
thermal conductivity of the low
overlapping of C-H rocking vibration of CH2 and the out-of-plane vibration
722
723
viscosity natural ester (NE 2),
of cis –HC=CH− group of disubstituted olefins
regardless of temperature, is
higher than the thermal conductivity of the natural ester (NE 1)
by about 6%. Differences in the thermal conductivity of both esters
result from the lower molecular weight of the monoesters present in
the low viscosity natural ester. Lower molecular weight means that a
molecule is characterized by fewer degrees of freedom, and therefore
a greater thermal conductivity.
On the basis of Table 4, it can also be seen that as the temperature rises, the thermal conductivity of both esters decreases. This is
related to the increase in the mobility of ions and free electrons. The
temperature rise causes the ions to vibrate more intensively, and the
electrons move faster in all directions. This action hinders the orderly
movement and consequently the transfer of energy, which results in
reduced thermal conductivity.
On the basis of the presented research results, it can be stated that
depending
on the temperature, the kinematic viscosity of the natural
Fig. 3. UV-VIS spectra of the natural esters’ samples NE 1 and NE 2 in hepester NE 2 is lower than the viscosity of the natural ester NE 1 by
tane
about 50-58%. Differences in viscosities of both esters result from
Table 3. UV-VIS absorption bands of investigated natural esters NE 1 and
their molecular weight and structure – the effect of intermolecular
NE 2 in heptane
interactions (the stronger the molecular interactions, the stronger are
the internal friction forces). Analyzing the structure of both liquids,
NE 1
NE 2
it can be seen that the natural ester NE 1 is a mixture of triglycerides
Wave length λ [nm] Absorbance Wave length λ [nm] Absorbance
[8]. In turn, the natural ester NE 2 is a mixture of triglycerides and
224
0.0730
225
0.0856
monoesters [13]. The reduced viscosity of the natural ester NE 2 is
mainly due to the addition of monoesters to triglycerides.
269
0.0169
271
0.0145
Similarly to the previous case, it can be seen that as the tempera279
0.0157
277
0.0137
ture increases, the kinematic viscosity of both esters decreases. This
314
0.0017
314
0.0022
is due to the fact that as the temperature rises, the kinetic energy of
molecules increases. Particles with increased energy more easily
erated mainly by investigated oils samples. The tested esters NE 1 and
overcome the attraction forces of molecules with which they are adjaNE 2 contain chromophore groups in their structures, i.e. unsaturated
cent. In addition, at a higher temperature, the molecules move faster,
bonds and carbonyl groups, the groups of atoms that contain elecwhich also results in a reduction of the attraction forces between the
trons which are responsible for the absorption in UV-VIS range. In
molecules. As a consequence, as the temperature rises, the viscosity
unsaturated compounds, π → π * passes become possible, and alkenes
of the tested insulating liquids decreases.
absorb ~ 170 nm. It should be noted here that the position of this
As can be seen from the Table 4, the specific heat of the low visband is significantly influenced by the presence of substituents. While
cosity natural ester (NE 2), regardless of analyzing temperature, is
carbonyl compounds in addition to the π → π * transition can also
less than the specific heat of the natural ester (NE 1) by about 8%.
undergo the transformation of n → π *, which absorb at a relatively
The differences in specific heat of both tested natural esters arise from
longer wavelength of 280-300 nm. Due to the structure of the tested
1163

1169

C–O stretching vibration of ester groups
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Heat transfer factor α was determined on the basis of Equation (1).
Temperature
As is apparent from the calculations,
Property
Kind of liquid
25 °C
40 °C
60 °C
80 °C
low viscosity natural ester (NE 2),
depending on the analyzed temperaNE 1
0.182
0.180
0.178
0.175
Thermal conductivity λ
ture, is characterized by a heat trans-1 -1
[W⋅m ⋅K ]
NE 2
0.193
0.190
0.188
0.186
fer factor of 15-19% higher than the
NE 1
56.3
32.7
18.3
11.5
heat transfer factor of natural ester
Kinematic viscosity υ
[mm2⋅s-1]
(NE 1). The higher heat transfer
NE 2
28.3
17.1
10.0
6.7
factor of low viscosity natural ester
NE 1
2028
2082
2166
2259
Specific heat cp
results from its individual thermal
-1 -1
[J⋅kg ⋅K ]
NE 2
1860
1910
1990
2080
properties. As can be seen from Table 4, this ester is characterized by
NE
1
917
908
892
880
Density ρ
a higher thermal conductivity coef[kg⋅m-3]
NE 2
885
876
863
851
ficient, lower kinematic viscosity,
NE 1
0.00074
0.00076
0.00078
0.00080
as well as lower specific heat. Other
Thermal expansion β coefficient
[K-1]
properties (density and thermal exNE 2
0.00075
0.00077
0.00078
0.00081
pansion coefficient) are similar. The
viscosity of the liquid has a decisive
influence on the value of the heat
their construction – because the specific heat is a function of subtransfer factor α, and this one is
stance construction and is associated with oscillatory, rotational and
much lower in the case of the natural ester NE 2.
translational movements of the molecule. As previously mentioned,
the low viscosity natural ester (NE 2) is a mixture of triglycerides and monoesters. Monoesters Table 5. Calculations results of heat transfer factor α of natural esters as a function of temperature
are characterized by lower molecular weight, and
Heat transfer factor α, [W⋅m⁻2⋅K⁻1]
therefore their molecules will also be smaller. In
Kind of Liquids
Temperature
turn, the smaller the molecule is, the less energy it
can store (it has a lower thermal capacity).
25°C
40°C
60°C
80°C
Analyzing Table 4, it can also be seen that the
Natural Ester (NE 1)
83.46
96.12
111.80
126.17
specific heat of both esters increases with increasLow Viscosity Natural Ester (NE 2)
99.32
112.95
129.73
145.05
ing temperature. The increase in specific heat is
related to the decrease in the density of the substance (caused by the increase in the thermal expansion coefficient) and the increase in the kinetic
4. Discussion
energy of the atom’s oscillation of the molecules of the both investiThe electro-insulating liquid constitutes the largest volume elegated natural esters. Therefore, the increase in temperature increases
ment
of the transformer insulation system. Thus, it plays an important
the degrees of freedom available to the molecules, which results in an
role in the process of its cooling. Therefore, based on the measured
increase in specific heat.
thermal properties and the heat transfer factor calculated on their baAs results from the presented results, the density of the low vissis, the temperature drop in the insulating liquid was determined – the
cosity natural ester (NE 2) is lower than the density of the natural ester
temperature drop ΔT between the windings and the tank. This tem(NE 1) by about 3.5%. Similarly, as in the case of viscosity, this is reperature drop was calculated using the relationship:
lated to intermolecular interaction forces. The intermolecular forces in
Table 4. Thermal properties of investigated natural esters as a function of temperature

the natural ester (NE 1) are higher than in the case of the low viscosity
natural ester (NE 2). As a consequence, its molecules are not separated from each other as in the case of a low viscosity natural ester.
As the temperature rises, the density of the analyzed insulating
liquids is noticeably reduced. Similarly, as in the case of specific heat,
this is related to the increase of kinetic energy. Molecules oscillate
with increasing frequency, which results in the weakening of intermolecular forces and increasing the distance of molecules from each
other.
As can be seen from Table 4, the analyzed natural esters are characterized by a similar thermal expansion coefficient. Minimal differences, as in the case of density, results from the intermolecular forces
of the examined natural esters.
Furthermore, it can be seen that the thermal expansion coefficient
of the tested natural esters increases with increasing temperature.
Similarly, as in the previous case, this is related to the weakening of
the intermolecular forces. Consequently, the molecules move away
from each other, increasing the volume of liquid.

3.4. Heat transfer factor
Table 5 presents the results of calculations of the heat transfer
factor α of investigated vegetable oils depending on the temperature.
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∆T =

q
α

(3)

It has been assumed that the surface thermal load of windings
is 2500 W·m⁻2, as this is a typical value for the surface of the transformer’s windings [45]. The results of calculations of the temperature
drop in the natural ester (NE 1) and in the low viscosity natural ester
(NE 2) are shown in Table 6.
As it can be seen from Table 6, the temperature drop that occurs
in the natural ester having reduced viscosity is lower. This decrease is
from 2.6 to 4.8 °C and it is lower than in the case of the natural ester
NE 1. This means that the use of low viscosity natural ester will have a
positive effect on the transformer cooling system – the lower temperature drop in the liquid is, the hot spot temperature will be lower, what
will have a significant impact on transformer reliability.
The impact of temperature on transformer lifetime, calculated
from Montsinger’s law, can be expressed by:
t = 7.154 ⋅ 104 ⋅ e −0.0865⋅T
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Table 6. Calculations results of temperature distribution in natural ester and low viscosity natural ester; q=2500 W·m-2

Liquid temperature

Kind of liquid
Natural Ester (NE 1)

25 °C

Low Viscosity Natural Ester (NE 2)
Natural Ester (NE 1)

40 °C

Low Viscosity Natural Ester (NE 2)
Natural Ester (NE 1)

60 °C

Low Viscosity Natural Ester (NE 2)
Natural Ester (NE 1)

80 °C

Low Viscosity Natural Ester (NE 2)

Heat transfer factor α
[W⋅m-2⋅K-1]

Temperature decrease
in liquid ∆T
[°C]

99.32

25.2

83.46

96.12

112.95

111.80

129.73

126.17

145.05

Table 7. Transformer lifetime calculated from Montsinger’s law for investigated esters; *on the assumption that lifetime of transformer
filled by low viscosity natural ester NE 2 is 20 years
Lifetime of transformer filled by
natural ester (NE 1)*
[year]

Difference between lifetime of
transformer filled by natural ester
(NE 1) and low viscosity natural
ester (NE 2)
[year]

14.3

5.7

13.2

15.3
15.9

6.8
4.7
4.1

where: t – transformer lifetime [year], working in T temperature
[°C]. The lifetime t is 20 years if transformer temperature T is 95°C.
The results of calculations are presented in Table 7.
There is evidence [27, 37] that paper insulation in transformers
ages more slowly in vegetable oil. It may be that an increase in oil
temperature may shorten significantly the expected service life of the
paper insulation. According to Montsinger’s law, lowering the transformer’s working temperature by 8 °C may result in a two-fold increase in the lifetime of its insulation system. Therefore, taking into
account the calculation presented in Table 6, it can be concluded that
such a difference in temperature can affect the life of the transformer.
However, it should be remembered that a certain drawback of Montsinger’s law is the fact that it concerns paper insulation impregnated
with mineral oil, and also does not take into account other factors
accelerating the aging process of transformer insulation, such as moisture and the influence of oxygen.
On the basis of Table 7, it is possible to say, that lifetime of the
transformer, filled by a regular natural ester, can be from 4 to almost
7 years shorter, than a lifetime of transformer filled by low viscosity
natural ester. This means that the service life can be reduced by about
1/3, assuming that the transformer is designed for 20 years of work.
Besides the positive impact on transformer lifetime, the reduced
temperature has also a positive impact on the work conditions of the
transformer, too. It means that lower temperature is able to decrease
some accidents, such as breakdown or partial damages. This fact
should be also treated as a positive influence on the reliable work of
transformers.
On the other hand, IEC 60076-7 [18] states that the lifetime of
the transformer insulation system is halved for every increase in its
working temperature by 6 °C. As it can be seen from the presented
calculations of temperature drops, the type of used liquid is important

30.0

Difference of ∆T between natural
ester (NE 1) and low viscosity natural
ester (NE 2) [°C]

26.0

22.1

22.4

19.3

19.8

17.2

4.8
3.9
3.1
2.6

from the point of view of the lifetime of electrical power equipment.
However, it should be noted, as McShane and others in [27] state,
that the paper insulation of the transformer, impregnated by a natural
ester, undergoes 5 to 8-fold slower decomposition than the paper impregnated by mineral oil. Therefore, in vegetable oils, the increased
degradation resulting from the elevated temperature will in some way
be balanced by the rate of degradation in this oil.
As it results from the above calculations, the thermal properties
of the liquid filling the transformer influence the cooling efficiency
of the transformer. There are many publications that emphasize the
effect of viscosity on the temperature field of transformers [4, 16, 42].
It affects the efficiency of heat transfer in both natural and forced
circulation of liquids. Consequently, this translates to the operating
temperature of the transformer. In addition, it should be noted that it
may also affect the operation of some transformer internal components, such as internal on-load tap-changers [19].

5. Conclusions
The heat transfer factor α of the low viscosity natural ester (NE 2)
turned out to be higher than factor α of the commonly used natural
ester (NE 1). The reason for this, as could be expected, was primarily
the lower viscosity υ (by about 50-60%) of the natural ester NE 2, but
also the higher thermal conductivity coefficient λ. On the basis of the
obtained results, it was calculated that the transformer filled with low
viscosity natural ester will be 3-5 °C cooler. Taking into account the
law of Montsinger’s, it can be concluded that this will translate into a
longer working life of the transformer and its more reliable work.
The temperature decrease by a few degrees is not without significance for the transformer. Too high temperature inside the transformer
contributes to the acceleration of the aging processes of its insulation
system – insulation materials are subject to faster disintegration. If a
transformer becomes too hot internally, then the insulation materials
will degrade faster, and the operating lifetime of the transformer will
be shortened. Thermal modelling of the transformer allows, therefore,
to ensure that the elements of its insulation system do not fail prematurely. The right transformer design using thermal modelling allows
ensuring that the cellulosic insulation is adequately cooled, and that
the temperature increase at hot spots is not excessive, what has a positive impact on transformer reliability.
It is well recognized, that mineral oil is the best cooling liquid,
used in power transformer, comparing to any esters (natural, synthetic, and low viscosity esters). On the other hand, mineral oil has not
satisfied environmental properties, such as flash point, fire point, and
biodegradability. Future investigations should be focused on investigations of mineral oil and low viscosity natural ester mixture. The
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mixture should have better cooling properties (heat transfer factor)
than pure low viscosity natural ester and still satisfied environmental
properties.
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A system reliability-based design optimization for the scraper
chain of scraper conveyors with dependent failure modes
Oparta na niezawodności systemu optymalizacja
konstrukcji łańcucha przenośnikowego zgrzebłowego
o zależnych przyczynach uszkodzeń
With the incomplete probability information, the joint probability distribution modelling and system reliability-based optimization
design of structural systems with failure interactions are challenging problems in the domain of reliability. This article is designed
to propose a system reliability-based optimization design method for optimizing the scraper chain with multiple failure modes.
Firstly, the common failure modes of the scraper chain are analysed. For each failure mode, a reliability model for the failure
of scraper chains is obtained. Secondly, aiming at the joint failure probability modelling problem, a method for estimating the
failure probability of the scraper chain based on system reliability is proposed. The reliability of scraper chains is calculated by
the stochastic perturbation technique and the four-moment method. And then, the optimization design problem is discussed based
on system reliability. And the optimal model is established. Finally, the effectiveness of the method is verified by the illustrative
example of scraper chains. The proposed joint failure probability estimation method and design optimization are shown in the
example. The results obtained can provide a reference for the optimal design of the scraper chain.
Keywords: probabilistic analysis; system reliability; Copula; scraper chain; optimization.
Ze względu na niekompletność danych dotyczących prawdopodobieństwa, modelowanie wspólnego rozkładu prawdopodobieństwa oraz oparte na niezawodności systemu projektowanie optymalizacyjne systemów konstrukcyjnych, w których zachodzą zależności między uszkodzeniami stanowią trudne problemy niezawodnościowe. W artykule zaproponowano metodę optymalizacji
konstrukcji łańcucha zgrzebłowego, w której wykorzystuje się obliczenia niezawodności systemu. Ponieważ dla łańcucha tego typu
istnieje wiele potencjalnych przyczyn uszkodzeń, w pierwszej kolejności analizowano powszechnie występujące przyczyny uszkodzeń. Dla każdego rodzaju uszkodzenia łańcucha otrzymano model niezawodnościowy. Następnie, mając na uwadze problem
modelowania wspólnego rozkładu prawdopodobieństwa uszkodzeń, zaproponowano metodę szacowania prawdopodobieństwa
uszkodzenia łańcucha na podstawie niezawodności systemu. Niezawodność łańcuchów zgrzebłowych obliczano za pomocą techniki zaburzeń stochastycznych oraz metody momentu czwartego rzędu. Na podstawie otrzymanej niezawodności systemu, omówiono
problem optymalizacji konstrukcji łańcucha oraz wyznaczono model optymalny. Skuteczność proponowanych metod estymacji
wspólnego prawdopodobieństwa uszkodzenia i optymalizacji konstrukcji weryfikowano na podstawie przykładu łańcucha zgrzebłowego. Uzyskane wyniki mogą stanowić punkt odniesienia dla optymalnego projektowania łańcuchów zgrzebłowych.
Słowa kluczowe: analiza probabilistyczna; niezawodność systemu; funkcja kopuły; łańcuch przenośnikowy
zgrzebłowy; optymalizacja.

1. Introduction
In the current coal mining face, the scraper conveyor (Fig. 1) as
one of the key equipments for large-scale, high-efficiency and continuous coal mining equipment not only bears the role of coal transportation, but also the running track of the shearer and the shifting
point of the hydraulic support [24]. Therefore, the scraper conveyor
is throughout the fully mechanized mining face and occupies an extremely important position. As shown in Fig. 1, the scraper conveyor
consists of one control cabinet, one double-chain drive system, two
double-drive sprockets, one to three drive units and lots of middle
troughs. With the development of high-yield and high-efficiency coal
mining face, it is urgent to develop large-capacity, long-distance,
high-power, high-reliability scraper conveyors [9]. The intent of the
reliability-based optimal design is less maintenance or maintenance-
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free, resulting in objective economic benefits. The scraper chain (Fig.
2) is the core component of the scraper conveyor; its quality and performance directly affect the working efficiency of scraper conveyors.
Due to the complexity and the harshness of the working condition,
the scraper chain is prone to serious accidents. The coal production
performance can be specifically attributed to the reliability of scraper
chains. Therefore, it is considered necessary to introduce the structural reliability models throughout the design process to provide a
more accurate reliability assessment and parameter optimization for
the scraper chain with multiple failure modes.
Random variables such as tensile force, structural dimensions
and material properties of the scraper chain may affect its reliability.
What’s more, in order to meet reliability requirements of the scraper
chain, the random variables that have a significant impact on device
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2. The reliability modeling of the scraper chain
Scraper chains as the load bearing and traction members of
the scraper conveyor play an important part in accomplishing
the material conveying work. As illustrated in the Fig. 2, 1 and
2 respectively refers to the plate chain and the vertical chain.
According to the theory of machines and mechanisms, there are
multiple failure modes in the chain transmission system such as
excessive elastic elongation, tensile strength failure, etc. Considering the failure interaction, the reliability model for different failure modes of the scraper chain transmission system is,
firstly, defined in order to investigate the reliability with multiple failure modes.
Fig.1 The structure of scraper conveyors

reliability must be constrained [13, 10, 20]. And here, the random distributions are used to deal with the uncertainty, and the exact intervals
are replaced by the change intervals of some key parameters in the
distribution functions [7]. Then, the most suitable Copula function is
selected by the Akaike information criterion (AIC) [1, 11].
As well known, the Pearson correlation coefficient is the most
widely used method to describe the correlation between failures, but
it is only an approximation of the actual situation, which has great
limitations, and cannot reflect the dependency structure between the
failures of the scraper chain accurately [14]. And then, the joint probability distribution of multivariate data is constructed to assess the
correlation between the diffident failure modes of the scraper chain
based on the Copula theory. The Copula function is actually a function
that links the joint distribution functions with their respective marginal distribution functions and can be used to describe the correlation
between variables. Copulas are favored for two main reasons: the first
is that it is a method for studying the dependent measurements; and
the second is that the Copula as the starting point for constructing
a two-dimensional distribution family can be used for multivariate
model distribution and random simulation. The Copula function, as
a tool of the interdependence mechanism between variables, contains
almost all the dependent information of random variables [22]. If it
is impossible to determine whether the traditional linear correlation
coefficient can correctly measure the correlation between variables or
not, the Copula function is helpful for the analysis of the correlation
between variables, and its appearance makes the dependence between
variables more perfect. Furthermore, there are many Copula families,
which differ in the detail of the dependence they represent such as the
Gaussian, Gumbel, Frank, and Clayton Copulas, and so on [19]. And
so far, the Copula methods have been proved to be the most effective
mathematical tool and can greatly reduce the difficulty of the joint
probabilistic modelling [17, 3, 23].
In order to ensure the reliability of the scraper chain, a reliability-based optimization design method is proposed. The system
failure probability and the optimization design of the scraper chain
are analyzed with the influence of uncertain parameters [2, 15]. The
remainder of this paper is structured as follows: In Section 2, the
performance functions of the scraper chain are established based on
failures of the elongation, contact strength and the tensile strength.
In Section 3, the marginal probability of failure is estimated by stochastic perturbation technique and the system failure probability is
estimated by the Copulas and narrow bounds. In Section 4, the optimal design based on reliability of the scraper chain with multiple
failure modes is described by the mathematical model. In Section 5,
the application of the proposed method is illustrated by the probabilistic analysis and optimization design based on system reliability
of the scraper chain, it is verified that the proposed method is applicable. And in the last section, several conclusions of this paper
are summarized.

Fig. 2. 3D model and failure modes of scraper chains (a) 3D model of scraper
chains, (b) Failure of elongation, (c) Failure of contact, (d) Failure at
crown, (e) Failure at shoulders

2.1. Reliability model based on the elongation of scraper
chains
As shown in Fig. 3, (a) represents a three-dimensional diagram
of the scraper chain; (b) denotes the geometry of scraper chains and
Fc is the axial tensile force; (c) indicates the force analysis of one
quarter of the scraper chain. During the working process, the scraper
chain is subjected to the axial pulling force. And one quarter of the
scraper chain with the axial load is taken as the research object for the
scraper chain structure is symmetrically distributed. In addition, two
important simplifying assumptions are made to establish the reliability model based on the elongation of scraper chains.
(1) The material of scraper chains is uniform, isotropic, and conforms to the elastic characteristics;
(2) The scraper chain is subject to small deformation and conforms to the assumption of small deformation.
According to force analysis of the scraper chain, the section AB
is subjected to a axial tension N=Fc/2 and a bending moment M0. On
any section Q of the circular arc segment BC, the bending moment
M(α), the axial tension N(α) and the shearing force Q(α) of the scraper
chain can be expressed as follows:
−1

M0 =

Fc rc 2 ( 2 − π )  lc
π rc 
+

 ,
4 EJ 2
2
EJ
EJ 2 
 1

M (α ) = M 0 +
N (α ) =

Fc rc (1 − cos α )
2

(1)

(2)

,

Fc
cos α ,
2

Q (α ) = −

(3)

Fc
sin α .
2
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Based on mechanics and geometry, the following equations can
be obtained:
rc = rb + a / 2,

(5)

lc = Lc / 2 − a / 2,

(6)

J1 = π rb 4 / 4,

(7)

J 2 = J1 + ∆rc 2 B,

(8)

2
π
 rc
 − 1
∂M 0  2  J 2
=
k0 =
.
lc π rc
∂N
+
J1 2 J 2

−1

 
 r   
∆rc = rc − rb 2rc 1 − 1 −  b    ,

 rc   
 
2

(9)

where Fc denotes the tensile force of the scraper chain; rb represents the size of scraper chains; a denotes the inner width of
scraper chains; Lc is the pitch of scraper chains; J1, J 2 express
the section modulus of the straight-line segment and the circular
arc segment, respectively.

Fig. 3. 3D model, Geometry and force analysis of the scraper chain, (a) 3D model, (b)
Geometry, (c) Force analysis

As shown in Fig. 3 (c), the deformation energy of a quarter
scraper chain is composed of two parts: the straight segment AB
and the circular arc segment BC. So the total deformation energy can
be expressed as follows:

For a complete scraper chain, there is not only the elastic elongation 2 x A between scraper chains, but also the elastic compression
ϖ in the contact area. The elastic compression ϖ can be defined
as follows:

lc 
π /2 M α 2
M
( ) + N (α )2 + Q (α )2 r dα ,
N2 
U = U1 + U 2 = ∫  0 +
dx + ∫ 
c
 2 EJ1 2 EB 
 2 EJ 2
2 EB
2GB 

0
0 


ϖ = 3Fc

3

(10)
in which E denotes the equivalent elastic modulus; μ is the Poisson
ratio; G denotes the shearing elastic modulus, G=E/(2-2μ); B denotes
2
the cross sectional area of scraper chains, B = π rb .

M 0lc N 2lc
r
π

+
+ c ( M 0 − Nrc )  ( M − Nrc ) + 2 Nrc  +
2 EJ1 2 EB 2 EJ 2
2


π rc
π N 2 rc π N 2 rc
N 2 rc 2 +
+
.
4 2 EJ 2
4 2 EB 4 2GB

(11)

2

12 E 2 Fc rb ( rc + rb )

(13)

∆l =

∆L 2λ1x A + λ2ϖ 2λ1 ( ∆L1 + ∆L2 + ∆L3 ) + λ2ϖ
=
=
Lc
Lc
Lc

(14)

Put equations (12) and (13) into equation (14). And the total elongation of the scraper chain can be rewritten as:
2
Fc rc 
1  Fcπ rc3 rc 
 M l r ( 2 − π ) Fclc Fcπ rc  1
+
∆l = λ1  0 c c
+
+
+

+
 M0 −

EJ
EJ
+
4
2 
4
π
EJ
l
r
EB
EB
GB
(
)



c
2
2
 1 c

According to equation (11), the displacement of the point A can
be expressed as follows:
x A = ∆L1 + ∆L2 + ∆L3 ,

)

So the total elongation of the scraper chain can be expressed as:

Substitute equations (1-4) into the equation (10), then the total
deformation energy can be rewritten as:
U=

(

rc 1 − µ 2

(12)


  -1
Fc rc  π
π

 rc
( k0 − rc ) 2 + 2rc  + EJ ( k0 − rc )  M 0 − 2  2 + Fc rc   Lc





 
2
+

(

)

2

rc 1 − µ 2
3λ2 Fc 3
,
Lc
12 E 2 Fc rb ( rc + rb )

(15)

where:
∆L1 =

M 0lc ∂M Nlc
,
+
2 EJ1 ∂N EB

∆L2 =

π Nrc  1
1 
+

,
4  EB GB 

∆L3 =

where λ1 , λ1 denote the correction coefficient of the scraper chain
elongation.
And so the limit state function can be defined as:

r
π Nrc3
r
π

π

+ c ( M 0 − Nrc )  ( k0 − rc ) + 2rc  + c ( k0 − rc )  ( M 0 − Nrc ) + 2 Nrc  ,
4 EJ 2 2 EJ 2
2
 2 EJ 2
2
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g1 ( X ) = [δ ] −

∆l
× 100%,
Lc
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in which X is the vector of the basic random variables; [δ ] represents the threshold of the scraper chain elongation.

2.2. Reliability model based on the tensile strength of
scraper chains

σy =

Fx M
My
+
+
.
B Brc BKrc ( rc + y )

(19)

When ϕ = π / 2 , Fx = 0 , M = M max , then the stress on the out-

As illustrated in the Fig. 4, the force of the scraper chain is simplified to a mechanical model. For the convenience of calculation, it is
assumed that each section of the scraper chain is identical and circular;
the arc radius is a constant; the stress distribution of each cross section
is linearly related; and the scraper chain is subject to the tensile load
Fc along its axis direction. Owing to geometrical symmetry, half of
the scraper chain is regarded as the research object. The surface stress
of the scraper chain with pure tensile load is computed by the formula
for calculating the surface stress of curved beams. According to the
calculation results, the inside of its straight section and the outside of
the partial circular arc withstand tensile stress, while the outside of the
straight section and the partial inside circular arc withstand compressive stress, when the scraper chain bears a tensile load.

side of the section CD (Point C y = rb ) is transformed into:

σ y1 =

M max
M max rb
M
+
= max
Brc
B K rc ( rc + rb )
Brc



1
1 +
.
 K ( ε + 1) 

(20)

Similarly the stress on the inside of the section CD (Point D
y = -rb ) of the arc segment can be denoted as follows:

σ y3 =



M max
M max rb
M
1
−
= max 1 −
,

Brc
Brc  K ( ε - 1) 
K Brc ( rc − rb )

(21)

in which K represents the neutral layer coefficient of the scraper chain
cross section; and ε can be defined as follows:

ε=

rc
.
rb

The straight section of the scraper chain is subjected to the axial
tensile load Fc/2 and the bending moment M0, so the surface stress on
the outside of the section AB (Point A) can be expressed as:

σ Z1 =

Fc

2π rb 2

+

M 0 rb
.
J1

(22)

Similarly, the surface stress on the inside of the section AB (Point
B) is shown as follows:

σ Z3 =

Fc

2π rb 2

−

M 0 rb
.
J1

(23)

And so the limit state function based on the tensile strength is
modeled as:
Fig. 4 Force analysis of half of the scraper chain.

g 2 ( X ) = σ Z lim − σ Z3 ,

Based on the force analysis of scraper chains, there are the axial
tension Fc / 2 and the bending moment M0 on the cross-section AB,
which are certain in the straight section. As shown in Fig. 4, the bending moment on any section Q of the arc section is given by:
M = M 0 + Fc rc (1 − cos ϕ ) / 2.

(17)

When ϕ = π / 2 , cos ϕ = 0 , then the maximum bending moment
of the arc segment is transformed into:
M max = M 0 +

Fc rc
.
2

(18)

According to the surface stress calculation formula of curved
beams, the surface stress of the circular arc segment can be defined
as:

(24)

in which X is the vector of the basic random variables; σ Zlim expresses the threshold of tensile strength.

2.3. Reliability model based on the contact strength of
scraper chains
As shown in Fig. 5, the contact between two scraper chains is
simplified as the contact between two spheres. The deformation and
stress in the contact area are called contact deformation and contact
stress when the two scraper chains press each other tightly. Hertz’s
classical theory of contact focused primarily on non-adhesive contact
where no tension force is permitted to occur within the contact area
[16, 18]. Therefore, assumptions are made as follows to solve the contact problem between scraper chains:
(1) Strains of scraper chains are small and within the elastic limit;
(2) The contact area of scraper chains is so small that each scraper
chain can be regarded as an elastic half-space;
(3) There is a linear relation between stress and strain, and the
stress depends only on the strain rather than the strain rate;
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(4) The scraper chain is frictionless.

3. System reliability modeling with Copula function
3.1. Marginal probability of failure estimation by stochastic perturbation technique
The matrix description of the first four moments of the state
function is obtained through the way of Taylor series expansion
approximation based on the first four moments of the basic random variable vector X=(X1, X2, …, Xn)T. Expand the first-order
approximate Taylor series of the state function and the equation
below can be obtained:
g(X )= g ( µ x ) +

Fig. 5. External and internal contact between two spheres, (a) External contact,
(b) Internal contact.

 1 − µ12 1 − µ2 2 
+
3Fc 

 E1
E2 

=3
,
 1
1 
+
4

 rb1 rb 2 

(25)

The maximum stress at the center of the contact area is defined
as follows:
3Fc

2π rcon 2

(26)

.

Substitute equation (25) into equation (26). And the maximum
contact stress σ h can be rewritten as follows:


 1
1 


+




r
r
1
 b1 b 2 
 ,
= 3 6 Fc 
2
2 
π
1− µ
µ
1
−
2
1


+
E2  
  E1



(30)

And the variance of the state function g(X) can be defined as:

(

σ g 2 = E  g ( X ) − µ g


)

  ∂g µ 
T  ∂g µ
 = E   T  ( X − µ x ) ( X − µ x ) 

X
∂
 ∂X



2


  ,


(31)
Based on the Taylor series expansion and the first-order approximate of the state function g ( X ) , the third moment of the state function θ g can be expressed as follows:
3
θ g = E  g ( X ) − µ g 


  ∂g µ
 
T ∂ gµ
T ∂ gµ  
X − µx ) ⊗  ( X − µx )
= E
 ⊗  ( X − µx)
 ∂X T (
∂X  
∂X
 


(

)


  .


Similarly, the fourth moment of the state function can be expressed as follows:
(27)

4
η g = E  g ( X ) − µ g 


  ∂ gµ
 
T ∂ gµ 
X − µx ) ⊗  ( X − µx )
= E

 ∂X T (
∂X 
 

 ∂ gµ
 
T ∂ gµ  
⊗  T ( X − µx ) ⊗  ( X − µx )
 .
∂X  
 ∂X
 

(

(28)

in which X is the vector of the basic random variables; σ H lim denotes
the threshold of contact strength.

)

(33)

Based on the given limit state function, the reliability index can be
defined by the first four moments:

βF =

396

∂ gµ

represents the derivative of the state function to
∂X T
the random variable in the mean values μ.
in which

Similarly, the limit state function can be calculated as follows:
g3 ( X ) = σ h lim − σ h ,

(29)

(32)
2

σh

( X − µx ),

µ g = E ( g(X )) ≈ g ( µ x ) .

where rb1 ,rb 2 respectively represent the radii of the two contact
scraper chain bars, rb1 = rb 2 = rb ; E1, E2 denote the equivalent elastic
modulus, respectively, E1 = E2 = E ; µ1, µ2 are the Poisson’s ratios
of the two contact scraper chains, respectively, µ1 =µ2 =µ .

σh =

∂X T

According to the first-order approximation of Taylor series
expansion, the mean of the state function is obtained as follows:

The radius of the contact area is given by:

rcon

∂ gµ

3µ gη g − 3µ gσ g 4 + θ g µ g 2 − θ gσ g 2
9η g 2σ g 2 − 5θ g 2η g − 18σ g 6η g + 5θ g 2σ g 4 + 9σ g10
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in which µ g ,σ g ,θ g and η g represent the mean, variance, the third
moment and the forth moment of the limit state function of each failure mode.
Based on the fourth moment method, the scraper chain reliability
can be defined by the reliability index β F :
RF = Φ ( β F ) ,

(35)

in which Φ (  ) is the standard normal distribution.

3.2. System failure probability estimation with Copulas and
narrow bounds
The Copula function is actually a function that connects the joint
distribution function with their respective marginal distributions,
which can describe the correlation between variables commendably.
The Copula function was firstly used in the financial analysis field.
And it has been progressively extended to the fields of structural reliability, meteorological, hydrological, and so on in recent years [12].
As a tool of the dependence mechanism between variables, the Copula function contains almost all the dependent information of random
variables. It is extremely appropriate when it is uncertain whether the
correlation between variables can be calculated by the traditional linear correlation coefficient. What’s more, there is a complicated correlation between the reliability of different failure modes. Based on
the superiority of Copula functions in describing correlations, we proposed a system reliability model based on Copula functions and verified by the narrow-bound theory. And here, several Copula functions
used in this paper are expressed as follows:
The Gaussian Copula belongs to the Elliptical Copulas, which can
easily characterize the correlation between random variables without
any assumptions about the marginal distribution. So it becomes one
of the most widely used Copula functions. And the Gaussian Copula
functions can be defined as:

(

)

Φ 2 Φ −1 (v1 ), Φ −1 (v2 );α ,

α ∈ [ −1,1]

(36)

where α denotes the correlation coefficient; Φ (  ) is standard normal
distribution functions; Φ 2 () represents the binary normal distribution function.
α

Let φ () = ( − ln t )
expressed as follows:

be the generator, the Gumbel Copula can be

 
1
1 α 
CG ( v1, v2 ;α ) = exp  − ( − ln v1 )α + ( − ln v2 )α   .
 
 



α ∈ ( 0,1] (37)

When α = 1, the random variable v1 , v2 is independent,
CG (v1 , v2 ;1) = v1v2 . When α → 0 , the random variables ν1 and ν2
are completely dependent, lim CG ( v1, v2 ;α ) = min ( v1, v2 ) .
x →0

The Frank Copula is one of the primary copulas identified in the
statistical sciences, which can describe the both of non-negative and
negative correlations among variables. The expression of Frank Copula is as follows:
CF ( v1, v2 ;α ) = −

(

)(

) 


e −α v1 − 1 e −α v2 − 1
1 
ln 1 +
α 
e −α − 1





α ∈  \ {0}. (38)

The generator of this family is given by ϕ ( t ) = − ln

eα t − 1

.
eα − 1
When (α=1), it indicates a positive (negative) correlation between
random variables; and when α → 0 , it means that the random variables tend to be independent of each other. What’s more, the correlation parameter α of the Frank Copula function number has a one-toone correspondence with the traditional correlation and consistency
measure. The density distribution of Frank Copula is symmetrical and
can be used to construct a joint distribution of random variables with
symmetric correlation. In addition, since the variables are progressively independent at the end of the distribution, the Frank Copula
function cannot capture the asymmetrical relationship between random variables.
As an asymmetric Archimedes copula, the negative tail of Clayton
copulas shows a stronger dependence than the positive tail. With the
generator ϕ ( t ) = (tα − 1) / α , the Clayton Copula is given by:

CC ( v1, v2 ;α ) = max  v1−α + v2 −α − 1



(

1



) α , 0  ,
−

α ∈ ( −1, 0 )  ( 0, +∞ )



(39)
in which α is the relevant parameter in Clayton Copula. When α → 0
the random variables tend to be completely independent,
lim CC ( v1, v2 ;α ) = v1v2 ; when α → ∞ , the random variables tend to
x →0

be completely correlated, lim CC ( v1, v2 ;α ) = min ( v1, v2 ) .
x →∞

In addition, the probability density functions (PDFs) and contour
plots of these Copulas are drawn in Appendix A, which illustrates
the basic property of each Copula function. Density and contour of
density of the four Copulas are shown in Appendix B. As shown in
Appendix B, the density distribution of Gumbel Copulas is a “J” type
distribution. In other words, the Gumbel Copula is highly sensitive
to the change of the upper tail correlation between variables, but it’s
hard to capture the change of the lower tail distribution. Comparing
the distribution diagram of the Gumbel and Clayton Copula functions, we found that both of their density functions are asymmetrical. However, contrary to the distribution of the function of Gumbel Copula, the density function of Clayton Copula is in the shape
of “L”. So the Clayton Copula function is highly sensitive to the
change of the lower tail distribution. Actually, Clayton Copulas can
quickly capture the changes related to the lower tail and can be used
to describe the correlation with the characteristics of the lower tail.
Since the density function of Frank Copulas is “U” shaped and has
symmetry, it is impossible to capture the asymmetrical correlation
between random variables. The three Archimedes Copula functions
described above have different descriptions of the related structures
between variables, covering various situations of related structural
changes, and their excellent characteristics make them widely used
in the field of reliability analysis.
The potential marginal distributions can be arbitrary and approximated with the moment-based saddle point technique [5, 6]. It is
worth noting that the selected Copulas only describe the dependence
characteristics of variables of the scraper chain, which are independent of the marginal distribution of failure modes. Despite some highdimensional Copula functions are expected to be available; the undetermined parameters in high-dimension Copulas are inaccessible.
The system reliability range obtained by the traditional independent hypothesis theory is too large to meet the actual needs.
Ditlevsen [4] considered the correlation between failure modes and
proposed a method to calculate the reliability of second-order narrow-bound theory:
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n
n

U
 Pf ≤ Pf = ∑ Pfi − ∑ max Pfij ,
i =1
i=2


n
i-1
 P ≥ P L = P + max  P − P , 0  ,


∑
∑
f
f
i
fij
1

i=2
j =1




( j < i)

(40)

4. Reliability-based optimal design with Copula function
Reliability-based optimal design is the most economical way to
solve the problem of optimizations under uncertainty. The primary
task of the optimization design based on reliability is to satisfy the
structural reliability [8, 21]. Based on the principle above, the reliability-based optimal design of the scraper chain with multiple failure
modes can be described by the following mathematical model:



min f (Y ) = fsub (Y )

s.t. Rsys ≥ R sys0 ,


L
U
Y ≤Y ≤Y ,


q j (Y ) ≥ 0, ( j=1,, m ) 
find Y

(41)

in which ffsub (Y ) is the sub-objective function; Rsys is system reliability; Rsys 0 is the target reliability that should be satisfied; Y L , Y U
are the upper and lower bounds of the design variable Y ; q j (Y )
is the inequality constraint.
What’s more, the flow chart of system reliability-based optimal design processes for the scraper chain is depicted in Fig. 6,
which pursuits the most economical and rational structure.

Fig. 6. The flow chart of the optimization process based on system reliability

5. Illustrative example
In this section, the φ14×50 scraper chain, produced of
23MnNiCrMo, is used as an illustrative example to verify the
rationality of the proposed method. According to the standard
of high-tensile steel chains (round link) for chain conveyors
and coal ploughs (ISO 610:1990), the random variables of the
scraper chain are therefore defined, including the geometrical
dimensions, material properties and the tensile force applied to
the scraper chain. The probability properties of defined variables are summarized in Table 1. Meanwhile, the distributions
of random variables are shown in the Fig. 7.

Fig. 7. Normally distribution of random variables

5.1. System failure probability estimation with selected
Copulas

Table 1. The distribution details of design variables in this study
Variables
Fc
rb
Lc
a
E
μ

Mean

Standard
deviation

Distribution

Unit

7×10-3

0.005

Normal

m

2×105

5×10-2

-2

1.7×10

2.07×1011
0.3

0.002
0.005
0.005
0.002

0.002

Normal
Normal
Normal
Normal

Normal

Note:The symbol ‘‘-’’ denotes the dimensionless variables without units.
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N

m
m

Pa
-

In this section, three different reliability models of scraper
chains were separately analyzed in order to obtain the failure
probability. The reliability model is constructed by the reliability index approach (RIA), in which the reliability index interval
is employed to evaluate the reliability degree of an uncertain
structure. The reliability index, the reliability, and the failure
probability related to the known probability information of each
failure modes are shown in Table 2. And it becomes apparent
that contact failure is one of the most likely failure modes for
the probability of the contact failure is up to 9.954×10−2 with the
test forces Fc; in addition, the probable failure due to the excessive elastic elongation is 1.063×10−2; by the way, it is gratifying
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Table 2. The reliability index, the reliability, and the failure probability of
single failure modes
Reliability Index

Reliability

Failure Probability

R2=0.99994

Pf2=0.00006

β1=2.3034

R1=0.98937

β3=1.2842

R3=0.90046

β2=3.8370

Pf1=0.01063

the scatter plots of the different failure modes of the scraper chain are
shown in Fig. 8:
Considering three correlated failure modes, the failure probability and the reliability of the scraper chain are defined by the Copula
theory:

Pf3=0.09954

Pfsys =0.1064,

that tensile strength failure of the scraper chain is almost impossible
because its failure probability is only 6.23×10−5.
The Kendall rank correlation is a non-parametric test that measures the strength of dependence between two variables. And its correlation coefficient ranges from -1 to 1. When τ is 1 (-1), it means that
two random variables have a positive (negative) correlation; when τ
is 0, it means that the two random variables are independent of each
other. In order to indicate the strength of dependence between two
variables, the Kendall rank correlation coefficients of any two failure
modes are listed as follows:

K rcc12 = 0.5964
(42)

K rcc13 = 0.2427
K rcc 23 = 0.5547

5.2. System reliability-based design optimization of scraper
chains
The mass of the scraper chain is a significant parameter of the
scraper chain. The redundancy mass not only reduces the efficiency
of the scraper conveyor but also aggravates the wear of the middle
trough. Therefore, it is necessary to make the reliability-based optimal design model of the scraper chain throughout the design process
to minimize the mass of scraper chains. Based on the optimal design
principle involving reliability, the reliability-based optimal design
model of the scraper chain with multiple failure modes can be defined
as follows:

(

s.t. Rsys ≥ R sys0

g1g3
g2g3

Gumbel [α, AIC]

X L ≤ X ≤ X u , rb ∈  ndv

Frank [α, AIC]

Clayton [α, AIC]

0.806, −1.047×104

2.477, −9.510×103

7.833, −9.507×103

2.955, −6.247×103

0.765, −8.811×103

2.246, −7.870×103

6.831, −8.004×103

2.491, −5.254×103

0.372, −1.492×103

1.321, −1.219×103

2.296, −1.354×103

Note: the AIC values are bold and underline if the corresponding Copula is preferred.

Aiming at the joint failure probability modelling problems, a
method for estimating the failure probability of scraper chains based
on system reliability is proposed. The Copula function is used to describe the dependent structure of the two failure modes, and the AIC
method is used to determine the optimal fitting correlation function.
The system reliability is calculated by the stochastic perturbation
technique and the four-moment method of the reliability system. And

(44)

a ≤ Lc ,2rb ≤ a,

Table 3. The parameters and AIC values of different Copula functions
Gaussian [α, AIC]

)

min. mass f ( X ) = ρ ( a + 2rb ) π2 + 2π ( Lc − a ) rb 2

Based on the analysis of various Copula functions, it is found that
Gaussian Copula has the lowest AIC value and the best fitting effect.
Gaussian Copula is the most widely used Copula function, which
can easily characterize the correlation between random variables
without any assumptions about the marginal distribution. And the
parameters and AIC values for the Gaussian, Gumbel, Frank, and
Clayton Copula functions are shown in Table 3:

g1g2

(43)

Rsys =1-Psys = 0.8936.

0.641, −9.282×102

where X L , X u represent the lower and
upper boundaries of the scraper chain design variable, respectively, XL=[2.0×105,
6.5×10-3, 4.9×10-2, 1.6×10-2, 2.07×1011,
0.3] and XU=[2.0×105, 8×10-3, 5.2×10-2,
1.8×10-2, 2.07×1011, 0.3]; ρ represents
the density of the scraper chain mate-

Table 4. Comparison between initial design and optimal solution based on
reliability

Initial

RBDO

Design variables (Xi, i =1,2,…,6)

f(X) (kg)

(2×105, 7.02×10−3, 5.032×10−2,
1.789×10−2, 2.07×1011, 0.3)

0.2023

5

−3

−2

−2

(2×10 , 7×10 , 5×10 , 1.7×10 ,
2.07×1011, 0.3)

0.1987

Rsys
0.8936

0.9810

rial; And R sys0 is the target system reliability probability of the
scraper chain; Rsys represents the optimized system reliability
probability.
Comparison between initial design and reliability based optimal solution for the scraper chain are shown in Table 4. The
result shows that in order to make the reliability of the scraper chain Rsys meet the requirements (R
Rsys
sys ≥ R sys0 = 0.98 ), the
required minimum mass of the scraper chain has increased to
0.2023 kg. Simultaneously, the values of optimized design variables are acceptable.
Fig. 8. The scatter plots of multiple failure modes
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(2) The dependency structure between each failure mode can be
described by different Copula functions, but result in different joint
failure probabilities. And as shown in the illustration herein, the results obtained from the Gaussian Copula function are similar to the
simulation results.
(3) A design optimization based on system reliability is performed
and the corresponding optimal variables are obtained. The optimal
results showed that the optimization design of the scraper chain can be
achieved while meeting the requirements of target system reliability.

6. Conclusions
Correlation problems in mechanical system reliability are ubiquitous and unavoidable. The Copula-based system reliability model
provides a scientific and practical solution to the problem of system
reliability modeling and system reliability based optimization. In this
work, the mechanical model of each failure mode is established. And
the correlation between failure modes is introduced by the Copula
function theory. Then, the system reliability model of multiple failure modes is established based on the joint distribution function of
Copulas. Furthermore, a system reliability-based design optimization
of scraper chains with multiple dependent failure modes has been proposed. The main conclusions of this paper are as follows:
(1) The contact failure mode has the highest probability of failure.
Therefore, the most effective way to increase the system reliability of
the scraper chain is to reduce the failure probability of contact failure.
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Appendix A
Table 5. Summary of the bivariate Copula function discussed in this study
Copula

Gaussian
Gumbel
Frank
Clayton

Copula function, C (ν1, v2 ;α )

Range of α

 
1
1 α 
CG (ν1, v2 ;α ) = exp  − ( − lnν1 )α + ( − ln v2 )α  
 
 



( 0,1]

(

Φ 2 Φ −1 (ν1 ), Φ −1 (v2 );α

CF (ν1, v2 ;α ) = −

(

)

，]
[−11

)(

) 


e −αν1 − 1 e −α v2 − 1
1 
ln 1 +
α 
e −α − 1


(




1

)α

CCl (ν1, v2 ;α ) = ν1−α + v2 −α − 1

−

 \ {0}

[ −1, +∞ ) \ {0}

* ν 1,v2 are the random variables of marginal distribution, α is the Copula parameter

Appendix B

Fig. 9. The PDF and contour plot of Gaussian Copula with α=0.8627

Fig. 10. The PDF and contour plot of Gumbel Copula with α=1.5
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Fig. 11. The PDF and contour plot of Frank Copula with α=1

Fig. 12. The PDF and contour plot of Clayton Copula with α=1
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Gear pitting fault diagnosis using raw acoustic emission signal
based on deep learning
Diagnostyka pittingu kół zębatych na podstawie surowego
sygnału emisji akustycznej w oparciu o głębokie uczenie maszynowe
Gear pitting fault is one of the most common faults in mechanical transmission. Acoustic emission (AE) signals have been effective
for gear fault detection because they are less affected by ambient noise than traditional vibration signals. To overcome the problem
of low gear pitting fault recognition rate using AE signals and convolutional neural networks, this paper proposes a new method
named augmented convolution sparse autoencoder (ACSAE) for gear pitting fault diagnosis using raw AE signals. First, the proposed method combines sparse autoencoder and one-dimensional convolutional neural networks for unsupervised learning and
then uses the reinforcement theory to enhance the adaptability and robustness of the network. The ACSAE method can automatically extract fault features directly from the original AE signals without time and frequency domain conversion of the AE signals.
AE signals collected from gear test experiments are used to validate the ACSAE method. The analysis result of the gear pitting
fault test shows that the proposed method can effectively performing recognition of the gear pitting faults, and the recognition rate
reaches above 98%. The comparative analysis shows that in comparison with fully-connected neural networks, convolutional neural networks, and recurrent neural networks, the ACSAE method has achieved a better diagnostic accuracy for gear fitting faults.
Keywords: gear pitting fault diagnosis, autoencoder, one-dimensional convolutional neural network, acoustic
emission signal.
Pitting kół zębatych stanowi jedno z najczęstszych uszkodzeń przekładni mechanicznych. Do wykrywania takich uszkodzeń stosuje
się sygnały emisji akustycznej (AE), które, ze względu na niższą wrażliwość na hałas otoczenia, stanowią skuteczniejsze narzędzie
diagnostyczne niż tradycyjne sygnały wibracyjne. Wykrywalność zużycia guzełkowatego (pittingu) kół zębatych przy użyciu sygnałów AE i splotowych sieci neuronowych jest jednak niska. Aby rozwiązać ten problem, w niniejszym artykule zaproponowano nową
metodę diagnozowania uszkodzeń kół zębatych za pomocą surowych sygnałów AE, którą nazwano augmented convolution sparse
autoencoder (konwolucją rozszerzoną z wykorzystaniem autoenkodera rzadkiego, ACSAE). Jest to metoda samouczenia jednowymiarowych splotowych sieci neuronowych realizowanego za pomocą autoenkodera rzadkiego. Metoda ta wykorzystuje teorię
wzmocnienia do zwiększania adaptacyjności i odporności sieci. Metoda ACSAE pozwala na automatyczne wyodrębnianie cech
degradacji bezpośrednio z oryginalnych sygnałów AE bez konieczności ich konwersji do domeny czasu i częstotliwości. Walidację
metody przeprowadzono na podstawie sygnałów AE otrzymanych w badaniach kół zębatych. Analiza wyników badań pittingu kół
zębatych wskazuje, że proponowana metoda pozwala na skuteczną detekcję tego typu uszkodzeń, przy wskaźniku wykrywalności
powyżej 98%. Analiza porównawcza pokazuje, że metoda ACSAE cechuje się większą trafnością diagnostyczną w wykrywaniu
błędów montażowych kół zębatych w porównaniu z sieciami neuronowymi w pełni połączonymi, splotowymi i rekurencyjnymi.
Słowa kluczowe: diagnostyka pittingu kół zębatych, autoenkoder, jednowymiarowa splotowa sieć neuronowa,
sygnał emisji akustycznej.

1. Introduction
With the rapid development of the modern industries, the detection and identification of gear pitting faults in mechanical transmission systems have become one of the critical issues. Establishing a
reliable health detection system, especially for gear fitting faults, is
the key to ensuring smooth operation of industrial equipment.
Traditionally, vibrational signals are used as monitoring signals
for gear fault diagnosis as reported in the literature. For example,
Praveenkumar et al. [18] extracted statistical inquiries from the acquired gearbox vibration signals. The extracted features were given
as input to the support vector machine for fault identification. Zuber
et al. [35] used a complete set of vibration features as input to the
self-organized feature maps and discussed the implementation of fea-

ture-based artificial neural networks and vibration analysis to achieve
automatic gearbox fault identification. Of course, these methods have
achieved good results. However, due to the influence of the external
environment, the vibration signals contain a large amount of environmental noise. Therefore, acoustic emission (AE) technology has
gradually been introduced into mechanical fault diagnosis. Crivelli
et al. [7] proposed that AE is a potentially suitable technique for detecting early fatigue cracks because it is sensitive to high frequencies
generated by crack propagation and is not affected by low-frequency
noise. The method proposed by He et al. [13] uses a short-time Fourier transform to pre-process the AE sensor fault signal of the bearing.
The verification results show an accurate classification. Qu et al. [20]
proposed an AE signal processing method based on an improved time
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synchronous average. This provides us with an inspiration to develop
a gear pitting fault diagnosis using AE signals.
For gear fault detection, Sharma et al. [23] used the Hertzian
contact approach to propose a theoretical model for establishing the
relationship between the magnitude of the fault and the AE energy
produced in the gear. Aouabdi et al. [2] proposed a tool for anomaly
detection based on the multi-scale entropy algorithm, which used the
phase current measured by the induction motor driving the gearbox
to identify local gear tooth defects. Ratni et al. [21] based on a combination of maximum correlation kurtosis deconvolution and spectral
kurtosis to fault diagnosis. Yao et al. [29] used the local mean decomposition based on the adaptive decomposition of the signal itself to
perform fault diagnosis of the gearbox. Song et al. [25] considered
the random noise and the ensemble empirical mode decomposition
(EEMD). A fault diagnosis method based on singular value decomposition and improved EEMD was proposed. Feng et al. [10] proposed a time-frequency analysis method for the diagnosis of planetary
gearboxes. And Feng et al. [9] also proposed a simple and effective
method for diagnosing planetary gearbox faults based on the amplitude and frequency demodulation. These contributions have greatly
enriched the literature on gearbox testing.
Many gear fault processing methods extract features based on
prior knowledge and then use machine learning to classify the degree of pitting, such as frequency domain analysis, wavelet transform, mathematical morphology, support vector machine, etc. Yuan
et al. [30] proposed empirical mode decomposition (EMD) of integrated overall noise reconstruction to overcome the main problems
of user-defined parameters and the incompatibility of high Signal to
Noise Ratio (SNR) conditions. Liu et al. [15] proposed an integrated
method of EMD and Wigner-Ville distribution for fault feature extraction. Krishnakumari et al. [14] proposed that under feature extraction,
statistical characteristics such as standard deviation, kurtosis, etc. are
considered as characteristics of the signal. Zhang et al. [32] used the
EEMD to decompose various fault signals to achieve diagnose results. Chen et al. [6] proposed a method for identifying planetary gear
faults based on double-tree complex wavelet transform denoising and
Laplace feature map. Widodo et al. [27] used a short-time Fourier
transform method to monitor faults in the gearbox. Li et al. [16] supposed relative wavelet energy can identify the trend from the normal
state to crack failure before the occurrence of broken tooth failure.
Shao et al. [22] used principal component analysis and kernel principal component analysis to extract features from the fault features of
selected data features and to reduce the effect of dimensional analysis. Bafroui et al. [3] used Monet wavelets to process non-stationary
vibration signals. Elforjani et al. [8] used vector machine regression,
multi-layer artificial neural network models and Gaussian process regression to correlate AE features with corresponding natural pitting.
These methods play an important role in the development of gear fault
diagnosis. However, with the increase in the number of equipment
detection points and the sampling frequency, mechanical health monitoring has entered the era of “big data”. The traditional intelligent
diagnosis algorithm based on signal processing for feature extraction
and classifier has high requirements for expert experience and cannot
guarantee universality. It cannot meet the big data requirements of
gear fault detection.
Fortunately, researchers have tried to use deep learning in the
troubleshooting of gears. Zhao et al. [33] was inspired by the success
of the deep learning method and redefines the representation learning of raw data. They proposed a local feature-based gated recurrent
unit network for fault diagnosis. Zhang et al. [31] proposed a gear
fault diagnosis method based on singular value decomposition and
Radial Basis Function neural network for the problem that the weak
gear fault signal is difficult to detect. Bangalore et al. [4] proposed an
artificial neural network (ANN) based condition monitoring method
using data from monitoring. Ali et al. [1] used ANN computational
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modeling to correlate data feedforward and recursive Eman neural
network algorithms from AE sensors for the development of ANN
models. Sreepradha et al. [26] used ANN to perform prediction and
classification based on heuristic models based on spur gears. Recently, in the field of mechanical gear fault diagnosis, Qu et al. [19] proposed a new method of unsupervised detection of gear pitting failure
based on autoencoder theory. The proposed method was developed
based on a deep sparse autoencoder. This method integrates the dictionary learning to an autoencoder network in the sparse coding for
analysis of fault diagnosis. Cao et al. [5] proposed a transfer learning method using the vibration signal to use the convolutional neural network (CNN) for gear fault detection. These methods of deep
learning do not require manual extraction of fault features and also
achieve better fault detection results. Moreover, CNN greatly reduces
the number of network parameters through local weight sharing and
can avoid the over-fitting of the network when the number of samples
is insufficient. However, these methods still use vibration signals to
achieve gear fault detection. As mentioned above, the vibration signal
contains a large amount of environmental noise due to the influence
of the external environment. It is not the ideal data for deep learning
fault extraction.
Based on the above considerations, this paper takes the gear as the
research object and improves the method of gear pitting fault diagnosis for the standard one-dimensional CNN model, which enhances
the generalization performance of the model. A set of intelligent diagnosis algorithm named augmented convolution sparse autoencoder
(ACSAE) being proposed. ACSAE combines sparse autoencoder into
one-dimensional CNN, and the algorithm automatically performs feature extraction and fault identification using original AE data with
low environmental interference. ACSAE does not require any test set
information and it does not require any noise reduction pre-processing
and time domain and frequency domain conversion. First of all, the
model is trained using an automatic encoder and a one-dimensional
CNN. Then, through unsupervised learning, the decoded data that is
very close to the original data is obtained, and the training set is added
to improve the robustness and adaptability of the network. Next, the
model structure and model parameters retain unchanged to ensure
that the encoder part retains the characteristics of the original data.
Finally, through the fusion of one-dimensional CNN automatic learning features on the softmax classifier, a number of gearbox AE data is
selected for fine-tuning the network, training classification model, to
achieve accurate identification of gear pitting fault. The experimental
results show that the proposed method not only improves the accuracy
of gear fault identification, but also improves the correct rate of gear
faults from 90.5% of the one-dimensional CNN alone to 97.9% of the
ACSAE. The universality of the classification algorithm is significantly improved, which can be used as an auxiliary basis for engineers
and technicians to judge the degree of gear pitting fault.
The remainder of the paper is organized as follows. Section 2 describes the ACSAE method presented in this paper. This section mainly introduces the principle of autoencoder and the one-dimensional
CNN algorithm and the proposed ACSAE method. In Section 3, five
experiments were designed to verify whether the ACSAE algorithm
can effectively classify gear pitting faults and give specific experimental parameters. Section 4 analyzes and discusses the experimental
results. The current research conclusions and future research directions are summarized in Section 5.

2. The methodology
AE technology is a new type of dynamic non-destructive testing
technology, which uses the internal particles of the material to release
the strain energy in the form of elastic stress waves due to the relative
motion to characterize the internal structure of the object [34]. Since
the AE signal is emitted by the fault source itself, the AE technology
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can quickly detect and judge the gear pitting fault defect under the
operating condition of the equipment.
The ACSAE method presented in this paper combines the one-dimensional CNN with the sparse autoencoder to enhance and optimize
the network model and applies to original AE data for gear pitting
fault diagnosis. The unsupervised layer-by-layer learning strategy can
make the network parameters more precise. The problem of non-convex optimization makes the detection effect of gear pitting fault more
stable and reliable. The CNN greatly reduces the number of network
parameters through local weight sharing and can avoid the over-fitting
of the network when the number of samples is insufficient [11]. However, the traditional CNN method of random initialization still has
the risk of falling into a local optimum. In response to this situation,
this paper presents a method to update traditional CNN using sparse
autoencoder (SAE). Because SAE can compress the key features of
the input signals, it is more effective to use these key data for the gear
pitting diagnosis. As shown in Fig. 1, first, the original AE signals are
encoded and compressed through convolutional networks. Then the
convolutional features are deconvolved back to generate the reconstructed signals, and the weights are optimized to minimize the error
between the reconstructed signals and the original signals. After that,
the decoded features are added to the input data, encoded in the same
way, and sequentially cycled. Finally, a fully connected network and a
classifier are added to the network, and the network is fine-tuned with
a small number of tagged samples to provide enhanced gear pitting
fault identification.

Fig. 2. The structure of autoencoder

equation in vector form, defining z j +1 in Eq. (1) and a j +1 in Eq. (2).
Where W is the weight, and the weight is continuously updated by the
gradient descent method to reduce the function loss. z j is expressed
as the sum of the multiplication of the input and weight values of the
jth layer and the bias b j . f is the activation function:
(1)

z j +1 = WJ a j + b j

(

a j +1 = f z j +1

)

(2)

Assume that a j indicates the output value of the hidden layer
neuron j with input X i . Then the average activate degrees of the hidden layer neurons j — ρˆ j can be computed in Eq. (3). ρ is a sparse
parameter, which is close to zero:
ρˆ j =

Fig. 1. The general procedure of the proposed ACSAE method

2.1. Sparse autoencoder
An autoencoder is an unsupervised learning method in deep learning, which uses a back propagation algorithm and has a good ability
to learn the characteristics of the dataset [17]. Given a training sample set X = {X1, X 2 , X3 , X 4 , X5 , X 6 } for the autoencoder network
structure as shown in Fig. 2, the autoencoder network tries to pass
the original data X, through the process of encoding and decoding,
restore the data X′ so that X′ ≈ X . Different hidden layer units can
have different activation levels for the input data. In general, a SAE
network achieves the goal of sparseness by sparsely constraining the
hidden layer of the autoencoder network, that is, only a small number
of hidden layer units are activated [28]. SAE can usually learn a lowdimensional representation of input data that is very similar to principal component analysis results.
Fig. 2 shows an example of a neural network with three hidden
layers. The entire neural network has a layer depth of 5, including
an input layer, three hidden layers, and an output layer. Express the

1 m
∑  a j ( X i )
m i =1 

(3)

To limit the average activate degrees where ρˆ j is different from
ρ by adding a penalty term to the objective function. This allows the
average activate degrees of the hidden layer neurons to be distributed in a small range. s2 represents the number of hidden neurons
in the hidden layer, and j represents the jth neuron in the hidden layer.
When ρˆ j = ρ ,

s2

∑ K L (ρ || ρˆ j )= 0 . If the difference between them
j =1

increases, the result increases. Based on relative entropy, the sum of
the selected penalty factors (4) as follow:
s2

s2

j =1

j =1

ρ

∑ K L (ρ || ρˆ j )= ∑ ρ log ρˆ

j

+ (1 − ρ )log

1− ρ
1 − ρˆ j

(4)

The total cost function of the sparse autoencoder system can be
expressed as Eq (5). In Eq (5), s2 represents the number of neurons
in the hidden layer, β represents the weight of the penalty term, W
is the coding matrix, and b is the coding deviation. As the gap between the two sparse parameter larger, the value of the penalty factor
rises sharply:
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J sparce (W , b ) = J (W , b ) + ²

s2

∑ K L ( p || p'j )

(5)

j =1

yt =

2.2. One-dimensional CNN
A CNN is a feedforward neural network. As shown in Fig. 3, it
is usually composed of alternating convolutional layers and pooling
layers. The convolutional layer can capture the regional connection
features in the input data, and the principle of weight sharing is applied. The principle of weight sharing of convolution kernels is due
to the fact that there can be multiple convolution kernels in a convolutional layer, but each convolution kernel corresponds to a unique
filtering feature. All features of the same sample are from identical
convolution kernels. The number of parameters to train is greatly reduced in CNN. The pooling layer combines adjacent nodes into one
to merge similar features, further reducing the amount of data trained.
These characteristics make the CNN have a certain degree of translation, scaling, and distortion invariance. The fewer parameters make
the training faster. The backpropagation algorithm is used to update
the weight in the training process. The convolution kernel of a onedimensional CNN can be seen as a sliding on a time series, extracting
short-term features between sequences. These features are further aggregated by the pooling layer, which preserves the local features of
the time series well, and then directly connects back and forth through
the fully connected layer.
CNNs have been widely used in the fields of image and audio
learning because of their good properties [24]. However, traditional
CNNs use supervised learning algorithms, which require a large
amount of supervised data in the learning process, which is costly.
The key feature of CNNs is a local connection and weight sharing. For
ease of understanding, both the input variable X and the model parameter Wi are represented by a matrix, × represents a convolution
operation, bi is a bias, and only one bias is introduced for each feature, otherwise the degree of freedom of learning is too large. σ is the
activation function. The encoding process for CNN can be defined as
the following equation:
Yi = σ ( X × Wi + bi )

convolution operation on the input features. In general, the length m
of the filter is much smaller than the length n of the signal sequence.
The output of the convolution is defined as:

(6)

m

∑W j × X i − j +1

In the convolutional layer, each neuron in the L layer is connected
to neurons in a part of the L-1 layer to form a local connection network. The convolutional layer requires an activation function f(x) for
nonlinear feature mapping, and W L is an m-dimensional filter that is
the same for all neurons. a(Li + m −1):i =  a(Li + m −1),…, a(Li + m −1):i  , bi is


partial set the function, i = 1, 2, ..., n. Then the output of the neuron of
the L layer is defined as:
 m

aiL = f  ∑W jL × aiL−−j1+ m + b L  = f W L × a(Li +−1m −1):i + bi
 j =1




(

In this paper, we need to deal with the time series of AE signals.
Therefore, one-dimensional convolution is used as the convolution
layer to construct a one-dimensional CNN suitable for feature extraction of AE signals. Given an input signal sequence X i , i = 1, ..., n,
and filters W j , j = 1, ..., m. The filter sequentially performs a local
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)

(8)

Pooling is a self-sampling process that greatly reduces the number
of features, avoids overfitting, and allows the next layer of neurons to
remain invariant to small morphological changes, providing strong
robustness. The operation of the pooling layer is also a feature obtained by some way from a region. The common pooling method is to
take the maximum or average value of all neurons in the region. For a
feature map ai obtained by the convolutional layer, it is divided into
a plurality of regions Rk k = 1, . . . , n. Taking the maximum value
of each region as:
poolmax (Rk ) = max ai
i∈Rk

(9)

The base of the convolution operation in Eq. (6) is added to the
decoding portion of the autoencoder. During the decoding process,
multiple feature values are obtained according to the hidden layer.
Specifically, each deconvolution operation is performed by using a
convolution kernel, and c is used as a bias. After the results obtained
by the convolution kernels, an activation function is used to obtain
an activation value of the output variable X ′ . The decoding process
of reconstructing the input variable X ′ to the convolutional autoencoder network is defined as:


X ′ = σ  ∑ Y j * X * W j' + c j 
 j∈Y




Fig. 3. The principle of one-dimensional CNN.

(7)

k =1

(10)

In addition, to ensure that the decoding process can restore the
data to its original size, the CNN uses full convolution in both the encoding and decoding processes. In the ACSAE network, the pooling
layer and the de-pooling layer are added after the corresponding convolution layer and deconvolution layer. Due to the information loss
in the pooling operation, the convolution autoencoder network has a
reconstruction error. An approximate representation of the input data
is obtained by decoding. However, due to the fact that the reconstruction of the AE signal accuracy is not important for the general target
task, the compressed and decompressed AE data has no distortion.

3. Gear test experimental setup and data processing
In order to verify whether the presented method is effective or
not for gear pitting fault diagnosis, an experiment was designed and
conducted on a gearbox test rig in the laboratory. The schematic of
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the gearbox test rig is shown in Fig. 4. It consists of two 45 kW Siemens servo motors, one of which is the drive motor and the other
the load motor. The AE sensor was located on the gear housing close
to the faulty gear. The main parameters of the gearbox are shown in
Table 1.

Table 2. The approximate percentage of pitting area under 5 gear conditions
Gear Condition

Upper tooth

Middle tooth

Lower tooth

Condition2

Normal

50%

Normal

Condition4

10%

Condition1

Condition3

Condition5

Fig. 4. Schematic of the gearbox test rig
Table 1. The major parameters of the gearbox
Gear Parameter

Driving Gear

Driving Gear

Module (mm)

3

3

Tooth number

72

Pitch diameter (mm)

40

120

120

Base circle diameter (mm)

202.974

112.763

Tooth width (mm)

85

85

Pressure angle (°)

20

20

Normal

Normal

10%

50%

Normal

50%

10%

50%

30%

Normal
10%

50% worn and the other two teeth were normal. Condition 3 had 50%
pitting on the intermediate gear, about 10% pitting on the upper teeth,
and the other tooth was normal. Under condition 4, approximately
50% of the intermediate gears were worn out, and both the upper tooth
and lower tooth had approximately 10% of the teeth been worn. Under condition 5, the intermediate teeth were approximately 50% worn,
the upper teeth were 30% worn, and the lower teeth were 10% worn.
The pitting conditions of the gear is shown in Fig. 5.
For AE data acquisition, a true differential wideband sensor with
high sensitivity and bandwidth was used. It has a good frequency response over the range of 100–900 kHz. Differential sensors offer a
lower noise output from a pre-amplifier. The original AE signals of
500 and 10,000 data points are shown in Fig.s 6(a) and (b) respectively. As can be seen from Fig. 6, the AE data in various states are very
close, and it is almost impossible for the naked eye to judge which one
of the sections should be.

Fig. 5. Pitting degree of driven gears

In this experiment, the speed of the gear was set to 3600 RPM and
100 Nm. Table 2 shows the five gear pitting conditions. Condition 1
is a normal gear. In condition 2, the middle teeth were approximately

Fig. 7. The general procedure of the data processing using ACSAE method

a)

b)

Fig. 6. Raw AE signals of gear pitting fault conditions
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The original AE signals were processed according to the process
shown in Fig. 7. The test was conducted in five sessions with sampling
features of 51,200. First, the training sample set and the test sample
set were determined. 80% of the data were used for training and the
rest of the data used for validation and testing. 854 data points were
set as the length for each sample. After selecting the training samples
and test samples, the specific classification steps are as follows:
Step 1. Perform he-normal initialization [12] on the weight matrix of
the network, and perform standard deviation random initialization on parameters such as offset.
Step 2. Scale the data to make it sensitive to the activation function
relu.
Step 3. Use ACSAE to conduct layer-by-layer unsupervised training
on the network.
a. Calculate the error between the actual output vector and the
output vector.
b. The error obtained in the previous step is back-propagated
layer by layer, and then the gradient of the error cost function is obtained by the stochastic gradient descent method,
and then the weight parameters are updated.
c. Perform multiple iterations to improve the accuracy of the
network.
d. The iteration is stopped when the specified iteration
termination condition is reached.
e. Re-tune the network with the expanded data.
Step 4. Retain the weight of the encoder part and fine-tune the network by two fully connected layers and a softmax classification layer.
Step 5. Enter the test sample into the trained neural network to obtain
the classification accuracy.
The structure of the ADCAE model designed for the number of
channels in each convolution network was: 16-32-64-64-32-16. In the
convolutional layer, the kernel size of all convolutional layers were
7; stride was 1; padding selects ‘same’. In the pooling layer, all pool
sizes were 2. padding selects ‘valid’. The optimizer used stochastic
gradient descent algorithm, and loss used categorical cross-entropy.
The initial value of learning rate was set as 0.001, decay as 1e-6, momentum as 0.9, and activation set as relu.

Fig. 8. The comparison of accuracy between the ACSAE algorithm and the
other algorithm for gear pitting fault diagnosis

Table 3 provides a comparison of the accuracy of the ACSAE algorithm and other algorithms, including the training set, the validation
set, and the test set. As shown in Table 3, the accuracy of the ACSAE
for the training can be as high as 97.87%. The accuracy of the validation and test set is close to the accuracy of the training. The results
show that the ACSAE algorithm can achieve good gear pitting fault
diagnosis results without observed overfitting problem. In contrast,
the accuracy and training accuracy of CNN algorithms and other algorithms used for validation and testing are not as good as the ACSAE
algorithm. As a result, ACSAE’s gear pitting fault diagnosis results
are more accurate using the original AE signals.

4. Results and discussions
Fig. 8 shows a comparison of accuracy in the diagnosis of gear
pitting faults between the ADCAE algorithm and other algorithms. As
shown in Fig. 8, the accuracy of the ACSAE algorithm is close to 98%
for gear pitting fault diagnosis. Its fluctuations are small and more
stable. The accuracy of the CNN algorithm is approximately 90%.
The fully-connected network (FCN) performed well, reaching 93%.
The two methods of the recurrent neural network, gated recurrent unit
(GRU) and long short term memory (LSTM), did not reach 85%. In
summary, the ADCAE algorithm is superior to other algorithms for
gear pitting fault diagnosis.

Table 3. The accuracy comparison between the ACSAE algorithm and the other
algorithm’s for acoustic emission data sets
Accuracy

Training set

Validation set

Testing set

FCN

0.9340

0.9328

0.9311

GRU

0.8179

ACSAE
CNN
LSTM
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0.9787

0.9014

0.6793

0.9774
0.8947

0.8141
0.6782

0.9753
0.8836

0.8119
0.6567

Fig. 9. The confusion matrix by the ACSAE algorithm for the testing set

Each type of data was tested in 500 groups. The test results are
shown in Fig. 9. It can be seen from the confusion matrix of Fig.
9 that the ACSAE algorithm presented in this paper has a better
gear pitting fault diagnosis. The pitting fault diagnosis accuracy of
condition 1 has over 99%. The recognition rate of condition 2 is
100%. For the condition 3, 4, and 5, because the working conditions are very similar, there has little misjudgment, but the lowest
accuracy is still above 96%.
For each gear condition, 50 sets of test data were used for
visualization of the dimensionality reduction. Fig. 10 is a three-
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dimensional view of the features. It can be seen from Fig. 10 that the
ACSAE algorithm presented in this paper can clearly distinguish between various gear conditions. Clustering formed in Fig. 10 can also
verify the previous conclusions, the overall recognition rate is higher,
and some points that are slightly closer to 3, 4 and 5 are likely to cause
misjudgment of the neural network.

Fig. 11. The visualization of two-dimensional features of gear pitting conditions

when the type of failure is more complicated. More in-depth research
will be conducted in the future.
Fig. 10. The visualization of three-dimensional features of gear pitting conditions

The compressed three-dimensional features are visualized in two
dimensions using t-SNE as shown in Fig. 11. As can be seen from
Fig. 11, five different gear pitting faults can be clearly clustered. It
can also be seen from the figure that the point adjacent in the high-dimensional data space are similar to the low-dimensional projections,
which proves that the ACSAE is effective for the diagnosis of gear
pitting faults.
These results have shown that the ACSAE algorithm is effective
for using the original AE signals for gear pitting fault diagnosis. It is
worth noting that this study only examines the case where the pitting
of the intermediate gear, and the different degree of pitting of the adjacent gears. It is not clear whether the expected results will be achieved

5. Conclusions
In this paper, a gear pitting fault diagnosis method based on the
integration of one-dimensional CNN and sparse autoencoder was presented. The presented method was validated and tested with AE data
collected from a gear test rig in the laboratory. The validation and
test results have shown that the presented method has achieved more
stable and reliable performance, and the accuracy of fault diagnosis
has reached 97.9%. The comparative results have shown that the
diagnosis accuracy using the ACSAE algorithm is better than other
methods.
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Methodology of overall equipment effectiveness calculation
in the context of Industry 4.0 environment
Metodologia obliczania ogólnej efektywności sprzętu
w kontekście środowiska Industry 4.0
Industry 4.0 and related Maintenance 4.0 demand higher requirement for productivity and maintenance effectiveness. Nakajim’s
OEE indicator still plays an important role in measuring effectiveness of production and maintenance. In connection with the current Industry 4.0 challenge, the issue of Industrial Internet of Things (IIoT) is highly accentuated. This topic includes the matter of
autonomous management and communication of individual machines and equipment within higher and more complex production
units. Authors propose original calculations OEE for the whole production line from OEE knowledge and individual machines,
including knowledge of their nominal and actual performance. The presented solution allows a greater depth of analysis of machine efficiency and overall effectiveness calculation of different assembled production lines based on knowledge of individual
machines efficiencies.
Keywords: overall equipment effectiveness, availability, performance, quality, Industry 4.0.
Industry 4.0 i związana z nią strategia Maintenance 4.0 stawiają wyższe wymagania odnośnie wydajności produkcji i utrzymania
ruchu. Wskaźnik ogólnej efektywności urządzeń (OEE) Nakajimy nadal odgrywa ważną rolę w pomiarach efektywności produkcji i utrzymania ruchu. W związku z wyzwaniami stawianymi obecnie przez Industry 4.0, dużą uwagę zwraca się na koncepcję
Przemysłowego Internetu Rzeczy. Obejmuje ona kwestię autonomicznego zarządzania i komunikacji pomiędzy poszczególnymi
maszynami i urządzeniami w bardziej złożonych jednostkach produkcyjnych wyższego stopnia. Autorzy niniejszej pracy proponują
oryginalną metodę obliczania OEE dla całej linii produkcyjnej na podstawie znajomości ogólnej efektywności urządzeń oraz
efektywności pojedynczych maszyn, w tym wiedzy o ich nominalnej i rzeczywistej wydajności. Przedstawione rozwiązanie pozwala
na głębszą analizę wydajności maszyn oraz obliczanie ogólnej efektywności różnych linii produkcyjnych w oparciu o wiedzę na
temat wydajności poszczególnych maszyn.
Słowa kluczowe: ogólna efektywność sprzętu, gotowość, wydajność, jakość, Industry 4.0.

1. Introduction
Production line is generally a system composed of numbers of
production equipment. In order to achieve proper competitiveness of
production it is necessary to monitor and evaluate several operational
parameters. One of these parameters is effectiveness. Measuring the
effectiveness of production machines (including production lines) is
one of the important factors of economy of operation [11, 24].
Generally, there are several indicators for numerical representation of effectiveness in the manufacturing organization [8].
These indicators are one of the key performance indicators KPIs.
Key performance indicators are a set of standards focused on aspects
that critically affect the present or the future success of organization
[14].
Nakajima [21] came with the proposal to measure the performance of operational management and maintenance in his concept Total
Productive Maintenance (TPM). He needed to measure the effectiveness of the proposed managerial maintenance measures in some way,
which he succeeded in proposing the Overall Equipment Effectiveness (OEE) indicator. The specificity of this indicator was that preventive maintenance periods were off-set by the OEE indicator to the
so-called Total Effective Equipment Productivity (TEEP) indicator.

It is understandable that enormous requirements for the duration of
preventive maintenance also reduce the possibility of using the production equipment and therefore preventive maintenance should also
be included in downtime due to maintenance.
Drožyner and Mikolajczak [8] used OEE indicator with somewhat
changed terminology and together with Paret’s analyse evaluation of
efficiencies of the production equipment.
Hartmann [12] discusses the OEE structure in detail, but does not
associate indicator with economics of operation of production equipment, even does not describe a deeper structure of indicators.
Puvanasvaran [25] intend to examine and quantify the hidden lean
waste in OEE from the perspective of method and work of an operation with the integration of Maynard’s Operation Sequence Technique
(MOST) study. Operations are analysed in every single step and broken down into details of activities, which are then re-designed for
minimal non-value added activity in operation based on the standard
allowable. The OEE data after the study of work is computed and
compared with the OEE before the MOST study. The comparison
shows the improvement in term of OEE after the MOST study and this
implies that the hidden waste inside OEE definition could be tracked
down for a better effectiveness.
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Coit [5] describes the use of a GA (Genetic Algorithm) to solve
the redundancy allocation problem for a series-parallel system. In
this problem formulation, there is a specified number of subsystems and, for each subsystem, there are multiple component choices
which can be selected (assuming an unlimited supply of each), and
used in parallel.
Antosz [3] shows that data obtained from measurement of particular indicators are a primary source of information on the necessity of
taking particular actions. Large companies are particularly willing to
implement appropriate indicators of effectiveness evaluation because
of a large number of machines and a vast range of their technical
maintenance. Indicator which is importance in the production process
improvement is OEE indicator. OEE describes the three basic areas
of business activity as availability, efficiency and quality of products.
Calculating OEE enables to define the improvement actions implemented in the field of production processes, it allows to measure their
effect on the implementation and the elimination of existing problems.
It allows to identify bottlenecks and main problems of a company.
In practice, two approaches may be used. Among the indicators
recommended by the standard there are MTBF (Mean Time Between
Failure) and MTTR (Mean Time To Restoration) indicators. MTBF
(Mean Time Between Failure) shows from a static point of view how
often the technical object is damaged. In enterprises this indicator is
used to determine the preventive maintenance schedule. MTTR (Mean
Time To Restoration) defines the average time required to repair at
the moment of failure. It is used to evaluate the effectiveness of staff
maintenance services, as well as to assess repair tasks they carry out
[10, 17].
Ding [7] in their article describe a novel and effective system reliability evaluation method in terms of failure losses for manufacturing
systems of job shop type, and then the failure losses based component
importance measure (CIM) is used for importance analysis of equipment.
Kuo [13, 27, 16] provide a vague global reliability evaluation
for manufacturing system that is also helpless for targeted improving effort, and criticality assessment based on importance measures
is more meaningful and intuitive for the prioritization of reliability
improvements or maintenance activities. The main idea lies in the fact
that some components have more significance during manufacturing
processes than others.
System reliability is effectively evaluated by the proposed failure losses based method. In contrast, the traditional MTBF or MTTR
based method is applicable to individual equipment. FT total (Total
failure times) and FL total (Total failure losses) are novel and efficient
reliability measures for job shop manufacturing system, and it is hard
and improper to apply system MTBF to quantify the system reliability
owing to the system attributes of multiple failure modes and multiple
failure states. [7]
The effective throughput, or the net throughput, also called OEE
that is the number of conforming parts produced by the system in a
given time. Grounding on this background knowledge, the production
quality paradigm can be formulated in the following terms: Production quality is the discipline that combines quality, production logistics, and maintenance methods and tools to maintain the throughput
and the service level of conforming parts under control and to improve them over time, with minimal waste of resources and materials
[6, 15, 23].
In his paper, Reyes [26] provides background of OEE and explores its limitation. The paper also shows conceptual and mathematical development of ORE measurement and formulas for calculation.
Empirical and simulation-based investigations and applications of
ORE are carried out through two case studies for validation. The
consideration in the ORE approach of process cost variations, material cost variations and material efficiency may be able to make the
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overall effectiveness measure, on certain process, more complete and
achievable than the measure obtained from the traditional OEE.
In an example of scope extension, Al-Najjar [1] presented overall process effectiveness (OPE) as a measure of all losses associated
with an entire process. He also recognised that machines of the same
type may have dissimilar OPE values. Scott [28] also statement that
gains in overall equipment effectiveness (OEE), while important and
on-going, are insufficient, because no machine is isolated. Materials
and processes must be successfully choreographed among hundreds
of tools to achieve Overall Factory Effectiveness (OFE). The ultimate
objective is a highly efficient integrated system, not brilliant individual tools. However, successful analysis on OEE only is not sufficient
as no machine is isolated in a factory, but operates in a linked and
complex environment. A wider approach has to focus also on the performance of the whole factory. [22]
Nachiappan [20] aims to present an approach to measure the overall line effectiveness (OLE) in continuous line-manufacturing system.
an OLE value, calculated for one product line, can be used to compare
line performance across the factory there by highlighting any poor
product (loss-making product) being manufactured in the organization.
Muthiah [19] presented on OEE’s inadequacy at the factory level
and proposed overall throughput effectiveness (OTE). It measures
factory-level performance and can also be used for performing factory-level diagnostics such as bottleneck detection and identifying
hidden capacity.
Braglia [4] showed new efficiency metric, which is called
(OEEML) and applied to an industrial case, concerning an automated
line for engine basements manufacturing.
In TQMain is measured by a modified version of the overall
equipment effectiveness (OEE) measure of TPM, which he calls overall process effectiveness (OPE). The OEE measure combines the six
big losses of TPM under three headings: availability (including preventive down time), speed (actual production rate/theoretical production rate) and quality. [29]
OEE is useful tool to highlight potential areas of improvement
because it is quantitative measurement of TPM. Continuous improvement of OEE requires labour to top management engagement in betterment of equipment and plant to obtain fruitful benefits [30].
While the results for OEE by ignoring a considerable amount of
possible hidden losses might be satisfying, the OEE-MB report shows
potential room for improvement. It reflects changes in both the internal and external market for the steel industry, and therefore provides
a tool not only for monitoring but also for managing improvement
[31].
In particular, we have shown how the 5-whys analysis can be actually used to eliminate the OEE’s speed loss. The 5-whys analysis technique has been proven to be an effective approach to tackle speed loss,
a loss which has been regarded as the most dominating loss among all
types of OEE losses and one which is difficult to eliminate. Although
the 5-whys analysis was originally designed to reduce quality loss, set
up and changeover time loss, we have shown evidence that the use of
5-whys analysis can be extended to other areas of the six big losses of
OEE, namely speed loss [18].
Measurement is an important requirement of continuous improvement process. It is necessary to establish appropriate metrics for measurement purposes. From generic perspective, TPM can be defined in
terms of Overall Equipment Effectiveness (OEE) which in turn can be
considered a combination of the operation maintenance, equipment
management and available resources. The goal of TPM is to maximise
equipment effectiveness, and the OEE is used as a measure [32].
An OEE score obviously requires proper interpretation. The detection of critical points in production lines and taking measures to
increase the reliability of the individual machines is what OEE is calculated for. The relationship between FMEA and OEE requires that
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indices of operational reliability of the investigated production line be
calculated. The impact of the individual units comprising the production line on its failure rate can be assessed on the basis of the number
of failures and downtimes of these units. Indicators of reliability can
be used to pin down weak links in the system [11].
Duran [9] proposes new index for a comprehensive and systematic measurement of sustainability and throughput performance in
production systems. The proposed index, called Sustainable Overall
Throughput Effectiveness (S.O.T.E.), is designed on the basis of a
comparison of the environmental and operational factors. Speciﬁcally,
it integrates the following four dimensions: availability, utilization,
performance, and environmental sustainability. The way each dimension is measured is explained and justiﬁed. This index uses the overall
environmental equipment effectiveness (OEEE) index, which is based
on the Overall Equipment Effectiveness (OEE) index.
Currently applied Industry 4.0 concept is based on decentralization of individual machines in manufacturing process. Authors’ proposed methodology focused on calculation of OEE for serial, parallel
and combined settings of production lines when data are gathered via
sensors. Particular attention is paid to serial settings of production
lines which are more widespread in the industry. Main advantage of
presented solution allows a greater depth of analysis of machine efficiencies.

2. Materials and methods
Before actual determination of effectiveness indicators, it is necessary to define time of losses that may potentially occur during total
available time. Generally, there are these times losses:
–– Non-scheduled time tnon – all time the production line is not
being used.
–– - Organizational downtime torg - production line downtime
due to organizational causes (time for personal relaxation, lack
of staff…).
–– Logistic downtime tlog – machine downtime due to logistical
reasons (lack of material, material damage, incorrect order, lead
time, warehouse, insufficient stock, etc.).
–– Preventive maintenance downtime tpre – production line
downtime due to preventive maintenance, which cannot be
done during operation [10].
–– Setup and adjustment downtime tset – production line downtime due to necessary setup and adjustment (e.g. replacement
of worn tools).
–– Corrective (functional and minor) maintenance downtime
tcor – production line downtime due to failures and caused of
other dependent losses (greater extent of damage, safety hazards, adverse environmental impacts) including minor failures
(e.g. product blocked in the machine).
–– Loss time due to reduced performance efficiency tper – time
loss due to lower performance due to worsen technical state
(loss adjustment, wear, corrosion, deformation, cracks, etc.).

–– Loss time due to production of non-conforming products
tpro – there are generally two categories of non-conforming
product origin:
a)

as a result of defective manufacturing process, which is
caused by a poor monitoring, improperly performed maintenance (repair), and adjusting the parameters influencing
the capability of production line,

b)

due to unstable state of production process at the start of
production. [2]

For a calculation of effectiveness indicators it is necessary to begin with definition of total available time. Total available time can be
defined as the calendar time, which can be potentially used for production, for example, 8,760 h per year, 24 hours per day, etc. Available time may be (in limiting case) equal to the net operating time, in
the event that there are no time losses and production line is required
continuously. This situation is almost impossible in real operation because work shift usually consists (besides net operating time) of a
number of time losses and downtimes. [2]
Various operational or production times are calculated by subtracting the time of loss from total available (calendar) time as it is
shown in Table 1. Calculated operational and production times are
used to construct the coefficients, which are used for calculation of
effectiveness indicators. [2]
Figure 1 describes the breakdown of the net available time the
individual operating and production times and each time losses that
can occur during operation. [2]

Fig. 1. Net available time breakdown [2]

Coefficients for calculation of effectiveness indicators of production line are calculated by operating and production times in different
ratios. It is possible to define these coefficients:
–– Coefficient of preventive Maintenance downtimes, setup and
adjustment downtimes M – this coefficient is calculated as op-

Table 1. Calculations of operational and production times [2]
Type of time

Calculation (verbally)

Calculation

Net available time tnat

Total available time tava – Non-scheduled time tnon – Organizational downtimes torg – Logistic downtimes tlog

tnat = tava − tnon − torg − tlog

Net operating time tnet

Operating time tope – Corrective maintenance downtimes tcor

tnet = tope − tcor

Usable operating time tusa – Loss time due to production of non-conforming
products tpro

tnpr = tusa − t pro

Operating time tope

Net available time tnat – Preventive maintenance downtimes tpre – Setup and
adjustment downtimes tset

Usable operating time tusa
Net productive time tnpr

Net operating time tnet – Loss time due to reduced performance efficiency
tper

tope = tnat − t pre − tset

tusa = tnet − t per
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erating time divided by running time without organizational
and logistical downtimes (1):
M=

tope
tnat

=

tava − tnon − torg − tlog − t pre − tset
tava − tnon − torg − tlog

(1)

–– Coefficient of Failures F (breakdowns) – this coefficient is calculated as net operating time divided by operating time (2):
F=

tnet tava − tnon − torg − tlog − t pre − tset − tcor
=
tope
tava − tnon − torg − tlog − t pre − tset

(2)

–– Coefficient of Availability A – this coefficient is calculated as
coefficient of preventive maintenance downtimes, setup and
adjustment downtimes M multiplied by coefficient of failures
F (3) [2]:

t
A = M × F = net
tnat

(3)

–– Coefficient of Performance P – actually, there are two possibilities how to calculate this coefficient. Using production times
it is necessary to calculate usable time divided by net operating
time (4) [2]:
P=

tusa tava − tnon − torg − tlog − t pre − tset − tcor − t per
=
tnet
tava − tnon − torg − tlog − t pre − tset − tcor

(4)

The second option is to use the ratio between real and nominal
performance for the calculation (5):

P=

Prea
Pnom

(5)

where: Pnom – Nominal performance (units)
Prea – Real performance (units)
–– Coefficient of Quality Q – as well as when calculating the performance coefficient, it is possible to calculate the quality coefficient in two ways Using production times it is necessary to
calculate net productive time divided by usable time (6) [2]:
Q=

tnpr
tusa

=

tava − tnon − torg − tlog − t pre − tset − tcor − t per − t pro
tava − tnon − torg − tlog − t pre − tset − tcor − t per

(6)

The second option is to use the ratio between the manufactured
products and the total number of products produced (7):

Q=

ucon
ucon + unon

(7)

where: ucon – Number of conforming units

OEE =

414

tnat

= A× P ×Q

(8)

Within Industry 4.0, individual machines are autonomous and
communicate with each other. Industrial Internet of things (IIoT) allows to collect a large amount of data that can be further processed
and used in a variety of areas such as logistics, energy consumption,
meteorology, and, of course, production (maintenance) efficiency. A
new production approach based on decentralization, where data is collected locally and subsequently processed, brings a number of benefits to optimize the production process. The main idea presented by
the authors is how to determine the overall integral indicators of production efficiency from the partial data of the monitored machines.

3. Calculation of OEE indicator in a serial, parallel and
combined machine systems in the production line
Authors assume that the system consists of n individual machines
and they create a production line with serial, parallel or combined
system. Furthermore, assume that OEEi of individual machines is
known. Furthermore, nominal performance Pnomi, real performance
of individual machines Preai and number of conforming units ucon are
known. The task is to calculate OEE for whole production line with
serial, parallel or combined system.

3.1. Calculation of OEE for serial system
In order to determine the OEE of a production line with serial system, it is necessary to calculate with individual coefficients of the efficiency indicator of individual machines (equipment). As mentioned
above, it is the Ai coefficient, the Pi coefficient and the Qi coefficient.
In order to determine the OEE of a production line with individual
machines in series, it is necessary to calculate “per partes” of the resulting values of the individual coefficients (As, Ps, Qs), which they
enter the calculation of the OEE’s of the whole production line.

Calculation of availability of production line As
In order to determine the influence on coefficient of availability
A even on overall availability of production line is necessary to know,
that each machine can take different states during operational time.
These states can be measured by periods (time) – production time
tpro, setup and adjustment time tset, maintenance after failure time tintx
(including both maintenance after failure till 5 minutes tint0 and over 5
minutes tint5), preventive maintenance time tpre, It is desirable for the
machine to work, i.e. machine was not in the downtime - outside the
production time tpro. For example, if the production line is created by
two machines, than it is necessary to know the size of individual times
in which machines were during operational time for calculation of
availability coefficient. Intersections (time overlap) of downtime are
important to determine, i.e. time outside of the production time when
the two machines do not produce. Overall downtime intersection rate
of both machines can be termed as the downtime intersection time
tint1,2. This reflects the relation for the calculation of overall availability for n machines (9). This relation is based on the principle of
inclusion and exclusion in number of probability, more specifically,
the positive parts of these numbers.
Relation for the calculation of coefficient of availability for n machines with serial system formulated as follow:

unon – Number of non-conforming units
Overall Equipment Effectiveness OEE indicator of production
line can be calculated by coefficients of availability, performance and
quality. Calculation of Overall Equipment Effectiveness OEE indicator shows equation (8):

tnpr

n

A1,2,,ns =(∑ k =1
n

tnetk
tnat

=(∑ k =1 Ak + ∑α ; α =2

+ ∑α ; α =2

t
tintα
t
t
n int (1,2,,n )
n −1
− ∑α ; α =3 intα + + ( −1) ∑α ; α =n −1 intα + ( −1)
− n +1)+
tnat
tnat
tnat
tnat

t
tintα
t
t
n −1
n int (1,2,,n )
− ∑α ; α =3 intα + + ( −1) ∑α ; α =n −1 intα + ( −1)
− n +1) +
tnat
tnat
tnat
tnat
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An example of calculation of the overall equipment effectiveness

– in the above, series are summed over all multindexes of
lengths 2, 3,..., n -1, ie. over all the pairs α = (k1, k2), where 1
≤ k1 < k2 ≤ n

An example illustrating values of input data of whole production
line (representing three equipment - Figure 2) shown in this part of
paper to better understand the methodology used to calculate the overall equipment effectiveness. Table 2 shows illustrative input data of
concerning downtimes (Figure 3), performance, conforming and nonconforming units. In other words, there are individual input data for
three specific equipment that form a whole production line.

triplets α = (k1, k2, k3), where 1 ≤ k1 < k2 < k3 ≤ n, ..., and
(n - 1) tuples α = (k1, k2,...,kn-1), where 1≤ k1 < k2 < ... < kn-1
≤ n.

The Influence of machine performance coefficient on production line overall performance

Overall performance of production line will not ever be greater
than machine performance, which has in production line the lowest
nominal performance Pnomi. In order to calculate performance coefficient, it is necessary to know real performance Pri of individual machines. The coefficient of production line performance is calculated
Fig. 2. Production line represented three equipment in serial system
as fraction of lowest real performance Preai from all machines with
the lowest rated performance Pnomi from all machines
(10). Relation for calculation of coefficient of perform- Table 2. Partial data concerning downtimes, performance, conforming and non-conforming
units of each equipment
ance for n machines with serial system formulated as
follow:
Equipment Equipment Equipment

(
)
P1,2,…, ns =
min (Pnom ; Pnom ;…; Pnom )
min Prea1 ; Prea2 ;…; Prean
1

2

(10)

n

where: Pnom – Nominal performance (units)
Prea – Real performance (units)

The Influence of machine quality coefficient
on the overall production quality of production line
It is less demanding to determine coefficient of
quality Q for the all systems, when product of coefficients of quality Qi of individual machines is used
(11). Relation for calculation of quality for n machines
in serial system formulated as follow:
n
ucon + k =i +1unoni
n
u
i =1 ucon + unoni +
k =i +1 noni

∑

n

Q1,2,…ns = ∏

∑

n

= ∏Qi (11)
i =1

Monitored parameter

Running time without organizational and logistic downtimes torl

1

2

Preventive maintenance downtime tpre

0,5 h

Corrective maintenance downtime tcor

0,0 h

Setup and adjustment downtime tset
Downtimes total

Interception of downtimes with Equipment 1

Interception of downtimes with Equipment 2
Interception of downtimes with Equipment 3
Overall interception of downtimes

24 h

0,5 h

x

1,0 h
0,5 h

0,5 h

3

0,5 h

0,5 h

0,5 h

1,5 h

0,0 h

x
x

1,0 h
1,0 h
0,5 h

0,0 h

x

2,0 h

x
x

Nominal performance

2300 units

2300 units

2200 units

Non-conforming units

10 units

20 units

30 units

Real performance

2250 units

2200 units

2100 units

where: ucon – Number of conforming units
unon – Number of non-conforming units

Determination of OEE for serial system
Determination of overall equipment effectiveness with serial system has to respect the rules for calculation of coefficient of availability, coefficient of performance and coefficient of quality (12). Relation for the calculation of the OEE for n machines with serial system
formulated as follow:

Fig. 3. Production line – downtime breakdown

The following is the calculation of the individual coefficients (A,
P, Q) for specific equipment from the partial data:

t
 n

t
t
t
n int (1,2,,n )
n −1
OFE1,2,, ns =  ∑ k =1 Ak + ∑α ; α =2 intα − ∑α ; α =3 intα + + ( −1) ∑α ; α =n −1 intα + ( −1)
− n +1


t
t
t
t
nat
nat
nat
nat


×

(

min Prea1 ; Prea2 ;; Prean

(

)

min Pnom1 ; Pnom2 ;; Pnomn

)

n

× ∏ i =1Qi

+

(12)
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A1, 2,3s =

tnat − tdtm1
tnat

+

tnat − tdtm2
tnat

+

tnat − tdtm3
tnat

+

P1,2,3s =

tint1, 2
tnat

+

tint1,3
tnat

+

ucon + unon2 + unon3

ucon + unon1 + unon2 + unon3

×

tnat

−

tint1, 2,3
tnat

−2=

24 − 1 24 − 1 24 − 2 0, 5 0, 5 1 0, 5
+
+
+
+
+
−
− 2 = 0, 8958   (13)
24
24
24
24 24 24 24

(
) = min (2250;2200;2100) = 0,9545
min (Pnom ; Pnom ; Pnom ) min (2300;2300;2200 )
min Prea1 ; Prea2 ; Prea3
1

Q1,2,3s =

tint 2,3

ucon + unon3

ucon + unon2 + unon3

2

×

(14)

3

ucon
2400 + 20 + 30
2400 + 30
2400
=
×
×
= 0,9714
ucon + unon3 2400 + 10 + 20 + 30 2400 + 20 + 30 2400 + 30

(15)

OEE1,2,3s = A1,2,3s × P1,2,3s × Q1,2,3s = 0,8958 × 0,9545 × 0,9714 = 0,8307

(16)
The results of the calculations (13) – (16) are clearly recorded in
table 3. The results show that the calculated aggregate values from the
partial input data are equal with the results for the whole production
line (Table 3 and Figure 4).

Fig. 5. Production line represented parallel system

Table 3. Results of overall effectiveness equipment calculation
Equipment 1

Equipment 2

Equipment 3

Equipment 1,2,3 s

Production line

P1s = 0,978

P2s = 0,957

P3s = 0,955

P1,2,3s = 0,9545

Ps = 0,9545

A1s = 0,958

Q1s = 0,995

OEE1s = 0,9330

A2s = 0,958

A3s = 0,917

Q2s = 0,990

Q3s = 0,986

OEE2s = 0,9079

As = 0,8958

A1,2,3s = 0,8958

Qs = 0,9714

Q1,2,3s = 0,9714

OEE3s = 0,8623

OEEs = 0,8307

OEE1,2,3s = 0,8307

Example of calculation the overall equipment effectiveness
Example with illustrative values of input data of whole production
line (represented by two parallel branches) is shown in Table 4. Table 4
consists of nominal performance Pnom and previously calculated OEE
of each branch. Calculation of OEE is realised by equation (18).
OEE1,2 p =

OEE1 × Pnom1 + OEE2 × Pnom2
Pnom1 + Pnom2

=

0,8 × 2200 + 0,9 × 2100
= 0,8488
2200 + 2100

Table 4. Illustrative values of input data of whole production line

Fig. 4. Results of OEE calculation for serial system

3.2. Calculation of OEE for parallel system
Determination of interdependence of machines with parallel
system as one production unit is based on relation for calculation of
weighted average. For calculation of OEEp (parallel system – Figure
5) applies (17) (weighted average), which takes individual OEE of
machines and their performance Pnom rate. The relation is independent of the different values of individual performance of machines and
overlapping loss times. All machines of production line with parallel
system must be substitutes (they must produce the same products) and
independent of each other.
OEE1,2,& ,np =

416

(OEE1 × Pnom1 + OEE2 × Pnom2 + …+ OEEn × Pnomn
Pnom1 + Pnom2 + …+ Pnomn

n

=

Branch A

Branch B

Production line

Nominal performance Pnom
2200 units

2100 units

OEEn

0,800

0,900

0,8488

(18)

3.3. Calculation of OEE for combined system
Combined system is a mixed system of (machines) elements. It is
a combination of serial and parallel system – Figure 6. In the case of
combined system is calculated as a whole system according to equation (22).

∑ i =1OEEi × Pnomi
(17)
n
∑ i =1Pnomi
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The results of the calculations (19) – (22) are clearly shown in
Table 6.
Table 6. Results of overall effectiveness equipment calculation for whole
production line

Table 5. Input data concerning downtimes, performance, conforming and
non-conforming units of whole production line
Net available time tnat

24 h
3h

Nominal performance Pnom

2500 units

Non-conforming units unon

100 units

Real performance Prea

2000 units

Conforming units ucon

1900 units

Example of calculation the overall equipment effectiveness

Example with illustrative values of input data of whole production line shown in Table 5 shows illustrative input data of concerning
downtimes, performance, conforming and non-conforming units.
The input data from Table 3 can be used to calculate the individual
partial coefficients. Subsequently from these partial coefficients OEE
indicator is calculated:

tnat − tdtm 25 − 3
=
= 0,875
25
tnat

(19)

P=

Prea 2000
=
= 0,800
Pnom 2500

(20)

Q=

unon 1900
=
= 0,950
Prea 2000

(21)

A=

0,875

Coefficient of Quality Q

0,950

Coefficient of Performance P

Fig. 6. Production line represented combined system

Total downtime of production line tdtm = tset + tpre + tcor

Coefficient of Availability A

OEE = A × P × Q = 0,875 × 0,800 × 0,950 = 0,6650

(22)

Overall Equipment Effectiveness OEE

0,800
0,6650

4. Conclusion
Proposed approach complies with currently applied Industry 4.0
concept, when effectiveness indicators are implemented into key
maintenance performance indicators, which allows real-time processing of collected information from the manufacturing process and subsequently automatically evaluates its effectiveness on local and global
level. Proposed methodology identifies weaknesses in the manufacturing process, which may be eliminated by corrective measures.
Authors proposed original OEE calculations for mainly serial production lines from the knowledge of A, P, Q of individual machines.
Main advantage of presented solution allows a greater depth of machines efficiency analysis which fulfils with approach of production
based on decentralization.
It is relevant to point out the disadvantages of effectiveness indicators, consisting in the fact that they do not take into account other
relevant factors (e.g. operating costs, value of inventories of spare
parts, the productivity of the manufacturing process, age of production equipment, etc.) and that there is a problem with finding all the
necessary input data in order to calculate OEE.
Effort to achieve 100 % values of indicators leads to disproportionate growth of operational and maintenance costs. Approach of top
management of organization and maintenance management must be
activated when the indicators become stagnant or declining.
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Reliability analysis of complex uncertainty multi-state system
based on Bayesian network
Zastosowanie sieci bayesowskiej do analizy niezawodności
złożonych systemów wielostanowych w warunkach niepewności
Reliability analysis of complex multi-state system has uncertainty, which is caused by complex structures, limited test samples,
and insufficient reliability data. By introducing fuzzy mathematics and grey system theory into the Bayesian network, the model
of the grey fuzzy Bayesian network is built, and the reliability analysis method of complex uncertainty multi-state system with the
non-deterministic membership function and the interval characteristic quantity is proposed in this paper. Using the trapezoidal
membership function with fuzzy support radius variable to describe the fault state of the component, it can effectively avoid the
influence of human subjective factors on the selection of the membership function and solve the problem that the fault states of the
system and its components are difficult to define accurately. And the conditional probability table containing interval grey numbers
is constructed to effectively express the uncertain fault logic relationship between the system and its components. Moreover, a parameter planning model of the system reliability characteristic quantities is constructed, and the system reliability characteristic
quantities are expressed as the form of interval values. Finally, two sets of numerical experiments are conducted and discussed,
and the results show that the proposed method is an effective and a promising approach to reliability analysis for complex uncertainty multi-state systems.
Keywords: reliability analysis, Bayesian network, complex uncertainty multi-state system, fuzzy mathematics,
grey system theory.
Analiza niezawodności złożonych systemów wielostanowych obarczona jest niepewnością związaną ze złożonością ich struktury, ograniczoną liczbą próbek badawczych i niewystarczającymi danymi dotyczącymi niezawodności. W przedstawionej pracy,
wprowadzenie elementów matematyki rozmytej i teorii szarych systemów do sieci bayesowskiej umożliwiło budowę modelu szarej
rozmytej sieci bayesowskiej i zaproponowanie metody analizy niezawodności złożonych systemów wielostanowych w warunkach
niepewności, która wykorzystuje niedeterministyczną funkcję przynależności oraz pojęcie interwałowej wielkości charakterystycznej. Zastosowanie trapezoidalnej funkcji przynależności z rozmytą zmienną promienia nośnego do opisu stanu uszkodzenia komponentu, pozwala zniwelować wpływ subiektywnego czynnika ludzkiego na wybór funkcji przynależności i eliminuje konieczność
precyzyjnego definiowania stanu uszkodzenia systemu i jego elementów składowych. Opracowana tabela prawdopodobieństw
warunkowych zawierająca szare liczby interwałowe pozwala wyrazić niepewne zależności logiki uszkodzeń między systemem a
jego składnikami. Ponadto, w pracy skonstruowano model planowania parametrów charakterystycznych wielkości niezawodności
systemu wyrażonych w postaci wartości interwałowych. W ostatniej części artykułu omówiono dwie serie eksperymentów numerycznych, których wyniki pokazują, że proponowana metoda stanowi skuteczne i obiecujące podejście do analizy niezawodności
złożonych systemów wielostanowych w warunkach niepewności.
Słowa kluczowe: analiza niezawodności, sieć bayesowska, złożony system wielostanowy, niepewność, matematyka rozmyta, teoria szarych systemów.

1. Introduction
In modern engineering, multi-state system (MSS) is a kind of system that represents a capability allowing for more than two performance states in a system besides perfect functionality and complete
fault [21]. Compared with the two-state system, MSS can define the
components states of a system, and express the effect of the changes
of component performance on system performance more flexibly and
precisely. In the 1970s, Barlow and Wu [2] first proposed the concept
of MSS and gradually established the related theory. Then, the reliability theory of MSS has been widely concerned by scholars. And the
following reliability analysis methods for MSS have been developed:
the extended Boolean model method [22, 26], random process theory

[1, 14, 18], Monte-Carlo simulation method [23, 25], function model
method [8, 16, 31], Bayesian network method [13, 29], and so on.
The uncertainty, which is caused by the insufficient information
about internal structures, the scarcity of historical data and the changeability of operation environment, is one of the most crucial problems
in MSS reliability analysis. Therefore, it is very difficult to define
and obtain the component state performances and state probabilities.
Meantime, the boundaries among component fault states fail to define
and obtain with precision. So the traditional probability-based method
is no longer applicable. However, non-probabilistic methods, such as
evidence theory [7], grey system theory [33], probability-box [27],
and fuzzy theory [15, 30], have been proposed and developed for reliability analysis of complex uncertainty MSS.
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Based on the probability theory and the graph theory, Bayesian
network not only can effectively express the complex logical relations
in the system, but also has a unique two-way reasoning mechanism,
so it is particularly suitable for the reliability analysis of complex systems which have characteristics of high reliability, longevity, small
samples. Bayesian network has been widely used in reliability analysis [3, 24], security analysis [9, 12], fault diagnosis [4, 17] and other
fields. By introducing fuzzy set theory to Bayesian network model,
a novel method of multi-state system reliability analysis is proposed
by He et al.[11], which considers the multi-state, the fuzziness, and
the changes of failure probability with time of the system, and its validity and practicality are verified by the flexible lifting system of a
high-speed elevator. In view of the shortcomings of Bayesian network
method and T-S fault tree method, Yao and Chen [28] propose the
fuzzy reliability evaluation method, and conduct reliability evaluation
on the hydraulic system of roadway transportation vehicles. Considering the relevant failure and incomplete coverage, Cai et al. [5] propose a reliability evaluation method for redundant systems based on
Bayesian network, and evaluate the reliability of the subsea blowout
preventer control system. In reference [10], a multi-state system reliability analysis method based on intuitionistic fuzzy Bayesian network
is proposed, which effectively solves the problem that the accurate
probability of different state of Bayesian network root node is difficult
to determine. To sum up, although certain research results have been
achieved based on Bayesian network, such as using the precision value for reasoning analysis, the introduction of fuzzy technology, and
so on, there are still shortcomings in the existing reliability analysis
methods by using Bayesian network model for complex uncertainty
multi-state systems, the main problems are as follows:
(1) In the traditional reliability analysis methods, the fuzzy support
radius variable of membership function of descripting fault state is a
fixed value, such as in references [6, 28]. Although the traditional reliability analysis method can solve some reliability analysis problems
of MSS, it is hard to avoid introducing too much subjective information in the process of constructing the membership function, which
can lead to deviation and affect the accuracy of the analysis results.
(2) The traditional Bayesian network reliability method is under
the precondition of the determined fault logic relationship, for example, in references [5, 10]. But due to the lack of reliability data, the
limited test samples and the complicated running environment, using
the exact value to describe the uncertain fault logic relationship between the system and its components cannot satisfy the requirement
of reliability analysis for complex systems.
Fuzzy mathematics and grey system theory are the most active
uncertain system theories which have attracted more and more attention in the field of reliability [19]. In order to solve the above problems, the membership function in fuzzy mathematics and the interval
grey number in grey system theory are introduced to the Bayesian
network. Then, the model of the grey fuzzy Bayesian network is built,
and the reliability analysis method of complex uncertainty multi-state
system with the non-deterministic membership function and the interval characteristic quantity is proposed in this paper. The proposed
method uses the trapezoidal membership function with fuzzy support
radius variable to describe the fault states of the component, and uses
the conditional probability table containing interval grey numbers 
to substitute for the traditional conditional probability table. Furthermore, a parameter planning model of the system reliability characteristic quantities is constructed, and the obtained reliability characteristic quantities of system are expressed in the form of interval values.
This paper is organized as follows: in Section 2, grey fuzzy Bayesian network method for system reliability modeling and analysis is
introduced, and the flow chart and its specific process interpretation
are given. Detailed steps of grey fuzzy Bayesian network method are
introduced in Section 3. Two sets of numerical experiments are car-
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ried out and discussed to show the validity and advantages of the proposed method in Section 4. In Section 5, conclusions are drawn.

2. Grey fuzzy Bayesian network method for system reliability modeling and analysis
Bayesian network (BN) is a directed acyclic network that is composed of a directed acyclic graph (DAG) and a conditional probability
table (CPT). Directed acyclic graph consists of nodes and edges. A
node of DAG is used to represent the variable, which may be a unit,
a failure mode, an attribute, a fault status, and so on. The edge points
from the parent node to the child node, which represent the dependent relation between the parent node and the child node in the DAG.
A node that does not have a parent node is called a root node which
can represent a component variable. A node that does not have a child
node is called a leaf node which can represent a system variable.
Other nodes are called intermediate nodes which can represent the
subsystem variables. Conditional probability table can quantitatively
describe the causal failure logic relationship among nodes, that is, the
logical relationship between the system and its components.
Fuzzy mathematics studies the uncertainty problem by means of
membership function. Therefore, the trapezoidal membership function with fuzzy support radius variable r is constructed to describe the
fault state of the component in our study. Grey system theory studies
the uncertainty problem that part of the information is known, part
of the information is unknown and part of the information is scarce
[19]. According to the known partial information, the range of values
of some parameters can be determined, but the exact values of some
parameters can not be known in system reliability analysis, so interval grey number  is introduced to the conditional probability table.
Thus, the conditional probability table containing interval grey numbers  is constructed to describe the uncertain fault logic relationship between the system and its components. Taking advantages of
the above two theories, the grey fuzzy Bayesian network method for
system reliability modeling and analysis is shown in Fig.1.
The proposed method extends the traditional node variables to the
grey fuzzy Bayesian network nodes to express the fuzzy uncertain
fault state during the fault evolution process of the system and its
components, and the traditional conditional probability table is extended to the conditional probability table with interval grey numbers
to express the uncertain fault logic relationship between the system
and its components. As can be seen from the Fig.1, the specific processes are as follows:
(1) Analyze the basic principle of the system, clarify the fault
states and failure modes of the system and its components, and
establish the directed acyclic graph of the system Bayesian
network.
(2) According to the fault states and fault modes of the component,
the trapezoidal fuzzy number (TrFN) with fuzzy support radius
variable r is constructed to describe the fuzzy uncertainty of
the fault state during the fault evolution process of the system
and its components, as shown in Section 3.1.
(3) The conditional probability table with interval grey numbers is
constructed to substitute for the traditional conditional probability, which can describe the uncertain fault logic relationship
with grey system information characteristics between system
and its components, as shown in Section 3.2.
(4) According to the steps (1)-(3) and the corresponding definitions of the system reliability characteristic quantities, the
corresponding system reliability characteristic function is obtained, as shown in Section 3.3.
(5) Taking the system reliability characteristic function as the objective function, and taking the intervals of the interval grey
numbers as the constraints, the parameter planning model of
the reliability characteristic quantities is constructed. The op-
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timization algorithm is used to analyze the reliability of the
leaf node and the state importance measures of the root nodes.
Based on analysis results, system reliability and component
state importance measures can be evaluated, as shown in Section 3.4.

It is assumed that the system and its components have two fault
states (fault-free and fault) or three fault states (fault-free, semi-fault
and fault), represented by fuzzy numbers 0, and 1 or 0, 0.5 and 1 rek
spectively, and the fault state of the node xi (i=1, 2,…, n) is xi i (ki=1,
2,…, αi). Then the sum of the membership degrees of the components’
current fault state must be 1. In other words, the components for the
two fault states must satisfy equation (2), and the components for the
three fault states must satisfy equation (3):
k

k

µ0 ( xi i ) + µ1 ( xi i ) = 1
k

k

(2)

k

i
i
µ0 ( xi i ) + µ0.5
 ( xi ) + µ1 ( xi ) = 1

(3)
k

Fig. 1. Grey fuzzy Bayesian network method of reliability modeling and analysis

If the fault state of the node xi (i=1, 2,…, n) is xi i (ki=1, 2,…, αi)
in grey fuzzy Bayesian network, making use of the trapezoidal membership number function shown in Fig.2, combining equation (2) and
equation (3) at the same time, then the trapezoidal membership function with the fuzzy support radius variable r is constructed, and shown
in Fig.3. The variable r (0 ≤ r ≤ 0.25) is the fuzzy support radius of the
trapezoidal membership function.

3. Detailed steps of grey fuzzy Bayesian network
method
3.1. The construction of the TrFN with fuzzy support radius
variable r
In engineering practice, the system and its components tend to exhibit multiple failure modes and multiple fault states during the evolution from normal operation to complete failure, and there is no strict
boundary among fault states, which has certain fuzzy uncertainty. The
membership functions describing the fault states of the system and its
components include a triangular membership function, a trapezoidal
membership function, a rectangular membership function, and so on.
The trapezoidal membership function is widely used in practical
engineering and reliability analysis because of its intuitive expression and simple algebraic calculation. For ease of use, the trapezoidal
membership function X is selected to describe the fault states of systems and components, and represented as:
X= (xc, r, r, f, f )

k

(a) Two fault states xi i

(1)

In equation (1), xc is the center of the fuzzy number support set, r
is the support radius variable, f is the fuzzy area, as shown in Fig. 2.

k

(b) Three fault states xi i
k

Fig. 3. Membership function of the component fault states xi i with variable r

Fig. 2. Trapezoidal membership function

According to Fig.3, the deterministic region and the uncertain region
of the trapezoidal membership function vary with the value of the
fuzzy support radius variable r. Take Fig.3 (b) for an example, when
r = 0, the trapezoidal membership function is transformed into the triangular membership function, as shown in Fig.4, and when r = 0.25,
the trapezoidal membership function is transformed into the rectangle
membership function, as shown in Fig.5. From Fig.3 (a) and (b), by
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the calculation of the equation (2) and equation (3), the membership
degree of each fault state can be obtained, as shown in Table 1 and
Table 2.

k

k

From Table 1 and Table 2, when xi i ∈[0, 1], xi i all satisfies
k
equation (2) or equation (3). For example, when xi i ∈(r, 0.5-r), we
ki
0.5 − r − xi
x ki − r
k
+ i
+ 0 =1,
substitute xi i in equation (3) and get
0.5 − 2r
0.5 − 2r
which verifies the correctness of Table 2. Similarly, Table 1 can be
verified.

3.2. The description of conditional probability table

Fig. 4. The membership function of fault state xik when r=0
i

k

Table 1. The membership degree of fault states xi i with two fault states
Membership degree

r ~1-r

0~r

k

of xi i

µ0 ( xiki )

1

µ1 ( xiki )

0

1-r ~1

1 − r − xiki
1 − 2r

0

xiki − r
1 − 2r

1

k

Table 2. The membership degree of fault state xi i with three fault states
Membership degree
k
of xi i

0~r

µ0 ( xiki )

1

ki
µ0.5
 ( xi )

0

µ1 ( xiki )

0

r~0.5-r
0.5 − r − xiki
0.5 − 2r
xiki − r
0.5 − 2r

0

0.5r~0.5+r
0
1
0

0.5+r~1-r

1-r~1

0

0

1 − r − xiki
0.5 − 2r
xiki − 0.5 − r
0.5 − 2r

0
1

Due to the cognitive limitations on the internal structures, the operational behavior, the constituent element parameters, and the lack
of historical data related to the product, the fault logic relationship
between the system and its components has a large degree of grey
information characteristics in the system. In the process of analysing
system reliability, if this relationship is simply represented as the exact value, this will lead to the loss of some important information and
the result of system reliability analysis will be deviated. In order to
fully exploit system reliability information and clarify the fault logic
relationship between the system and its components, interval grey
number  defined in interval [0, 1] is used to replace the exact value
of conditional probability in traditional Bayesian network. For any
grey fuzzy Bayesian network containing n nodes with m fault states,
the conditional probability table can be expressed in Table 3.
In Table 3, each row represents the conditional probability that the child node is in a certain fault state under different combinations of fault states of the parent nodes, for example
P( y = 1| x1 = 0, x2 = 0,, xn = 0) = ⊗1,1,, m indicates that the conditional probability that node y in the fault state 1 is interval grey
number ⊗1,1,,m when the nodes x1, x2, …, xn are all in the fault state 0,
and satisfy the ⊗1,1,,1 +  + ⊗1,1,,i +  + ⊗1,1,, m = 1 . In the field
of engineering, ⊗1,1,,m represents the conditional probability of node y
in completely fault state caused by external factors like human operation errors, environmental factors, and so on.

3.3. System reliability characteristic quantities
3.3.1. Fault state of leaf node
In the grey fuzzy Bayesian network, we assume the root node variable is xi (i=1, 2, …, n), the intermediate node variable is yj (j=1,2,…,
m), and the leaf node variable is T. According to the bucket elimination, if the current fault states of nodes xi are x1′ , x2′ ,…, xn′ , the grey
fuzzy possibility of the leaf node T in the fault state Tq is:
P⊗ (T = Tq ) =
=

∑

x1′ ,, xn′
y1 ,, ym

P⊗ ( x1′ ,, xn′ ; y1,, ym ;T = Tq )

∑ P⊗ (T = Tq | λ (T )) ∑

λ (T )

λ ( y1 )

P⊗ ( y1 | λ ( y1)) ×  ×

∑

λ ( ym )

P⊗ ( ym | λ ( ym )) µ  k1( x1′ ) ×  × µ kn( xn′ )
x1

x n

(4)
In equation (4), P⊗ (T = Tq ) is the grey fuzzy possibility of the
leaf node T in the fault state Tq ; λ(T) is the parent nodes set of leaf
node T; λ(yi) is the parent nodes set of intermediate node yj; µ ki( xi′ )
x i
is the membership degree of the current fault state xi′ corresponding
to the fuzzy set.
3.3.2. Grey fuzzy state importance measures

Fig. 5. The membership function of fault state xik when r=0.25
i
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The state importance measure ITDe
( xi ) indicates the possibility
q
which separately causes the system leaf node T to be the fault state Tq
when the root node xi is in the fault state xi′ . It reflects the influence
degree of the root node xi in the fault state xi′ to the leaf node T in the
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Table 3. Conditional probability table of grey fuzzy Bayesian network
x1

x2



0


i



i

1

0

…

xn

P ( y = 0 | x1 , x2 , , xn )

0

⊗1,1,,1




⊗i ,i ,,1



i





1

1

⊗m ,m ,,1

…

P ( y = i | x1 , x2 , , xn )

…

⊗1,1,,i



…

⊗1,1,,m


⊗i ,i ,,i



⊗i ,i ,,m

ITDe
( xi ) = max{[ P⊗ (T = Tq | xi = xi′ ) − P⊗ (T = Tq | xi = 0)],0} (5)
q
In equation (5), P⊗ (T = Tq | xi = xi′ ) indicates the grey fuzzy possibility of the leaf node T in the fault state Tq when the root node xi
is in the fault state xi′ ; P⊗ (T = Tq | xi = 0) indicates the grey fuzzy
possibility of the leaf node T in the fault state Tq when the root node
xi is in the fault state 0.

3.4. The algorithm for solving system reliability characteristic quantities
When fault state of the component is described by the membership
function with the fuzzy support radius variable r, and the conditional
probability table containing the interval grey number ⊗i is used to
describe the uncertain fault logic relationship between the system and
its components, the parameter planning model of the system reliability characteristic quantities can be constructed, as shown in equation
(6). The system reliability characteristic quantities can be obtained by
the parameter planning model:
max(min) f (⊗1, ⊗2 ,, ⊗n )
(6)

The essence of the above parameter planning model is to solve the
problem of the extreme value of the function mapping by a series of
interval grey numbers in a certain interval, which can be obtained by
commercial optimization software, such as Matlab, Isight, and so on.
The objective function in the parameter planning model is obtained
by above Tables and equations. For the comparison of the reliability
characteristic quantities between the nodes, each size of quantity can
be determined in the light of the interval value size comparison rule
proposed by Nakahara et al.[20].

4. Numerical examples
The two sets of numerical examples are conducted in this section. The first set is a validation experiment based on the example
presented by Chen et al.[6]. The second set is an example of satellite
propulsion system, which is exemplified to show the advantages of
the proposed method in terms of coping with complex uncertainty
multi-state systems.





⊗m ,m ,,i

…

P ( y = 1 | x1 , x2 , , xn )

…



fault state Tq. The grey fuzzy state importance measure of the root
node xi can be defined as:

 a1 ≤ ⊗1 ≤ b1
a ≤ ⊗ ≤ b

2
2
s.t.  2


an ≤ ⊗n ≤ bn

…

…

⊗m ,m ,,m

4.1. Set of experiments #1: validation example
To verify the effectiveness of the proposed method, the hydraulic
suspension system in the large hydraulic truck is presented in this section. The detailed results and related discussions are as follows.
The large hydraulic truck is a special vehicles with electro-hydraulic driving, steering and lifting. It possesses the characteristics of
heavy load handling, manoeuvrability, high stability, and so on, which
is widely used in high-speed railway construction, shipbuilding, highway bridges, petrochemical, military and other fields. The hydraulic
suspension system is the control system of driving and steering, which
plays an important role in the large hydraulic truck.
Take the Bayesian network model of the hydraulic suspension system in reference [6] as an example, according to the presented method
in our study, the membership function with fuzzy support variables
is established and substitute into the Bayesian network model. It is
assumed that the fuzzy support variable r = 0.1 and the values in the
conditional probability table are all the exact values in the grey fuzzy
Bayesian network. In this situation, the model parameters that we constructed are the same as those in reference [6].
4.1.1. Fault states of leaf node for the hydraulic suspension system
With Table 2, equation (4) and equation (6), the grey fuzzy possibility of leaf node T in different fault states is obtained, as shown in
Table 4.
The analysis results in Table 4 show that the maximum and minimum values of grey fuzzy possibility of leaf node T in different fault
states are the same. Therefore, the analysis results are the same as the
Table 4. Grey fuzzy possibility of leaf node T in different fault states
Leaf node

Fault state

T

0.5

Interval value

0

[0.082, 0.082]

1

[0.807, 0.807]

[0.111, 0.111]

previous methods in reference [6], and the correctness and feasibility
of the proposed method can be verified in the reliability analysis of
leaf node.
4.1.2. Grey fuzzy state importance measures for the hydraulic
suspension system
With Table 2, and equation (4) to equation (6), state importance
measures of root nodes are obtained in the grey fuzzy Bayesian network, as shown in Table 5.
Table 5 shows that the results of the grey fuzzy state importance
measures of root nodes are the same as the results in reference [6], and
the correctness and feasibility of the proposed method can be verified
in the analysis of state importance measures.
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Table 5. Grey fuzzy state importance measures of root nodes

xi

Grey fuzzy state importance measures
De
I 0.5
( xi )

I1De ( xi )

x1

[0.096, 0.096]

[0.000, 0.000]

x3

[0.000, 0.000]

[0.013, 0.013]

x2
x4
x5
x6
x7
x8
x9

[0.000, 0.000]
[0.000, 0.000]
[0.000, 0.000]
[0.000, 0.000]
[0.000, 0.000]
[0.000, 0.000]
[0.000, 0.000]

[0.000, 0.000]
[0.031, 0.031]
[0.041, 0.041]
[0.011, 0.011]
[0.029, 0.029]
[0.073, 0.073]
[0.071, 0.071]

From the discussion in this section, it is conclude that in the process of modeling and method validation, setting
the fuzzy support radius variable as a fixed value (r = 0.1) and setting the value of the conditional probability table as all the exact values is
a special form of the proposed method based on
the grey fuzzy Bayesian network, which does
not affect the accuracy of verification results. In
Section 4.2, we apply the proposed method to
the satellite propulsion system to illustrate the
advantages of this method.

lines and ensure the one-way flow of propellant. The pressure sensor
measures the current pressure of the propellant in the pipeline in real
time and sends the measured value to the ground receiving equipment.
The thruster is the core component of the propulsion system, providing propulsion for the system.
The monopropellant propulsion system adopts redundant structure, where the TH2 is backup branch for the TH1 branch, and if there
is a normal operation, the system will work properly. If both branches
fail, the system is in the fault state. Because of the uncertain fault logic
relationship between the system and its components, when any branch
is in fault and another branch is in semi-fault, the system may be in
fault, semi-fault, or work properly. Based on Fig.6, Bayesian network
of monopropellant propulsion system is constructed, as shown in
Fig.7. Node y1 of series subsystem represents the fault state of the
TH1 branch that is formed by connecting PS1, SLV1, F1 and TH1 in
series. Similarly, node y2 of series subsystem represents the fault state
of the TH2 branch that is formed by connecting PS2, SLV2, F2 and
TH2 in series. And node y3 represents the fault state of a subsystem
that is formed by connecting PS3, FDV1, FDV2 and TK in series.
Leaf node T represents reliability of the entire monopropellant propulsion system which is made up of a parallel system y (formed by connecting y1 and y2 in parallel) and a series subsystem y3 in series.
According to analysing the system fault modes and fault mechanisms, the components possessing the three states are the filter and

4.2. Set of experiments #2: Satellite
propulsion system
The satellite propulsion system is the power
system that implements functions such as satellite aberration, attitude control, orbit reposition,
and so on. Its performance directly affects the
control accuracy and longevity of the satellite.
According to statistics, due to the adverse environment in outer space, the fault possibility
of the satellite propulsion system is relatively
higher, which is of great significance for the
reliability study.

Fig.6. The structure of monopropellant propulsion system

4.2.1. Satellite propulsion system modeling
The structure of monopropellant propulsion
system is small and compacted, which is the
most commonly used propulsion system in the
field of low and medium orbit satellites. It mainly includes tank (TK), feeding valve (FDV), filter (F), self-locking valve (SLV), pressure sensor (PS) and thruster (TH), as shown in Fig.6.
The tank provides propellant for thrusters, and
the amount of propellant flowing out is determined by the number of thrusters currently in
operation. The feeding valve is adding and discharging the pressurizing gas and propellant of
the storage tank. The filter is used to filter impurities from the propellant to prevent blockage
of the piping system. The self-locking valve is
used to control the opening and closing of pipe-
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Fig.7. Bayesian network of monopropellant propulsion system
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Table 6. Conditional probability table of node y1
x1

x2

x3

x4

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.5

0.5

0.5
1
0

0.5

0

Table 8. Conditional probability table of leaf node T

P(y1= |x1~x4)
0.5

⊗1

⊗2

[0.18,0.32]

[0.38,0.53]

0.25

0.6

⊗3

0.15

[0.42, 0.58]

[0.27, 0.38]


0.19

0

0

0.25
1

⊗4

0


0


0.5


1


0


0


1

1

1

1

1

0

0

1

x5

x6

x7

x8

0

0

0

0

0

0

0

0.5

0

0

0

1

0

0

0.5

0.5

0

0
1

0.5
0

⊗5

⊗6
[0.38,0.53]

0

0.25

0.6

0

0

0.5

0


0


0.5


1


0

1

1

1

1

0

0

1

1

0.25
1

0.15

⊗7
[0.42, 0.58]



0

⊗8
[0.27, 0.38]



1


0

0

1

0

0

0.5

0

1

0

0

0.5

0.5

0.5

0.5
1

0

0

0.5

0.5
1

1

0

1

1

0

1

0

1

0

1

0

1

1

1

0

1

1

0

0.5

0

0

1

0.5

1

1

1

1

1

1

0

P(T= |y1~y3)

0

0

0.5
1

0.19

0.5

1

0

1

0

0

0

0

0

1

0

0

0

1

0

0

0.26
0

⊗11

⊗13

0.42

0

0

0

0

0

0

⊗10

0

[0.15, 0.28]

1

[0.25, 0.36]

0

0

0

⊗9

0

1

1

[0.35, 0.48]
0.42

0

0

0

0

[0.15, 0.28]

0

0

1

1

⊗12

[0.32, 0.45]
1

0

1

⊗14

[0.32, 0.45]
1

1

1

be fault-free and fault, that is, xi0 = 0, xi1 = 1, i = 1, 2, 5, 6, 9, 10, 11,
12. According to historical data, engineering experience and expert
knowledge [11, 32], with interval grey number  [19], the conditional
probability table is constructed, as shown in Table 6 to Table 8. Each
row in Table 6 to Table 8 represents the conditional probability of
child node fault under different combinations of fault states of parent
nodes.
4.2.2. Fault states of leaf node T for satellite propulsion system

the thrusters. The multistate of the filter is reflected in a variety of
fault modes, namely normal, poor filtering effect and blockage. When
the filtering effect is not good, the branch in which the filter is normal, semi-fault and fault has certain possibility. The multistate of the
thrusters is shown in the number of the fault thruster. That is, xi0 = 0,
xi0.5 = 0.5, xi1 = 1, i = 3, 4, 7, 8. And other components are deemed to

(a) Leaf node T=0

0

0.5

0

[0.18,0.32]

y3

0.5

Table 7. Conditional probability table of node y2
P(y2= |x5~x8)

y2

0

1

0

0

1

y1

If the current fault state of root nodes are x′1 = 0.3, x′2 = 0.4, x′3
= 0.2, x′4 = 0.6, x′5 = 0.3, x′6 = 0.7, x′7 = 0.1, x′8 = 0.7, x′9 = 0.3, x′10 =
0.4, x′11 = 0.2, x′12 = 0.8. The membership degree of fault state of xi
can be calculated from Table 1 and Table 2, as shown in Table 9 and
Table 10.

(b) Leaf node T=0.5

(c) Leaf node T=1

Fig. 8. The grey fuzzy possibility of leaf node T
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Table 9. The membership degree of fault state of the root nodes with two
fault states
Fault state
of xi
x′1 = 0.3

x′2 = 0.4

x′5 = 0.3

x′6 = 0.7

x′9 = 0.3

x′10 = 0.4

x′11 = 0.2

x′12 = 0.8

Membership degree

Fuzzy support
radius variable r

0

1

0.7 − r
1 − 2r

0 ≤ r ≤ 0.3

0.3 < r ≤ 0.5

0.3 − r
1 − 2r

1

0 ≤ r ≤ 0.4

0.4 − r
1 − 2r

1

0

0.7 − r
1 − 2r

0 ≤ r ≤ 0.3
0.3 < r ≤ 0.5

0.3 − r
1 − 2r

1

0 ≤ r ≤ 0.3

0 ≤ r ≤ 0.3

0.7 − r
1 − 2r

0

1

0.7 − r
1 − 2r

0.3 − r
1 − 2r

1

0

0.3 < r ≤ 0.5
0 ≤ r ≤ 0.4

0.6 − r
1 − 2r

0.4 − r
1 − 2r

1

0

0.4 < r ≤ 0.5
0 ≤ r ≤ 0.2

0.8 − r
1 − 2r

0.2 − r
1 − 2r

1

0

0.2 < r ≤ 0.5
0 ≤ r ≤ 0.2

0

0.3 − r
1 − 2r

0.3 < r ≤ 0.5

0.2 − r
1 − 2r

0.8 − r
1 − 2r

0

1

0.2 < r ≤ 0.5

Table 10. The membership degree of fault state of the root nodes with three
fault states
Fault state
of xi
x′3=0.2
x′4=0.6
x′7=0.1
x′8=0.7
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Fuzzy support
radius variable r
0 ≤ r ≤ 0.2

0.2 < r ≤ 0.25
0 ≤ r ≤ 0.1
0.1 < r ≤ 0.25
0 ≤ r ≤ 0.1
0.1 < r ≤ 0.25
0 ≤ r ≤ 0.2
0.2 < r ≤ 0.25

0

Membership degree

0.3 − r
0.5 − 2r

0.5

0.2 − r
0.5 − 2r

1

1

0

0

0
0

0.1 − r
0.5 − 2r

1

0

0.1 − r
0.5 − 2r

1

0

0

0

0.4 − r
0.5 − 2r

0.4 − r
0.5 − 2r

0

Fault state

Fuzzy support
radius variable r
0.05

0.10

T=0

0.15

0

0.6 − r
1 − 2r

0.4 < r ≤ 0.5

Table 11. Grey fuzzy possibility of leaf node T in fault state 0

0

0

0.3 − r
0.5 − 2r

0.2 − r
0.5 − 2r

1

0

0.20

Interval value

[0.00869,0.01193]

[0.00849,0.01170]

[0.00515,0.00715]

[0.00000,0.00000]

Difference between maximum
and minimum
0.00324

0.00321

0.00200

0.00000

Table 12. Grey fuzzy possibility of leaf node T in different
fault states
Leaf node

Fault state

T

0.5

Interval value

0

[0.007, 0.010]

1

[0.985, 0.987]

[0.004, 0.005]

The objective function in the parameter programming model can
be obtained from Table 9, Table 10 and equation (4). And the grey
fuzzy possibility of the leaf node T in different fault states can be
obtained by solved the parametric programming model with Matlab.
The extreme value of the grey fuzzy possibility of the leaf node T in
different fault states varies with the fuzzy support radius variable r,
as shown in Fig. 8.
(1) From the perspective of system reliability, under the condition of the current fault state of the components, due to the
uncertainty caused by the complex structures, the limited test
samples, and the insufficient reliability data of the modern systems, the grey fuzzy possibility of leaf node T may be at any
point on two curves and in the green area between two curves.
Obviously, the results of system reliability analysis are quite
different due to uncertainty.
(2) When 0 ≤ r < 0.2, the uncertainty of the root node decreases
with the increase of the variable r, meanwhile, the difference
between the maximum and minimum of the grey fuzzy possibility of fault state of the leaf node T decreases. Take the
grey fuzzy possibility of the leaf node T = 0 for an example, as
shown in Table 11.
(3) When 0.2 < r ≤ 0.25, it is calculated that the membership degree of the fault states of the nodes y1, y2 change with the value
of the variable r, and the membership degree of the fault states
of the nodes y3 is 0. And it is calculated from Table 8 that the
grey fuzzy possibility of the leaf node T in different fault states
is a straight line which is independent of the value of the variable r.
(4) For generality, the midpoint of the fuzzy support radius variable r is selected, namely r = 0.125, to analyse the reliability
of the system. Besides, we can also choose the value of the
variable r based on expert knowledge. And the membership
functions of the fault state of root nodes are trapezoidal membership functions, and grey fuzzy possibility of leaf node T in
different fault states is obtained, as shown in Table 12.
From Table 12, according to the comparison rule of interval values
size from the reference [20], P⊗ (T = 1) > P⊗ (T = 0) > P⊗ (T = 0.5)
is obtained. Under the current fault state of the components, the fault
possibility and the fault-free possibility of the satellite propulsion system are higher than the semi-fault possibility, and the fault possibility
of system is biggest.
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Table 13. Grey fuzzy state importance measures of root
nodes

xi

De
I 0.5
( xi )

I1De ( xi )

x1

[0.000,0.000]

[0.001,0.006]

x3

[0.000,0.001]

[0.000,0.003]

x2

Fig. 9. P⊗ (T = 0.5 | x1 = 0) changes with variable r

x4
x5
x6
x7
x8
x9

x10
x11
x12

Fig. 10.

De
I 0.5
( x1 )

changes with variable r

Fig. 11. I1De ( x1 ) changes with variable r

4.2.3. Grey fuzzy state importance measures for satellite propulsion system
According to the calculation and analysis in Table 9, Table 10, and
equation (4) to equation (6), when the fault state of root node x1 is 0,
grey fuzzy possibility of leaf node T in the fault state 0.5 varies with
the fuzzy support radius variable r, as shown in Fig.9. The maximum
and minimum values of the grey fuzzy state importance of the root
node x1 with leaf node T in the fault state 0.5 varies with the fuzzy
support radius variable r, which can be obtained by the equation (5),
as shown in Fig.10. Similarly, the curves of the grey fuzzy state importance of the root node x1 with leaf node T in the fault state 1 can
be obtained, as shown in Fig.11. Due to space limitations, the grey
fuzzy state importance measures of other root nodes are not listed
one by one.
From Fig.10 and Fig.11:
(1) Analysing component from the state importance measures, under the condition of the current fault state of the components,

Grey fuzzy state importance measures

[0.000,0.000]
[0.002,0.003]
[0.000,0.001]
[0.000,0.000]
[0.000,0.001]
[0.000,0.002]
[0.000,0.000]
[0.000,0.000]
[0.000,0.001]
[0.000,0.000]

[0.003,0.009]
[0.005,0.008]
[0.000,0.003]
[0.004,0.010]
[0.000,0.002]
[0.002,0.006]
[0.001,0.007]
[0.005,0.011]
[0.000,0.004]
[0.111,0.137]

due to the uncertainty caused by the complex structures, the
limited test samples, and the insufficient reliability data of the
modern systems, ITDe
( xi ) may be at any point on two curves
q
and in the green area between two curves. Obviously, the results of the state importance measures are greatly influenced
by the uncertainty.
(2) The state importance measures of root nodes are affected by
current fault state of the components and the value of the variable r. When the current fault state of component or variable
r is different, the interval values of the state importance measures of root nodes are different, and the weak links of the system are also different. When r = 0.125, the interval values of
grey fuzzy state importance measures of root nodes xi with leaf
node T in the fault states 0.5 and 1 are obtained, as shown in
Table 13.
According to the state importance measures of root nodes, the
weak links of the system can be identified. And the reliability of the
system can be improved effectively by improving the reliability of
the weak nodes.
From Table 13, based on the comparison rules of interval size
from the reference [20], the grey fuzzy state importance measures of
root nodes such as x3, x5, x7, x8 with leaf node T in the fault state 0.5 is
weaker, and x4 is the weakest link for the fault state of the system. And
the order of the grey fuzzy state importance measures of root nodes
with leaf node T in the fault state 1 is: I1De ( x12 ) > I1De ( x10 ) > I1De ( x6 )
> I1De ( x4 ) > I1De ( x2 ) > I1De ( x9 ) > I1De ( x8 ) > I1De ( x1 ) > I1De ( x11 ) >

I1De ( x3 ) ( I1De ( x5 ) )> I1De ( x7 ) , obviously, x12 is the weakest link for
the fault state of the system.
From the discussion in Section 4, it can be concluded that the proposed method can characterize and quantify the fuzzy uncertainty of
the fault state of the system with its components and the uncertainty of
the logical relationship between the system and its components in an
actual system. Besides, utilizing unique bidirectional reasoning ability of Bayesian network, reliability characteristic quantities of system
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such as reliability of leaf node and state importance measures of root
nodes can be effectively analyzed. And some subjective information,
such as expert knowledge, may be required for our work. The results
are more consistent with the actual engineering situation.

5. Conclusions
A new complex system reliability analysis method based on
non-deterministic membership functions and interval characteristic
quantities is proposed by introducing fuzzy mathematics and grey
system theory to Bayesian network. The trapezoidal fuzzy number
(TrFN) with fuzzy support radius variable r is constructed to describe
the fuzzy uncertainty of the fault state of the system and its components. The conditional probability table with interval grey numbers is
constructed to effectively express the uncertain fault logic relationship between the system and its components. Moreover, a parameter
planning model of the system reliability characteristic quantities is
constructed, and the system reliability characteristic quantities are expressed as the form of interval values.
Two sets of numerical experiments are carried out and they show
the validity and advantages of the proposed method. The obtained results are expressed in the form of interval values, which can better
represent reliability characteristic quantities under uncertain conditions caused by the complex structures, the limited test samples, the
insufficient reliability data, and so on. It also shows that the proposed
method is a powerful reliability analysis method for complex uncertainty multi-state system.

The highlights of the innovations of this article are as follows:
(i) the uncertainty, which is caused by human subjective factors on
the selection of the membership function and out of strict boundary
among states during the fault evolution process, can be quantified by
the trapezoidal membership function with fuzzy support radius variable; (ii) the uncertain fault logical relationship between the system
and its components can be expressed by the conditional probability
table with interval grey numbers, instead of simply setting it to a determined one; (iii) the proposed method can make full use of historical
data, engineering experience and expert knowledge, and can effectively analyse the reliability of the system without requiring accurate
values in engineering applications.
However, during the reliability analysis, there may be some problems need to be solved, such as common cause failure, multiple failure modes, chain failure, and so on. How to analyse the reliability of
complex uncertainty multi-state system with these problems will be
studied in our further works.
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Reliability-based design optimization under fuzzy and interval variables based on entropy theory
Oparta na teorii entropii niezawodnościowa optymalizacja konstrukcji dla zmiennych rozmytych i przedziałowych
Reliability-based design optimization under fuzzy and interval variables is important in engineering practice. The interval Monte
Carlo simulation (IMCS), extremum method, and saddlepoint approximation (SPA) can be used for reliability optimization issues
contain only interval variables. Thus, how to deal with the fuzzy variables is critical for system reliability analysis and optimization
design. The α-level cut method can be applied to deal with fuzzy variables but it is complex and computationally expensive. Therefore, an equivalent conversion method based on entropy theory is proposed in this paper, which can convert the fuzzy variables to
the normal random variables to avoid the complex integral process. According to the equivalent conversion method, the entropybased sequential optimization and reliability assessment (E-SORA) is developed in combination with the worst case analysis
(WCA) for reliability-based design optimization under fuzzy and interval variables. A numerical example about the reliability
design of the crank-link mechanism under fuzzy and interval variables is solved by the E-SORA, double-loops method, and α-level
cut algorithm, respectively, is used to demonstrate the accuracy and efficiency, and the results show that the proposed method is
feasible for reliability-based design optimization under fuzzy and interval variables.
Keywords: fuzzy variables, interval variables, reliability-based design optimization, entropy, the worst case
analysis.
Zagadnienie optymalizacji niezawodnościowej konstrukcji w przypadkach, gdy mamy do czynienia ze zmiennymi rozmytymi i
przedziałowymi odgrywa ważną rolę w praktyce inżynierskiej. Problemy optymalizacji niezawodności, w których wykorzystuje się tylko zmienne przedziałowe można z powodzeniem rozwiązywać stosując przedziałową symulację Monte Carlo, metodę
ekstremum czy aproksymację metodą punktu siodłowego. Kluczowe znaczenie dla analizy niezawodności oraz projektowania
optymalizacyjnego systemów ma zatem sposób postępowania ze zmiennymi rozmytymi. Wprawdzie zmienne rozmyte można przekształcać do zmiennych interwałowych za pomocą metody alfa-przekrojów, jest to jednak metoda skomplikowana i kosztowna
obliczeniowo. Dlatego w niniejszym artykule zaproponowano równoważną metodę konwersji opartą na teorii entropii, która
umożliwia przekształcanie zmiennych rozmytych do normalnych zmiennych losowych, pozwalając w ten sposób pominąć złożony
proces całkowania. W oparciu o tę metodę, opracowano entropijną metodę optymalizacji sekwencyjnej i oceny niezawodności (ESORA), którą, w połączeniu z analizą najgorszego przypadku, można stosować do niezawodnościowej optymalizacji konstrukcji
przy zmiennych rozmytych i przedziałowych. W przykładzie numerycznym, metodę E-SORA zastosowano w połączeniu z metodą
podwójnej pętli do rozwiązania problemu niezawodnościowego projektowania mechanizmu korbowego przy zmiennych rozmytych
i przedziałowych. Trafność i skuteczność proponowanej metody oceniano za pomocą algorytmu alfa-przekrojów. Wyniki pokazują,
że proponowana metoda stanowi odpowiednie narzędzie do przeprowadzania optymalizacji niezawodnościowej konstrukcji w
przypadku gdy zmienne mają charakter rozmyty i przedziałowy.
Słowa kluczowe: zmienne rozmyte, zmienne przedziałowe, niezawodnościowa optymalizacja konstrukcji, entropia, analiza najgorszego przypadku.

1. Introduction
Reliability-based design optimization is a probabilistic design
method which has been successfully applied into engineering fields.
The main purpose of reliability-based design optimization is to assure
products achieving the optimal performance with an expected reliability. Nowadays, the traditional reliability based design optimization method is hard to use in reality. For complex systems, such as
spaceship, high-speed train, and nuclear power plant, often involve
multi-disciplines, multi-type design variables and multi-source uncertainties which interacting and coupling with each other. Therefore,
reliability-based design in engineering practice face two difficulties,
one is some variables in systems are fuzzy variables or interval variables, since they cannot be obtained accurately, the other is the expensive computation.

430

A large amount of research works have been done on reliability
assessments with interval or fuzzy variables. Huang [12] investigated
the methods to determine the membership functions under three different forms of the fuzzy safety state definition. Based on the fuzzy
comprehensive evaluation, Wu et al. [22] proposed a reliability analysis method by combining with the fuzzy set theory. To solve the state
explosion and the parametric uncertainty problems, Li et al. [14]
proposed a dynamic reliability analysis method via the continuoustime Bayesian networks under fuzzy numbers. Garg [9] proposed a
fuzzy reliability analysis method based on credibility theory to solve
the problem that all failure rates are usually assumed to follow the
identical type of fuzzy set, and the membership and non-membership
functions can be constructed by different types of intuitionistic fuzzy
numbers. Tao et al. [21] developed an uncertainty model combining

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

S cience and Technology
with multiple membership functions, to deal with the epistemic uncertainties in fuzzy reliability analysis, and the combined membership
functions can be converted to equivalent probability density function
through normalizing factor. Yang et al. [25] constructed a reliability
analysis model via gamma process, and proposed a reliability analysis
method to consider the non-competing relationship of multiple degradation processes. He and Zhang [10] developed a fuzzy reliability
analysis method using cellular automata (CA) and fuzzy logic for network systems to solve the problem that the failure rates of networks
may not follow the identical membership function. Based on a semiMarkov jump model, Shen et al. [20] designed a fuzzy fault-tolerant
controller for Takagi-Sugeno (T-S) fuzzy delayed systems. The α level cut method is an important approach to solve the problems with
fuzzy variables, which can divide a fuzzy set into a series of intervals,
and has been used for reliability analysis and design optimization
[7]. Bagheri et al. [2-3] proposed a fuzzy structure dynamic reliability analysis method by the α - level cut optimization method based
on genetic algorithm. Awruch et al. [1] applied fuzzy α - level cut
method for optimization analysis under uncertainties. He et al. [11]
introduced the fuzzy set theory, changing failure probability function
and dynamic fuzzy subset into Bayesian Networks method for the reliability analysis of multi-state system reliability analysis with fuzzy
and dynamic information. However, these models are very complex
and computation expensive. Mi et al. [16-17] investigated the reliability analysis of complex systems under epistemic uncertainty, and
proposed an extended probability-box to represent the epistemic uncertainty for reliability assessment, which could deal with test, field
and design data, and the lifetime of component could be denoted as
interval numbers. Based on particle swarm optimization approach,
Zhang and Chen [27] formulated an interval multi-objective optimization model for reliability redundancy allocation in interval environment. With the consideration of interval uncertainties under stationary Guassian excitation, Muscolino et al. [18] presented a method to
evaluate the bounds of the interval reliability function. Wang et al.
[23] investigated a reliability based design optimization method with
hybrid probability and interval parameters, and adopted approximate
reliability analysis method to improve computational efficiency. Aim
to the spatially dependent uncertainties in system inputs, Wu and Gao
[24] proposed the concept of random and interval fields and extended
unified interval stochastic sampling method for static reliability analysis. Chen et al. [6] proposed the interval type-2 fuzzy multi-objective
optimization method for reliability redundancy allocation with different types of uncertainties. For overcome the problem of reliability
analysis with fuzzy and random uncertainties, Zhang et al. [28] developed a chance theory using the multi-state performance reliability
model. Peng et al. [19] demonstrated a hybrid first order reliability
analysis method for structural system with interval, sparse and statistical variables, and interval variables were converted to probabilistic
variables by a uniformity method. Gao et al. [8] presented a unified
interval stochastic reliability sampling method to investigate the robust reliability analysis of structural with mixture of stochastic and
non-stochastic uncertainty.
In a word, different types of uncertainty variables are existing in
engineering, and there are many solutions for reliability-based design
optimization, the reliability analysis or optimization design methods
under fuzzy and interval variables, however, are complex and computationally expensive. To make up this disadvantage, the reliabilitybased design optimization for system with fuzzy and interval variables is investigated in this paper. The key points contain reliability
analysis based on the worst case analysis of interval variables and optimization design based on an equivalent conversion method. The rest
of this paper is organized as follows. The entropy-based equivalent
conversion method is proposed in Section 2, and fuzzy variables are
converted to random variables in Gaussian space. Section 3 develops
an entropy-based sequential optimization and reliability assessment

approach based on the worst case analysis of the interval variables,
and the optimization strategy under fuzzy and interval variables is
also further addressed. To verify the accuracy and efficiency of the
proposed method, the crank-connecting rod mechanism of an internal
combustion engine under fuzzy and interval variables is analysed in
Section 4. Finally, the conclusions are given in Section 5.

2. An entropy-based equivalent conversion method
2.1. The Equivalent Conversion Method
Generally, different types of variables are widely existed in engineering practice, and the probability density functions (PDFs) of some
variables cannot be accurately obtained. In this case, we can use fuzzy
numbers or intervals to model them. Thus the research on reliabilitybased design optimization method under fuzzy and interval variables
is important. The interval Monte Carlo simulation (IMCS), extremum
method, and saddlepoint approximation (SPA) can be used for reliability-based design optimization under interval variables. Thus, how
to deal with the fuzzy variables is critical for system reliability analysis and design optimization. The fuzzy set decomposition theorem is a
basic theorem in fuzzy set theory and a fuzzy set can be divided into a
series of intervals by α - level cut method with high accuracy in computation [1]. Thus α - level cut method is usually applied to deal with
fuzzy variables, but it is complex and computationally expensive. In
this section, an equivalent conversion method based on entropy is proposed, then reliability-based design with fuzzy and interval variables
can be solved based on this equivalent conversion method.
According to [5, 29], the probabilistic entropy of a random variable X can be defined as:
+∞
f
−∞ X

(x )ln f X (x )dx

H X = −∫

(1)

where H X is the probabilistic entropy, and f X (x ) is the PDF of the
random variable X .
Assuming that the random variable X follows a normal distribution with the mean μ and standard deviation σ, then Eq. (1) can be
transformed as:
+∞
f
−∞ X

H X = −∫

−
1
e
2πσ

+∞
−∞

( x ) ln f X ( x ) dx = − ∫

( x − µ )2
2σ 2


( x − µ )2
−
 1
2
ln 
e 2σ
 2πσ




1
 dx = + ln
2



(

2πσ

)

(2)
Assuming that X is a continuous fuzzy variable which can be
denoted as ∫ µ X (x ) / x, x ∈ U = U lb ,U ub  , where µ X (x ) is
U


the membership function, and U lb and U ub are the lower and upper bounds, respectively. Then the definition of fuzzy entropy can be
given by [5, 30]:

)

(

G X = − ∫ µ ′X (x )ln µ ′X (x )dx

(3)

U

where

G X

µ ′X (x ) = µ X (x ) /

denotes

(∫

U ub
µ X
U lb

the

(x )dx

),

fuzzy
and

entropy

of

X ,

µ ′X (x ) represents the

standard membership function.
As aforementioned, the reliability-based design optimization under fuzzy variables is difficult. If fuzzy variables can be converted to
the variables which are easy to deal with by a reasonable approach,
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the difficulty of reliability-based design optimization will be reduced.
Thus, the conception of equivalent random variable is proposed in this
paper. According to Refs. [4-5, 29-30], the equivalent normal random
variable can be defined as a variable which satisfies:
(4)

H X eq = G X

where X eq is the equivalent normal random variable, and H X eq is
the probabilistic entropy of X eq .
The mean and standard deviation of X need to be determined to
obtain the PDF of X eq . The standard deviation of X eq can be given
by combining Eq. (2) with Eq. (4):
σ X eq

1 G X − 0.5
=
e
2π

(5)

where σ X eq is the standard deviation of X eq .
It is obvious that the standard deviation of X eq can be obtained
via Eq. (5). However, how to determine the mean value is a challenge.
Generally, for normal convex fuzzy sets, the mean of X eq can be considered as the symmetrical center of the membership function. Then
the PDF of X eq can be expressed as:

f X eq (x ) =

1
e
2πσ X eq

−

According to Eqs. (3) and (10), the probabilistic entropy of continuous random variable X n equals to the fuzzy entropy of fuzzy
variable X . In this way, fuzzy variables can be converted to equivalent normal random variables.

2.2. The Equivalence Between X and X n
Based on stress-strength interference (SSI) model, the equivalence
between the fuzzy variable X and random variable X n is addressed
in this section. Assuming that the PDF and the membership function
of the random tress S and fuzzy strength R are f S (s ), s ∈ (−∞, +∞ )
and ∫ µ R (r ) / r , r ∈ U = U lb ,U ub  , respectively. If A represents
U


the fuzzy safety event, and the membership function µ A (s ) of A
is defined as [29-30]
a) For s < U lb , the system is safe absolutely, µ A (s ) = 1 .
b) For s > U ub , the system is fail absolutely, µ A (s ) = 0 .
c) For U lb ≤ s ≤ U ub , the interval U lb ,U ub  can be divided into


two parts, that is, subintervals U lb , s  and  s,U ub  . Subin



tervals U lb , s  and  s,U ub  can be regarded as failure and




safe domain, respectively. Herein, the membership function
µ A (s ) of A can be considered as:

(x − xˆ )2
2
2σ X
eq

U ub
µ R
s

(6)

µ R (s )ds, s ∈ U lb ,U ub  (11)



 1, − ∞ < s < U lb

ub
 ub
µ A (s ) =  U µ  (s′ )ds′ / Ulb µ  (s )ds, U lb ≤ s ≤ U ub
∫
∫
R
R
s
U

 0, U lb < s < +∞

of the membership function.

According to Eq. (3), µ ′X (x ) has the following properties:
U ub
µ X
U lb

(s′)ds′ / ∫U lb

Therefore, the membership function of the fuzzy safety event can
be expressed by the piecewise function as shown in Eq. (12):

where f X eq (x ) is the PDF of X eq , and x̂ is the symmetrical center

µ ′X (x ) = µ X (x ) / ∫

U ub

µ A (s ) = ∫

(x )dx ≥ 0

(7)

(12)

According to Ref. [26] and the definition of the membership function of fuzzy safety events, the probability formula of fuzzy events
that can be defined as:

U ub 

+∞

∫−∞ µ ′X (x )dx = ∫U lb


U ub
U ub
U ub
 µ X (x ) / ∫U lb µ X (x )dx  dx = ∫U lb µ X (x )dx / ∫U lb µ X (x )dx = 1



()

+∞
P A = ∫ µ A (s )f S (s )ds

(8)
From Eqs. (7) to (8), µ ′X (x ) satisfies the properties of PDF, thus

µ ′X (x ) can be defined as the PDF of a continuous random variable
X . Denoting X as the nominal random variable of X , then:
n

n

U ub
µ X
U lb

f X n ( x ) = µ X ( x ) / ∫

( x ) dx

(9)

where f X n (x ) represents the PDF of the continuous random variable
X n , and x ∈ U lb , U ub  .


By combination with Eqs. (1) and (9), the probabilistic entropy
of X n yields:
+∞
f
−∞ X n

H X n = −∫

+∞

U ub



U ub



(x )ln f X n (x )dx = −∫−∞ µ X (x ) / ∫U lb µ X (x )dx ln  µ X (x ) / ∫U lb µ X (x )dx  dx




(10)
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−∞

(13)

Thus, the fuzzy reliability yields:

()

+∞
R f = P A = ∫ µ A (s )f S (s )ds
−∞

U lb
1⋅ fS
−∞

=∫

U ub  U ub

(s )ds + ∫U lb  ∫s


U ub  U ub

U lb
f
−∞ S

=∫

(s )ds +

∫U lb  ∫s


U ub
µ
U lb R

µ R (s′ )ds′ / ∫



+∞

(s )ds  ⋅ f S (s )ds + ∫U ub 0 ⋅ f S (s )ds



µ R (s′ )ds′ ⋅ f S (s )ds


U ub

∫U lb

µ R (s )ds

(14)
Assuming that S and R are independent, according to SSI model, the fuzzy reliability is:

{

R s  Pr R > S
where R s is the fuzzy reliability.
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By combination with Eqs. (9) and (15), and substituting R with
Rn , yields:

U ub

−

∫U lb

U ub

∫U lb

Rs = Pr {Rn > S }
U ub

+∞
µ
−∞ R

(r ) / ∫U lb

=∫

U ub
µ
U lb R

=∫

U

ub

∫ lb
= U

r
f
−∞ S

µ R (r )dr ∫

U ub
µ
U lb R

r
f
−∞ S

µ R (r ) ⋅ ∫
U

∫U lb

U ub

(s )dsdr

r
f
−∞ S

(r ) / ∫
ub

r
f S (r ) ∫ lb µ R (r ′ )dr ′ dr
 U


(r )dr ∫

=−

(s )dsdr

∫U lb

µ R (r )dr

 U ub

U ub
f S (r ) ∫ lb µ R (r ′ )dr ′ − ∫
µ R (r ′ )dr ′ dr
U
r


U ub
µ
U lb R

∫

(16)

(s )dsdr

U ub
f
U lb S

= −∫

µ R (r )dr

U ub
f
U lb S

∫
(r )dr +

(21)

(r )dr
U ub

(r )∫r

µ R (r ′ )dr ′dr

∫

(r )dr

U ub
µ
U lb R

Therefore, Rs can be further rewritten as Eq. (22):
where Rs is the reliability after equivalent conversion, and Rn is the
nominal random variable of R .
Eq. (16) can be rewritten as Eq. (17) via integration by parts:
U ub
r
µ r
f s
U lb R
−∞ S
ub
U
µ r dr
U lb R

( )∫

∫

Rs =

( )dsdr

U ub  r
f
U lb  −∞ S

∫

=

∫

∫

U lb
f
−∞ S

=∫

(r )dr



r
r
d  ∫ µ R (r ′ )dr ′ = d  ∫ lb µ R (r ′ )dr ′
 −∞

 U


(18)

Substituting Eq. (18) into Eq. (17), yields:
 

r

U ub

U



r

 

U ub

∫U lb

U ub
µ
U lb R

∫

U ub

(s )ds +

U ub  U ub
µ R
U lb  s

∫



∫

U ub

∫U lb

Since

Rs =

∫

r

∫

U ub

U ub
f
−∞ S

=∫

µ R (r )dr

(r )dr

U ub

−
U

U ub  r
µ
U lb  U lb R

∫

∫

r
(r′)dr′ d  ∫−∞ f S (s )ds 

U ub

∫U lb

lb


(s′)ds′ f S (s )ds


µ R (s )ds

Obviously, Eqs. (14) and (22) are identical, that is, the reliability
calculated by the proposed equivalent conversion method is equivalent to that by SSI model. Therefore, the equivalent conversion method based on entropy theory is reasonable.
For the fuzzy variable X , if the means of equivalent random variable X eq and nominal random variable X n are the same, that is:
+∞
xf
−∞ X n

In Eq. (23), the integral of

( )

µ R (r )dr

U ub
U lb

E X eq = ∫

r
(r′)dr′ = 0 and d  ∫−∞ f S (s )ds  = f S (r )dr , then:

U ub

∫U lb

   (22)

U ub

(x )dx = ∫U lb

 U ub

xµ X (x ) /  ∫ lb µ X (x )dx  dx
U



where µ X eq denotes the mean of X eq .

µ R (r )dr

µ R (r )dr

(s )ds −

(r′)dr′dr



 r f (s )ds   r µ (r ′ )dr ′
lb 
 ∫−∞ S
  ∫U R


∫U lb

ub

U
U lb

U ub

∫U lb

µ X (x )dx is a constant, then:

 U ub

xµ X (x ) /  ∫ lb µ X (x )dx  dx =
U


(19)
U lb
µ
U lb R

U ub
µ R
r

f S (r )∫

(23)

 r f (s )ds   r µ (r ′ )dr ′
lb 
 ∫−∞ S
  ∫U R


=

(s )ds − ∫

µ R (r )dr

∫ lb
(r )dr + U

µ X eq = E X eq  E ( X n ) = ∫

∫U lb  ∫−∞ f S (s )ds  d  ∫U lb µ R (r′)dr′

=

U ub

∫U lb

µ R (r )dr

∫U lb
ub

r

f S (r ) ∫ lb µ R (r ′ )dr ′ dr
 U


U ub
f
U lb S

( )



∫U lb  ∫−∞ f S (s )ds  d  ∫−∞ µ R (r′)dr′

Rs =

f S (s )ds −

∫U lb

(17)

Noting that when r ′ < U lb , µ R (r ′ ) = 0 , then:

U ub  r

Rs = ∫

=∫

r
(s )ds  d  ∫−∞ µ R (r′)dr′

U ub
µ
U lb R

U
−∞

U ub
f
−∞ S

()

∫

U ub

ub

U ub

U ub  r

−

 

r

U ub

∫U lb

U ub

∫U lb

µ R (r )dr

(20)
The second item of the right-hand member in Eq. (20) can be rewritten as [30]:

xµ X (x )dx

(x − µ )

2

f X eq (x ) =

r
f S (r ) ⋅  ∫ lb µ R (r ′ )dr ′ dr
 U


µ X (x )dx

Therefore, the PDF of X eq can be expressed by Eq. (25):



µ R (r )dr

U

∫U lb

U ub

∫U lb

(24)

∫U lb  ∫U lb µ R (r′)dr′ d  ∫−∞ f S (s )ds 

U lb

1
ub

1
e
2πσ X eq

−

X eq

2
2σ X

eq

(25)

Based on entropy theory, fuzzy variables can be converted to
equivalent normal random variables. Reliability-based design optimization under fuzzy and interval variables can be converted to the
issues with normal random variables and interval variables. Then the

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

433

S cience and Technology
critical point for reliability analysis and design optimization are solving the upper and lower bounds of failure probability.

The membership function is:
 e k ( x − a ), a − a ≤ x ≤ a

1
µ (x ) = 
 e − k (x − a ), a < x ≤ a + a1

3. Reliability-Based Design Optimization Based on The
Equivalent Conversion Method
3.1. The Worst Case Analysis under Fuzzy and Interval Variables
When the reliability constraints contain both random variables
and interval variables, the equivalent conversion method abovementioned is applied to convert the fuzzy variables to the normal random variables firstly. And the combination of interval variables in the
worst case is obtained. Finally, the double-loops method and SORA
are applied to reliability-based design optimization, respectively, for
the worst case.
The reliability-based design optimization model under mixed
fuzzy variables and interval variables in the worst case can be expressed as:

(

 ,Y
min h d, X
d

)

s. t. Pr {gi (d, x worst , y worst ) ≥ 0}≥ Ri , i = 1, 2,, m

(26)

 and Y denote the vectors of fuzzy random variables and
where X
interval variables, respectively, x worst is the combination of fuzzy
random variables in the worst case, and y worst is the combination of
interval variables in the worst case.
The above-mentioned model contains fuzzy variables, and the
equivalent conversion the fuzzy variables is used. Lei and Chen [13]
calculated the fuzzy entropy of three different membership functions
as follows.
a) The triangle distribution
The membership function is:



µ (x ) = 



x − a1
, a1 ≤ x ≤ a
a − a1
a2 − x
, a < x ≤ a2
a2 − a

(27)

The fuzzy entropy satisfies:
G′ (x ) = 0.5 − ln

2
a2 − a1

(28)

b) The trapezium distribution
The membership function is:
 a2 + x − a
 a − a , a − a2 ≤ x ≤ a − a1
 2 1
a − a1 < x ≤ a + a1
µ (x ) =  1,
 a −x+a
 2
, a + a1 < x ≤ a + a2
 a2 − a1

(29)

The fuzzy entropy satisfies:
G′ (x ) =

a2 − a1
1
− ln
2 (a2 + a1 )
a1 + a2

(30)

The fuzzy entropy satisfies:
G′ (x ) =

k

(

2 e ka1 + e − ka1



k
 ln
− 1

− 2  2 e ka1 − 1



) (

)

(32)

When the membership function of the fuzzy variable is symmetric, the mean of the equivalent normal variable can be regarded as
the symmetric center of the membership function. If the membership function of the fuzzy variable is asymmetric and included in the
above-mentioned three types, the standard deviation of the equivalent
normal random variable can be calculated with the corresponding
fuzzy entropy and Eq. (5), then the mean of the equivalent normal random variable is solved through Eq. (24) and the corresponding membership function. Otherwise, the standard deviation of the equivalent
normal random variable can be calculated with the corresponding
membership function, Eqs. (3) and (5). And the mean of the equivalent normal random variable can be obtained with the membership
function and Eq. (24).
 = (X , X ,, X ) of fuzzy variables and
Suppose that a vector X
1
2
n

(

)

the equivalent vector after conversion is Xeq = X1eq , X 2eq ,, X neq ,

then the model described in Eq. (26) can be converted to:

(

min h d, Xeq , Y
d

{(

)
) }

s. t. Pr gi d, xeq
worst , y worst ≥ 0 ≥ Ri , i = 1, 2, , m

(33)

where Xeq is the vector of equivalent normal random variables,
xeq
worst is the combination of equivalent normal random variables in
the worst case.
From the equivalent conversion, the reliability based design optimization under fuzzy and interval variables is transformed into the
design optimization under normal random variables and interval variables. The optimal solutions of the reliability–based design optimization can be solved quickly combined with the SORA method.

3.2. Entropy-Based Sequential Optimization and Reliability
Assessment(E-SORA)
The basic idea of SORA is decomposing the original reliabilitybased design optimization into a series of independent deterministic
optimizations and reliability analyses. During the overall process,
the number of design optimization equals to reliability analyses.
Therefore, the number of function evaluations is greatly reduced
comparing with the double-loops method [15]. Therefore, SORA is
further developed based on entropy theory, namely, E-SORA, which
is based on the equivalent conversion method proposed in section 2.
The E-SORA method is an extension of SORA, and it can be used
for system with the mixture of fuzzy and interval variables. It can be
divided into two parts: one is the equivalent conversion based on the
entropy theory, the other is the reliability-based design optimization
with SORA under the worst case. The flow chart of the proposed
E-SORA is shown in Fig. 1.

c) The Γ distribution
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(31)
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Fig. 2. The crank-link mechanism of an internal combustion engine
Fig. 1. The flow chart of E-SORA

When the deterministic optimization in Sequence 1 is performed,
the combination of interval variables in the worst case and the most
probable point (MPP) are unknown. For convenience, they can be set
as the means of interval and random variables, respectively. Firstly,
the optimal design d1 can be obtained through the deterministic optimization in Sequence 1, and then reliability analysis is performed
MPP , R ,1

to find the MPP u worst , i i
y1worst , i

in the worst case and the combination

of interval variables. At this point, some reliability constrains
R

(

MPP , R ,1

)

1
i
i
may not be satisfied, such as zworst
, i = gi d, u worst , i , y worst , i ≥ 0 .
MPP , R ,1
u worst , i i

y1worst , i

and
are set as the new initial points,
Therefore,
which are applied to build the deterministic design optimization in
Sequence 2. The new model can be denoted as:
min h ( d, µ x , Y )
d

R

(

MPP , R , 1

)

1
i
i
s. t. zworst
, i = gi d, u worst , i , y worst , i ≥ 0, i = 1, 2, , m

, (34)

Assuming that the reliability requirements in Sequence 1 are not
satisfied, then the design variables are modified to improve the reliability during the deterministic optimization process of Sequence 2. If

Fig. 3. The kinematic scheme of mechanism of an internal combustion engine

of the material properties, the elastic modulus E is a fuzzy variable.
The yield strength fluctuates near a fixed value due to the uncertainty
of testing error, measurement error and personnel factor during the
measurement process, thus it is denoted as a fuzzy variable σ s . The
distribution types and parameters of the random variables l1 and l2
are listed in Tab. 1.
Table 1. The distribution types and parameters of the random variables

2

the optimal solutions d obtained through the deterministic optimization of Sequence 2 do not satisfy some reliability constraints, then a
new optimization model in Sequence 3 is built by combining with the

MPP , R , 2
2
MPP u worst , i i and the combination y worst , i of interval variables
under the worst case. Repeating above processes until all reliability
constraints and stopping criterions are satisfied.

4. Numerical Example
The reliability based design optimization of the crank link mechanism of an internal combustion engine is used to illustrate the proposed method. The structure of the crank link mechanism is shown
in Fig. 2.
Simplifying the crank-link mechanism in Fig. 2 and a kinematic
scheme of mechanism as shown in Fig. 3 is obtained.
Due to the uncertainty in manufacturing and assembling, the
lengths of O1O2 and O2O3 are treated as random variables l1 and
l2 , respectively. The working process of an internal combustion
engine contains different operating conditions such as startup, acceleration, turn and brake. The thrust of the piston varies with different
operating conditions and the thrust is also uncertain. Therefore, the
thrust F is regarded as a fuzzy variable. The elastic modulus is defined as the ratio of the stress to the strain in an ideal material with
small deformation. In practical engineering, the materials are often
not ideal with the uncertainty in the manufacturing and the uncertainty

Symbols

x1

Random
variables

Distribution types

x2

l2

Normal

l1

Normal

Means

Standard
deviations

300mm

3mm

100mm

1mm

The membership function of the thrust F of the piston follows
a triangular distribution, and the expression can be described by Eq.
(35), the function graph is shown in Fig. 4.
 x − 200
 50 ,
µ F (x ) = 
 300 − x ,
 50

200 ≤ x ≤ 250

,

(35)

250 < x ≤ 300

The membership function of the elastic modulus E follow triangular distribution, and the expression can be described by Eq. (36),
the function graph is shown in Fig. 5.
 x − 190
 10 , 190 ≤ x ≤ 200
µ E (x ) = 
 210 − x , 200 < x ≤ 210 ,
 10
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Table 2. The value ranges of interval variables
Symbols

Interval variables

y2

µk

y1

h

The lower
bounds

The upper
bounds

0.15

0.25

100mm

150mm

Owing to the technological uncertainty, manufacturing errors and
other uncertainty factors, the probability density function of the dynamic friction coefficient µk is unknown, except for the approximate
value range. To satisfy diverse vehicle models or meet different working requirements, the offset h is changeable, and its range is known.
Therefore, h and µk can be set as interval variables and the value
ranges are listed in Tab. 2.
The optimization is to determine the inner and outer diameters
d1 (1 ≤ d1 ≤ 80 ) and d 2 (10 ≤ d 2 ≤ 100 ) of the connecting rods, which
make the total weight of the crank and the connecting rods lightest
under the constraints that the contact and the bending reliabilities are
0.9999. This problem is equivalent to find d1 and d 2 which minimize the cross sectional area under the required reliability. The cross
sectional area of the connecting rods can be expressed as:

Fig. 4. The membership function of the thrust F

S (d ) =

(

)

π 2
d 2 − d12 .
4

(38)

The strength constraint and bending stress constraint of the connecting rod can respectively be expressed as:
Fig. 5. The membership function of the elastic modulus E

g1 (d, X, Y ) = σ s −

The membership function of the yield strength σ s is also a triangular distribution, and the expression can be described by Eq. (37),
the function graph is shown in Fig. 6.
 x − 275
,

5

µσ s (x ) =  1,
 305 − x

,
5


300 < x ≤ 305


π


≥ 0 , (39)

(l2 − l1 )2 − h2 − µk h  (d 22 − d12 )


and:
g 2 (d, X, Y ) =

275 ≤ x ≤ 280
280 < x < 300 ,

4 F (l2 − l1 )

(

π 3 E d 24 − d14
64l22

(37)

)−

F (l2 − l1 )

(l2 − l1 )2 − h2 − µk h

≥ 0 , (40)

where X = (x1, x2 ) = (l1, l2 ) and Y = ( y1, y2 ) = (h, µk ) .
by:

The traditional deterministic optimization model can be denoted

min S (d ) =
d

(

π 2
d 2 − d12
4

s.t. g1 (d, X, Y ) = σ s −

g 2 (d, X, Y ) =


π


(

)
≥ 0;

(l2 − l1 )2 − h2 − µk h  (d 22 − d12 )

π 3 E d 24 − d14
64l22

4 F (l2 − l1 )

)−



F (l2 − l1 )
2

(l2 − l1 ) − h2 − µk h

. (41)

≥ 0;

1 ≤ d1 ≤ 80, 10 ≤ d 2 ≤ 100, d1 < d 2

Fig. 6. The membership function of the yield strength σ s

436

Since the reliabilities of tension and bending are 0.9999, then the
reliability based design optimization model is given by:
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Table 3. The solutions for different optimal methods
Deterministic optimization

The optimal variables d = (d1, d 2 )
The objective function S (d )

g 2 in the worst case

min S (d ) =
d

(

π 2
d 2 − d12
4

(27.58,55.99)

(27.52,55.85)

-

0

0

0.12

1864.71



4 F (l2 − l1 )


≥ 0  ≥ 0.9999;
s.t. Pr  g1 (d, X, Y ) = σ s −
2


2
2
2


π  (l2 − l1 ) − h − µk h  d 2 − d1






π 3 E d 24 − d14
F (l2 − l1 )


−
≥ 0  ≥ 0.9999;
Pr  g 2 (d, X, Y ) =
2
2
2
l
64

2
(l2 − l1 ) − h − µk h 

1 ≤ d1 ≤ 80, 10 ≤ d 2 ≤ 100, d1 < d 2

(

)

)

(42)
In Eq. (42), the thrust F , the elastic modulus E , and the yield
strength σ s are fuzzy variables. Therefore, this is a reliability-based
design optimization under the mixture of fuzzy variables and interval variables. According to the equivalent conversion method described in Section 2, the fuzzy variables can be converted to normal
random variables, and the original optimization model is changed
to an optimization model under the normal random variables and
interval variables.
Firstly, the thrust F , the elastic modulus E , and the yield
strength σ s can be equivalently converted to normal random varia-

(

) (

)

bles F eq , E eq , and σ seq , with N 250,19.952 , N 200,3.992 ,

(

2

)

N 290,6.69 , respectively, where N (⋅) represents a normal distribution. After the equivalent conversion, the reliability-based design
optimization model can be described by Eq. (43).
With the equivalent conversion, the optimal solutions can be obtained through the E-SORA and the double-loops method. The α level cut method is an important approach to solve the problems
under fuzzy variables with high accuracy [7]. Thus it is used for
comparison in this paper, and the resluts with different methods can
be seen in Tab. 3.
From Tab. 3, when the objective function reaches the minimum
form the deterministic design optimization, the design no satisfies the
reliability constrains. The E-SORA and the double-loops method have
considered the reliability constrains. To verify the accuracy of the
equivalent conversion method, the optimal solutions of the α - level
cut method are used to compare with those of the E-SORA method.
The reliability-based design optimization with both the double-loops

3.24

(150,0.25)

408

)

1855.01

4.15

(150,0.25)

19

(

1864.71

4.15

-

The number of iterations

α - level cut

(27.58,55.99)

-

( y1, y2 ) in the worst case

Double-loops

(20.30,40.61)
971.60

g1 in the worst case

E-SORA

(150,0.25)

1032

1053

method and the α - level cut method are repeated double loops process. The proposed E-SORA method decouples the original double
loops to improve computational efficiency.
min S (d ) =
d

(

π 2
d 2 − d12
4

)





4 F eq (l2 − l1 )
≥ 0  ≥ 0.9999;
s.t. Pr  g1 (d, X, Y ) = σ seq −
2




π  (l2 − l1 ) − h 2 − µk h  d 22 − d12






π 3 E eq d 24 − d14
F eq (l2 − l1 )


−
≥ 0  ≥ 0.9999;
Pr  g 2 (d, X, Y ) =
2
2
2
64l2

(l2 − l1 ) − h − µk h 

1 ≤ d1 ≤ 80, 10 ≤ d 2 ≤ 100, d1 < d 2

(

(

)

)

. (43)

5. Conclusions
Based on entropy theory, the fuzzy entropy of a fuzzy variable
is defined, and the fuzzy variables can be equivalently converted to
normal random variables. Then the reliability-based design optimization under the mixture of fuzzy variables and interval variables can be
changed to a model with normal random variables and interval variables. Finally, by combining with the worst case analysis method, the
SORA method are applied after conversion. The proposed entropybased equivalent conversion method provides a new idea for the reliability-based design optimization under different types of uncertain
variables. The results has shown that the optimal solutions based on
the worst case analysis is conservative, and the proposed method can
ensure the safety for systems with limited information.
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Competence allocation planning robust
to unexpected staff absenteeism
Planowanie przydziału kompetencji odpornego
na nieprzewidziane absencje pracowników*
In order to deal with unexpected events such as employee absenteeism and/or a demand for personnel that is higher or lower than
expected, organizations need to adopt proactive and reactive scheduling strategies to protect the personnel roster and to respond
to this operational variability, respectively. In this paper, we discuss a proactive approach that exploits the concept of employee
substitutability to improve the flexibility of a personnel shift roster to respond to schedule disruptions. With a view to developing a
DSS-driven method dedicated to competence allocation planning robust to unexpected staff absenteeism, we present the concept
of the so-called robust employee competence structure. A declarative model of the concept allows to find an employee competence
structure robust to a given set of disruptions while guaranteeing an admissible personnel allocation to the assumed set of tasks.
Since the problem of designing such a robust structure is NP-hard, another goal of the present study is to propose a sufficient
condition the fulfilment of which will guarantee the validity of calculations. Potential applications of the proposed solution are
discussed using examples.
Keywords: Competence assignment, robust planning, employee competences, robust employee competence
structure, employee absenteeism.
Funkcjonowanie organizacji w warunkach występowania nieprzewidzianych absencji pracowników i/lub zmieniającego zapotrzebowania na pracowników o określonych kwalifikacjach wymusza działania mające na celu bądź to budowę, odpowiednio
przygotowanego zespołu pracowników (dostosowanego do możliwości wystąpienia zidentyfikowanego zakłócenia), bądź też wprowadzania, w trybie online, zmian w przyjętym planie realizacji zadań niwelujących skutki wystąpienia zidentyfikowanego zakłócenia. W pracy rozważane jest pierwsze z ww. działań. Mając na celu opracowanie metody interakcyjnego planowania przydziału
zadań przedstawiona została koncepcja struktury kompetencji odpornej na zakłócenia absencji pracowniczej. Wykorzystywany w
niej model, umożliwia poszukiwanie struktur kompetencji gwarantujących dostosowanie kompetencji wykonawcy do wymagań
danego zadania w sytuacjach występowania zakładanego rodzaju zakłóceń, np. powodowanych absencją pracowników. Z uwagi
na fakt, że sprowadzający się do syntezy odpornych struktur kompetencji problem planowania odpornego przydziału kompetencji umożliwiającego substytucję redundantnych kompetencji należy do klasy problemów NP-trudnych, wyznaczane są również
warunki wystarczające spełnienie których gwarantuje istnienie jakiejkolwiek poszukiwanej struktury dopuszczalnej. Możliwości
praktycznego wykorzystania przedstawianego podejścia zilustrowane zostało na przykładach.
Słowa kluczowe: przydział zadań, planowanie odporne, kompetencje pracowników, odporna struktura kompetencji, absencje pracownicze.

1. Introduction
The object of planning man-power needs (labor demand), as part
of employment planning, is to define the competence profiles of the
personnel and other individuals employed in a company. In particular,
this involves defining the requirements regarding employees’ knowledge, skills, abilities and behavior, determining the number of workers needed for various positions, and the scope of work that employees in each position have to perform. The quality of employment plans
obtained in this process depends on the robustness of the production
process to disruptions caused by unexpected events such as employee
absences, machine failures, accidents at work, etc. To deal with these
uncertainties, organizations must either hire a properly prepared staff
of competent workers (with a certain redundancy of competences), or
introduce on-line changes to the existing task schedule that will mitigate the effects of the disruptions. In this study, we consider the first

of the above-mentioned measures, in which, by anticipating possible
disruptions, an organization builds a staff of employees with specific
competences, robust to a selected set of disruptions.
It should be noted that planning decisions regarding the allocation
of production tasks (which require specific employee competences) to
resources (employees with given competences) are made in dynamically changing organizational settings [7], which involve frequent
changes in the scope and structure of objectives, tasks and resources.
Examples of such changes include employee absenteeism (sick leaves,
accidents, maternity leaves, etc.), changes in the number of jobs, staff
mobility (frequent employment changes), etc. Most of them are random and cannot be anticipated well in advance. Such events are henceforth referred to as disruptions [6, 20]. If a disruption caused by an
employee’s absence results in a so-called competence gap, it is usually
too late to bridge the gap by introducing appropriate changes (training,
employment, outsourcing, etc.). While the existing literature describes

(*)	Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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many methods for the assessment and determination of competence
structures [42], there is still a scarcity of research addressing the issues
of planning of structures that can guarantee the achievement of business objectives in a dynamically changing setting, i.e. structures robust
to disruptions. The known methods offer no possibility of predicting
disruptions and shaping competence structures robust to selected types
of disruptions. A robust competence structure is understood as one that
ensures the performance of tasks under specific types of disruption. In
turn, allocation of competences is further understood as a process in
which the competences of an employee (contractor) are adjusted to the
requirements of the given task, especially as a measure to deal with a
given type of disruption. It is worth noting that the problem of allocation of employees (viewed through the prism of their competences)
to the individual component activities (operations, positions) of a job
being performed belongs in the category of task assignment problems.
Problems of this type are found in many areas of science and business,
such as distribution of goods, production management, telecommunications, roster planning, etc. They all boil down to assigning a known
set of tasks to a given set of agents (e.g. employees, vehicles, processors, warehouses). Different allocation problems can accentuate different objective functions that include, for example, minimizing total
task completion time, minimizing costs, maximizing profit, minimizing the length of routes, etc.
Research that deals with the planning of competence structures
robust to disruptions, similarly to research on robust scheduling [4],
is still in its initial, conceptual phase. One of the reasons for this state
of affairs is NP-hardness of this class of problems. Preliminary results
of studies aimed at developing a method for synthesizing competence
structures robust to a selected set of disruptions [37, 38] confirm the
attractiveness of approaches based on the declarative modeling paradigm. A declarative model of a task assignment and scheduling problem allows to develop interactive methods of planning competence
allocation that can be directly implemented in declarative programming environments such as ECLiPSe [46], IBM ILOG CPLEX [47]
and OzMozart [48].
Section 2 presents the state of the art of task assignment planning
in conditions connected with unexpected employee absenteeism. In
Section 3, a reference model is proposed which can be used to search
for competence structures that allow to develop competence allocation plans robust to the set of anticipated types of disruption, such as
absences of individual employees. Based on this model, a procedure
for the assessment and synthesis of competence structures robust to
disruptions is presented in Section 4. Section 5 reports computational experiments performed in the IBM ILOG CPLEX environment,
which illustrate the possibilities of applying the proposed method.
The conclusions and directions for further research are discussed in
Section 6.
2. Background
In the literature of the subject, competences are defined in various
ways. In [9], competence is understood as the general capability based
on knowledge, experience, values, and dispositions which a person
has developed through engagement in educational practices. Competences are also defined as a set comprising theoretical knowledge,
practical skills and behaviors that enable successful task performance
[25]. In [43], competences are construed as a set of patterns of behavior required for proper performance of tasks or functions. In this
present study, competences are understood (in accordance with [25])
as a set of knowledge, skills, experience, and qualifications that allow
one to carry out one’s assigned tasks.
Activities aimed at identifying, acquiring, developing and retaining employee competences that enable an organization to achieve
its business objectives [23] fall within the scope of human resources
management, in particular competence-based management. Personnel

assignment problems, which are part of human rotations management
HRM, basically boil down to the allocation of tasks (division of work
among employees with appropriate competences) and scheduling of
work (division of tasks and defining the time windows in which they
are to be performed) with a view to maximizing/minimizing the organization’s selected quality criteria, e.g., production efficiency, order
completion time, robustness to disruptions, etc.
The process of planning the assignment of shop floor personnel
can be divided into the following stages: strategic (long-term) planning of personnel structure aimed at supplying adequate staff capacity
(e.g. ensuring that the required personnel competences are available
when needed) to match the planned production capacity, tactical (medium-term) structure planning focused on the allocation of specific
tasks to employees (task/job assignment), and operational (short-term)
planning of allocation of current tasks to available employees (assignment scheduling) [1, 8]. The literature describes many decision support methods and models for competence assessment, identification
of competence gaps, prototyping changes to the competence structure,
etc. [2, 17, 22, 27, 28, 35]. Functionalities of this type are available in
some commercial IT tools such as TETA HR, KARO HRMS, Comarch HRM, Asseco Softlab HR, etc. [44, 45, 49, 50].
A factor that determines the quality of generated job schedules
and task assignments is their robustness to disruptions caused by [41]
uncertainty of demand, uncertainty of arrival connected with unpredictable work-load (prolonged machine maintenance time, unknown
number of patients in a hospital, etc.), and uncertainty of capacity
related to employees’ health problems, machine failures, etc. Common approaches to improving the robustness of task assignments use
either reactive scheduling (in which the existing schedule is modified
to accommodate the identified disruption) or proactive scheduling (in
which robust personnel rosters and schedules are constructed taking
into account different types of disruption) [13, 21].
One commonly used approach to improving the robustness of task
assignments is to introduce time buffers or capacity buffers. Time buffers (most often additional time windows for the completion of delayed
tasks) are used in project management in situations involving uncertain job durations [18] or unexpected delays in task completion [13,
14, 39]. In turn, so-called capacity buffers (surplus resources), also
referred to as reserve personnel (reserve crew, reserve resources, etc.)
are often used in services, e.g. passenger transport, school services,
hospital services, etc. [11] where common disruptions include events
such as employee sickness [11, 30] or technical failures [10, 12, 19,
32, 33, 36, 40]. One example of an approach which assumes that a
system should necessarily have surplus resources (financial, material,
human), is the solution presented in [2], which allows to determine a
competence structure that minimizes the risk of non-performance of
tasks (brought on by a specific type of disruption).
It is easy to notice that by applying solutions that use the concept
of a buffer one can enhance the robustness of the plans one is constructing (both assignment and schedule plans), but at the expense of
increasing the costs of keeping redundant staff. Studies [16, 24, 26,
29] have shown that resource redundancy affects the efficiency of an
organization (understood as the organization’s ability to perform tasks
despite the occurrence of disruptions). However, the authors of those
works have not performed a quantitative assessment of the impact of
the competencies of the existing staff on the quality of the processes
carried out in an organization and their robustness to disruptions.

3. Modeling of competence allocation
3.1. A motivational example
A company uses a cyclic multi-item batch flow production system to complete three production orders a day: {J1, J 2 , J 3} – Fig. 1.
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Each order is comprised of a set of tasks (jobs) Z i : J1 = {Z1,…, Z 5 } ,
J 2 = {Z 6 ,…, Z10 } , J 3 = {Z11,…, Z14 }, executed in a given technological order, job durations li , and a job schedule determined by the
critical path – Fig. 2. For example, order placement tasks J1 are executed along the route marked in blue, and their duration times are: 3h
for Z1 , 2h for Z 2 , 5h for Z 3 , 2h for Z 4 , and 2h for Z 5 . The order
processing schedule assumes that the orders can be completed within
10 hours (10h for J1, J 2 and 9h for J 3 ).

to a particular job may be established arbitrarily or on the basis of
an analysis of the orders being processed, e.g. the lower threshold of
profitability of keeping an employee.
In the context of the above specification, let us consider the following question: Can the available staff of employees {P1,…, P6 }
process the given orders {J1, J 2 , J 3} within the given deadline (order
completion time)?
Fig. 3 shows a schedule for a permissible job assignment which
guarantees the completion of the given jobs within 9 and 10 hours,
respectively. For example, jobs Z 2 , Z 9 and Z10 have been assigned
to employee P6 . The workload in this case is from 3h (employee P5 )
to 7h (the remaining employees). It is worth noting that while the
available staff of employees is fully sufficient to complete the orders
when there are no disruptions, it is not known whether it will also be
sufficient when (any) one of the employees is absent. Given that our
further considerations are limited to competence structures that are
disrupted by absences of single employees, we assume that these disruptions are known in advance, e.g. at the beginning of the day’s shift,
when jobs are being assigned.

Fig. 1. Structure of production orders J1, J 2 , J 3

Each day, a staff of 6 employees are assigned to process the given
orders: {P1,…, P6 }. The employees have different competences. The
competence structure G adopted in the model is shown in Table 1.
Cell values (henceforth described by variable g k ,i ) show whether a
given employee Pk has the competence (value “1”) to complete job
necessary to
Z i . For instance, employee P1 has competences
perform jobs Z 7 , Z10 , Z11 and Z12 .

Fig. 3. Assignment of employee competences to jobs (Fig. 2)

In the case under consideration, to assess the robustness of the
earlier adopted competence structure (Table 1) one has to answer the
following question: Is competence structure G robust to the absence
of one employee? Or, put differently, is it possible to create a job assignment such that jobs are executed in accordance with the schedule
from Fig. 2 and that working time limits are obeyed for all available
employees? As an illustration, a job assignment for the case of an
absence of employee P5 is shown in Fig 4.

Fig. 4. Assignment of employee competences to jobs when employee P5 is
absent

Fig. 2. Order processing schedule for orders from Fig. 1

It is assumed that for the duration of job Z i , exactly one employee, who has the competences required to perform it, is reserved
for the job. The job cannot be interrupted while it is being processed
and the employee is only released once the task has been completed.
In addition, it is assumed that employees are engaged in the execution
of given jobs for no less than 2 hours and no more than 8 hours. In
a general case, the time limits during which an employee is assigned

442

The absence of this employee means that his/her duties (execution
of job Z 7 ) have to be taken over by employee P1 (only this employee
has the competence to complete job Z 7 ). Part of the duties of P1 (job
Z11 ) are taken over by employee P6 . Such an assignment of jobs
does allow the staff to complete all orders but within a period exceeding 10 hours (order J1 is completed after 11h) and with workload
of employee P6 exceeding the permissible 8h. A similar analysis of
other cases of employee absence shows that the processing time limit
(deadline) of 10h is exceeded in each case. If the deadline is exceeded
for each case of employee absence, this means that the competence
structure G is not robust to this type of disruption. In other words,
faced with the absence of one employee, the company cannot guaran-
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Table 1. Personnel competence structure P1,…, P6

G
P1
P2
P3
P4
P5
P6

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

Z9

Z10

Z11

Z12

Z13

Z14

0

0

0

0

0

0

1

0

0

1

1

1

0

0

0

0

0

0

1

0

0

1

0

0

0

0

1

0

1

0

0

1

0

0

0

0

0

0

0

0

0

1

0

0

1

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

1

0

0

0

1

0

0

0

0

0

0

1

1

1

0

0

0

tee that the orders will be completed on time. It is worth noting that
the adopted definition of robustness does not allow for changes to be
made to the order processing schedule (Fig. 2). In practice, sometimes
a small change to a schedule may enable timely execution of orders
even in the event of an absence of one employee. Cases which admit
of changes in the adopted schedule as well as changes caused by other
types of disruptions, are the subject of our other, parallel study.
A generalized version of the question formulated earlier in this
section takes the following form: What should a competence structure
robust to a disruption caused by the absence of one of the employees be like? Or, put differently, which employee should acquire what
competences for the competence structure to become robust to the
given type of disruption? It is assumed that each employee can acquire
competences needed for the completion of each job Z1,…, Z14 , which
means that so-called competence barriers are not considered [23].
The problem of synthesis of competence structures robust to a
selected set of disruptions formulated in this way is an NP-hard problem. It is easy to see that the search space in the analyzed case (m = 6
employees, n = 14 jobs and c = 18 fixed competences) contains 266
potential competence structure variants. The high computational complexity of the problem in hand ( f (m, n, c ) =  2mn − c ) requires the
use of advanced computational techniques and methods (such as declarative programming techniques [3]) which allow to search large
data structures.
In connection with the above, the synthesis problem of competence structures robust to a selected set of disruptions can be formulated as follows: given is an organization/firm/production company with
human capital represented by the competence structure of the personnel (employees). Known are the organization’s business objectives
and the set of tasks it carries out. The goal is to find a set of personnel
development actions and decisions which should be taken to make
the competence structure robust to the selected type of disruption. For
a problem defined in this way, it is necessary to find a model and a
time-effective method of synthesis of robust competence structures.
In other words, the research problem can be solved by finding an answer to the following question: Does there exist a model and a method
of constructing competence structures robust to selected disruptions
caused by employee absenteeism, loss of qualifications, etc.?

(

)

3.2. A reference model
Further deliberations, illustrating how competence structures robust to the absence of one employee can be synthesized, are based on
the following model:
Sets:
Zi :

set of jobs indexed by i = 1,…, n

Pk :

set of employees indexed by k =1,…, m

Parameters
li :

duration of the i-th job Z i (in hours)

skj :

minimum number of working hours (lower working time
limit) of the k-th employee ( sk ∈ ) when the j -th employee is absent

zkj :

maximum number of working hours (upper working time
limit) of the k-th employee ( zk ∈  ) when the j-th employee is absent

wa ,b : a parameter that specifies whether jobs Z a and Z b can be
performed by the same employee (the jobs are mutually
exclusive):
1 when jobs Z a and Z b are mutually exclusive
wa ,b = 
in the remaining cases
0
R*

expected robustness of competence structure, R* ∈ [0,1]

Decision variables
G:

competence
structure
defined
as
G = (g k ,i |k = 1…m; i = 1…n) , where g k ,i stands for
employees’ competences to perform jobs; g k ,i ∈ {0,1} ,
g k ,i = 0 means that the k-th employee has no competences to perform the i-th job, and g k ,i = 1 means that
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the k -th employee has the competences to perform the
i -th job.
R:

value R = 0.25 means that the competence structure
ensures allocation of tasks in one-quarter of the possible cases of absence of one employee,

•

Gj:

a competence structure obtained for a situation in which
the j-th employee G j = (g kj,i |k = 1…(m − 1); i = 1…n) is
absent from his/her scheduled duty

Xj:

job assignment in the situation when the j-th employee
is absent, defined as X j = (xkj,i |k = 1…(m − 1); i = 1…n),

where xkj,i ∈ {0,1} :

1 when job Z i has been assigned to employee Pk
xkj,i = 
in the remaining cases
0
j

c :

an auxiliary variable that specifies whether assignment
X

j

satisfies the given constraints. The value of variable

c j ∈ {0,1} depends on variables: c1,j i , c2,j k , c3,j k which
specify whether constraints (3), (4), (5) are satisfied.
Constraints:
Construction of competence structures for situations when the
j-th employee is absent from his scheduled duty:

 g k ,i
g kj,i = 
g

 (k +1),i

when k < j
.
when k ≥ j

(1)

Jobs can only be performed by employees who have appropriate
competences:
xkj,i = 0 , gdy g kj,i = 0, for k = 1…(m − 1); i = 1…n ; j = 1…m. (2)

3.

Job Z i is assigned to exactly one employee:
 m −1 j

j
 ∑ xk ,i = 1 ⇔ c1,i = 1 , for i = 1…n ; j = 1…m .
 k =1


(

4.

upper working time limit zkj :

)

(3)

Workload of the k-th employee should be no less than the lower

working time limit skj :

n j
j
j
 ∑xk ,i ⋅ li ≥ sk  ⇔ c2, k = 1 , for k =1…(m − 1) ; j = 1…m . (4)
 i =1


(
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 n j
j
j
 ∑xk ,i ⋅ li ≤ zk  ⇔ c3, k = 1 , for k =1…(m − 1); j = 1…m
 i =1

. (5)

(

6.

)

Performance of mutually exclusive jobs:

xkj, a + xkj,b ≤ 1, when wa,b = 0, for k = 1…(m − 1); i = 1…n ; j = 1…m.    (6)

7.

Robustness of the competence structure:

value R = 0.5 means that the competence structure
ensures allocation of tasks in half of the possible cases
of absence of one employee,

•

2.

Workload of the k-th employee should not exceed the

measure of robustness of competence structure G to the
absence of one employee R ∈ [0,1] . R = 0 – stands for
lack of robustness, i.e. each absence results in unassigned
jobs; R = 1 – stands for full robustness, i.e. regardless of
which employee is absent, all jobs are assigned to available staff. For example:

1.

5.

)

LP
,
m

(7)

R ≥ R* ,

(8)

R =

LP =

m

∑c j

,

j =1

n

m

m

i =1

k =1

k =1

c j = ∏c1,j i ∏c2,j k ∏c3,j k .

(9)

(10)

The concepts of competence structure and job assignment are represented in the model by decision variables
G , G j and X j . Job assignment X j which satisfies
constraints (2)–(6) is referred to as an admissible assignment in the situation of an absence of the j-th employee.
In this context, the questions considered previously can be
narrowed down to: Does there exist a competence structure
G that can guarantee robustness R ≥ R* in the event of an
absence of one employee?

3.3. Problem formulation
An answer to the question above can be searched for using bruteforce methods (e.g. the branch and bound method).
The literature provides advanced declarative programming
techniques which allow to reduce the calculation time compared to that required by exact methods. One such technique
is constraint programming/constraint logic programming
(CP/CLP) [31]. It is a set of techniques used to solve combinatorial problems, such as the assignment problem considered in the present work, and many others, e.g. the problems
of vehicle routing, batching, warehousing, and scheduling.
The essence of constraint programming is to solve problems
formulated as constraint satisfaction problems (CSP) [5, 34].
The search for robust competence structures can be
modeled using the CSP formalism, which allows to implement the proposed model directly in commercially available
constraint programming environments, such as IBM ILOG
CPLEX, Gurobi, ECLiPSe, Oz Mozart, and others, which
are a subclass of declarative programming environments. In
contrast to procedural (imperative) modeling techniques, approaches based on declarative modeling allow to formulate
models taking into account the specific needs and requirements of a given version of a problem. In reference to the
CSP formulated in this work, any change in the structure of
orders, organization and staff will only require a correction/
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change in the set of constraints without affecting the implemented
constraint propagation and variable distribution mechanisms.

satisfied. In other words, what is sought is a solution that guaran-

tees a given level R* of robustness R . In general, a CSP defined in
this way can be treated as an optimization problem. In such cases,
the search focuses on determining the minimum competence structure GOPT (e.g. one that meets the criterion of minimum number of
competence changes).
The model of the synthesis problem CS (11) presented in Fig. 5
illustrates the procedure of finding a competence structure G with a
given level ( R ≥ R* ) of robustness. A specific level of robustness can
be obtained due to the introduction of decision variables G1,…, G m
which represent the substructures of structure G for the particular
cases of one-employee absence. Full robustness ( R = 1) is reached
when there exists structure G , for which each substructure G j guarantees a job assignment X j that meets constraints (2)–(6) ( c j = 1 ).
In other words, the solution to problem CS (11) is a competence
structure G that guarantees timely completion of jobs for all cases of
one-employee absences.

4. Computer-aided planning of competence structures
robust to disruptions caused by employee absenteeism

Fig. 5. Model of CSP (11), a problem of synthesis of robust competence structures

The structure of the proposed model that includes a set of decision variables and a set of constraints that relate those variables to one
another in a natural way allows to formulate the problem in hand as a
CSP and implement it in a constraint programming environment:
CS = (( ,  ),  ) ,

(11)

where:
 = G , G1,…, G m , X 1,…, X m , R - a set of decision variables
which includes: competence structure G , competence
substructures G j for cases when the j-th employee is
absent, corresponding job assignments X j , and robustness R .
 – a finite set of decision variable domains
G , G1,…, G m , X 1,…, X m , R ,

{

 –

}

{

}

a set of constraints specifying the relationships between
the competence structure and its robustness (constraints
1–10).

To solve PS (11), it is enough to find such values of decision
variables G (personnel competence structure), X j (job assignment) and R (robustness to absenteeism of one employee), determined by domains  , for which all the constraints of set  are

CS (11), discussed in the previous section, had been developed
for the needs of synthesis of (minimum) competence structures robust
to one-employee absences. In the general case, the number of absent
employees may be larger than one and other types of disruptions may
be considered. In this approach, the robustness of a competence structure should be treated as a parameter dependent on the type of disruption, which can be assessed by various different measures. For example, the robustness of a competence structure can be expressed as:
• a measure of robustness to the absences of single employees (7):
number of absences for which there exists a job assignment that
guarantees timely completion of orders relative to all possible
cases of absenteeism,
• a measure of robustness to an employee’s loss of qualifications
(competences): number of cases of lost qualifications for which
there exists a job assignment that guarantees timely completion
of orders relative to all possible cases of loss of qualifications,
• a measure of robustness to changes in the job structure (changes
in number of jobs, technological routes, etc.): number of changes
in the job structure for which there exists a job assignment that
guarantees timely completion of orders relative to all possible
cases of job structure change,
• and so on.
Fig. 6 illustrates the method of evaluation and synthesis of competence structures robust to disruptions (in relation to the measures
presented above). The method assumes that an organization has access to information about its employees (competence structure) and
jobs to be performed, and that the constraints describing the relations
between these categories of information are known.
Decision makers are aware of the possibility of occurrence of a
specific set of disruptions. The proposed decision support tool primarily allows to answer the question regarding the analysis (evaluation) of the robustness of the competence structure to a selected set
of disruptions. When the answer is positive (the competence structure
is flexible enough to allow the available personnel to complete all
jobs), the company can proceed to execute its orders without fear of
disruption. When the answer is negative (the competence structure is
not flexible enough to allow the available personnel to complete all
jobs), the decision-maker can use the method proposed in this paper
to look for an answer to the question regarding the synthesis of the
competence structure (solution to CS (11)), i.e. to search available
data (in this case competence structures) to find a job assignment that
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of the staff. It is the decision maker’s responsibility to choose the
most favorable variant (one that meets a criterion of his/her choice).
A negative answer informs the decision-maker that it is impossible in
the given organization to build a competence structure robust to the
selected set of disruptions. Given this information, he/she may consider changing (increasing) working time limits, employing new staff,
outsourcing to temporary workers, etc.
The proposed method, which uses a model of CS (11) and the
mechanisms of Matlab and Gurobi programming environments, was
verified in a series of computational experiments described in the section below.

5. Computational experiments
Given is the production system from Fig. 1, in which orders are
executed by a staff of employees {P1,…, P6 }. Orders are processed according to the schedule from Fig. 2. In the schedule, operations executed in the same time window are mutually exclusive. Information about
which operations exclude one another in time (values of variable wa ,b )
is given in Table 2. For example, because jobs Z 7 and Z12 (which require competence ) are scheduled in the same time window (hours
3–5 ), they must be performed by different employees.
As shown in Fig. 4, competence structure G (Table 1) is not robust to an absence of a single employee. The method proposed in
the present paper (Figure 6) can be used to synthesize a competence
structure robust to a given type of disruption, i.e. to answer the following question: Does there exist a competence structure G that can
guarantee full robustness ( R = 1 ) in the situation when one employee
is absent from duty?
To answer this question one needs to solve CS (11), which contains competence structure G from Table 1 and parameters of the
model from Fig. 1. The problem was implemented in the GUROBI
environment (Intel i7-4770, 8GB RAM). The first admissible solution
was obtained in less than 1s. The space of admissible solutions was
searched for solutions that met the criterion of the minimum number
of changes to the competence structure:

Fig. 6. Synthesis of robust competence structures [source: authors’ own diagram]

meets specific expectations (e.g. robustness of the competence structure to the selected set of disruptions). When the answer is positive,
the decision-maker obtains a set of alternative competence structures
that guarantee the organization’s robustness to a selected set of disruptions. On the basis of this set of admissible alternative structures, he/
she can make decisions regarding issues such as further development

L (G ) =

m n

∑ ∑g k ,i .

(12)

k =1i =1

Table 2. Values of variable wa ,b determined by the schedule from Fig. 2
wa ,b
z1
z2
z3
z4
z5
z6
z7
z8
z9

z10
z11
z12
z13
z14
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z1

z2

z3

z4

z5

z6

z7

z8

z9

z10

z11

z12

z13

z14

0

0

1

0

0

0

1

1

0

0

0

1

1

0

0
0
0
0
1
1
1
0
0
1
0
0
0

0
1
0
0
0
1
1
0
0
0
1
1
0

0
0
1
0
0
1
1
1
1
0
1
1
1

0
1
0
0
0
0
0
1
1
0
1
1
0

0
0
0
0
0
0
0
0
1
0
0
0
1

1
0
0
0
0
0
0
0
0
1
0
0
0

1
1
0
0
0
0
1
0
0
1
1
1
0

1
1
0
0
0
1
0
0
0
1
1
0
0

0
1
1
0
0
0
0
0
0
0
1
1
0

0
1
1
1
0
0
0
0
0
0
1
1
1

1
0
0
0
1
1
1
0
0
0
0
0
0
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1
1
0
0
1
1
1
1
0
0
1
0

0
1
1
0
0
1
0
1
1
0
1
0
0

0
1
0
1
0
0
0
0
1
0
0
0

0
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The minimum structure GOPT , for which R = 1 is presented in a
graphic form in Table 3. The value of L (GOPT ) is 29, which means
that employees must improve their qualifications by acquiring a total
of 8 new competences (Table 3): employee P1 should acquire competence , P2 competence ; P3 competences
; P4 compe; and P5 competence .
tences
Acquisition of these competences will guarantee full ( R = 1) robustness of the competence structure to the absence of any given staff
member. Fig. 7 shows job assignments that guarantee timely completion (10h) of orders regardless of which employee is absent.
As an alternative to the training of available staff, a robust competence structure can be obtained by employing additional staff. A
decision-maker who chooses this option has to ask him/herself the
question of how many employees with what competences should be
hired? In our case, synthesis of a competence structure (i.e. finding a
solution to CS (11)), performed under the assumption that one additional employee P7 was available, yielded the solution presented
in Table 4 (calculation time <1s). As it can be seen, full robustness
( R = 1) of the structure can be achieved only if the new employee P7
has the ability to perform all jobs (7 competences).
The method was verified in a series of experiments involving different numbers of employees (5–15) and different numbers of tasks
(16–32). The calculations were carried out to determine the time needed to synthesize a competence structure robust ( R = 1) to the absence
of (any) one of the employees. The results are shown in Table 5. It is
easy to notice that in cases in which the size of the structure does not
exceed 10 employees and 32 jobs, a robust structure can be found in
less than 1,000 seconds. Our future work will focus on implementing
the proposed model in the environments of other optimization packages: IBM ILOG CPLEX, OzMozart, etc. The computational module
developed in this study can be used as a software overlay for commercially available decision support systems used in human resources
management.

6. Conclusions
The proposed method of synthesizing competence structures robust to selected sets of disruptions allows to plan the allocation of production jobs (that require specific employee competences) to resources (employees with the given competences) in situations in which the
disruptions are caused by employee absenteeism. According to this
method, to build a competence structure robust to unforeseen disruptions, it is necessary to determine what additional (redundant) competences contractors need to have to compensate for competences lost
as a result of employee absenteeism. The proposed measure of robustness of competence structures allows interactive, on-line synthesis of
structures with a given level of robustness, in particular robustness
to absences of single employees. Constraint programming techniques
allow to extend and adapt the reference model developed in the present study to other areas of decision support which require the use of

Fig. 7. Job assignments in the situation of an absence of one employee: absence of employee P1 a), absence of employee P2 b), absence of employee P3 c), absence of employee P4 d), absence
of employee P5 e), absence of employee P6 f)

Table 3. Minimum competence structure robust to the absence of one employee

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

Z9

Z10

Z11

Z12

Z13

Z14

+

0

1*

0

0

0

0

1

0

1

1

1

1

0

0

+

1

0

1

1

1

0

1

0

0

0

0

0

0

1

GOPT
P1
P2
P3
P4
P5

+
+
+

0
1
0

0
0
0

0
1
0

0
0
1

1
0
0

1
1
0

0
0
1

P6
0
1
0
0
0
0
0
* - colored fields represent newly acquired competences (relative to the structure from Table 1)

1
1
0
0

0
0
0
1

0
0
0
1

0
0
0
1
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Table 4. Minimum competence structure for cases when an additional employee is hired P7 .

GOPT
P1
P2
P3
P4
P5
P6
P7

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

Z9

Z10

Z11

Z12

Z13

Z14

0

0

0

0

0

0

1

0

0

1

1

1

0

0

1

0

0

1

0

0

0

0

0

0

0

0

0

1

0
0
0
0
1

0
0
0
1
1

0
1
0
0
1

0
0
0
0
1

1

0

0

1

0

0

0

0

1

1

0
0
1
0
1

1
0
0
0
1

0
0
0
1
1

0

0

0

0

0

0

1

1

1

1

0

1

0

0

1

0

0

0

1

1

0
0
0
0
1

Table 5. Results of the computational experiment *
1

3

4

5

Employees × Jobs

5x16

5x24

5x28

5x32

5x36

Changed competences

12

17

19

21

23

Number of variables

320

480

560

640

720

Robust structure determined in [s.]

1.14

4.18

6.62

10.46

14.75

Employees × Jobs

10x16

10x24

10x28

10x32

10x36

Changed competences

8

11

15

17

19

Number of variables

6

1440

7

2160

8

2550

9

2880

10

3240

Robust structure determined in [s]

129

436

711

1046

>1000

Employees × Jobs

15x16

15x24

15x28

15x32

15x36

Changed competences

6

5

no data

no data

no data

Number of variables

Robust structure determined in [s.]

* computer parameters: Intel i7-4770, 8GB RAM

11

3360

>1000

managerial decision-making support tools, for instance designing the
competence structure of academic staff, recruiting panels of experts
for reviewing project applications, proposing variants of the composition of medical teams, etc.
Being NP-hard, the problems under consideration must be solved
using heuristic methods, e.g. ones that implement the declarative programming paradigm. The constraint satisfaction model CS (11) and
the method of synthesizing competence structures robust to one-employee absences based on this model use a redundant number of decision variables representing competence-depleted structures (structures that arise as a consequence of occurrence of various disruption
scenarios). The redundancy of the set of decision variables, on the one
hand, increases the computational complexity of the problem, but, on
the other, allows to find solutions with a given level of robustness
(especially in the case of fully robust competence structures). The experiments have shown that the method can be effectively used to solve
small-scale problems in organizational units of up to 10 employees
and 32 tasks (“effectively” means here that a robust competence structure can be synthesized on-line in under 1,000 s). It may be possible
to increase the scale of the problems solved by using hybrid methods
[42] dedicated to models that use sparse data structures (in the model
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2

12

5040

>1000

13

5880

>1000

14

6720

>1000

15

7560

>1000

under consideration, the competence structure contains mostly “0”
values). Implementation of this type of techniques will be one of the
directions of our future research
The results of these present studies will also be verified using selected extensions of the constraint satisfaction problem that take into account other measures of robustness to disruptions, such as the measure
of robustness to loss of employee qualifications (competences), changes to the order structure, simultaneous (and/or sequential) absence of
several employees, etc. Depending on the results we obtain, our further
research will focus on the construction of an interactive system for planning competence structures robust to disruptions to be used in human
resources management. Implementation of this type of functionalities in
ERP systems will enable early detection of needs and quick prototyping
of alternative decisions in the area of management of staff competences.
Such a solution will allow managers to make personnel decisions online in response to employee absenteeism and/or staffing fluctuations,
legislative changes, changes in the scope of production orders, etc. It
will also enable the development of other derivative methods of human
resources management, such as methods of supporting the organization
and planning of teamwork in situations in which the available workers
have to step in for the absent colleagues.
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Dynamic reliability analysis of a multi-state manufacturing system
Analiza dynamicznej niezawodności
wielostanowego systemu produkcyjnego
Dynamic reliability analysis of binary systems has been widely studied in case of homogeneous continuous time Markov process
assumption in the literature. In this study, we evaluate dynamic performance of a multi-state rotor line of electric motors manufacturing system under non-homogeneous continuous time Markov process (NHCTMP) degradation by using lifetime distributions of
seven workstations within the system. By means of this degradation process assumption we capture the effect of age on the state
change of components in the analysis by means of time dependent transition rates between states of the workstations. Essentially
this is typical of many systems and more practical to use in real life applications. The working principle is based on a three state
structure. If all the machines within each workstation work, the workstation is defined as working with the full performance.
Whenever at least one machine fails within each workstation, then the workstation is defined as working with partial performance.
If all the machines in the workstation fail then the workstation is defined as failed. The lifetime properties of the workstations
under NHCTMP assumption have been studied for this three-state structure of the workstations. The workstations are all working
independently and nonidentically from each other and they are connected in series within the system.We especially performed an
extensive application study based on the lifetime data regarding the seven workstations within a manufacturing system. Dynamic
reliability results are also discussed for the system structure. Some performance characteristics are developed for both workstations and the system as well. Numerical results for the performance characteristics of those workstations and the system are
provided and supported with some graphical illustrations.
Keywords: multi-state systems, non-homogeneous continuous time markov process, dynamic reliability measure, manufacturing system, transition rate.
W literaturze przedmiotu, niezawodność dynamiczną układów binarnych analizuje się szeroko przy założeniu, że badane procesy
stanowią jednorodne procesy Markowa z czasem ciągłym. W niniejszym artykule dokonano oceny dynamiki pracy wielostanowej
linii do produkcji wirników będącej częścią systemu produkcji silników elektrycznych. Badania prowadzono przy założeniu, że
degradacja stanowi niejednorodny proces Markowa z czasem ciągłym (NHCTMP). Do badań wykorzystano rozkłady cyklu życia
siedmiu stanowisk wchodzących w skład systemu. Dzięki założeniu dotyczącemu procesu degradacji, udało się uchwycić wpływ
wieku komponentów na zmianę ich stanu wykorzystując w analizie zależne od czasu szybkości przejścia między stanami badanych
stanowisk. Ujęte w ten sposób zjawisko degradacji jest typowe dla wielu systemów, co oznacza, że proponowana metoda lepiej
niż inne metody sprawdzi się w rzeczywistych zastosowaniach. W metodzie przyjmuje się, że stanowiska produkcyjne charakteryzuje struktura trójstanowa. Jeśli wszystkie maszyny na danym stanowisku działają prawidłowo, stanowisko określa się jako w
pełni sprawne. Gdy co najmniej jedna maszyna na danym stanowisku ulegnie uszkodzeniu, stanowisko określa się jako częściowo
sprawne. Jeśli wszystkie maszyny na danym stanowisku ulegną uszkodzeniu, stanowisko określa się jako niesprawne. Właściwości
cyklu życia stanowisk produkcyjnych badano przy założeniu NHCTMP oraz trójstanowej struktury stanowisk. Wszystkie stanowiska w omawianym systemie działają niezależnie od siebie w sposób nieidentyczny i tworzą układ szeregowy. W pracy przeprowadzono obszerne badania aplikacyjne w oparciu o dane dotyczące cyklu życia siedmiu stanowisk wykorzystywanych w badanym
systemie produkcyjnym. Omówiono także wyniki analizy niezawodności dynamicznej dla struktury systemu. Ponadto opracowano
parametry pracy zarówno dla indywidualnych stanowisk jak i systemu jako całości. Wartości liczbowe tych parametrów zestawiono w tabelach oraz przedstawiono w formie graficznej.
Słowa kluczowe: systemy wielostanowe, niejednorodny proces Markowa z czasem ciągłym, miara niezawodności dynamicznej, system produkcyjny, szybkość przejścia.

1. Introduction
In reliability analysis of systems, multi-state systems are proposed
instead of binary-state systems because they are more practical to use
in real life situations. Especially multi-state models are useful in describing many engineering systems such as pipe-line systems, power
generating systems or manufacturing systems, etc. Different from binary state systems, they have more than just two levels of working efficiency. A multi-state system and its components can have M (M>1)

working states, from perfect functioning state φ(0)=M to less efficient
states φ(t)∈{M-1,M-2,…,1,0}, where φ(t) denotes the state of the system at an arbitrary time point t. To have the general idea behind the
multi-state theory and the basic evaluation methods on the reliability
of such systems, see the works of Huang et al.[8], Tian et al. [24] and
Eryilmaz [4]. Also for a detailed theory of multi-state modelling we
refer to Kuo and Zuo [10].
This study examines a manufacturing system containing seriallyconnected workstations within its structure. Although the literature
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includes a lot of studies dealing with the reliability analysis of manufacturing systems by using two-state system structures, there are very
few reliability studies on multi-state manufacturing systems. The reliability studies on multi-state manufacturing systems usually involve
illustrative examples. Niknam and Sawhney [19] proposed a model
with reliability analysis in the performance measurement of multistate manufacturing processes. Khatab et al. [9] carried out the reliability analyses of series and parallel multi-state systems through
Kronecker algebra. Lisnianski [14] employed the extended block
diagram method in the reliability analysis of a multi-state system. Using failure modes, Lia et al. [12] carried out reliability analysis on a
multi-state optical sensor through a method combining modified binary decision diagram and multi-state multi-valued decision diagram
models. Abou [1] proposed a reliability-based performance model in
a multi-state flotation circuit of mineral processing plant using two
failure modes. Qin et al. [20] proposed a method which was a combination of the Markov stochastic process and the universal generating function methods for the reliability analysis of multi-state systems
and performed illustrative examples in a power station coal feeding
system. Levitin ve Lisnianski [11] employed the universal generating
function method in the importance and sensitivity analysis of a multistate power station coal-feeding system.
We deal with the dynamic reliability analysis of a manufacturing
system in this study. In the dynamic reliability analysis, of multi-state
systems, a system or the components degradate into any lower state
over time. For a detailed theory of dynamic reliability analysis we cite
Lisnianski and Levitin [13]. One of the reliability measures used in
dynamic reliability analysis of multi-state systems is the probability
that the system is in some intermediate state j or above at time t. This

{

definition can be expressed as R j (t ) = P {ϕ (t ) ≥ j}= P T ≥ j > t

2. Manufacturing structure
In this study, we handled the manufacturing process of a company producing electric motors. Different types of electric motors are
produced in the company. The manufacturing process of an electric
motor mainly takes place in four basic stages: rotor, stator, cap, and
body. Within the scope of the study, we focused on the rotor manufacturing process. This process involves seven workstations including
rotor packaging, rotor die casting, shaft removing, rotor shaft grouping, grinding, rotor turning, and rotor balancing. The flow chart of the
manufacturing process is shown in Figure 1. Each workstation has a
different number of machines. However, we were not interested in the
reliability calculations of the machines in the workstations. Instead,
we dealt with the work performance of the workstations.
The manufacturing process takes place on three shifts, and each
shift involves a different number of machines in each workstation.
These machines operate independently of each other. In other words,
there is no input-output relationship between machines in a workstation. After an operation ends in a machine in a workstation, it is sent
to the next workstation. One part undergoes one operation in one machine in a workstation.

},

∀j∈[1,…,M], where T≥j denotes the lifetime of the system at state j or
above. Generally the degradation process of the multi-state systems or
the components is assumed to have a homogeneous Markov degradation process[21, 2, 3, 17] or a non-homogeneous Markov degradation
process [18, 23, 15, 16]. In this study, we assume a non-homogeneous
Markov process for the degradation process of the workstations because according to this process the length of time a workstation stays
in a certain state depends not only on the current state, but also on
how long the workstation has been in the current state which is more
realistic to reflect the performance degradation of multi-state systems.
The transition rates to other states may change over the duration of the
states, thus they are time dependent.
The dynamic performance evaluation of a multi-state system
with seven workstations is considered. The reliability measure which
is the lifetime of a multi-state workstation, T ≥ j , in the state subset
{j,j+1,…,M} is considered to evaluate the workstation’s performance
at state j or above. Each workstation in the system work independently and nonidentically. Because of the difficulty in obtaining the
performance evaluation of systems under nonidentical case and threestate systems have been the topic of various reliability papers because
of its simplicity [5, 6, 7], we consider that the system or the workstations can be in three-states, perfect functioning (“2”), partial working (“1”) and complete failure (“0”) . There are different numbers of
machines within each workstation. The state of a workstation is determined based on the number of working machines in the workstation
at time t. If all the machines within each workstation work, the workstation is defined as working with the full performance. Whenever at
least one machine fails within the workstation, then the workstation
is defined to be partially working. If all the machines in the workstation fail, then the workstation is defined as failed. We also consider
the system’s performance based on those workstations’ performances.
The workstations are connected in series. Thus the reliabilities for
the three-state system are obtained based on a series structure of the
workstations. In summary, we study the dynamic reliability analysis
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of this three-state manufacturing system and the workstations in case
of non-homogeneous continuous time Markov degradation process
assumption.

Fig. 1. Rotor manufacturing process

3. Data collection and data analysis
Within the scope of the study, unplanned failure data of machines working in each workstation on three shifts from 08.01.2018
to 26.06.2018 were analyzed. These data included failure mode and
repair time data of each machine in the workstations. A machine is
in operating state when it is not in an unplanned failure state. We
consider that the system or a workstation can be in one of the following three-states: perfect functioning (“2”), partial working (“1”),
and complete failure (“0”). The perfect functioning state refers to
when all the machines in a workstation are working in a particular
time period. For example, if all of the five machines are working on
a shift in a workstation at a particular moment t, the performance of
the workstation at moment t is expressed as perfect functioning state.
This being the case, incessant working time of a workstation without
any unplanned failure in any one of five machines is referred to as
perfect functioning state time of the workstation. In the event that
any machine in the workstation gets into unplanned failure state, the
time period when four machines are working in the workstation at the
same time is the repair time of the machine in unplanned failure state.
This is the partial working state time of the workstation. If another
machine gets into unplanned failure state at that moment, this means
that 3 machines are working in the workstation at moment t. The performance in this time period is also called partial working. That is, the
working of all machines makes the workstation in perfect functioning
state, while failure of at least one of them (excepting when all of them
fail) puts the workstation into partial working state. The performance
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Table 1. Failure Data Collection Scheme
Machine failure datas for rotor die casting workstation
Date

Start

08.01.2018
08.01.2018

09.01.2018

08.01.2018 17:33

09.01.2018 06:37

Finish
08.01.2018 13:16
08.01.2018 17:38

09.01.2018 06:40

of the workstation is referred to as complete failure when all the machines in it get into unplanned failure state.
Accordingly, perfect functioning (“2”) and partial working (“1”)
durations were calculated by using the unplanned failure data of all
the machines in rotor line. As shown in Table 1, no unplanned failures
occurred in the machines working in the rotor die casting workstation
for 256 minutes from 13:16 on 08.01.2018 to 17:33 on 08.01.2018.
Thus, the workstation worked in perfect functioning state for 256
minutes. One of the machines in the workstation got into unplanned
failure state for 5 minutes from 17:33 on 08.01.2018 to 17:38 on
08.01.2018. Since the other machines were continuing to work then,
the work place was in partial working state. Following the end of the
repair time of the machine getting into unplanned failure state, the
workstation worked in perfect functioning state for 770 minutes from
17:38 on 08.01.2018 to 06:37 on 09.01.2018. Likewise, a machine
in the workstation got into unplanned failure state and was under repair for 3 minutes from 06:37 on 09.01.2018 to 06:40 on 09.01.2018,
which put the workstation into partial working state.
Table 2. Descriptive Statistics related to the workstations

N

Minimum

Maximum

WS2

442

25

3988

WS4

111

WS1

WS3

31

32

27

WS7

397

24

N

Minimum

Maximum

WS2

358

10

154

WS4

72

4

WS6

WS1
WS3

313

29
34

WS5

167

WS7

471

WS6

301

partial working
(min)

M1

5

256

5

M2

3

779

3.1. Statistical data analysis of the workstations
After arranging the failure data by considering the number of
failed machines during the manufacturing process, we then analyze
the data. The statistical analysis of the data is important to determine
the distribution of the lifetimes of the workstations at each state. First
some descriptive statistics are given for each of the workstations in
the manufacturing system in Table 2. WS2 is the one functioning
mostly(N=442) in perfect state within the system with a mean value of
494 minutes. Coefficient of variation greater than 1, indicates a high
variation for the workstation. For each workstation it is greater than
1. However, coefficient of variation is the highest in WS6 in state 2.
This indicates a high variation for the lifetimes spent at state 2 for the
WS6. When we consider the lifetimes spent at state 1, WS7 functions
partially 471 times with a mean value of 5 minutes. However, the
coefficient of variation is smaller than 1. The coefficient of variations
of the lifetimes spent at state 1 for most of the workstations are lower
than 1. This indicates a low variation among the lifetimes spent at this
state. When we check the coefficient of skewness and the kurtosis, for
State 2

Coefficient of
Kurtosis

493,939

669,303

1,3550

2,5083

6,9526

9629,45
9919,3

1,2944

1,83033

1,4242

2,75203

9,2664

1,3540

2,3385

2176,05

2633,25

1,2101

1

6029

693,594

1072,22

1,5459

3

3933

528,456

Coefficient of
Kurtosis

33,4921

27,0047

0,8063

1,88175

3,54769

0,9020

2,8262

8,4229

24,2515

6

37
13

41,0743

0,9218

28,8571

1,1899

11,8204

6,9816

0,5906

4,7042

1,6721

9,1968
6,6142

8,2952
4,3835

0,6627
0,3554

1,2477
2,0889
1,7068
2,5054
1,6791

WS 1: rotor packaging, WS 2: rotor die casting, WS 3: shaft removing, WS 4: rotor shaft grouping, WS 5: grinding, WS 6: rotor turning,
WS 7: rotor balancing

5,7032

Coefficient of
Skewness

131

3

6,3013

Coefficient of
Variation

1

33

State 1

2,4592

4,6203

Standard
Deviation

44,5586

3

715,543

2,0964

Mean

148

47

868,974

2,0187

1,71520

12954

610,131

1,61696

1,3466

11

5845

3

Coefficient of
Skewness

7366,03

373

perfect functioning
(min)

Coefficient of
Variation

36160

WS5

Repair
time
(min)

Standard
Deviation

7439,52

145

Machine

Mean

35778

33

Performans state of rotor die casting
workstation
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Table 3. The Anderson Darling statistics for TTF data of Workstations related to State “1” and State “2”
State 2

Fitted Distribution

Anderson Darling
(p-value, LRT
p-value)

Weibull

0.265 (>0.250)

Weibull

0.575 (0.139)

0.702(0.073)

3-parameter Weibull

0.846 (0.032)

0.933 (0.020)

3-parameter Weibull

Anderson Darling
(p-value, p-valuea)

Workstations

Fitted Distribution

WS2

WS1

3-parameter Weibull

WS4

Weibull

Weibull

WS3

Weibull

WS5

3-parameter Weibull

WS7

3-parameter Weibull

WS6

State 1

0.439(>0.250)
0.594 (0.129)

3-parameter Weibull

0.905 (0.021)

3-parameter Weibull

0.765 (0.043)

Weibull

0.877 (0.024)

0.995(0.014)

0.759 (0.050)

3-parameter Weibull

0.827(0.036)

0.446(0.301)

WS 1: rotor packaging, WS 2: rotor die casting, WS 3: shaft removing, WS 4: rotor shaft grouping, WS 5: grinding, WS 6: rotor turning,
WS 7: rotor balancing

all the workstations we do not observe any symmetry. We then try to
determine the lifetime distributions at each state for the workstations.
We obtained the Anderson Darling statistics for the lifetimes spent
at each state for each workstation, and they are given in Table 3. The

values in Table 3 are obtained by using Minitab 15. The smaller values
for Anderson Darling statistics with a high significance value(p>0.01)
show a best fit for the related distributions for the lifetimes. Mostly the lifetime data for each state fits with Weibull and 3-parameter

Table 4. Best-fit Distribution Analysis for TTF for state “2” and state “1”

Work Stations

WS1

WS2

State “2”

State “1”

ML Estimates of Distribution Parameters

ML Estimates of Distribution Parameters

β̂ : 0.61133

α̂ : 5271.99858
β̂ : 0.71141

α̂ : 373.45120

λ̂ : 24.91098

WS3

WS4

WS5

β̂ : 0.75265

α̂ : 6110.05142
β̂ : 0.76699

α̂ : 1878.22315
β̂ : 0.67251

α̂ : 439.39004

λ̂ : 26.91321

WS6

WS7

β̂ : 0.61696

α̂ : 475.10034
β̂ : 0.68217

α̂ : 387.57255

λ̂ : 23.922

β̂ : 1.09476

α̂ : 46.15090
β̂ : 0.87339

α̂ : 21.80811

λ̂ : 10.08887
β̂ : 0.91626

α̂ : 23.16936
β̂ : 0.71561

α̂ : 4.05998

λ̂ : 4.00950

β̂ : 0.82224

α̂ : 5.27115

λ̂ : 5.94

β̂ : 0.89558

α̂ : 3.44008

λ̂ : 2.97

β̂ : 1.03632

α̂ : 1.75971

λ̂ : 2.97

WS 1: rotor packaging, WS 2: rotor die casting, WS 3: shaft removing, WS 4: rotor shaft grouping, WS 5: grinding, WS 6: rotor turning,
WS 7: rotor balancing, β; shape parameter, α; scale parameter, λ; threshold
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Weibull distributions. The LRT-p values obtained for the 3-parameter
Weibull distributions are 0.000. This supports the significance of the
third parameter(threshold) in the distribution.
Then the parameters of the Weibull distributions are estimated by
maximum likelihood estimation (MLE) method. The scale, location
and the threshold parameter estimators are given in Table 4 for each
workstation.

equation (6) the state probabilities of a machine tool can easily be
obtained. This method is practically used to find state distribution of
machine tools [17]. However, it becomes difficult to use whennumber
of states becomes large. In this case, in order to find the state distribution of machines Sheu and Zhang [22] proposed a recursive approach
which is more efficient to use in the cases where the number of states
is large. According to this method the probability of a machine tool to
be at state j at time t is obtained by:

4. Markov degradation process
A discrete state continuous time stochastic process
ϕ ( t ) ∈ {0,1, 2,…, M } is called Markov chain if, for t1 < t2 < … < tn ,

Pj (t ) = P {ϕ (t ) = j}=

t



k = j +10



M

j −1



τ M +1− k l = 0



t

∑ ∫Pk (τ M +1− k )λk , j (τ M +1− k )× exp − ∫ ∑λ j ,l (s )ds  dτ M +1− k
(7)

its conditional mass function satisfies the relation:

{

}

P ϕ ( tn ) = kn ϕ ( tn −1 ) = kn −1,…,ϕ ( t2 ) = k2 ,ϕ ( t1 ) = k1

{

(1)

}

= P ϕ ( tn ) = kn ϕ ( tn −1 ) = kn −1
Let tn −1 = t and tn = t + ∆t , then (1) becomes:

{

}

P ϕ ( t + ∆t ) = j ϕ ( t ) = i = Pi , j ( t , ∆t ) ,

(2)

for i, j ∈ {0,1, 2,…, M }. (2) shows the transition probabilities of nonhomogeneous continous time Markov process. They satisfy the following properties:
Pi , j ( t , ∆t ) ≥ 0 and

M

∑ Pi, j ( t , ∆t ) = 1

j =0

for t , ∆t > 0 . The transition degradation rate from state i to state j
is obtained by:

Pi , j ( t , ∆t )

λi , j ( t ) = lim

(3)

∆t

∆t →0

and transition rate from state j to state j is:

λ j, j (t ) = −

M

∑

λ j ,k ( t ) ,

M

(t ) = − Pj (t ) ∑

M

∑ Pi,k ( t ) Pk , j ( t , ∆t )

k =0

λ j , k (t ) +

k = 0, k ≠ j

Each of the workstations is considered to be a multi-state component of a three-state system. The system also is assumed to have
independent and non-identical three-state components. In this study
NHCTMP is used to describe the age-dependent performance degradation process for the components. In the evaluation of the state
probabilities of the components, minor degradation in which each
element degrades to the nearest state from its current state is considered in this study for the simplicity of calculations. Let T j1 , j2 be
the lifetime of a multi-state component spent at state j1 before proceeding to the next state j2 . Because the components’ degradation
process follows a NHCTMP, we determined based on the data that
the components’ lifetimes spent at each state, T j1 , j2 has a Weibull
distribution types with a scale parameter α i and a shape parameter
βi i.e. T j1 , j2 ∼ Weibull (α i , βi ) or with a threshold parameter λi , i.e.
T j1 , j2 ∼ Weibull (α i , βi , λi ) and the components’ probability density
functions are given respectively by:

(4)

f j1 , j2 (t ) =

M

∑

k = 0, k ≠ j

Pk (t ).λk , j (t ),

f j1 , j2 (t ) =

βi

(αi )βi

βi

(αi )βi

β
 t  i
− 
α
t βi −1e  i 

βi −1

(t − λi )

,

(8)

β
 t − λi  i
−

α
e  i 

(9)

(5)

By the use of equation (5) and some intermediate steps, one can
obtain the state equations of a machine having non-homogenous continuous time Markov degradation process as the following:
Pj'

5. Performance evaluation of a multi-state manufacturing system with independent and nonidentically
distributed multi-state workstations

k = 0, k ≠ j

By using the Chapman-Kolmogorov equation given in [21] and
the total probability formula, Pi , j ( t + ∆t ) can be written as follows:
Pi , j ( t + ∆t ) =

where j = M − 1, M − 2,…1,0. Also the other properties PM (0 ) = 1
and Pk (0 ) =0 for k = M − 1, M − 2,…,1,0 are also satisfied. We get
benefit of this method and use equation (7) especially in finding the
state distributions of each workstation whose degradation process follows NHCTMP.

Thus the transient degradation rates for the lifetimes of components following Weibull (α i , βi ) and Weibull (α i , βi , λi ) . are given
respectively by:
λ (j ,) j (t ) =
i

(6)

where PM (0 ) = 1 and Pk (0 ) =0 for k ≠ M and Pj (t ) is the prob-

ability that the machine tool is in state j at time t .Thus by solving

1 2

λ (j ,) j (t ) =
i

1 2

βit βi −1

(αi )βi

,

βi −1

βi (t − λi )

(αi )βi
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where j ∈ {1, 2}, 0 ≤ j ≤ j − 1 , i = 1, 2,...,7 . Then for different values
of α i , βi and λi , the instantaneous degradation rates of components
are given in Table 5.
Table 5. Instantaneous degradation rates of workstations

() t
λ2,1
()

() t
λ1,0
()

i

i

0.003273t

1

i

−0.39

0.016729t

{

0.09

2

0.010601(t − 24.91) −0.29

0.059103(t − 10.09) −0.13

0.001085t −0.25

0.051057t −0.08

4

0.002321t −0.23

0.262539(t − 4.01) −0.28

3

−0.33

0.011366 (t − 26.91)

5
6
7

In the calculation of the related state probabilities for especially
the components having lifetimes distributed with 3-parameter Weibull
distribution, the limits of the related integrals in equation (12)-(13),
is determined based on the estimated threshold parameter of the related distribution. In order to find the reliability of the system first
we need to calculate the survival probabilities of the components,
the probability of a workstation being at state j or above at time t,

0.20986(t − 5.94) −0.18

0.013578t −0.38

0.296033(t − 2.97) −0.1

0.011806(t − 0.24) −0.32

0.577697(t − 2.97)0.04

WS 1: rotor packaging, WS 2: rotor die casting, WS 3: shaft removing, WS 4: rotor
shaft grouping, WS 5: grinding, WS 6: rotor turning, WS 7: rotor balancing

Under the assumptions related to the components of the system
mentioned above we first obtain the state probabilities of each component (workstation) under NHCTMP by the equation (7) proposed
by Shue and Zhang [22]. Then the probability of the i th workstation
being at state 2 (working with its full performance) and at state 1
(working with partial performance), are obtained respectively by:
 t i

i
P2( ) ( t ) = P {ϕ ( t ) = 2} = exp  − ∫λ2( ,1) ( s ) ds 
 0


(12)

t
t
 τ1

i
i
i
P1( ) ( t ) = P {ϕ ( t ) = 1} = ∫exp  − ∫ λ2( ,1) ( s ) ds  λ2(i,1) (τ1 ) exp  − ∫ λ1(,0) ( s ) ds  dτ1


 0

0
τ1



(13)

}

P Ti≥ j > t = P {ϕ (t ) ≥ j}, i = 1, 2,…,7, j = 0,1, 2. The related results
are given in Table 6. According to the results:
The data in Table 6 show that the workstation with the highest reliability in the rotor line is shaft removing, whereas the two workstations with lower reliability are the rotor die casting and rotor balancing
workstations.
The probability of working with full performance of the shaft removing workstation, which has the highest reliability, in 500 minutes,
which corresponds to almost one shift, is 0.86, while that of working
with partial performance is 0.01 (0.865-0.858). This workstation’s
probability of complete failure in 500 minutes is 0.14 (1-0.858).
In 1500 minutes making up one-day working period (3 shifts), this
workstation’s probability of working with full performance is 0.706;
probability of working with partial performance is 0.004; and probability of complete failure is 0.29. Also, as shown in Table 2, the shaft
removing workstation’s average life expectancy with full performance is 7366 minutes, whereas its average life expectancy with partial
performance is 24.25 minutes.
Among the workstations with lower reliability, the rotor die casting workstation’s probability of working with full performance in
500 minutes is 0.305, whereas that of the rotor balancing workstation
is 0.317. In 500 minutes, the rotor die casting workstation’s probability of working with partial performance is 0.03, while that of the rotor
balancing workstation is 0.006. In the same time period, the rotor die
casting workstation’s probability of complete failure is 0.54, and that
of the rotor balancing workstation is 0.666. In 1500 minutes corresponding to an almost one day working period, the rotor die casting
workstation’s and the rotor balancing workstation’s probabilities of
working with full performance are 0.07 and 0.084, respectively. In
the same time period, the rotor die casting workstation’s probability
of partial performance is 0.006, whereas that of the rotor balancing
workstation is 0.001. Their probabilities of complete failure are 0.924
and 0.915, respectively, in the same time period. As shown in Table
2, the rotor die casting workstation’s average life expectancies with
full performance and partial performance are 493 minutes and 33.49
minutes, respectively. Likewise, the rotor balancing workstation’s av-

Table 6. The survival probabilities for the workstations for each state depending on time

WS3

WS4

WS5

WS6

WS7

P (T ≥1 > t )

P (T ≥ 2 > t )

P (T ≥1 > t )

P (T ≥ 2 > t )

P (T ≥1 > t )

P (T ≥ 2 > t )

P (T ≥1 > t )

P (T ≥ 2 > t )

P (T ≥1 > t )

0.943

0.973

0.915

0.939

0.892

0.911

0.826

0.836

0.788

0.797

0.696

0.701

0.628

0.632

0.459

0.461

0.863

0.973

0.941
0.87

0.781

0.853

0.976

0.984

0.955

0.939

0.803

0.892

0.726

0.955

0.901
0.74

0.683

0.719

0.831

0.631

0.914

0.867

0.965

0.781

0.699

0.743

0.714

0.404

0.88

0.76

0.94

0.949

0.653

0.683

0.613

0.628

0.625

0.646

0.89

0.443

0.437

0.411

0.445

0.897

0.771

0.459

0.444
0.42

0.305

0.858

0.697

0.349

0.356

0.317

0.334

0.138

0.865

0.773

0.361

0.182

0.707

0.361

0.323

0.54

0.205

0.154

0.149

0.07

0.778

0.706

0.548

0.431

0.187

0.105

0.156

0.084

0.207

0.13

0.076

0.0076

0.0081

0.438

0.199

0.202

0.710

0.108

0.131

0.085

WS 1: rotor packaging, WS 2: rotor die casting, WS 3: shaft removing, WS 4: rotor shaft grouping, WS 5: grinding, WS 6: rotor turning,WS7: rotor balancing
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3500(min.)

P (T ≥ 2 > t )

1500(min)

P (T ≥1 > t )

1000(min)

P (T ≥ 2 > t )

500(min)

P (T ≥1 > t )

350(min)

P (T ≥ 2 > t )

WS2

150(min)

P (T ≥1 > t )

WS1

100(min)

P (T ≥ 2 > t )

50 (min.)
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0.518

0.018

0.032

0.01178

0.521

0.019

0.032

0.01183

S cience and Technology
erage life expectancies with full performance and partial performance
are 528.45 minutes and 4.70 minutes, respectively.
We also present the state probability graphs for one of the workstations with the best performance; WS 3-shaft removing in Figure 2.
When we examine (a), the probability of WS3 being at state 2 based
on time t, the related probability starts from 1, because at the beginning the component is at its perfect state, it decreases as the time passes and converges to zero in the limit case. When we examine (b), the
probability of WS3 being at state 1 based on time t, it starts from zero,
because at the beginning the component has zero probability of working partially, goes up to a point and then decreases as time passes.
When we examine (c), the probability of WS3 being at state 0 based
on time t, it starts from zero and increase by the time, converges to the
probability 1 in the limit case. Similar conclusions can also be made
for the other workstations.
Then we also obtained the survival probabilities for the manufacturing system with the seven workstations connected in series within the
system. Due to the series structure of the system the probabilities of the
system being at state j or above depending on time is calculated by:

{

}

7

≥j
P Tsystem
> t = ∏P{Ti≥ j > t}

(14)

i =1

Fig. 3. Probabilities that the rotor line of electric motors manufacturing system is at state 2 and at state 1 or above at time t.

time. This result is due to the fact that the machines found in each
workstation are repairable. We can also observe this from the shape
parameters, βi , which are smaller than 1 for each state distributions
estimated based on the data. A corrective and preventive maintenance
plans are both considered within the manufacturing plant. Whenever
a machine is failed, the operators fix the machine as soon as possible

Fig. 2. State probabilities related to the WS 3

The results are given with Figure 3. The probabilities of the system
being at state 2 and at state 1 or above are represented by the solid and
the dashed lines, respectively. The probability of the system working
with its full performance within 50 minutes is 0.432. However the
probability of the system working above a partial performance within
50 minutes is 0.600. In addition, we can say that the system showed a
partial performance of 17% in the first 50 minutes, 7% in the first 100
minutes, and 4% in the first 150 minutes.
Mean residual lifetime (MRL) is another performance characteristic that is used to evaluate the stochastic behaviour of a system or its
components over time. The MRL function of the ith component of the
system can be calculated by the following equation:

{

}

∞

∞

0

0

mi ≥ j (t ) = E Ti ≥ j − t Ti≥ j ≥ t = ∫ P(Ti ≥ j ≥ t + x Ti ≥ j ≥ t ) dx =

∫

P (Ti ≥ j ≥ t + x)

(

P Ti ≥ j ≥ t

)

dx

(15)

MRL results are obtained by the use of equation (15) and given
in Table 7. When we consider the MRL of each workstation, we observe that for each workstation MRLs are increasing depending on

Fig. 4. MRLs of WS3(shaft removing) at state 2 and at state 1 or above
at time t.
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Table 7. MRL for the workstations for each state
50 (min.)

150(min)

500(min)

mi ≥ 2 (t )

mi ≥1 (t )

mi ≥ 2 (t )

mi ≥1 (t )

mi ≥ 2 (t )

mi ≥1 (t )

WS1

8181

7961

8546

8396

9300

9232

WS3

7427

7386

7588

7555

7946

7925

WS5

617

591

716

705

885

879

WS2

WS4

WS6

WS7

489

2277
823

542

475

2272
811

528

561

2366
936

593

541

2363
929

584

684

2554
1156
777

675

2550
1152
773

WS 1: rotor packaging, WS 2: rotor die casting, WS 3: shaft removing, WS 4: rotor shaft grouping, WS 5: grinding, WS 6: rotor turning, WS 7:
rotor balancing

and makes it work with its perfect performance again. The MRLs at
state 2 are greater than the MRLs at state 1 or above. This is also
an obvious result comes with the increasing MRLs over time. Also
because WS3 has a great performance among the other workstations
its MRLs are greater than the others. The related MRLs of WS 3 regarding each state are also given in Figure 4. The solid and the dashed
lines in Figure 4 represent the mean residual lifetime of WS3 at state
2 and at state 1 or above, respectively.

6. Conclusion
The studies regarding the reliability analysis of multi-state structures are important, because in practical applications we encounter
many engineering systems defined with a multi-state structure. However, there is not enough research about a multi-state manufacturing
system and its reliability evaluation methods. Thus, in this paper we
have studied the dynamic reliability analysis of a manufacturing system with seven workstations. The system and the workstations are
considered to be multi-state having three performance states such as
full performance, partial performance and failure. Defining the workstations’ performances as multi-state based on the number of working
machines during the manufacturing process makes this study original
and a challenging problem. That can also attract interests of the others
dealing with the performance improvement studies of the manufacturing processes in the field of quality and reliability engineering. Also

one of the stochastic processes, Markov process, is used to solve the
reliability problem of such a system. Especially the degradation process of the workstations is explained by a nonhomogeneous continuous time Markov process because this is more appropriate to use in
order to reflect the age effect on the state change of the workstations.
The dynamic performances of the workstations and the system are
obtained and discussed. One of the striking results found within this
study besides the performance evaluations of the workstations is that
depending on the data and also the estimated lifetime distributions,
we have observed increasing MRLs for all the workstations for each
state.This result also showed the maintenance activities are perfectly
performed by the manufacturing plant.
Reliability analyses provide guidance for the improvement of
production lines. The analysis results both determine the bottlenecks
in production lines and provide decision support in production planning and maintenance activities in the lines. The rotor die casting and
rotor balancing workstations in the rotor manufacturing line are the
workstations that create bottlenecks. These workstations affect the
performance of the entire line since the line is serially connected. For
this reason, failures should be reduced by making failure mode effects analyses in these workstations. Preventive maintenance works
are also important in these workstations. Moreover, the rotor line’s
perfect functioning and partial working performances in 500 minutes
and 1500 minutes should be used in the production planning activities
of this line.
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Estimation of sand electrification influence
on locomotive wheel/ rail adhesion processes
Ocena wpływu elektryzacji piasku na przyczepność
w punkcie styku koła pociągu z szyną
The article describes a method of increasing the adhesion of the wheel to the rail based on the preliminary electrification of the
abrasive-air mixture before its feed into a contact. A simulation model of the movement of sand in the system “injecting nozzle of
a sandbox - a rail” is presented. The effectiveness of the proposed method to improve adhesion is confirmed experimentally. The
results of experiments carried out on a friction machine, which characterize the change in friction ratio depending on the temperature with different methods of sand supply, are presented. The reduction in the consumption of sand caused by its electrification and
the supply of a rational amount of abrasive substance into the contact of the wheel with the rail is estimated.
Keywords: railway transport, wheel/rail contact, friction ratio, adhesion phenomena, adhesion coefficient,
particle method, sand electrification.
W artykule opisano metodę zwiększania przyczepności koła pociągu do szyny polegającą na wstępnej elektryzacji mieszaniny
powietrza i substancji ściernej przed jej podaniem pod koła w punkcie styku koła z szyną. Przedstawiono symulacyjny model ruchu piasku w układzie "dysza wtryskowa piasecznicy-szyna". Skuteczność proponowanej metody poprawy przyczepności badano
doświadczalnie. Przedstawiono wyniki eksperymentów przeprowadzonych na maszynie ściernej, które pokazują zmiany współczynnika tarcia w zależności od temperatury przy różnych metodach podawania piasku. Oszacowano jaki wpływ na stopień
zmniejszenia zużycia piasku wywiera jego wcześniejsza elektryzacja oraz racjonalne dozowanie.
Słowa kluczowe: punkt styku koła z szyną, współczynnik tarcia, zjawiska przyczepności, współczynnik przyczepności, metoda cząstek, elektryzacja piasku.

1. Introduction
The desire for threshold of use of traction effort and power of
locomotives is associated with an increased tendency of the driven
wheelsets to slippage. This determines the need to use different means
to increase the level of the adhesion of the locomotive wheels with
rails and to ensure the stability of the traction [25, 26]. On the other
hand, a high value of the adhesive coefficient is a major factor for
realizing the maximum braking force of a train when using friction
brakes and significantly increases the level of traffic safety [20]. This
is especially true in case of emergency braking or an emergency stopping of trains before prohibitive traffic lights have turned on unexpectedly, i. e. it is essential to avoid the case of the railway station
overruns or SPAD - signal passing at danger [16]. The most common
way to increase adhesion is to use silica sand or other mineral materials similar in hardness properties. This method, along with indisputable advantages (high efficiency, ease of use, relative cheapness) has
obvious disadvantages: clogging of ballast, increased wear of wheels
and rails [7, 23], increased resistance to movement in traction mode.
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Given the above disadvantages, the optimization of the use of sand
is relevant.
The spraying of sand into the wheel–rail contact is one of the most
effective ways to enhance the friction between the driven wheels and
rail under conditions of low adhesion, especially on intensive acceleration or emergency braking running modes. The scientific works carried out by worldwide researchers on reasons of low adhesion showed
that wheel/ rail adhesion coefficient (the ratio of normal to friction
force in the contact) varied between 0.04 and 0.55, averaging 0.3 in
dry conditions. The impact of adding moisture to the rail reduced this
average to 0.2, still the leaves can reduce the adhesion coefficient as
low as 0.02 [23, 24]. Other causes of low adhesion have been identified as: general moisture/dampness combined with contaminants such
as rust, ice, coal dust, leaf, spilled diesel fuel/ lubricating oils/flange
lubricating grease/hydraulic fluid, airborne kerosene from nearby airports, or other chemicals from industrial sites [3].
Lewis S. R. et al. and Wang et al. [24, 35] carried out comprehensive research work using a full-scale laboratory rail–wheel test
machine to find the position for the hose and sand flow rates that
give optimum sand entrainment to the contact. It was found that ide-
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ally the hose should be aimed at the rail or nip and be as close to that
contact as safely possible. Reduction in sand flow rate below the 2 kg/
min threshold significantly reduced the amount of sand entering the
contact. Relatively small movements in the hose/ nozzle from its ideal
position and cross winds significantly reduced sand entrainment.
The hypothesis of rail dew and leaf films formation on rails between 5–10 a. m. and 8–12 p. m. was investigated in scientific work
[16]. They considered key parameters that affect the wheel/rai bonding mechanism and assumed as iron oxides, temperature, pressure and
leaf components. Jin et al. [17] investigated the effects of wheel/ rail
contact various surfaces on the adhesion coefficient in the experiment
way. Researchers revealed that when rolling speeds increase, the adhesion coefficient decreases for the same wheelset creepage and water
contamination, but increases for oil contamination.
It should be noted that there is a lack of fundamental understanding on the influence of sanding parameters, such as particle size distribution, feed rate, and number of sanding axles (among others), on
the adhesion recovery, wear, and train detection [1, 10]. In order to
understand the effect of sand rash on improving the adhesion, it is
necessary a thorough examination of the wheel’s adhesion / friction
phenomenon, especially in the presence of the third body in the wheel/
rail contact [12, 21]. Original equations for wear rate as a function of
asperity height and lubricant thickness were developed [29]. Gained
equations closely represented the experimental data and properly
modelled the sliding contact.
A lot of mathematical models are using worldwide for investigation wheel/ rail contact phenomena. The influences of the five contact models – Kik–Piotrowski, STRIPES, ANALYN, CONTACT
and Kalker (FASTSIM) – on the wheel wear prediction were investigated from viewpoints of calculation efficiency and accuracy [34].
The results indicated that using Hertz theory and FASTSIM to solve
the normal and tangential contact problem, respectively, in the wheel
wear simulation is a mostly reasoned choice in order to consider a
compromise between the calculation efficiency and accuracy.
Comprehensive field investigations into adhesion recovery in leafcontaminated wheel/ rail contact were performed by Arias-Cuevas
& Li [2]. Three differently sized and Dutch Railways standard silica
sands were used in the testing. Besides the instant adhesion enhancement upon sanding, the remaining friction level left for subsequent
traction passages was also examined. It was concluded that the adhesion tends to increase gradually with the driven wheel passages,
the adhesion recovery without sanding maybe more than seven times
slower than with sanding. The next one finding is that the adhesion
improvement by sanding is strongly dependent on the particle size
used. The performance of the largest sand particles used in this work
is effective compared to the baseline (i. e. no sand application), but
much less effective than smaller sized sands.
The article [2] describes a laboratory investigation of the influence of three sanding parameters (i.e., feed rate, particle size, and slip)
on the adhesion and electrical insulation in dry wheel–rail contacts.
Gained results showed that using smaller particle sizes and higher
feed rates promotes the lubrication and causes more electrical insulation in the wheel–rail contact. A necessary condition for complex simulations of vehicle drive dynamics and traction control when running
on adhesion limit, is an advanced creep force modelling taking into
account large longitudinal creep and contact ellipse geometry [8, 13,
31]. Presented methods allow to simulate various real wheel–rail contact conditions using one parameter set considering the vehicle speed,
longitudinal, lateral and spin creep and shape of contact ellipse.
It should be pay attention, that the friction and slipping between the
wheel and rail can cause undesirable creep noise – squeal. Experimental measurements and theoretical investigations of wheel squeal occurrences showed an increasing possibility for a squeal event to occur
as the relative humidity increases [15, 27]. Curve squeal is the result
of the lateral force in rolling contact of rail and wheels along curves.

The test rig results showed that the lateral adhesion ratio decreases
lightly with the increase of relative humidity and that squeal is more
likely in high relative humidity. The main conclusion drawn from the
squeal prediction model comparison was that the squeal phenomenon
was strongly related to the properties of the adhesion coefficient. It
was noted that the critical creepage decreases with the increase of the
relative humidity, which means negative damping occurs for lower
angle of wheel attack. The investigation the effectiveness of sand firing to restore adequate levels of adhesion on a contaminated rail head
by using full scale laboratory test facility are described by Lewis S.
R. et al. [23]. It was determined that ideal density of sand needs to be
embedded into contact in order to restore adhesion is greater than 7.78
g/m yet lower than 106.0 g/m.
Sand application reduces the high creepage due to liquid contaminants, simultaneously increasing the attainable adhesion levels.
Contrary to earlier findings, it was observed that the degree of sanding does influence the adhesion creepage characteristics, low sanding
rates resulting in higher adhesion levels and lower creepage as compared to medium/high sanding rates. The wear and adhesion studies
indicate that the beneficial effects of sanding in improving adhesion
are more than offset by the increased wear rates [19].
An original test method for examination of leaf and humidity influence on the coefficient of friction between the wheel and rail was
used by Olofsson and Sundvall [30]. These researchers placed the pinon-disc tribometer in a climate chamber and used it as a test equipment. By using an elm leaf as the lubricant, the coefficient of friction
was reduced four time compared with the unlubricated case. However, the coefficient of friction decreased even more when the rail
lubricant was used as a lubricant, but the leaves inclined to reduce the
effect of the lubricant when both were present. The full scale roller rig
for investigation of wheel/ rail adhesion was used by Zhang et al. [36]
and the numerical simulation were carried-out by modifying Kalker’s
FASTSIM program. It was noticed that under the condition of dry and
clean surfaces, the adhesion coefficient keep high values and do not
drop much for all range of speed tested. Under oil contamination conditions, this coefficient drops to a very low level and does not change
much with speeds. No matter what are the conditions the adhesion
coefficient decrease with an increasing in axle load.
The article of Lewis R. et al [22] describes the findings of series twin disc machine adhesion tests that examined the impact of oil
and water mixtures on adhesion at the wheel/ rail contact. The tests
showed that drying a wet contact can initially give a reduction in adhesion, that increased roughness results in increased adhesion in the
presence of oil, and that increased contact pressure improves adhesion
in the presence of oil. Scientists Magheri et al. [28] approached the
integration between the differential and multibody modelling. This
kind of integration was almost absent, especially in the railway field.
Only differential modelling allows accurate analysis of the wheel/ rail
contact problem (in terms of contact forces, position and shape of
the contact patch, stresses and strains), while multibody modelling
is generally accepted as the current standard for studying railway dynamics [6].
In high-speed railways, adhesion between wheel and rail is a very
important function to maintain safety and stable operation from the
standpoint of braking and driving, in particular under wet conditions
at the wheel/rail interface [5]. This research work is mainly focused on
the effects of surface roughness and water temperature on the wheel/
rail adhesion under wet conditions. Based upon these experimental
results, a considerable method to improve the wheel/ rail adhesion
coefficient under wet conditions by raising the water temperature or
increasing the standard deviation of roughness height or controlling
the roughness orientation was suggested.
Global research works performed in recent years ensured the
progress to better understand and predict low well/ rail adhesion, and
major improvements to the extent and quality of sanding systems on
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locomotives or trains, are definitely to have contributed to a reduction
in the overall risk in railway traffic. The slip and sliding processes of
rail vehicle driven wheels cause overextending of fuel consumption as
well. Our research group has been carried out the tests to investigate
how the electrification of the sand in the locomotive system influence
on the smoothness of sand coverage, i. e. to ensure the uniformity of
the sand layer on the rails, in order to improve wheel/ rail adhesion
process. In another hand, we aimed to find-out the dependence between train velocity and amount of firing sand. Finally, we proposed
modernisation of the sanding system set-up which delivers the reasoned amount of sand to the wheel/ rail interface.

2. Modelling of sand electrification in locomotive sanding system
The scientific works [11, 41] have proved that, from the point of
view of traction, the best result is achieved when sand is fed in one
layer with a certain distance between the sand grains (Fig. 1). When
sand is fed by operated sand systems, a hump is formed on the rail
surface. At speeds of up to 40 km/h, there is an excessive feed of sand
into the area of contact of the wheels with the rails, predetermining the
main costs of its use, is observed.

а) 				

b)

Based on the electrostatic charging of sand grains, a sand system
in which the speed and amount of sand supplied to the contact depends
on the running speed of the locomotive has been developed (Fig. 3).
The control of the performance of the sandbox is implemented by a
measuring-recording unit installed in front of the sandbox injecting
nozzle. When an electric current is passed from the power source 6
through the central conductor 4, a concentric magnetic field between
the central conductor 4 and the electrode 5 located in the branch pipe 3
in front of the nozzle 1 is created. The sand is drawn in by the air flow
from the branch pipe 2 into the union coupling 3, when moving along
which it gets a static charge, flies past a receiver 10 made of copper in
the form of a ring. A measuring voltmeter 11 connected to the receiver
10 reacts to a static charge of a sand grain that moves inside the receiver 10. The control system 9 connected to the measuring voltmeter
11 is regulated by an electro-pneumatic multi-position valve 7 with allowance for the speed meter 8 (the higher the speed of the locomotive,
the greater the internal diameter of the pipe 3 for feeding the sand, and
higher performance of the sandbox is).
After the branch pipe 1, the required amount of sand moves through
the pipeline 15, where the electrodes 13 and 14 create a strong electric
field, which is regulated by the power source 12, depending on the
running speed of the locomotive, and recharges the sand. Under the
influence of electrical forces, abrasive bulk material
(sand) falls apart to one layer. After this sand is fixed
on the rail due to adhesive forces. When sand particles interact with the rail, electro-erosion destruction
of the surface layer of pollution occurs on the rail 16
[42]. In this connection, the adhesion qualities of the
rail 16 are increased, the coupling characteristics of
the locomotive are improved.

Fig. 1. Sand distribution on the rail surface: а – under operating conditions; b - required distribution

To achieve the required distribution of sand on the rail surface, it is proposed to pre-electrify the abrasive-air jets before
directly feeding it into contact. According to the analysis in the
scientific and technical literature [39], there are a number of
methods for transferring charge to fine dispersed particles (Fig.
2). The most acceptable for the sand system of the locomotive is
static electrification, which includes electrostatic and tribostatic
charging of abrasive particles.
Fig. 3. Scheme of the sand system of the locomotive based on the electrostatic
charging of sand: 1 – injecting nozzle; 2, 3 – branch pipes; 4 - centre conductor; 5 - electrode; 6 - power supply source; 7 – electropneumatic multi-position valve; 8 - speedometer; 9 - control system;
10 - receiver; 11 - measuring voltmeter; 12 - adjustable power supply
source; 13, 14 - electrodes; 15 - pipeline; 16 - rail

Fig. 2. Methods of charge transfer to finely dispersed particles

Tribostatic charging is based on the friction of abrasive particles
against the walls of the pipeline. In this case, the charging material
must be hydrophobic with a high dielectric penetrability. The transfer
of charge to the particles does not require the creation of additional
equipment for obtaining high voltage like in electrostatic charging.
The complexity of the method lies in the optimal selection and arrangement of the dielectric material. However, both considered methods are acceptable for applying to a locomotive.
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The value of the required voltage supplied to the electrodes 13,
14, depending on the running speed of the locomotive for sand distribution with a distance between particles equal to three of their radii
is determined on the basis of simulation modelling in the ‘injecting
nozzle of sandbox - rail’ system.
The developed simulation model is based on the particle method
[14, 37]. Along with the method of finite elements, boundary element,
etc., the particle method is one of the discretization methods. In this
case, the motion of each of the particles is considered. The state of a
physical system is determined by the attributes of a finite ensemble of
particles, and the evolution of the system is determined by the interaction of particles between themselves and the environment. An important feature of the method is the possibility of taking into account the
influence of a large number of factors of various nature.
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To describe the two-phase flow (solid particles in a gaseous medium), the Euler-Lagrange discrete-trajectory approach was used. This
is dictated both by the choice of the particle method for creating a
simulation model and by the fact that this approach is used to simulate
two-phase flows with a solid phase. Thereby for the particles, the Lagrange method and for the gaseous phase, the Euler method is used.
The motion of particles through a pipeline under the influence
of a carrying air stream is considered (Fig. 4). At the entrance of the
pipeline, the particles appear randomly (both in terms of time and
section). The equation of motion of each of the particles has the following form:

ρp

π d 3p dvi
= ∑ Fi rp ,τ ,
6 dτ
i

(

)

(1)

where ρ ρ − is the density of the particle material; d p − is particle

(

)

diameter; ν i − is particle velocity projection; Fi rp ,τ − is external
forces acting on the particle; rp − is a coordinate of particles; τ − is
time.

gas velocity and the velocity of the particle moving in it. The action of
this force leads to acceleration or deceleration of the particle:
   

π d 2p U − V U − V
,
FA = CD ρ
4
2

(

)

(2

where
CD − is the drag coefficient of the particle; ρ − is gas density;

U − is gas velocity projection.


Along with the force of aerodynamic drag FA the gravity Fg is
one of the most important force factors determining the dynamics of
particles:

π d 3p 
Fg = ρ p
g.
6

(3)

The heterogeneity of the profile of the averaged carrier gas veloc
ity is described by the Saffman force FS [32], in this connection the
difference in the relative flow velocities of the particle from different
sides leads to the occurrence in the pressure drop. The movement of
particles is carried out in the direction of the pressure drop (Fig. 2):
1/2

 dU x 
FS = k Sν 1/2 ρ d 2p (U x − Vx ) 
 ,
 dr 

(4)

where ν − is the coefficient of kinematic viscosity; k S − is the Saffman lift coefficient, being equal to 1.615.
When moving in a gas flow particles rotate, entraining the gas.
As a result, on the side where the directions of flow and rotation of
the gas elements coincide, the pressure becomes lower compared to
the area where these directions are opposite. Thus, the particle will
move in the direction of reduced pressure. The magnitude of the force
acting on the particle during its rotation is described by the Magnus
force FM :
3


 
 dp 
FM = k M ⋅ ρ ⋅ 
 ⋅ W ×ωp ;
 2 

(

)

(5)

where kM (Re) – is the coefficient convertible depending on the Rey
nolds number; W − is a transfer velocity relative to flow; ω p − is
particle rotation speed.
When a particle hits a charging device, electrical forces additionally act on the particle as follows:
a) the electric force conditioned by the accelerating electric
field:
(6)

Fý1 = qE ( x);
Fig. 4. The scheme of action of forces in the system ‘injecting nozzle of sandbox– rail’: FM is the force of Magnus; FS is Seffman’s force; FА is aerodynamic acceleration force;
Fg is gravity; FE1 is the electric force due to the accelerating electric field;
FE2 is the electric force due to the polarization of the particles;
FE3 is electric force due to the interaction of charged particles

 In the pipeline, a force of aerodynamic drag acts on a grain of sand
FA , the cause of occurrence of which is the difference between the

where q − is the electric charge; E − field strength;
b) electric force conditioned by the polarization of particles:
Fý2 =

π
ε − 1 dE
ε 0d 3
E
;
2
ε + 2 dx

(7)

where ε 0 − is electric constant; ε − is the dielectric permeability;

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

463

S cience and Technology
c) electric force conditioned by the interaction of charged particles:
Fý3 =

q2

4πε 0 L12

;

(8)

where L − is the distance between the particles.
When leaving the nozzle, the sand is influenced by
 the force of
aerodynamic resistance from the possible side wind FA1 иand the
force of air resistance from the running of the locomotive FA 2 (the
running of the locomotive up to a speed of 10 km/h was considered).

3. Results of sand electrification modelling

Fig. 6. Dependences of the dispersal radius r on the supplied voltage U and
electric charge q

The simulation model for the movement of loose material is based
on the particle method [14]. Along with the finite element method,
boundary elements, etc., the particle method is one of the discretization methods. In this case, the motion of each of the particles is
considered. The state of a physical system is determined by the attributes of a finite ensemble of particles, and the evolution of a system
is determined by the interaction of particles between themselves and
the environment. An important feature of the method is the possibility
of taking into account the influence of a large number of factors of
various nature.
On the basis of the developed simulation model composed considering formulas 1-8, a computer program was created in the C++
Builder 6 software environment of the movement of particles through
a pipeline, their electric charging, and interaction with the rail surface
[18]. As a result of simulation modelling, the effect of voltage on the
charge of sand grains, the radius, and angle of sand dispersal was determined (Fig. 5, Fig. 6). The graphs in Fig. 5 and Fig. 6 show that for
the required distribution of sand over the contact patch and reduction
of its flow rate, the supplied voltage should be 450 V, and the electric
charge should equal 1.502⋅10-11 C.

a)

Fig. 5. Dependences of the sand dispersal angle α and the speed of movement
V on the supplied voltage U

Fig. 7. Photo registration of sand dispersal: a - without electrostatic charging, b - with electrostatic charging

The experiments performed indicate that upon the electrification
of particles, they uniformly distribute over the metal surface into one
layer. The photos registered during the process of executing the experiments are shown in Fig. 7, where the difference of sand dispersal
with the electrification of abrasive particles (Fig. 7, b) and without it
(Fig. 7, a) is clearly demonstrated. The input voltage of the transformers supplied to the input of the coil was 14 kV. The time from the
moment of opening of the mechanical valve in both experiments was
3 seconds. Fig.7 shows that, in the absence of electrification, there is a
negative phenomenon of the adhesion of the wheel with the rail - the
formation of a gravity hump and a gap between the surfaces of the
adhesion (contact) is observed. While the charged abrasive particles
evenly distribute over the surface in one layer and are retained on it.

Evaluation of the efficiency of supplying electrified sand to wheel
contact with a rail was carried out on an improved experimental stand
installation ‘Friction machine for studying frictional properties of
contact’ at the Department of Railway Transport of Volodymyr Dahl
East Ukrainian National University [38, 40].
The processing of the data was performed by the computer program ‘FrictionMachine’. The initial data for the program are the results of sensor calibration and the results of experiments. The program
approximates the dependencies obtained and performs the regression
analysis by the method of least-squares.
The processed results of experiments in the form of dependences
of the friction coefficient on the temperature in contact under different
frictional states are shown in Figure 8. Fig. 8 shows that the supply of
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electrified sand to oily rails allows the increase of the friction coefficient in oily contact from 0.25 to 0.4 (Fig. 8a), on water-covered rails
from 0.35 to 0.5 (Fig. 8b).

a)

а)

b)
b)

Fig. 8. Experimental dependences of the friction coefficient on the temperature in contact: a - oily rails; b - water-covered rails (1 - without sand;
2 - with the addition of sand; 3 - with the addition of electrified sand)

Compared to the supply of non-electrified sand, the friction coefficient of a wheel with a rail for oily rails is increased by 16%, for
water-covered rails - by 20% [9, 18].

4. Efficiency of applying electrified sand in the contact
of a wheel with a rail
Evaluation of the effectiveness of applying this method was performed by comparing the mass of abrasive material supplied to the
contact without electrification m (Fig. 9, a) and with electrification
me (Fig. 9, b).
According to the formula [18], the efficiency of application of
electrified sand estimated by reducing the consumption rate of abrasive bulky material will be equal to the ratio of m to me:

∆Ε =

a 2 ⋅ ρ ⋅ tgγ
;
0.24 ⋅ me

(9)

where a – is the width of the sand distribution on the rail surface,
m; γ − is an angle of the natural sloping of sand, grad; ρ − is density
of dry sand, kg/m3.
The angle of repose of sand γ depends on its moisture and clay
content. In sand systems of a locomotive, the sand with the moisture
content of not more than 0.5%, the clay component of no more than
3%, and the angle of repose γ of 40 degrees is used. The density of
dry sand is ρ = 1400 − 1600 kg/m
êg / ì3.3According to the formula 9, we
obtain that the consumption rate of sand will decrease by 12 times
when electrification is used.

Fig. 9. Schemes of the mound of abrasive bulk material on the rail: a - without electrification; b - with electrification

Fuel consumption rate is reduced by using various ways [4]. Sustained realization of the locomotive force of thrust is inevitably accompanied by sliding of the driving axles. As traction increases, the
sliding increases as well [43]. Then sliding begins to increase faster
than the force of thrust, and then a violation of the stability of the realization of the force of thrust is detected. And when the relative slipping speed reaches about 1.5–2.0%, the further growth of the force of
thrust stops and the wheel slipping begins. Thus, if the actual sliding
speeds on the locomotive being used exceed the specified speed, this
will mean that, during the operation of the locomotive, either periodic
wheel slipping of individual axes or their slipping with a corresponding loss of energy were observed. The supply of electrified sand to the
contact of the wheel with the rail reduces the sliding speed, respectively, reduces the consumption of fuel or electricity.
In the operation of trains, there are railway lines or even whole
railway stretches, where the operating locomotive may show a significantly large excess of relative sliding of the driving axles (the phenomenon of ‘disturbing’ movement). In this case, the additional fuel
consumption for the operation of forces of thrust in the contact of the
wheels with the rails increases dramatically.
Thus, the additional costs of fuel or electric power of a locomotive
due to slipping may comprise a significant proportion of the total cost
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of moving trains. These costs will depend on the design features of the
locomotive, as well as on the actual operating conditions that determine
the actual number and duration of the slipping of the driving axles.
It follows that the use of new sand systems with electrification of
sand, which allow the reduction of sliding and prevent the occurrence
of slipping, ensures stable operation of trains, reduction of wear of
wheel tires and rails, and some reduction in fuel consumption or electricity for traction is observed as well.

Conclusions
1.

2.
3.

The developed simulation model describes the effect of the electric charge of particles of an abrasive material (sand) on the injecting process and on the uniform distribution of sand on the
rail surface.
For the effective distribution of particles of abrasive bulky material (sand) on the rail surface, an electrical voltage of 450 V is
necessary, the value of the electric charge is 1.502 ⋅10-11 C.
Experimental dependences of the friction coefficient in the contact with electrified sand substantiate the expediency of sand
electrification. These dependencies make it possible to refine
the mathematical models for determining the adhesion force at
the traction mode of the locomotive.

4.

5.

Pre-electrification of the abrasive-air mixture supplied to the tribological contact of the wheel with the rail ensures the uniform
distribution of sand on the rolling surface of the rail. Electrified sand instantly cleans the contacting surfaces of the wheel
and rail from contamination as a result of their electro-erosion
destruction. Compared to non-electrified sand, the friction coefficient in the wheel-rail contact is increased by 16% for oily
rails and 20% for water-covered rails.
The supply of electrified sand guarantees not only the optimal
traction and adhesion as well as braking qualities of locomotives, but also decreases the energy loss of the locomotive by reducing the path travelled by train at the time of slipping. Using
the developed sand system allows decreasing the consumption
of sand by 12 times and reducing the wear of the rolling surfaces
of the wheels and the rail.
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Modeling of emergency condenser system response
to loss of coolant accident in a BWR III+ generation
Modelowanie zachowania systemu kondensatora awaryjnego
w przypadku awarii utraty chłodziwa w reaktorze BWR generacji III+
Emergency Condenser (EC) is a heat exchanger composed of a large number of slightly inclined U-tubes arranged horizontally.
The inlet header of the condenser is connected with the top part of the Reactor Pressure Vessel (RPV), which is occupied by steam
during critical operation. The lower header in turn is linked with the RPV below the liquid water level during normal operation of
the reactor. The tube bundle is filled with cold water and it is located in a vessel filled with water of the same temperature. Thus,
the EC and RPV form together a system of communicating vessels. In case of an emergency and a decrease of the water level in
the RPV, the water flows gravitationally from U-tubes to the RPV. At the same time the steam from the RPV enters to the EC and
condenses due to its contact with cold walls of the EC. The condensate flows then back to the RPV due to the tubes inclination.
Hence, the system removes heat from the RPV and serves as a high- and low-pressure injection system at the same time. In this
paper a model of the EC system is presented. The model was developed with Modelica modeling language and OpenModelica
environment which had not been used in this scope before. The model was verified against experimental data obtained during
tests performed at INKA (Integral Test Facility Karlstein) ̶ a test facility dedicated for investigation of the passive safety systems
performance of KERENA ̶ generation III+ BWR developed by Framatome.
Keywords: boiling water reactor, emergency condenser, LOCA, Modelica.
Kondensator awaryjny jest wymiennikiem ciepła złożonym z dużej ilości U-rurek lekko nachylonych względem pozycji horyzontalnej. Kolektor wlotowy kondensatora połączony jest pojedynczym przewodem z górną częścią zbiornika ciśnieniowego reaktora, w
której w trakcie normalnej pracy reaktora znajduje się para wodna. Dolny kolektor połączony jest natomiast ze zbiornikiem ciśnieniowym poniżej lustra wody w stanie ciekłym. Wiązka rurek kondensatora, w trakcie krytycznej pracy reaktora, wypełniona jest
zimną wodą i zanurzona jest w basenie z wodą o tej samej temperaturze. Wiązka rurek kondensatora oraz rur doprowadzających
tworzą wraz ze zbiornikiem ciśnieniowym zespół naczyń połączonych. W razie sytuacji awaryjnej, w przypadku spadku poziomu
wody w zbiorniku ciśnieniowym, woda z kondensatora spływa grawitacyjnie do zbiornika ciśnieniowego, a para, która dostaje się
do U-rurek kondensuje na skutek wymiany ciepła z zimną wodą otaczającą kondensator od zewnątrz. W ten sposób kondensator
działając pasywnie, zastępuje wysokociśnieniowy oraz niskociśnieniowy wtrysk wody chłodzącej do zbiornika ciśnieniowego. W
artykule przedstawiono model systemu kondensatora awaryjnego wraz ze zbiornikiem ciśnieniowym. Model został wykonany przy
użyciu niestosowanego wcześniej w tym zakresie języka Modelica oraz środowiska OpenModelica. Następnie opracowany kod
został zweryfikowany poprzez porównanie wyników z pomiarami eksperymentalnymi przeprowadzonymi na obiekcie INKA (Integral Test Facility Karlstein) – obiekcie testowym dedykowanym badaniom nad pasywnymi systemami bezpieczeństwa reaktora
KERENA – reaktora BWR generacji III+ opracowanego przez firmę Framatome.
Słowa kluczowe: reaktor wodny wrzący, kondensator awaryjny, awaria utraty chłodziwa, Modelica.

Nomenclature
Latin symbols

2

A

Cross section [m ]

c

Specific Heat capacity [J/(kgK)]

Greek symbols
α

Boiling Water Reactor

β

D

Diameter [m]

λ

EC

Emergency Condenser

ν

BWR
E

FPV
g

468

κ

Energy [J]

µ

Flooding Pool Vessel

ρ

Gravity acceleration [m/s2]

Heat transfer coefficient [W/m2/K]
Expansion coefficient [1/K]
Thermal diffusivity [m2/s]

Thermal conductivity [W/(mK)]
Dynamic viscosity [Pa s]

Kinematic viscosity [m2/s]
Density [kg/m3]
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h

Specific enthalpy [J/kg]

Subscripts

l

Length of a single volume [m]

cs

Condensation

ṁ

Mass flow rate [kg/s]

f

Friction

L

M

Nu
p

Pr

Ra
Re

RPV
Q

Length of the whole tube [m]
Mass [kg]

Nusselt number
Pressure [Pa]

Prandtl number

Rayleigh number

Reynolds number

Reactor Pressure Vessel

q

Heat flow rate [W]

T

Temperature [K]

u

V
x

z

Heat flux [W/m2]

Flow velocity [m/s]
3

Volume [m ]

Steam quality

Water level [m]

1. Introduction
During the last decades, a lot of efforts have been undertaken to
increase the safety of nuclear reactors. These efforts were mainly targeted to develop the concept of passive safety, in which the human
factor is eliminated. The modern nuclear reactor designs do not require any external power supply like a Diesel engine or an electrical
motor to provide proper cooling to the nuclear reactor core in case of
loss of coolant. They function according to fundamental laws of physics such as gravity and free convection.
A common approach to measure safety of a technical facility is
Quantitative Risk Analysis or Probabilistic Safety Assessment. These
terms are used synonymously in different industries. In the analysis
the risk is described by probability of a certain event, for example
potential loss of life and fatal accident rate [6]. In the nuclear industry
the safety is determined by probability of an event due to a particular
system. Implementation of passive safety systems allowed to achieve
exorbitant standards of core damage frequency of the loss of primary
coolant group of 1.37 x 10-7/year, secondary side breaks of 2.53 x 10-8/
year and steam generator tube rupture of 1.41 x 10-9/year [1]. All the
other systems are characterized with similar frequency.
However, since there is a lack of external driving force, the design
of the passive systems requires much more efforts. Furthermore, in
order to prove the validity of the design, its operation needs to be
verified.
Emergency Condenser (EC) system is one of the concepts for passive heat removal and depressurization of the Reactor Pressure Vessel (RPV) during an accident scenario in the Boiling Water Reactor
(BWR). In order to verify the performance, reliability and ability to
remove the required amount of heat as well as to draw conclusions
regarding the material, wall thickness, and number of tubes of the
EC, the operation of a similar system was investigated at a dedicated
test facility called NOKO [10]. Based on the outcomes of the test,
the Emergency Condenser system in its current form was developed
and the system was introduced into KERENA – a new BWR design
of Framatome GmbH [12]. Fig. 1 shows a cross section through the
reactor [3].
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While the tests performed at NOKO were dedicated for optimization of the EC design, in order to examine the performance, reliability
and to prove the appropriate safety margins of EC as well as to investigate other passive systems of KERENA in integral tests, a dedicated
test facility was built at the Thermal-hydraulics and Components
Testing Department of Framatome GmbH in Karlstein, Germany. The
Integral Test Facility Karlstein (INKA) represents the KERENA containment with a volume scaling of 1:24. The RPV of KERENA is
represented by the steam accumulator of the Karlstein large valve test
facility (GAP – Großarmaturen-Prüfstand). The vessel has the storage
capacity of 1/6 of the KERENA RPV. In order to simulate the decay
heat of the reactor core, the vessel is fed with steam by the Benson
boiler with maximum power output of 22 MW [3, 5, 9].

Fig 1. Cross section through the KERENA containment [3]
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One of the purposes of the test facilities of Framatome is to conduct experiments which contribute to validation of codes and models,
which may be used in the future to perform pre-calculations before
tests, in some cases to eliminate the necessity of conducting test or to
help in the design process of new solutions. The current state-of-art
codes used for thermal-hydraulic calculations in nuclear industry have
been developed for decades. However, they were mainly dedicated for
forced flows and their applicability for natural phenomena is still limited. Furthermore, these codes are characterized with low flexibility
regarding discretization and they cannot be implemented to several
important phenomena, like influence of inert gases on heat transfer.
Therefore, efforts have been undertaken to develop a new code for
thermal-hydraulics calculation. This code is being developed with a
modern and flexible modeling language and it is intended to cover
phenomena in passive safety systems of nuclear reactors.

2. Emergency Condenser operation
The main purposes of the Emergency Condenser are to remove
heat and to depressurize the RPV in case of an emergency. The system
operation principle is illustrated in Fig. 2 [4]. The heat exchange part
of the EC is composed of a large number of tubes slightly inclined
to horizontal orientation. The pipes are submerged in the cold water
which the Flooding Pool Vessel (FPV) is filled with. The EC tubes are
also filled with cold water during standard operation of the reactor. In
case the liquid water level in the RPV decreases, the water column in
the EC-inlet pipe goes down too and the steam from RPV enters the
heat exchange piping of the EC system. Since the tube bundle is submerged in the cold water in the FPV, the heat is transferred from the
hot medium at the internal side to the cold water in the FPV. EC tubes
are slightly inclined, hence the condensate flows back to the RPV due
to gravity and the whole EC-RPV system function according to the
law of communicating vessels [4].

Fig. 3. INKA Test Setup [9]

The processing of data is mostly based on physical principles and
mathematical algorithms. For calculation of water properties on the
basis of raw signals the formulations given in IAPWS-IF97 is used.
In case of more complex calculations e.g. for determination of mass
flow several raw signals are utilized together with water tables and the
proper formulas in corresponding European norms. A typical uncertainty of temperature measurements is 1.5°C, while the range of pressure sensors uncertainty is between 0.71 and 1.55%, depending on the
system. These uncertainties result in the total mass flows uncertainty
of 1.03 – 1.9% depending on the system under investigation.
In order to reach the required initial conditions in the system,
steam was injected into the RPV/GAP vessel. At the beginning of the
test, parameters corresponding to standard BWR operation conditions

Fig. 2. Emergency Condenser system operation [4]

3. Test setup
INKA test facility may be utilized to perform integral
test as well as tests of individual components. Since the purpose of this work was to develop a thermal-hydraulic model
which would simulate the behavior of the EC, a test involving only this system was taken as a reference. Fig. 3 shows
the setup of the test rig [9].
For the evaluation of the experiments performed at
the INKA test facility raw signals are measured and if it is
necessary (depending on the parameter of interest) they are
processed in order to obtain the values for an assessment.
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Fig. 4. Diagram view of the model
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were set in the vessel. Thus, the temperature was 298°C, pressure was
85 bars and the liquid water level was 11 m. The pressure in the Flooding Pool Vessel was 1 bar and the temperature was 35°C.
The test was initiated by opening the EC return line valve and
15 seconds later the main valve of the RPV, situated at the top of the
vessel. Opening of the second valve caused a rapid depressurization
of the RPV. This led to the escape of the steam from the RPV, evaporation of the liquid water and to the decrease of the liquid water column
height. As expected, this led also to the insertion of the steam from the
RPV into the EC tubes and to the heat exchange between the media
inside and outside of the EC horizontal tube bundle. The purpose of
the test was to evaluate the ability of the EC system to remove the
decay heat from the RPV to the FPV.

4. Model development
In order to develop the model, Modelica language and OpenModelica environment was used. Modelica is an object-oriented equation-based modeling language for industrial and academic usage. It
is equipped with a large number of libraries dedicated for various
domains. In this work Modelica Standard Library and ThermoPower
libraries were utilized. In order to model the phenomena of interest,
components available in these libraries were developed and extended.
A new component representing the FPV was built from scratch. Fig. 4
shows the OpenModelica diagram view of the modeled system.

4.1. Reactor pressure vessel, standpipe, vapor-cold water
separator
The RPV and Standpipe are the two large, cylindrical, vertical
vessels presented in Fig. 3. The RPV is the one of larger diameter,
while the Standpipe is the smaller one. Their Modelica representations are two similar objects on the left side of the Fig. 4. The RPV
and Standpipe models are based on dynamic mass and energy balances of liquid and vapor volumes inside the vessels. The mass balance equations are:
dM l
(1)
= m cs − m evap + ∑ m port ,l
dt
dM v
= − m cs + m evap + ∑ m port ,v
dt

(2)

where ṁ stands for mass flow due to condensation (subscript cs),
evaporation (subscript evap) and at the ports (subscript port). Ml and
Mv are the total masses of liquid and vapor (subscripts l and v), respectively and they are:
M l = ρlVl

(3)

M v = ρvVv

(4)

In (3) and (4) ρ and V represent density and volume. The energy
balance equations were introduced for both phases:
dEl
dV
= Q + m cs * hls − m evap * hvs − p l + ∑ m port ,l * h port ,l
dt
dt

(5)

dEv
dV
= − m cs * hls + m evap * hvs − p v + ∑ m port ,v * h port ,v
dt
dt

(6)

where Q represents the decay heat, h specific enthalpy and subscripts
vs and ls stand for saturated vapor and saturated liquid, respectively.
The vapor generation due to pressure drop and the decay heat was
calculated from the overall energy balance:

d
d
(M l hl + M v hv ) = ∑ m l hl + ∑ m v hv + Q + ( pV )
dt
dt

(7)

In the above equation the total change of enthalpy of the vessel is
equal to summations of all inputs and outputs of liquid or vapor and
the heat delivered through the heat port for simulation of the decay
heat of the reactor core. Differentiation of (7) gives:
dM l
dh
dM v
dh
dp
dV
hl + l M l +
hv + v M v = ∑ m l hl + ∑ m v hv + Q + V
+p
dt
dt
dt
dt
dt
dt

(8)
Substituting (1) and (2) into (8), neglecting condensation as irrelevant in the analyzed case and taking into account that the volume
does not change, the vapor generation due to pressure decrease may
be obtained:

m evap =

−

dhl
dh
dp
M l − v M v + Q + V
dt
dt
dt
hv − hl

(9)

In order to simulate the decay heat of the reactor core, the heat port
was added, so Q is added to in the energy balance of liquid water.
The vapor – cold liquid separator situated between the standpipe
and the heat exchange section of the EC (Fig. 4) was introduced to
separate the phases at the beginning of the test and to enable free flow
of vapor once the transient begins and the liquid water level in this
component reaches zero as the steam enters the EC heat exchange
section.

4.2. Emergency Condenser heat exchange section
The Emergency Condenser heat exchange section consist of a
large number of tubes slightly inclined to horizontal orientation. The
inclination of the tube is 1.3% and the length of the tube is 10.8 m
while their diameter is 48.3 mm. In order to model the flow through
the system, an extended version of Flow1DFV2ph component of
ThermoPower library was adopted. The flow through the component
is governed by mass, energy and momentum conservation equations
as one-dimensional, partial differential equations:
 ∂ρ dh ∂ρ dp 
m infl + m outfl = ∑Al  i i + i

∂p dt 
 ∂hi dt
i
Al ρi

dhi
dp 
+ m i (hi +1 − hi ) − Al
= Qi
dt
dt

L dm
+ poutfl − pinfl + ∑∆p g ,i + ∑∆p f ,i = 0
A dt
i
i

(10)

(11)

(12)

where A represents the pipe cross section and l length of a single volume. Subscripts i, g and f stand for volume number, pressure drop due
to gravity and friction, respectively.
The previous study [4] aimed to verify two different approaches
to modeling of condensation in horizontal tubes. The first approach
was more detailed and it was based on the flow regime map proposed
by Tandon [13]. Condensation heat transfer coefficient was calculated
for each volume with respect to particular flow regime in this volume.
This relatively detailed description of heat transfer in the flow regime
based approach was compared against another one, where the heat
transfer coefficient was calculated according to one, purely empiri-
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cal correlation proposed by Shah [11]. The comparison shown, that
both models provide satisfactory results. However, since the singlecorrelation approach was much simpler, its application led to higher
stability of the model and to more time-effective calculations. Therefore, in this work the heat transfer model based on Shah correlation
was implemented into the heat transfer module:
0.76

(1 − x )0.04 
0.8 3.8 x
α = α SP (1 − x ) +


Pr 0.38

(13)

where x is steam quality, Pr is Prandtl number and αSP is the singlephase heat transfer coefficient calculated by:
α SP = 0.023Rel0.8 Prl0.4

λ
D

(14)

with liquid Reynolds and Prandlt numbers:
Rel =

Prl =

ρl uD
µl
µl c p , l
λl

(15)

(16)

Tests performed at INKA indicate that the bubble formation does
not take place at the secondary side, so only the first mechanism was
taken into account during the development of the heat transfer component. However, indicators informing the user, that the conditions in
liquid water in the FPV are close to boiling, were implemented into
the model, so that the user knew, that boiling should be considered.
Following the VDI Heat Atlas [8], the empirical correlation developed
by Bergles [2] was adopted in order to verify, whether the boiling
occurs:

Tw − Tsat

5  q 
= 

9  1120 

0.463

p

−0.535





p 0.0234

(19)

where Tw and Tsat are wall and saturation temperatures, q is the heat
flux and p is pressure.
The heat transfer at the secondary was calculated according to
the correlation for Nusselt number during free convection around a
horizontal cylinder [7]:
1


Nu = 0.6 + 0.387 *  Ra * f (Pr ) 6 



2

(20)

with Rayleigh and Prandtl numbers calculated according to:
where u is the velocity, D is the tube diameter, µl is liquid dynamic
viscosity, cp is specific heat capacity and λl is the liquid heat conductivity.
The Shah correlation was developed by analysis of a wide spectrum of experimental data, including various fluids and pipe orientations [11].

4.3. Flooding Pool Vessel
Flooding Pool Vessel (FPV) is a water reservoir of large heat capacity. Its aim is to receive the heat from Emergency Condenser piping in case of an emergency and to flood the containment vessel in
order to cool the RPV in the event of severe accident.
The Flooding Pool Vessel model was develop from scratch. Since
the component does not have any water inputs or outputs, the water
mass balance is simply:
dρ
dz
ρl A + Az l = 0
dt
dt

(17)

where z is the water level. The energy balance for the liquid water is
given by:
ρlVl

dhl
dV
dp
− Vl
− p l = −Q surface + Q EC
dt
dt
dt

gl 3β (Ts − T∞ )

(21)

νκ
Pr =

ν
κ

(22)

where g is the gravity acceleration, β is the water expansion coefficient, ν is the kinematic viscosity and κ is the water thermal diffusivity:
κ=

λ
ρ c p ,l

(22)

The function f(Pr) in (20) describes the effect of the Prandtl
number over the entire range of Pr and it is given by:
9 

 0.559 16 

f (Pr ) = 1 + 

Pr  
 


−

16
9

(23)

(18)

In the equation above, Q EC is the heat delivered by the EC pipes
and Q surface is the heat exchange between liquid water and gas and it
is calculated as a linear function of temperature difference.
In order to simulate the heat transfer between EC piping and the
liquid water inside the FPV, a new heat transfer component was developed. The heat transfer mechanism which is possible at the secondary
side is either single-phase free convection or pool boiling. The second
one would occur, if the water temperature in the FPV or the heat flux
from EC piping was high enough.
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Ra =

5. Results and discussion
The test data for the model validation were obtained during an
experiment performed at the INKA test facility. The purpose of the
test was investigation of the Emergency Condenser system response
to sudden decrease of pressure related to loss of coolant accident.
The decrease of pressure was caused by opening of the valve at
the top of the GAP vessel during the test. Accordingly, the initiation of
the pressure drop was modeled by opening of the valve connecting the
RPV with the pressure sink (Fig 4). Fig. 5 presents pressures: measured in the GAP during the test and calculated by the model.
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Fig. 5. Pressures ̶ measured during the test and calculated by the model

Fig. 6. Standpipe-RPV/GAP mass flows

Fig. 7. Water levels ̶ measured during the test and calculated by the model

Fig. 8. EC inlet mass flows - measured and calculated

Fig 9. EC power - measured and calculated

Fig 10. FPV liquid water temperature - measured and calculated

Sudden drop of pressure in the RPV caused strong transients and
mass flows between the RPV, Standpipe and the EC heat exchange
section. Fig. 6 shows measured and calculated flows between the RPV
and the Standpipe.
Fig. 6 shows that according to the model significant peaks of
backflow occur at the beginning of the transients. This reverse flow
could not be measured due to the instrumentation specification but it
partially explains the substantial increase of water level in the Standpipe and the insignificant (due to much larger diameter) decrease in
the RPV at the time of the peak. Fig.7 illustrates both water levels.
Apart from the backflow from the RPV, the increase of water level
may be explained with opening of the valve separating the EC with
the Standpipe. However, even if it was assumed that the EC is totally
uncovered i.e. the whole liquid flowed to the Standpipe, the amount of
water in the EC tubes would not be enough to cause such a significant
increase of water level in the Standpipe. Therefore, both RPV-Stand-

pipe reverse flow as well as flooding the Standpipe by the water in the
EC tubes influenced the increase of the water level.
The observed reverse flow is a rather unexpected behavior in the
light of the EC operation explained in the section 2. Since the pressure
in the RPV decreased, the water started to boil and it is expected that
the water column in the Standpipe and EC would cause the flow to the
RPV rather than the backflow. However, it should be also considered
that once the steam enters the EC piping, it condenses abruptly. This
in turn, causes a sudden decrease of pressure in the EC heat exchange
section too. Having a very close look at the calculated characteristics
of the pressure, mass flows and steam quality at the inlet of EC confirms that a step decrease of the pressure in the steam part of the EC
and Standpipe appears exactly at the moment when the steam enters
the EC piping. Furthermore, the RPV-Standpipe reverse flow was also
observed at exactly the same time. Hence, the obtained simulation
results confirm that the significant decrease of pressure due to con-
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densation in the EC piping is the reason of initial short-term reverse
flow between the RPV and the Standpipe.
Apart from the water levels in the RPV and Standpipe, the described phenomenon should also have an impact on the measured and
calculated mass flow at the inlet of the EC heat exchange section.
Fig. 8 shows this flow.
Fig. 8 shows that at the beginning of the transients, the effect of the
pressure drop due to condensation may be also observed in the mass
flow characteristics. Initially the flow is unsteady. Forward and reverse
flow may be observed once the EC heat exchange section becomes uncovered and then covered again. As the depressurization in the RPV
proceeds, causing evaporation of more and more liquid in this vessel,
pressures of the water columns in the Standpipe and EC becomes larger
than in the RPV and the flow turns into more stable one.
Insertion of saturated steam into the EC piping and contact of this
steam with cold walls forced the heat transfer from the EC to the FPV.
Fig. 9 shows measured and calculated values of the EC power.
The measured characteristics was obtained simply by measuring
the temperatures at the inlet and outlet of the EC, assuming saturated
steam at the inlet, calculating enthalpies and multiplying the enthalpy
difference by the mass flow. Similarly to the mass flow characteristics, the calculated power plot shows slightly different behavior in
the vicinity of the power peak. In both cases, after initial instabilities,
the mass flow and power reach the peak. After this peak a relatively
strong decrease of the mass flow and power occurs according to the
model. In the test, this drop of around 25% was not observed and the
characteristics is a bit milder.
Fig. 9 illustrates that substantial amount of heat is transferred to
the FPV. This heat transfer causes obviously an increase of temperature of the liquid in the vessel. Fig. 10 shows the measured water temperature in the FPV together with the one calculated by the model.
Fig. 10 shows that, the measured and calculated temperatures are
in a good convergence.
Correspondingly, comparison of all the other characteristics presented in Fig. 5-9 shows that variables are within an acceptable dis-

crepancy and generally that the model correctly represents the system
and it may be utilized as a pre-calculation or design-aiding tool. However, it should be also indicated that some time delays between measured and calculated values may be observed. In order to close these
gaps, the model should be extended by implementation of additional
components so that to represent INKA with more details. However,
this may lead to a decrease of the stability and an increase of the calculation time. Hence, the presented degree of detail is a good compromise between calculation time and results quality.

6. Conclusions
In this paper a Modelica representation of the Emergency Condenser system of the INKA test facility was presented and verified
against experimental data. The test data cover characteristics of the
main parameters of interest during the loss of coolant accident. The
purpose of this work was to develop a model, which would correctly
evaluate these characteristics.
The EC system is a solution characterized with the highest degree
of passivity and the model was developed accordingly. The only parameter impacted both, during the test and in the model was the valve
opening to provide the simulated pressure drop. The behavior of the
system monitored by other parameters like flows and temperatures
was just a spontaneous reaction of the system on the pressure drop.
Presented results show a satisfactory convergence with the test
data. In particular the ability to remove the decay heat from the RPV
to the FPV was modeled correctly. Since some delays leading to significant discrepancies of the parameters value at a certain moments
in time were observed, the model may be improved by insertion of
additional components representing the facility in a more detailed
way. However, it has to be taken into account, that this actions may
decrease the stability of the model and increase the calculation time.
Therefore, the presented model may be considered as a reasonable
compromise between these aspects and the quality of the results.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Areva. UK-EPR, Fundamental Safety Overview, Volume 2: Design and Safety, Chapter R: Probabilistic Safety Assessment 2007.
Bergles A E. The determination of forced-convection surface boiling heat transfer. Journal of Heat Transfer 1964; 86: 365 – 372, https://doi.
org/10.1115/1.3688697.
Bryk R, Schmidt H, Mull T, Ganzmann I, Herbst O. Modeling of the water level swell during depressurization of the reactor pressure vessel
of the boiling water reactor in accidental conditions. Eksploatacja i Niezawodnosc – Maintenance and Reliability 2019; 21(1): 28 – 36,
https://doi.org/10.17531/ein.2019.1.4.
Bryk R, Schmidt H, Mull T, Wagner T, Ganzmann I, Herbst O. Modeling of KERENA Emergency Condenser. Archives of Thermodynamics
2017; 38(4): 29 – 51, https://doi.org/10.1515/aoter-2017-0023.
Drescher R, Wagner T, Leyer S. Passive BWR integral LOCA testing at the Karlstein test facility INKA. VGB PowerTech 2014; 5: 33 – 37.
Flage R, Aven T. Expressing and communicating uncertainty in relation to quantitative risk analysis. Reliability and Risk Analysis: Theory
and Applications 2009; 2: 9 – 18.
Kast W, Klan H, Thess A. Heat Transfer by Free Convection: External Flows. VDI Heat Atlas: Chapter F2 2010; 667 – 672, https://doi.
org/10.1007/978-3-540-77877-6_120.
Kind M, Schröder. Subcooled Boiling. VDI Heat Atlas: Chapter H3.3 2010; 804 – 812.
Leyer S, Wich M. The Integral Test Facility Karlstein. Science and Technology of Nuclear Installations 2012, https://doi.
org/10.1155/2012/439374.
Schaffrath A, Hicken E F, Jaegers H, Prasser H-M. Operation conditions of the emergency condenser of the SWR1000. Nuclear Engineering
and Design 1999; 188: 303 – 318, https://doi.org/10.1016/S0029-5493(99)00044-8.
Shah M M. A general correlation for heat transfer during film condensation inside pipes. International Journal of Heat and Mass Transfer
1979; 22(4): 547 – 556, https://doi.org/10.1016/0017-9310(79)90058-9.
Stosic Z V, Brettshuh W, Stoll U. Boiling water reactor with innovative safety concept: the generation III+ SWR-1000. Nuclear Engineering
and Design 2008; 238: 1863 – 1901, https://doi.org/10.1016/j.nucengdes.2007.12.014.
Tandon T N, Varma H K, Grupta C P. A new flow regimes map for condensation inside horizontal tubes. Journal of Heat Transfer 1982;
104(4): 763 – 768, https://doi.org/10.1115/1.3245197.

474

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

S cience and Technology
Rafał Bryk
Institute of Heat Engineering, The Faculty of Power and Aeronautical
Engineering
Warsaw University of Technology
ul. Nowowiejska 21/25, 00-665 Warsaw, Poland
Holger Schmidt
Thomas Mull
Thermal Hydraulics and Components Testing, Framatome GmbH
Paul-Gossen-Straße 100, 91052 Erlangen, Germany
E-mails: rafal.bryk@framatome.com, rafal.bryk@itc.pw.edu.pl,
test-labs@framatome.com

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

475

Article citation info:
HAWRYLUK M, KONDRACKI P, KRAWCZYK J, RYCHLIK M, ZIEMBA J. Analysis of the impact of forging and trimming tools wear on the
dimension-shape precision of forgings obtained in the process of manufacturing components for the automotive industry. Eksploatacja i
Niezawodnosc – Maintenance and Reliability 2019; 21 (3): 476–484, http://dx.doi.org/10.17531/ein.2019.3.14.

Marek HAWRYLUK
Piotr KONDRACKI
Jakub KRAWCZYK
Marcin RYCHLIK
Jacek ZIEMBA

Analysis of the impact of forging and trimming tools wear on the
dimension-shape precision of forgings obtained in the process of
manufacturing components for the automotive industry
Analiza wpływu zużycia narzędzi do kucia i okrawania
na dokładność wymiarowo-kształtową odkuwek uzyskiwanych
w procesie wytwarzania elementów dla przemysłu motoryzacyjnego*
The study presents the results of an analysis of the manufacturing process of a yoke-type forging for automotive industry with the
use of numerical modelling and 3D scanning techniques, taking into account the gradual wear of both forging tools and trimming to
determine the mutual impact of their operation on the dimensional accuracy of the forgings. The performed analysis included the 4
variants which are that have the most common place in the industrial process that is, for a combination of new and partly worn out
die inserts (used during hot forging) and new and partly used cutting tools used for cold trimming. The first stage involved modelling
of a hot die forging process. Next, the obtained results were implemented into second modelling stage, which involved a simulation
of a cold trimming process of a flash, with the use of the normalized Cockcroft-Latham fracture criterion, with the consideration of
eliminating the removed elements, for which the cracking value has been exceeded. The obtained results was verified by means of
a case study under industrial conditions for the least favourable operating conditions of both types of tools and their impact on the
dimension-shape precision of the forgings. These results allowed for a more complete analysis of the trimming process for a variety
of operating conditions and the confirmation of the correctness of carried out numerical modelling, and thus the possibility of its
use in combination with scanning technique to computer-aided manufacturing processes. The proposed solution allows the selection
of optimum conditions for implementation of the processes of forging and trimming because of their use to provide the required net
shape forgings.
Keywords: trimming process; numerical simulation; geometric quality of forgings; wear of tools.
W pracy przedstawiono wyniki analizy procesu wytwarzania odkuwki typu rozwidlonego dla przemysłu motoryzacyjnego z wykorzystaniem modelowania numerycznego oraz technik skanowania 3D przy uwzględnieniu sukcesywnego zużywania się zarówno
narzędzi do kucia, jak i do okrawania w celu określenia wzajemnego wpływu ich eksploatacji na dokładność wymiarową odkuwek.
Przeprowadzona analiza obejmowała 4 warianty najczęściej występujące w procesie przemysłowym, czyli dla kombinacji nowych
i częściowo wyeksploatowanych wkładek matrycowych (stosowanych podczas kucia na gorąco) oraz nowych i częściowo zużytych
narzędzi okrojczych wykorzystywanych do okrawania na zimno. W pierwszym etapie zamodelowano proces kucia matrycowego na
gorąco. Następnie uzyskane wyniki zaimplementowano do drugiego etapu modelowania, w którym zasymulowano proces okrawania
na zimno wypływki przy zastosowaniu znormalizowanego kryterium pękania Cockcrofta-Lathama z uwzględnieniem eliminacji elementów, dla których została przekroczona wartość pękania. Uzyskane wyniki zostały zweryfikowane za pomocą studium przypadku
w warunkach przemysłowych dla najmniej korzystnych warunków eksploatacji obu rodzajów narzędzi oraz ich wpływu na dokładność wymiarowo-kształtową odkuwki. Uzyskane wyniki pozwoliły na pełniejszą analizę procesu okrawania dla różnych warunków
eksploatacyjnych oraz potwierdzenie poprawności przeprowadzonego modelowania numerycznego, a tym samym możliwości jego
wykorzystania do komputerowego wspomagania procesów wytwarzania. Zaproponowane rozwiązanie pozwala na wybór optymalnych warunków realizacji procesów kucia i okrawania ze względu na ich eksploatację w celu zapewnienia wymaganej dokładności
wymiarowo-kształtowej odkuwek.
Słowa kluczowe: process okrawania; symulacje numeryczne; jakość geometryczna odkuwek; zużycie narzędzi

1. Introduction
Die forging is a competitive method of producing construction
elements, such as pistons, crankshafts, gear wheels and gears used in
the automotive and aircraft industries, in respect of other production
technologies. The reason for this is that the items produced by this

technology are characterized by good mechanical properties as well
as dimensional and shape precision with a reduced amount of material
waste and total cost of production. Additionally, the obtained material structure predisposes them to be used for responsible machine
parts working under difficult operation conditions. However, the forging of such type of components is usually performed by means of a

(*)	Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl

476

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

S cience and Technology
multi-stage production process rather than a single operation. Steffens
and Wilhelm [35] have conducted a review of the quality and accuracy of producing forged items at the particular stages of the whole
forging process, especially with the application of computer simulations of these processes. Similarly, in their works, Gronostajski and
Hawryluk [12,13] performed an analysis of the whole technological
sequence for typical die forging processes and proposed methods for
their improvement and optimization. At present, the most frequently
used methods of analysis and optimization involve the application of
computer simulations with the use of numerical modelling. In the current practice, the main forging process stages, including preforming,
die forging, further transport and cooling, can be effectively simulated
by means of calculation packages based on FEM/FVM [18]. These
methods are usually used to evaluate the material flow, analyze the
state of stresses/deformation and temperature distribution as well as
to validate the process design. However, those simulation procedures
still face difficulties in respect of the proper performance of the operation of trimming and possible piercing of forged elements realized
directly after their removal from the forging tools [3,6,21].
Operation is indispensable phenomenon accompanying the production of products and is associated most often with a maximum utilization
of the machine / system / tools within a specified period, after which ends
with partial or total wear. Therefore, in the technical literature, the issue
of exploitation is devoted to a lot of space and a number of studies are
carried out to determine the relevant parameters affecting this phenomenon, as well as industrial research and development works that allow
to increase the service life [20,25,29]. In the case of the forging industry, despite the large development in this area of technology, so that the
production process is accurate, reliable and efficient [5], the durability
of the tooling is still the key issue, ie the operation time is usually
determined by the number of correct forgings produced. As is known,
the time of the process of forming (forging) material in one stage /
operation is about 0.08 to 0.2 s, which makes it very difficult to follow or observe and analyze the process in such a short period of time
[34]. Furthermore operated forging tools are complex and difficult
to analyze due to the interaction of many, often contradictory factors
and mechanisms, in particular during the hot forging process [1]. The
situation becomes even more complicated if the subsequent stages of
the technological sequence are taken into account (such as: trimming
after the forging process), at the end of which the correct product in
geometric, qualitative and functional form is created - forging [2].
Also, the process of trimming (cutting) is geometrically and physically complex. Blanking consists in overcoming the material’s cohesion
due to stress concentration along the shearing line. A concentration of
stresses can be obtained by exerting pressure on the material by means
of tools (mounted in instruments called trimming dies) adjusted to the
type of the trimmed products and to the required cutting precision. The
cutting process consists of four phases proceeding together with the increase of the cutting force. In the first phase, elastic deformations and
minor bending of the cut surface are observed. When the stresses become
sufficiently high, they cause local softening of the material. This moment initializes the second phase of the cutting process, called the elasticplastic stage. Together with the further increase of stresses, the boundary of the softened area shifts towards the inside of the material, and
the metal flows plastically in the surroundings of the shear area (plastic
flow phase). In the last stage, we observe a loss of cohesion and cracking
of the material, when the stresses reach the critical value. The cracking
begins in the areas of maximal stress concentration (edges of the punch
and the cutting plate). If the clearance between the tools is optimal, the
cracks coming from both shearing edges meet, forming a surface with the
shape close to that of S. In order to ensure a gradual course of shearing,
the edges on the cooperating tools should be positioned obliquely, and
the bevel of the edges should not be unidirectional. In order to obtain a
high accuracy, after the trimming process, the shearing edges should not
be blunted and the clearance between the cooperating surfaces should

be maintained within the specific boundaries. The bigger the clearance,
the stronger the bending of the edges of the trimmed flash and the bigger
the disadvantageous conic and matt zone (cracking phase). A big clearance also favours the presence of burr on the sheared surfaces. Too small
clearances are also disadvantageous, as they can cause wedging of the
material between the tools and excessive wear of the trimming tools.
Therefore plays an important role in the operation of the tools used in
cutting processes, which, with the additional pre-process for producing
a forging makes the determination of whether the current state of tools
and their corresponding selection throughout the manufacturing process
is critical to the quality of products [2, 36].
At present, it is possible to simulate the process of 2D or 3D blanking of a simple part with the use of the commercial functions of the FEM
software. Unfortunately, calculation-wise, it is not beneficial to simulate
the process of cutting and trimming at a large scale for a complex component, due to very long calculation times, resulting from the number
of elements of the digitized models [18,31,32]. Performing a detailed
simulation of the trimming operation of an item with a complex shape
is difficult due to the complexity of the shearing mechanisms or the ductile cracking mechanisms of the materials [3,9]. In the literature, a lot of
research is devoted to mathematical crack models, which are then implemented in numerical modelling of the cutting and trimming processes
[37]. For example, Hambli and Reszka [14] proposed a reverse approach
to examine different damage models for the blanking processes. In work
[8], Cockcroft and Latham proposed a model which emphasizes the importance of the basic tensile stress in the crack initiation. Oyane et al. [30]
viewed the hydrostatic stress as the most important factor of void and
coalescence growth in the cracking process. With the use of those models, the operations of cutting and blanking can be successfully simulated
in the case of 2D Goijaerts et al. [11] examined the use of a localized
model of plastic cracking during the precision blanking process of different materials. A big problem in the case of numerical modelling of trimming processes are algorithms referring to the separation and removal of
the elements during the process [10]. It should be mentioned that during
numerical simulations, the problem of remeshing, that is reconstruction
of finite element mesh, is still difficult to solve [4,7,33]. In the literature
on the subject, many studies can be found on the analysis of trimming
using analytical methods [19,24] and experimental [15,17,23], as well as
numerical simulations [3,16], which allowed for a more detailed evaluation of cutting and trimming processes for various materials and under
various operational conditions [22]. In study, Lu et al. [26, 27] developed
a simple method of trimming simulation for multi-stage-forged elements.
It is worth noting the study of [28], whose authors presented a complex
approach to the processes of trimming a flash after die forging for an
airframe blade forging. Despite the fact that the available literature has
discussed a few key issues connected with shearing modelling, it is difficult to find practical applications of numerical modelling applications, in
particular for the analysis of industrial trimming processes that would be
useful for engineers in solving production problems. Therefore, despite
the significant contribution of the mentioned studies in this scope, it is
highly justifiable and interesting to analyze the effect of the progressing trimming tool wear on the quality of the trimming of a flash and the
dimensional and shape precision of the forgings after these operations,
with the consideration of the wear of the forging tools which form the
forging with the flash.
The aim of the study is an analysis of the process of trimming of
a yoke type forging with the consideration of the progressing wear of
the trimming tools and the effects of the forging process (proceeding
wear of the forging tools) by means of numerical modelling as well as
3D scanning methods.

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

477

S cience and Technology
2. Research methodology
The research was divided into two stages: numerical modelling of
the hot die forging and cold trimming processes and measuring of the
geometry of the trimming tools and the forgings before and after trimming with the use of 3D scanning techniques for chosen variants and
their comparison with an analysis of the numerical modelling.

2.1. Description of the analyzed industrial process of forging
and trimming
The process of producing a yoke forging is realized on the Massey
press, nominal pressure 13 MN (Fig. 1). All the tools are heated to approx. 250°C. The die inserts in the analyzed process are made of WCL
steel. After quenching and tempering, the hardness range is 48-52 HRC.
In order to ensure a possibly uniform deformation of the material in its
whole volume, the preliminary and finishing die inserts are lubricated
with a water solution of graphite. The yoke type forgings are an important safety element in a car (being part of the steering gear) and require a
special supervision and attention during the production process as well as
the development of advanced techniques of their production and ensuring of their repeatability.

Fig. 1. The general view of: a) the process of producing a yoke type forging
– photo of the lower die insert with the preform placed in the insert’s
impression before the finishing forging, b) a yoke type forging with the
flash, c) a ready detail - after mechanical treatment, d) a fragment of
the steering column with the yoke

The analyzed yoke type forgings are made of C45 steel. The net
mass of a yoke is 0,32 kg. After the bar is cut into proper dimensions,
the charge material is heated to 1120°-1150°C and next subjected to 3
hot forging operations.
In the case of the trimming process after earlier cooling of the forgings to the ambient temperature, the deburring process is carried out
cold and consists in separating the flash from the usable part. Then the
trimming process for such forgings is carried out as a separate element
of the production process. This manner of trimming prevents bending
of the yoke arms and ensures a good surface quality after trimming.
The trimming of the forgings is realized on the two-point crank press
Wilkins & Mitchell with a frame construction and the following parameters: nominal pressure 2MN.
The mean durability of the forging tools for this forging, depending
on the used tool material and the applied thermo-chemical treatment
(or surface engineering treatments), equals from 6000 to 16000 items.

Fig. 2. The view of the forgings after the forging process: a) initial forging
phase – unworn tools, b) final forging phase (worn die inserts) – enlarged dimensions of the tool and the forging
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It should be noted that with the proceeding operation and wear of the
forging tools, the working patterns are enlarged (loss of tool material
and occurrence of other destruction mechanisms); also, the radii of the
inserts are bigger, especially in the area where the material shifts to the
flash, and the flash thickness increases (Fig. 2). However, the consequence of the wear of the trimming tools is the increase of the cutting
plate pattern and the circumferential decrease of the punch cutting edge
line.
This causes the worn-out trimming tools to have an increased gap
between them (large clearance). This may result in the trimming of
forgings coming from forging tools of varying degrees of use with the
creation of the final product with dimensions beyond the dimensional
tolerance. A consequence of forging tool wear is the fact that the forging itself (without the flash) becomes slightly bigger (the volume of the
forging in the impression increases), and its flash is reduced in respect
of the surface but becomes slightly thicker (with the same constant volume of the forging with the flash – the charge material). In the case
of the trimming process, an important issue are the increased radii of
the material’s shift to the flash, as this results in an increased width
of the shearing line (Fig. 2), which causes significant problems with
the proper trimming of the flash and maintaining the dimensions in the
assumed tolerances. An additional problem is the progressing wear of
the trimming tools, which significantly complicates the obtaining of a
proper forging after trimming which is within the assumed dimensional
tolerance (Fig. 3).
In the case of blanking accepted for the analysis, the maximum
deviation in the horizontal direction from the cutting line, when looking at the sample forging after cutting from the top, cannot exceed
+0,3 mm outside. At the same time, the situation is not allowed when
the deviation is in the negative dimensional tolerance (inward) in the
dividing line - creating a local material loss in the matrix division
plane (Fig. 3b). However, the width of the cutting line results from the
size of the material’s transition radius to the flash and its thickness and
should not exceed 4 mm on the entire circumference of the cut.

Fig. 3. View of a yoke forging: a) with the flash before trimming, b) the flash
after trimming, c) the forging after trimming

In the sample (analyzed) production process, assuming an average durability of 6000 die inserts and an average durability of 16000
trimming tools, it is important to choose the durability of the cutting and cutting tools to obtain geometrically correct forgings without chips (in accordance with dimensional tolerance). If the manufacturing process “starts” from the beginning, assuming that the
above values of tool life, it seems that the crucial moment will be
the situation (marked as number IV in Fig. 4) when the exploited
are two sets of forging tools, ie the production of forgings 12000
and the forging process will start on the third set of inserts, and the
tooling process will continue to work in the trimming process, which
has already cut off 12,000 forgings (Fig. 4).
It can therefore be assumed that in this particular case durability means an acceptable change of geometry for both types of tools,
which when searching for maximum performance or inadequate selection of new or partly worn down tools for forging and trimming (as
is the case in the production process) may be the reason production
shortages. It can therefore be assumed that the schematic of the manufacturing process shown in Figure 4 is typical for industrial conditions, an operational issue that technologists and engineers must face
and which must be resolved.
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where:
m – is friction factor in range from 0 to 1;

σ 0 –von Misses stress;


Δv – relative velocity in contact.
The heat exchange coefficients in the contact between the charge material and the tool material and with
the environment were assumed to be 25 and 0,35 kW/
m2K, respectively.
The Forge software uses the viscoplastic right of
Fig. 4. Diagram of the manufacturing process in the aspect of operation of forging and trimming
the flow of Norton-Hoff as a constitutive equation. The
tools
general form of this law is as follows:
Therefore, the following 4 (most frequently occurring in the inÙ  m −1

(2.2)
σ = 2 K  3 ε i  ε
dustrial process) comprehensive analyzes were analyzed (variants):


• variant I (fig. 4) - unused trimming tools and unused - new die
inserts for forging, forging with flash up to 2 mm thick (as a
The coefficient m can have the following values:
reference point);
• m = 1 it corresponds to the Newtonian liquid with viscosity η
• variant II (fig. 4) - unused trimming tools and die inserts (about
= K;
5000 forgings) in the final phase of operation, resulting in a forg• m = 0 gives the right of plastic flow for material meeting the
ing with a larger flash with a thickness of more than 2.2 mm;
Huber-Mises-Hencky plasticity criterion;
• variant III (Fig. 4) - partly used trimming tools (about 11-12
•
0 < m < 1 corresponds to the conditions of hot metal deformathousand forgings) and die inserts (about 5000 forgings) in the
tion.
final phase of operation, allowing forging with a larger flash
with a thickness of more than 2.2 mm;
• variant IV (Fig. 4) - worn trimming tools (about 12-13 thousand
forgings) and unused - new die inserts, forging with flash up to
2 mm thick.

The obtained results should enable a more thorough analysis of
the trimming process for different operation conditions of forging and
trimming tools and the selection of the optimal conditions for the realization of the forging and trimming processes, which should, in turn,
increase the durability of the trimming tools and ensure the required
dimension and shape accuracy of the forgings.

For most metals m is in the range of 0.1 - 0.2. The C45 steel material model was downloaded from the Forge database “FPD Base 1.3”
as the Spittel equation, in the form (2.3):

σ f = Ae m1T T m9 ε m2 e

m4
ε

(1 + ε )m5T em7ε ε m3 ε m8T

(2.3)

where individual coefficients for hot and cold conditions are shown
in Figure 5.

2.2. Numerical modelling of forging and trimming
The first stage of the research was divided into two sub-stages:
numerical modelling of the forging process and modelling of the trimming process for 4 different variants, together with an analysis of the
obtained results. The numerical simulation for forging and trimming
were performed with the use of the ForgeNxt 2.0 calculation package.
In the case of the forging process, a thermo-mechanical 3D model
with fixed tools (die inserts – elements with a heat exchange) was
constructed. The geometry of the tools, the preforms, as well as the
remaining technological parameters of the process were implemented
into the program based on the original 3D models and the operation
sheets. The stroke speed of the upper dies, assumed according to the
kinematic parameters of the applied crank presses (for forging and
trimming), was dependent on the angular position of the crank. A bilinear model of friction was used, which considered the applied lubricant in the form of a water graphite solution. The preform after the
first operation was heated to 1150°C. The tool temperatures, which
were measured by means of a pyrometer and a thermovision camera,
equalled 250°C. The times of the consecutive operations were determined with the use of the CASIO camera with the option to record 300
frames per second. The recorded mean forging cycle for one forging
(3 operations) equalled 19 seconds. The assumed tribological properties were determined by by the Treska friction model with a factor of
0.35 for all the working surfaces of the tools. The Forge program uses
the following equation in the case of the extended friction model according to Treska:

σ ∆v

τ =m 0 
3 ∆v

(2.1)

Fig. 5. Comparison of the values of the Spittel equation parameters: a) hot
(forging), b) cold (trimming)

Modelling was carried out for new (nominal CAD model of tools)
and partially worn forging tools (CAD model of worn tools obtained
on the basis of their 3d scanning). In this way, two different geometries
of forgings with flash were obtained, which were implemented into
the deburring process. In addition, the obtained geometries of “virtual”
forgings with flash were compared with scans of real forgings for the
corresponding operating conditions of the tools. Obtained results of the
comparison of geometries obtained from FEM for both new and used
tools with real forging confirmed the high conformity of their shape (deviations in the scanner’s accuracy range, at the level of ± 0.05 mm). From
the results obtained from the modelling of the forging process, only the
forgings’ geometries (without the remaining deformation history) were

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

479

S cience and Technology
exported to the subsequent trimming stages, due to the fact that in the current technology the trimming process is carried out cold. Currently, the
first works on the robotic station are already being carried out, where the
trimming process is carried out on a hot basis. The boundary initial conditions and the remaining trimming process parameters were determined
based on the technology as well as the actual industrial conditions. The
three-dimensional geometric model was created in its entirety (the forging
is unsymmetrical). In simulations, the dies were created as non-deformable
bodies in order to shorten the calculation time. The forging and tools in the
trimming operation were at 20 ° C. The adopted calculation model took
into account gravity. The coefficient of heat transfer in contact was 10,000
W / m². ° K.
The trimming simulation assumed a constant press speed of 220 mm
/ s (due to the lack of knowledge of the exact characteristics of the press).
In order to accurately analyze the process, in the FEM simulations, each
step was saved every 0.1 mm of the stroke. Remeshing took place every
20 calculation steps, that is every 2 mm. In the case of cold trimming,
the Coulomb friction model with a coefficient equal to 0.4 (according to
software recommendations) was adopted. The ForgeNxT program enables simulations of the process of material separation according to two
cracking criteria: Oyane and Cockcroft–Latham. In the simulations of
the flash trimming process, a normalized Cockcroft–Latham criterion
was applied, which is expressed by the following formula [8]:
ε

C = Co + ∫£ d ε

(2.4)

0

and:
∑=
where:

sup (σ 1,σ 2,σ 3)

σi

(2.5)

2.3. Forging geometry measurements
The second stage of the study included measurements of the forgings after the trimming process, which applied the measuring arm
ROMER Absolute ARM 7520si integrated with the scanner RS3,
together with the Polyworks software making it possible to perform
scanning in the Real Time QualityMeshing technology (Fig. 6a). In
order to make measurements for the needs of the developed measurement technology was built laboratory measuring stands were presented in Fig. 6.
Fig. 6. Measuring station with the measuring arm ROMER AbsoluteArm
7520si integrated with the linear scanner RS3 for the measurements
of: a) photos of the measuring arm with scanner, b) scanning of the

trimming tools, c) scanning of the forging

The applied arm enables contact measurements with the use of a
contact measuring probe as well as non-contact measurements with
the use of the linear laser scanner integrated with the arm. The device makes it possible to perform measurements by means of the laser
scanner RS3 integrated with the arm, which provides the possibility to
collect up to 460 000 points/s for 4600 points on the line with the linear
frequency of 100 Hz. The accuracy of the scanning system SI according
to the standard B89.4.22 equals 0.053 mm

3. Results and discussion
σ1 ,σ2, σ3- maximal principal stress principal in a superposition,
σi - equivalent stress,
ε - cracking limiting strain,
Co - material constant.

The value of the normalized Cockcroft–Latham criterion determining the shape of the crack profile, the maximal force and the local
deformation, can be set within the scope of 0 – 1 (where, for a cold
trimming process, the value recommended by the Forge program is
within the scope of 0.4 to 0.5). Based on the many performed simulations verified by observations under industrial conditions, it was assumed that, for the analyzed trimming process, the best results were
obtained for the Cockroft-Latham criterion of 0.5. Due to the accuracy of the obtained results, in the simulation of the material separation
process, it is important that the elements of the shearing line are as
small as possible, which ensures a good representation of the shearing
plane, while significantly prolonging the calculation time. And so, the
finite element web was densified in the key areas for the calculation
process, with the use of the so-called “meshboxes”, which are used
for a local densification of the web. Fig. 7c shows a fragment of the
meshed up forging model with a densified web on the shearing line
(size of the elements in the densification – 0.1 mm, the remaining elements – 0.5 mm). In the model, Tetrahedral type elements were used,
whose mean number for the whole forging (considering the increased
local densification) equalled about 62700 elements for each modelled
variants. The mean calculation time for a 4 processor license on a
standard calculation by unit PC was about 160 h.
The trimming computer simulations were performed for 4 different variants described above, i.e.: varying dimensions of the flash and
the forging after the forging process as a result of the wear of the forging tools, as well as new and old trimming tools.
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The first stage involved modelling of a hot die forging process
including 3 shaping operations. Next, the obtained results were implemented in the second modelling stage, in which the process of cold
trimming of a flash was simulated by means of the Corcroft-Latham
crack criterion (value 0.5), with the consideration of eliminating the
elements (for which the cracking value has been exceeded) and adjusting the knot position near the shear line, as well as mapping the
state variables from the original grid to the new grid. This study only
discusses the results referring to the numerical modelling of the trimming process.
Fig 7a shows a diagram of the trimming process with a forging
(marked in red), as well as the upper (mobile) and lower (immobile)
set of tools. Fig. 7b presents a yoke forging with a plotted finite ele-

Fig. 7.View of: a) a diagram of the trimming process, b) a meshed up forging
before trimming for the whole forging, c) densification of the web on
the trimming line with the use of “meshboxes”

Fig. 8. Measurement-scanning results for trimming tools: a) a punch, b) a die
(cutting plane), c) view of trimming device
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ment grid. In the crucial areas (arms of the forging), the element grid
was additionally densified, in order to obtain more accurate and more
realistic results.
Fig. 8 shows the scanning results for a selected set of worn trimming tools towards the end of their operation (about 15000 forgings).
As it can be seen in Fig. 8, in the case of the trimming punch, the
edges cutting (trimming) the arms-eyes of the forging are the most
worn, especially in their sharpest area, where the wear reaches even
0.57 mm. In turn, in the case of the trimming plate, the most worn area
is the edge by the outside part of the forging arms, where the wear also
reaches 0.65 mm.
Next, for each case described in subchapter 2.1, a numerical
analysis was performed in order to determine the distribution of deformation and reduced stresses with the maximal trimming force. Additionally, for a more thorough analysis, the deformation and stress
distributions were determined for both sides of the yoke, that is on the
side of the punch and the trimming plate. The analysis for the strain
distributions for all variants had a similar character as in the case of
stress distributions in terms of location and variability of occurrence.
Therefore, the detailed results are presented only for the distribution
of von Misses stresses from the punch side - higher pressure values in
relation to the cutting plate (Fig. 9).
Fig. 9. Distribution of von Misses stresses for 4 analyzed variants of tool exploitation: a) variant I - for the forging forged in new tools for forging
and trimmin, b) variant II - forging made in used forging tools and
relatively new trimmin tools, c ) variant III for the forging forged in

The greatest stress values can be observed for the variant III, or the case
where the greatest difference in the dimensions of the trimming tools
takes place (the clearance) and the forging has the largest geometric
dimensions due to the operation of the forging inserts.
Analysing the graph of the trimming forces for individual variants
(Fig. 10), it can be observed that the value of the maximum force takes
place for the third variant and is slightly over 720 kN. Also its shape
is different in comparison to the other variants, as it can be seen that
it builds up the fastest, which can be caused by significant differences
enlarged as a result of exploiting the dimensions of the forging and
deburring tools. The most advantageous course of trimming forces
was obtained for the first variant, i.e. new forging tools and new trimming tools, for which the maximum force is around 550 kN, and the
beginning of force build begins at the latest with respect to the other
variants. Also, based on the analysis of the force courses, we can state
that the strongest effect on the maximal trimming force value is exhibited by the geometry of the forging, that is, in fact, the state of the
trimming tools, rather than that of the forging tools. For relatively new
trimming tools (about 5000 forgings) and forgings obtained from partially worn out forging tools, the maximum trimming force is 650 kN.
Indeed, in the case of used trimming tools and forgings of the forging
from the beginning of the forging process, the deburring force is 700
kN. In addition, the shape (slower decrease) in the trimming force for
this variant, in the final stage is slightly different than in the previous
cases, which may be the reason for the unfavourable insertion of the
forging material between the deburring tools. Such situations were
sometimes observed in the industrial process.

used forging tools with flash at the level above 2.2 mm and worn-out
trimmin tools, d) variant IV - for the forgings made of new tools for
forging with flash2 mm and worn-out trimming tools

In the case of von Misses stresses for variant I (Fig. 9a), they locate
along the trim line. The maximum values are above 800 MPa, while the
width of the cutting line is the smallest among the variants. For variant
II, i.e. for the forgings, with a larger thickness of flash (g = 2.2mm)
forged in worn die inserts (about 5000 forgings), and then trimming
in relatively new cutting tools (5000 forgings compared to their maximum average durability on the surface 16000 forgings) the equivalent
stresses are very similar to those for a forging with a thinner flash (g
= 2mm). The values of stresses have slightly higher values, and the
maximum values are from the side of the trimming die and amount to
about 850-900 MPa (Fig. 9b). On the other hand, the distributions of
the von Misses stresses for the variant III (Fig. 9c) are the highest in
all cases and amount to over 1000 MPa. The additive can be observed
that they cover considerably larger areas of forging on the cutting line.
However, for the last, IV variant, concerning new die inserts and much
worn out trimming tools (about 1500 forgings), maximum stress values
are about 900-950 MPa and are slightly lower, compared to variant III,
while maintaining a similar cutting line (Fig. 9d). The changes in the
stress values are mainly the result of different geometry of the forging
after the forging and the state of the trimming tools (different geometry
of the trimming tools). It would be worthwhile to carry out an additional
analysis taking into account the effect of the change in the condition of
forging tools during their use on the values of forces and the distribution
of stresses during trimming. For the forging after the forging process in
the aspect of tool exploitation changes its geometry, which consequently affects changes in the stress distribution field during cold trimming.

Fig. 10. Comparison of trimming forces for all variants

On the basis of presented results with distributions of equivalent
stresses and forging forces for the forged type analyzed, it seems that
the key and the most “unfavourable” conditions in the production
process take place for both types of worn tools (variant III) and the
variant of used trimming tools and new ones forging tools (variant
IV). Therefore, the verification of numerical modelling results was
carried out for both variants.

4. Verification of the numerical modelling results
Fig. 11a shows images of the measurement of the flash thickness
with the indicated approximate measurement areas from the industrial
trimming process for a case of significant operation of both types of
tools (option III). In turn, Fig. 14b presents the measurement results

Fig. 11. Exemplary images from the performed measurements: a) flash thickness, b) shearing line width
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Table 1. Measurement results of the flash thickness and the shearing line width in selected
areas for a forging made in worn forging tools and trimming tools after 6000
items and trimming tools after 15000 pieces

No pcs
A
B
C

Place of measurement [mm]

1

2.17

2.11

2.18

2

2.12

2.22
2.3

3

2.24

2.30

2.42

4

2.04

2.17

2.17

5

3.94

3.95

3.98

6

3.97

3.96

3.98

7

3.89

3.87

3.75

of the shearing line width for a forgings after trimming. The obtained
results are presented in Table 1.
The obtained measurement results show that, for 3 forgings collected from the process, the flash thickness in selected areas is within
the scope of 2.11 to 2.42mm, whereas the shearing line width – in the
scope of 3.75 to 3.98 mm.
Fig. 12a presents the results for the case when in the production
process is the wear of both types of tools (variant III) in the form of
comparison of results obtained from the FEM model after trimming,
and in Fig. 12b the results of 3D scanning of the forgings from the
industrial process in relation to nominal dimensions in the form of a
CAD model.

Fig. 12. Comparison of a forging model after flash trimming for III-rd
variant: a) obtained from FEM with the nominal CAD model,
b) obtained from the industrial process for similar conditions (a scan
of a forging after trimming compared to the CAD model)

Based on the presented comparative results obtained from scanning, we can state a similarity between the geometries together with
the deviations in the trimming zone (shearing line) for a forging obtained from FEM and a forging obtained in the industrial process under similar conditions. For the FEM model of forging, the shearing
line width is within the scope of 2.00-3.11 mm, and the deviations in
the normal direction equal from 0.11 to 0.3 mm. The case is similar of
a forging from the industrial process, whereas both the width (2.1 do
3.41 mm) and the deviations in the normal direction are slightly higher and more diversified on the whole shearing line (0.10 to 0.25 mm).
In the case of the numerical model, it should be emphasized that such
a process is realized under “virtual”, i.e. ideal, conditions. In turn, in
the industrial process, we can observe other additional unpredictable
factors affecting the final geometry of the forging. The presented results, especially in the case of the industrial process, where the deviations reach above 0.3 mm, show that the wear of the trimming tools
(and perhaps also the forging tools) it is in the upper tolerance range
(see Fig. 3).
The last stage of the analysis was the case (variant IV) for the used
trimming tools (about 15000 pieces) and new forging tools (about
1000 pieces). Similar analyzes were performed as for the case above
and the results are presented in Figure 13.
In the case of used trimming tools and a new forging set, the results
obtained with FEM are confirmed by 3D scanning results of the forging
after trimming for similar operating conditions. The cut line width value
ranges from 3.68 mm to 4.13 mm for measurements taken from the
forging process and from 3.57 mm to 4.20 mm for numerical simulation
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8

3.84

3.89

3.88

of the trimming process. Similarly, the circumference of the
cutting line is in the range of 0.34 mm to 0.47 mm for measurements of the forged process taken and from 0.29 mm to
0.47 mm for the numerical simulation of the trimming process. You can see that both the cutting line is wider and not
within the tolerance, as well as the perimeter of the cutting
line is greater than the permissible value of +0,3 mm. This
caused exceeding the permissible tolerance of the shape error of the determined surface in the circumference of the
forging cutting line (see Fig. 3). This forging can be subjected to an additional procedure to remove excess material,

Fig. 13. Comparison of a forging model after flash trimming for IV-th
variant: a) obtained from FEM with the nominal CAD model,
b) obtained from the industrial process for similar conditions (a scan
of a forging after trimming compared to the CAD model)

which will allow it to meet the set quality criteria. Obtaining a forging
with such dimensions from the forging process indicates the necessity
to analyze geometrically the condition of the tools and their possible
replacement with another unused trimming set. In the analyzed case,
despite the fact that the obtained value of the maximum force from numerical modelling was higher for the operation condition of both types
of tools compared to new forging tools and worn-out trimming tools,
this state of affairs makes it more unfavourable in terms of dimensional
and shape accuracy forgings. Initial assumptions showed that used forging tools as well as used trimming tools would be the “worst” operating
condition (option III) of both types of tools. However, based on a detailed analysis (based on FEM modelling and comparison with scans),
it turns out that the 4th case, i.e. new forging and used trimming tools, is
“the worst” because the forging does not fall within the tolerance range.
Therefore, in a typical production process, one should pay attention and
approach with caution to the situation of option III, but one should definitely avoid and not allow for the situation with option IV.

5. Conclusion
The presented comparative analysis made with the use of numerical modelling provided a lot of information referring to the effect of
the different geometries of the forging and the trimming tools on the
distributions of equivalent deformations and reduced stresses as well
as the courses of the forces. Additionally, the conducted verification
of the numerical modelling results for a selected variant based on a
comparison of the geometry obtained from FEM and the scan of a
forging collected from the industrial process shows the validity of the
assumptions made in respect of numerical modelling. In the case of the
most disadvantageous, extreme variant, which is quite often present
in the industrial process, i.e. the case of worn forging and trimming
tools, the differences in the selected key dimensions are small (a few
percent), which allows you to say that through the right and thoughtful selection of tools for forging and trimming, you can avoid the most
undesirable variants, and thus increase the efficiency of the process.
Therefore the obtained results can be useful for the evaluation of the
phenomena and mechanisms occurring during the trimming process
in different situations connected with the production conditions and
dependent on the current state of the forging tools and the trimming
tools. Although the finite element methods are approximate methods,
as shown in the study, with extensive experience in modelling this
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type of phenomena, supported by practical knowledge and engineering approach, the obtained results are convergent and do not differ
much from real conditions.
And yet it seems that it is necessary to perform further research
in this area for an even better representation of the industrial conditions by means of a virtual model of the process. Nevertheless, the
obtained good agreement of results makes it possible to optimistically
look at the use of numerical modelling for the still difficult as well
as geometrically and physically complex trimming processes. In the
analyzed case study, the results obtained under the industrial conditions are valuable, as they enable a complex analysis of the trimming
process, which in consequence should cause the initiation of proper
actions with the purpose of a better control as well as technical and
technological perfection of these processes. Also, combining the results obtained from numerical modelling with those from microhard-

ness tests and microstructure investigations should provide even more
value information on e.g. the possible occurrence of defects (cracks)
in the forging. It can also stimulate attempts to transfer from the cold
trimming technology to the hot trimming one (directly after the forging process), which would significantly increase the efficiency of the
whole process.
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Influence of the local defect distribution
on vibration characteristics of ball bearings
Wpływ rozkładu wad lokalnych
na charakterystykę drgań łożysk kulkowych
Local defects in ball bearings may occur at the center line of raceway and its surrounding areas. However, most current studies
were concentrated in studying the influence of the local defect located at the centerline of raceway on the bearing vibrations, where
the effects of local defects surround the centerline were ignored. To overcome this problem, based on Hertzian point contact theory
and multi-body dynamic algorithm, a multi-body dynamic model considering the offset and angular distributions for a ball bearing with a local defect on its outer raceway is established. The influences of offset distance and skew angle between the geometric
center of local defect and the centerline of outer raceway on the bearing vibrations are investigated. The relationship between
the offset distance and the impulse waveform characteristics is obtained, as well as that between the skew angle and the impulse
waveform characteristics. The results show that the offset distance and skew angle of the local defect have a great influence on
the time-domain impulse waveform characteristics of the bearing accelerations. This paper can provide a useful guidance for the
accurate diagnosis of early local fault in the ball bearings.
Keywords: ball bearing; local defect; multi-body dynamics; vibrations; distribution.
Wady lokalne łożysk kulkowych mogą występować na linii środkowej bieżni oraz w otaczających ją obszarach. Jednak większość
dotychczasowych badań nad wpływem wad lokalnych na drgania łożyska koncentruje się na wadach linii środkowej bieżni
ignorując oddziaływanie wad zlokalizowanych w obszarach otaczających tę linię. Aby rozwiązać ten problem, w przedstawionej
pracy wykorzystano teorię kontaktu Hertza oraz algorytm do analizy dynamiki układów wieloczłonowych, co pozwoliło na utworzenie modelu dynamiki układu wieloczłonowego uwzględniającego przesunięcie i rozkłady kątowe łożyska kulkowego z
lokalną wadą na bieżni zewnętrznej. Badano wpływ wartości przesunięcia i kąta nachylenia między geometrycznym środkiem
wady lokalnej a linią środkową bieżni zewnętrznej na drgania łożyska. Otrzymano zależności pomiędzy wartością przesunięcia a
charakterystyką przebiegu impulsu, a także między kątem nachylenia a charakterystyką przebiegu impulsu. Wyniki pokazują, że
wartość przesunięcia i kąt nachylenia wady lokalnej mają duży wpływ na przebieg przyspieszeń łożyska w dziedzinie czasu. Praca
dostarcza pożytecznych wskazówek na temat trafnego diagnozowania lokalnych uszkodzeń łożysk kulkowych w ich wczesnych
stadiach.
Słowa kluczowe: łożysko kulkowe; wada lokalna; dynamika układów wieloczłonowych; drgania; rozkład.

1. Introduction
Ball bearing plays an important role in mechanical transmission.
Nevertheless, localized defects such as crack, spalling and pitting are
easily arisen on the raceways when bearings are working under poor
conditions, and these events can severely influence the performance
of industry machinery [4, 12, 32]. Thus, to reduce the possibility of
machineries damages caused by the local defects in the bearings, the
precise recognition of the early defects is very important [27, 29].
Investigations of the relationship between local defect and bearing vibrations can provide a useful reference for the accurate identification
of early local defect in the bearings [5-7, 13, 30, 31].
Many modelling methods were published to study the vibration
features of defective ball bearings. For example, Arslan and Aktürk
[1], Sassi et al. [25], Babu et al. [2], Behzad et al. [3], Rafsanjani
et al. [24], Patel et al. [23], Liu et al. [14-18], Kankar et al. [8], and
Leturiondo et al. [11] proposed kinds of dynamic models of defective ball bearings by considering the defect as the time dependent dis-

placement excitations to study the effects of the defects on the bearing vibrations. Liu et al. [16] introduced a dynamic model of rigid
rotor bearing systems to investigate the effects of defect sizes on the
vibrations of the system. Khanam et al. [9, 10] and Liu et al. [19]
conducted new methods to formulate the defect effects as the time
dependent force excitations to study the effects of the local defects on
the vibrations of ball bearings and rotor-ball bearing system. Niu et al.
[22] developed a novel dynamic model considering the relative slippage and cage effects to analyze the effect of local defect on the ball
passing frequencies (BPFs) of a ball bearing. Li et al. [20] proposed
a dynamic model of an angular contact ball bearing to investigate the
influences of the defect parameters on the variations of contact angles
and load distributions of the ball bearing. In the listed literatures, the
defects centerlines were all assumed to be parallel with the raceway
centerlines. However, observing the practical cases of the ball bearing failure [26], the defect centerline may not be parallel with the
raceway centerline, as showed in Fig. 1, which was ignored by the
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listed modeling methods. Thus, this paper is focused on developing
a multi-dynamic model of a ball bearing with the parallel, offset, and
bias local defects.
Before developing a multi-body dynamic model considering
the offset and angular distributions for a defective ball bearing, the
multi-body algorithm and Hertzian contact theory are introduced in
Section 1. Section 2 details the defective ball bearing dynamic model.
The layout of the experimental apparatus is discussed and the model
validation is detailed in Section 3. The relationship between the offset
distance and the impulse waveform characteristics is obtained in Section 4. Conclusions are drawn in Section 5.

Fe = K c ( x − x1 )e

(2)

Fc = STEP( x, x1 − d , cmax , x1,0) × x

(3)

where Kc is the stiffness of the boundary surface interaction; d is the
boundary penetration; e is the exponent of the force deformation characteristic, which is usually set as 1.5 for the steel bodies; cmax is the
maximum damping coefficient, which is set as 350 N s/m; The damping of the ball bearing is typically in the order of 0.25-2.5×10-5 times
the linearized stiffness of the bearing [16]. The damping coefficient
cmax in Eq. (3) is obtained within this range and x is the first-order
time derivative of x. As depicted in Fig. 3, the STEP function in Eq.
(3) represents that the damping coefficient value decreases from cmax
to 0 when x increases from x1-d to x1.

Fig. 1. Schematics of different defect distribution cases. (a) A parallel case
and (b) a bias case. [26]

2. Calculation methods of the contact force and stiffness
Fig. 3. A STEP function

2.1. Calculation method of the contact force
In the multi-body dynamic model of the ball bearing, an explicit
contour recognition method is utilized for the contact detection between the ball and raceways. As illustrated in Fig. 2, an example of
sphere-to-flat contact model is used to describe the calculation method of contact force in the simulation model. In Fig. 2, I and J are the
undeformed points of sphere and flat bodies, respectively.

2.2. Calculation method of contact stiffness
As depicted in Fig. 4, an inner race-to-ball contact model is used
to describe the point-contact between raceways and balls. Q is the
external force applied on the ball.

Fig. 2. The calculation method of contact force in the simulation model

The contact force between a sphere and a flat surface is calculated
as [21]:
0
F =
 Fe − Fc

; x > x1

; x < x1

(1)

where F is the contact force; Fe is the elastic force; Fc is the damping
force; x is the distance variable used to compute an impact function;
and x1 is the free length of x (if x is less than x1, a positive value for the
force is used). The equations of Fe and Fc are represented as [21]:
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Fig. 4. Schematic of Hertzian point contact

Base on Hertzian point-contact theory, the contact stiffness between inner race and ball is represented as [28]:
Kc =

1
eδ3

(∑ ρ )

(4)

where Kc is the contact stiffness between inner race and ball. ∑ρ and
eδ are, separately, the sum of principle curvatures and an intermediate
variable related to K and μ, represented as:
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∑ ρ = ρ1i + ρ1ii + ρ2i + ρ2ii = r

+

1i

eδ = 2.7910 × 10

−4

1
1
1
+
+
r1ii r2i r2ii

2K
πµ

(5)

(6)

where ρ1I, ρ1II, ρ2I and ρ2II are principle curvatures of the ball and inner race, equal to the reverse of radius r1I, r1II, r2I and r2II，subscripts
1 and 2 are representing the ball and inner race, subscripts I and II representing two mutually perpendicular principal planes; K is the first
order elliptic integral; μ is a coefficient relates to the dimension of
contact region between the ball and inner race. K and μ are separately
represented as:
K=

π /2

∫

1
1 − k 2 sin 2 φ

0

µ=3

1
1− k

2

×

dφ

2E
π

Table 1. Parameters of 6308-2RZ bearing
Parameter

Inner ring diameter (di)/mm

Outer ring diameter (D)/mm

Value
40
90

Ball diameter (Db)/mm

15.081

Width (C)/mm

23

Pitch diameter (dm)/mm
Number of Balls (Z)

65

8

(7)

(8)

where k is an intermediate variable with no meaning. There is a correlation between K and F(ρ) can be represented as:
F (ρ ) =

( 2 − k 2 ) E − 2 (1 − k 2 ) K
k 2E

(9)

where E and F(ρ) are the second order elliptic integral and instrumental variable related to the dimension of ball and inner race, separately,
represented as:
E=

π /2

∫

1 − k 2 sin 2 φ dφ

(10)

ρ1i -ρ1ii + ρ 2 i -ρ 2 ii
∑ρ

(11)

Fig. 5. Schematic of multi-body dynamic model

0

F (ρ ) =

3. Dynamic modelling of a defective ball bearing
The multi-body deep groove ball bearing model has the same geometric parameters of 6308-2RZ ball bearing, the parameter values of
the model are plotted in Table. 1. To model such defective ball bearing, MSC. Adams is used here. In this model, a point motion is applied on the mass center of inner ring, and the inner ring is connected
with ground by a planar joint in order to limit the inner ring to rotate
through the centroid axis while moving in the working plane. The
spring damper system is used to connect the inner ring and ground
both in the horizontal and vertical directions in order to model the
structural stiffness and damping of the driving shaft. The cage can
rotate around the mass center of inner race to accommodate the balls
at a certain angular spacing. The bushing is used to connect the outer
ring with ground in order to model the structural stiffness and damping of the bearing mount and limit the rotational degree of the outer
ring around the centroid axis. Contact constraints are defined between
each ball and the cage, inner ring and outer ring. The schematic of the
multi-body dynamic model is depicted in Fig. 5.
In this multi-body dynamic model, the defect is modeled as rectangular shape in the outer raceway by removing a section. The mod-

Fig. 6. Models of healthy outer raceway and outer raceway with local defect

els of the healthy and defective outer raceway are illustrated in Fig. 6,
where B and L are, separately, the defect length and width.

4. Experimental validation
As depicted in Fig. 7, to validate the multi-body dynamic model of
a ball bearing with a localized defect on the outer ring, an experiment
is applied. The test bearing is placed on the non-driving end of the
shaft. A defect with L=1 mm and B=23 mm are introduced on the outer ring of test bearing using a wire-electrode cutting method as shown
in Fig. 7(b). The shaft rotates at the speed of 1800 r/min. A radial load
of 150 N is applied on the outer ring along the Y-direction. The data
collection system consists of an accelerometer with a sensitivity of
9.91 mV/g, a LMS data collection system, and a computer. The accelerometer is mounted on the outer ring of test bearing to measure
the vibrations. The signals are obtained at a sampling frequency of 20
kHz and a sampling time of 10 s.
The pulse waveforms of acceleration of outer ring obtained from
simulation and experiment results of healthy bearing are compared,
as shown in Fig. 8. Both the amplitudes of simulation and experiment
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periods of experiment and simulation pulse waveforms are 0.01083 s
and 0.01084 s, separately.

Fig. 7. (a) An experiment setup and (b) the test bearing with a defect on the
outer ring

Fig. 8. Comparisons of pulse waveforms of the accelerations along Y direction from the experiment and simulation. (a) Experimental result of
the healthy ball bearing, and (b) simulation result of the healthy ball
bearing

Fig. 10. Comparisons of pulse waveforms of the accelerations along Y direction from the experiment and simulation. (a) Experimental result of
the defective ball bearing, and (b) simulation result of the defective
ball bearing

For further validation, the frequency spectra of accelerations of
the outer ring obtained from simulation and experiment results of defective bearing are compared, as shown in Fig. 9. There is small difference between the shaft rotation frequencies obtained from experiment
(29.69 Hz) and simulation (30.53 Hz). Some differences between the
BPFIs obtained from experiment (150 Hz) and simulation (146 Hz),
and between the
BPFOs obtained from experiment (92.19 Hz) and
simulation (91.93 Hz). Both the experiment and simulation results of
healthy and defective ball bearings show great cohesions with each
other, then the multi-body dynamic model is validated.

pulse waveforms are approximate ±1 g, and a great cohesion
between the two pulse waveforms are observed.
For further validation, the frequency spectra of accelerations of the outer ring obtained from the simulation and
experiment results of the healthy bearing are compared, as
shown in Fig. 9. There is small difference between the shaft
rotation frequencies ( fi = N r / 60 ) obtained from experiment (29.69 Hz) and simulation (27.96 Hz), which can be
caused by some difference in the motor speed. Some differences between the ball passing frequencies of the inner ring
( BPFIs = Zfi / (2 (1 − Db / d m )) ) obtained from experiment Fig. 11. Comparisons of frequency spectra of the accelerations along Y direction from
the experiment and simulation. (a) Experimental result of the defective ball bear(151.6 Hz) and simulation (149.7 Hz), and between the ball passing, and (b) simulation result of the defective ball bearing
ing frequencies of the outer ring ( BPFOs = Zfi / (2 (1 + Db / d m ))
) obtained from experiment (95.31 Hz) and simulation (91.99
Table 2. Comparisons of frequencies of healthy and defective bearings
Hz) are observed, they may be caused by some slipping and skidding
from simulation
between the balls and races.
Frequencies Healthy bearing Defective bearing Difference (%)
The pulse waveforms of acceleration of the outer ring obtained
from simulation and experiment results of defective bearing are com27.96
30.53z
8.42
fi
pared, as shown in Fig. 10. Both the amplitudes of simulation and exBPFO
91.99
91.93
0.06
periment pulse waveforms are approximate ±60 g, and the excitation
BPFI

149.7

146

2.53

There are small differences between the shaft rotation frequencies (8.42%), the BPFIs (0.06%) and the BPFOs (2.53%)
of healthy and defective bearing obtained from simulation, as
shown in Table. 2, they may be caused by some slipping and
skidding between the balls and races.

5. Results discussions

Fig. 9. Comparisons of frequency spectra of the accelerations along Y direction from the
experiment and simulation. (a) Experimental result of the healthy ball bearing,
and (b) simulation result of the healthy ball bearing
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In the multi-body dynamic model, the inner ring rotates at
the speed of Nr=1800 r/min and a radial load of Q=480 N is
applied on the inner ring along the Y-direction. The effects of
defect sizes and locations on the vibrations of the ball bearing
are studied. Then, the pulse waveforms of the accelerations and
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displacements of outer ring along Y direction are compared to investigate the influences of offset distance and skew angle to the vibrations
of the bearing.

5.1. Effects of the defect sizes
To study the relationship between the defect size and the vibration
of bearing, three different sizes of local defects are introduced on the
outer ring, as shown in Fig. 12. The defects are numbered from left to
right as O1, O2 and O3, L1, L2 and L3 are three different lengths, their
values are plotted in Table 3.

Fig. 12. Outer ring model with three different sizes of local defect

Fig. 14. Defective outer ring models of three different offset distances

For the case of H=B/3 mm, the excitation amplitudes of displacement
and acceleration are 0.05695 mm and 22.48 g, separately. For the case
of H=B/2 mm, the excitation amplitudes of displacement and acceleration are 0.05545 mm and 15.64 g, separately. The results show
that the amplitudes of excitations are greatly affected by the offset
distance of defects. Note that the amplitudes of excitations decrease
with the increment of offset distance. This is due to the fact that with
the offset distance increase, the maximum depth of the ball falls into

Table 3. Sizes of local defects
Number

Width (B)/mm

Length (L)/mm

O2 (B×L2)

1

3

O1 (B×L1)

O3 (B×L3)

1
1

1
6

The displacement results of the outer ring are shown in Fig. 13,
the excitations are clearly observed when the ball passes through the
local defect. When the ball passes through defects O1, O2 and O3,
the excitation durations of pulse waveforms are T1, T2 and T3, and a
relationship of T1<T2<T3 can be observed. Moreover, with the increment of defect sizes, the amplitudes of the pulse waveforms increase.
Then the model has achieved a good transient response when the ball
passes through the local defect.

the defect decrease correspondingly.
Fig. 15. The pulse waveforms of the defective outer ring with different offset
distances. (a) Displacements, and (b) accelerations

5.3. Effect of the bias angle
For the study of the relationship between bias angle and outer ring
vibration, O2 defect with three different bias angles θ=0 degree, 30
degree and 60 degree are introduced to the outer ring, as depicted in
Fig. 16. Using the model, displacement and acceleration results of the

Fig. 16. Defective outer ring models of three different skew angles

Fig. 13. The pulse waveforms of displacements of the outer ring for different
defect sizes

5.2. Effect of the offset distance
In order to investigate the effects of offset distance to the outer
ring vibration, O1 defect with three different offset distances H=0
mm, B/3 mm and B/2 mm are introduced to the outer ring, as depicted
in Fig. 14. Using the model, some displacement and acceleration results of the outer ring are obtained.
When the ball passes through the offset defects, the excitations
caused by the defects are clearly observed. The pulse waveforms of
the defective outer ring with different offset distances are shown in
Fig. 15. For the case of H=0 mm, the excitation amplitudes of displacement and acceleration are 0.0585mm and 28.82 g, separately.

outer ring are obtained.
The pulse waveforms of the defective outer ring with different
bias angles are shown in Fig. 17, where T1, T2 and T3 represent the
excitation durations for the cases of θ=0 degree, 30 degree and 60
degree, separately. The relationship of T1> T2> T3 can be clearly observed, indicate that the excitation duration decreases with the increment of bias angle. This is due to the fact that with the bias angle
increase, the angle distance of defect along outer ring centerline decrease correspondingly. The curve sections j2-k2-l2 and j3-k3-l3 depict
the continuous excitations caused by local defect for the cases of θ=30
degree and 60, separately. Differently, the curve section j1-k1-l1-m1
that for the case of θ=0 degree has an extra relatively flat section k1-l1,
this is because during this period the ball continuously contact with
the length edges of local defect, then no sudden impact happened for
the outer ring. Moreover, the excitation amplitudes of acceleration for
the cases of θ=30 degree and 60 degree are great than that for the case
of θ=0 degree. The result shows that the excitation amplitudes of acceleration increase with the increment of bias angle.
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with the increment of inner ring speed. Moreover, the excitation
amplitude increases with the growth of inner ring speed.

6. Conclusion
A multi-body dynamic model is presented to consider the
effects of the offset and bias defects. The contact stiffness is
calculated by Hertzian contact theory. The effects of sizes, offset distance and bias angle of the rectangular shape defect on
the vibrations of ball bearing are analyzed. The obtained results
show that the given method can provide a more accurate and
reasonable analytical method for studying the vibrations of ball
Fig. 17. The pulse waveforms of the defective outer ring with different skew angles. (a)
bearing with a local offset defect. Some conclusions are listed
Displacements, and (b) accelerations
as follows:
(1) The amplitudes of pulse waveforms caused by defect increase with the increment of defect sizes.
5.4. Effect of the inner ring speed
(2) The amplitudes of excitations are greatly affected by the offset
In order to investigate the effects of inner ring speed to the outer
distance of defects. Note that the amplitudes of excitations dering vibration, the pulse waveforms of the defective outer ring with O3
crease with the increment of offset distance. The reason is that
defect under three different inner ring speed conditions Nr =900 r/min,
with the offset distance increase, the maximum depth of the
1800 r/min and 3600 r/min are compared, as shown in Fig. 18. T1, T2
ball falls into the defect decrease correspondingly.
and T3 represent the excitation durations for the cases of Nr =900 r/
(3) The excitation duration decreases with the increment of bias
min, 1800 r/min and 3600 r/min, separately. The relationship of T1>
angle. This is due to the fact that with the bias angle increase,
T2> T3 can be clearly observed, indicate that the excitation decreases
the angle distance of defect along outer ring centerline decrease correspondingly. Moreover, the excitation amplitudes
of acceleration increase with the increment of bias angle.
(4) The excitation decreases with the increment of inner ring speed
and the excitation amplitude increase with the growth of inner
ring speed.
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Fig. 18. The pulse waveforms of the defective outer ring under three different
speed conditions

Nomenclature
B
cmax
C
d

Defect width, mm

K

Boundary penetration at which the Adams solver applies full damping, mm

Q

Maximum damping coefficient, N/(m/s)
Bearing width, mm

Kc
L

The first order elliptic integral

Contact stiffness between inner race and ball, N/mm
Defect length, mm

External force applied on the ball, N

di

Inner ring diameter, mm

Principle radius of the ball in plane I, mm

D

Pitch diameter, mm

r1I

Db

Outer ring diameter, mm

Ball diameter, mm

r2I

Principle radius of inner ring in plane I, mm

dm
eδ

E

An intermediate variable related to K and μ
The second order elliptic integral

fi

Rotational frequency of inner ring, Hz

BPFI

Ball passing frequency of inner ring, Hz

BPFO

F

490

Ball passing frequency of outer ring, Hz

Contact force, N

r1II Principle radius of the ball in plane II, mm

r2II Principle radius of inner ring in plane II, mm
x

Distance variable used to compute an impact function, mm

Z

Number of Balls

x1

ρ1I

Free length of x, mm

Principle curvature of the ball in plane I, mm-1

ρ1II Principle curvature of the ball in plane II, mm-1
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Fe
Fc
F(ρ)
k

ρ2I

Elastic force, N

Damping force, N

Instrumental variable related to the dimension of ball
and inner race
An intermediate variable with no meaning

ρ1I

Principle curvature of inner ring in plane I, mm-1
Principle curvature of the ball in plane I, mm-1

ρ2II Principle curvature of inner ring in plane II, mm-1
μ

Coefficient relates to the dimension of contact region between the ball and inner race
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An extended model of angular bearing influence of fitting and pre-deformation
Rozszerzony model łożyska tocznego –
wpływ pasowania i odkształcenia wstępnego*
The paper presents a modeling of angular bearing in the context of motion resistance. It was assumed that the motion resistance
depends on the contact forces. For that reason, the main goal of modeling was an estimation of the forces and determination of the
influence of such parameters, like rotational speed of the bearing ring, pre-displacement of the bearing and fit of the shaft and the
inner ring, exerted on those forces. In the literature, when estimating the contact forces, such parameters are taken into account
very rarely. The modelling was performed by means of a numerical method, viz. FEM. The modeling results show that the omission
of such parameters will lead to big errors in estimation of contact forces, and those errors may be as high as 100%, or even higher.
The real motion resistance will be bigger than calculated.
Keywords: angular bearing, motion resistance, FEM.
W artykule przedstawiono modelowanie łożyska tocznego skośnego w kontekście oporów ruchu. Ponieważ przyjęto, że opory
ruchu są proporcjonalne do sił kontaktowych to głównym celem modelownia stało się oszacowanie ich wielkości oraz określenie
wpływu takich parametrów jak prędkość obrotowa pierścienia łożyskowego, wstępne odkształcenie łożyska i pasowania wałka i
pierścienia łożyskowego na te siły. W literaturze tematu parametry te są rzadko albo w ogóle nieuwzględniane przy szacowaniu
sił kontaktowych. Modelowanie przeprowadzono metodą numeryczną MES. Wyniki modelowania pokazują, że pomijanie ww.
parametrów prowadzi do błędnego oszacowania sił kontaktowych, tj. do ich zaniżania, a błędy mogą sięgać 100% i więcej. W
rezultacie rzeczywiste opory ruchu będą większe od oszacowanych na drodze numerycznej.
Słowa kluczowe: ożysko toczne, opory ruchu, MES.

1. Introduction
The development of HSC (High Speed Cutting) technology results in a significant increase in kinematic parameters in the cutting
process, viz. cutting and feed speed. In comparison to the cutting
parameters hitherto used, the speed increase ranges from a few to a
dozen or several dozen times, which has specific consequences, also
for the machine tool construction. The increase in the spindle speed
results in a significant increase in dynamic forces, among others, in
bearing assemblies. Therefore, the quantity of heat in these assemblies will increase, which often forces the constructors of machine
tools either to add a new or rebuild the existing cooling system. The
addition of a cooling system or its redesigning will entail, first of all,
the knowledge of the quantity of heat generated therein.
In the available literature on the subject, a vast majority of reports
concern the issue of fatigue life of rolling bearings. It is understandable, since rolling bearings often belong to the weakest elements of the
mechanical system. In [5], the authors considered the issue of bearing
radial play, but in the context of its durability. By using simulation
methods, they tried to determine its best value available. In [16], the
authors considered not only the impact of design and construction factors, but also technological and operational factors such as the correctness of assembly, monitoring the balancing of the machine or the
effect of lubrication correctness upon the fatigue life of the bearing. In
[15], the authors investigated the influence of pre-clamping of angular
bearings on their fatigue life. The authors also pointed out that as of
today there is no universally available method to select this pre-load.
Instead, this article focuses on the impact of motion resistance in
rolling bearings on the operational quality of cutting machine tools.

This operational quality, understood as the workmanship accuracy of
a workpiece on the machine tool is, among others, closely related to
thermal deformations caused by the heat generated in bearings.
It is generally assumed that the quantity of heat generated in the
bearing itself is equal to the power of losses resulting from the resistance of bearing motion. The estimation of such a resistance in the
bearing is not fully resolved. Commonly, the aforesaid resistance is
estimated with Palmgren model [14], according to the formula:
y

F 
M1 = z  s  Fβ d m
 Cs 

(1)

Fβ = 0.9 Fa ctgα − 0.1Fr
where:

M1 – motion resistance torque in a rolling bearing,
Fs – replacement load on the bearing,
Cs – static bearing capacity of the bearing,
z – coefficient dependent on the type of bearing and lubrication (for a deep-groove angular-contact ball bearing) z=0.001
[6]),
dm – average diameter of the bearing,
y – coefficient dependent on the type of bearing and lubrication (for a deep-groove angular-contact ball bearing) y=0.33
[6]),
Fa – axial component of external bearing load,
Fr – radial component of external bearing load,

(*)	Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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α – angle of bearing operation.
As it appears from equation (1), it does not explicitly include,
among others, the effects of the rotational speed of the bearing (in the
Palmgren rule, M1 means only the moment of friction from the external load without centrifugal forces, gyroscopic torque, etc.).
In an angular bearing, at least the following rotary movements
will occur (Figure 1):
–– the orbital velocity of the balls ωm, i.e. the rotational movement
around the bearing axis on the bearing raceways,
–– rotational speed of the inner bearing ring ω,
–– rotational speed of balls around their own axis ωB,.
–– rotational speed of balls around their own axis ωs,
–– rotational speed of balls ωroll, as a result of gyroscopic torque
Mg.
Rotational movements in an angular bearing will cause dynamic
forces, such as centrifugal forces Fc from orbiting balls, centrifugal
forces Fcp from the rotating ring, gyroscopic torque Mg, resulting from
the orbital motion of the balls in the plane deviating from the plane
of the bearing by an angle β (this angle changes with the change of
the rotational speed of the bearing), the spinning torque of the Ms as a
result of the rotational movement of the balls around their own axes.
a)

b)

Fig. 2. Hypothetical state of loads of an angular bearing; Fz(r), z(a) – external,
radial and axial loads of a bearing, Fc, Fg(o), Fg(i) – dynamical loads –
centrifugal and gyroscopic, Mg – gyroscopic torque, Fa – pre-load of
a bearing, Ms – spinning torque, Mop – friction torque due to load, Qi,
Qo – contact loads

The author assumed in his monograph [9] that the motion resistance resulting from the effect of friction in a rolling bearing is a function of the dynamic contact forces Qi and Qo, occurring between the
balls (rollers) and bearing raceways as well as of the friction coefficients. To calculate the motion resistance due to rolling friction forces
M1(T), the author used the formula presented in [12], viz.:
M1(T ) =
where:
Fig. 1. Angular bearing rotational movements: ω – rotational speed of inner
ring, ωm – orbital speed of balls, ωs – rotational speed of balls around
own axis, ωB – rotational speed of balls around own axis, ωroll – rotational speed of balls due to gyroscopic phenomenon, αi, αo – contact
angels, β – ball pitch angle, Mg – gyroscopic torque, Fc – centrifugal
load due to orbital movements of balls, Fcp – centrifugal load due to
rotational movements of inner ring, Ms – friction torque due to spinning effect

Figure 2 features a hypothetical state of load in an angular rolling
bearing. The total motion resistances of the Mop consist of the frictional resistance of balls with M1(T), raceways, sliding friction resistance due to the rotation of balls around their own axis Ms, resistance
to movement due to the presence of grease Mv. This article focuses
only on the movement resistance caused by the friction of the balls
against the raceways M1(T).
An effect generated by the occurrence of these dynamic forces is,
among others, a change in the bearing motion resistance of the Mop.
These effects are not included in equation (1).
A significant increase in speed in HSC machine tools no longer
allows neglecting dynamic effects while estimating motion resistance
(for the previously used technologies, dynamic effects were omitted,
because their impact on motion resistance was small). Hence the necessity to develop a new model for determining the motion resistance
in which dynamic effects that affect the bearing motion resistance
would be clearly exposed.
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j = Z −1

∑

j =0

(Qij fkij + Qoj fkoj )

(2)

Qi, Qo – contact forces between the ball and the inner (i) and
outer (o) raceway,
fki, fko – coefficients of rolling friction between the ball and the
inner (i) and outer (o) race,
D – ball diameter,
Z – number of bearing balls,
M1(T) – moment of friction caused by the balls rolling on the
raceways.

In the literature [1-2], [4], [6], [8-9], [11], [13] can be found many
analytical models, allowing one to determine dynamic forces Qi and
Qo as a function of rotational speed, initial angular bearing pre-load
Fa or external load Fz. A common feature of these models is the fact
that they only take into account the dynamic effects resulting from the
orbital motion of the balls around the bearing axis (centrifugal forces
Fc) and the rotation of the balls around their axes (gyroscopic effect)
in the form of the so-called gyroscopic torque of Mg.
The author [10] proposed an extended contact model of an angular bearing in which he took into account the dynamic effect resulting from the rotary motion of the gyrating inner ring in the form of
centrifugal force Fcp.
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2. Extended contact model of the bearing
As already mentioned, most contact bearing models found in the
literature do not take into consideration the dynamic effects resulting
from the rotational movement of the inner ring. Exceptions include
items [3], [7], [18, 19].
The authors [3], [7], [18, 19], while analyzing the state of bearing
load resulting from the centrifugal forces of spinning balls, also took
into account the deformation of the inner ring due to its rotational
speed. What seems to be debatable or unacceptable is the fact that into
the equations describing the displacements and deformations in the
contact areas those authors inserted displacements of the inner ring,
calculated according to the formula corresponding to the freely expanding gyrating ring. It seems that the assumption of the free expansion of the outer surface of the inner ring is erroneous, as this ring is
in contact with many balls which takes away its degrees of freedom.
In a further part of Chapter 2 of the article presented is the difference
in displacement of the ring between the ring subject to free expansion
and the ring constituting the bearing element.
Figure 3 presents the phenomenological models, respectively, of
a bearing in which the expansion of the inner ring has been omitted
(Fig. 3a) and of a bearing in which this expansion has been taken into
account (Fig. 3b).
The main difference lies in the model of the susceptible inner ring,
Kr, which moves radially by a size δP. For this reason, in the equation
of the equilibrium of forces acting on the inner ring in the vertical di-

rection (depending on (3), there will occur as well an additional force
Fr, which is proportional to the displacement δP. Figure 4 shows the
bearing load condition taking into account the centrifugal force from
the gyrating Fc balls and the rotating inner ring Fcp.
For the phenomenological model as in Fig. 4, provided are some
equations of forces acting on the ball and the inner ring, namely:
Qi sinαi = Qo sinαo
Fc = Qi cosαi – Qo cosαo
(3)

Fa = Qi sinαi
Fa = Qo sinαo
Fcp – Fr – Qi cosαi = 0
Fr = Kr δP (4)

and so-called a geometric condition that binds together contact deformations δi and δo and radial displacements of the ring δP (Fig. 4b):

where:

(𝑟𝑖+𝛿𝑖−0,5𝐷)cos𝛼𝑖+(𝑟𝑜+𝛿𝑜−0,5𝐷)cos𝛼𝑜=𝐴cos𝛼+δP

(4)

ri, ro – radii of inner and outer race curves,

b)

a)

Fig. 3. Contact models of a bearing: a) without inner ring expansion, b) with inner ring expansion [10]; Ki, Ko – contact stiffness of inner race (i) and outer race (o), Kr – elastic stiffness of inner ring, Fr – elastic force due to inner ring deformation, δi, δo – contact deformation, δP – elastic deformation of inner ring, xk – ball displacement

a)

b)

Fig. 4. The state of a bearing load taking into account centrifugal load due to orbital movement of balls Fc and due
to rotation of inner ring Fcp
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a)

b)

Fig. 5. The influence of rotational speed on contact angels αi and αo and contact loads Qi and Qo [10]: continuous line relates to the model without expansion of
the inner ring, dashed line relates to the model with expansion of the inner ring

3. Effect of initial bearing pre-load and fit in the contact area of the shaft with the inner ring on contact
forces

Fig. 6. Displacements of the inner ring as a function of rotational speed: P
– freely expansion of the inner ring, P+K – inner ring as a part of
bearing

δi, δo – contact deformation of the ball in the area of the inner
and outer race,
δP – radial displacement of the inner bearing ring,
α, αi, αo – contact angles,
Kr – elasticity constant of the inner bearing ring,
A – distance between the centers of the curvature of the inner
and outer race (design feature of the bearing).
On this basis, it was possible to carry out simulation tests showing
the influence, for example, of the rotational speed on contact forces
Qi and Qo and on the contact angles αi and αo (Fig. 5).
Even a cursory analysis of Fig. 5 shows that both the contact angles and the contact forces for both the models (continuous lines in
the charts refer to the extended model, i.e. the model in which the dynamic effects of the rotating inner ring are taken into account) - they
vary by 20 - 30%.
The system of equations (3) and (4) also allows to compare the
deformations of the inner ring as a function of the rotational speed for
two, extremely different ring models, i.e. freely expanding under the
influence of the centrifugal force and constituting a part of the bearing. Figure 6 shows strains δP of the ring at the point of its contact
with the shaft, i.e. on the inner surface of the ring.
The deformations of the freely expanding ring (line P) are several
times larger than the in the ring constituting the bearing element (line
P + K). Therefore, corroborated is a critical opinion about improper
ring modeling in [3], [7], [18, 19].
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A vast majority of literature on contact phenomena in rolling bearings focuses on the effect of bearing speed and its elastic pre-load on
the operating angles αi and αo and contact forces Qi and Qo. On the
other hand, there are almost no items that would consider the impact
of the shaft and inner ring fit and pre-displacement of the bearing on
the above parameters. Exceptions there to include items [11] and [17],
where the authors analyzed the effect of rigid pre-displacement. To
solve this problem analytically, they adopted a far-reaching simplification regarding the relationship between contact angles αi and αo (an
assumption was made that αi=α+∆α and αο=α−∆α). This simplification significantly distorts the calculation results of these angles and
contact forces at high rotational speeds.
In engineering solutions for rolling bearings, especially angular
bearings, two pre-load techniques are used (Figure 7). The first of them,
referred to as a flexible, elastic pre-load, uses a spring or hydraulic element for pre-tensioning. This solution ensures a constant value of the
pre-load of Fa bearings. Modeling procedures performed according to
this solution are simpler and allow an analytical determination of the
parameters sought, and that is why it is more common in analytical
research. In engineering practice, however, it is rarely used.
The other solution, most often found in engineering practice, referred to as initial stiff deformation, consists in axial displacement of
the inner ring with respect to the outer one by a certain distance δa
(several or a dozen or so µm).
The disadvantage of this solution is a changing axial force acting
on the bearing, along with the changing speed. This structural solution is much more difficult to determine analytically such parameters
as contact angles and contact forces, and that is why it is much less
common in the literature. The author, in this article, presented some
research results for such a solution.
The second important factor affecting contact forces Qi, Qo, and
thus the resistance of the bearing movement is the fit between the shaft
and the inner ring. In typical solutions of bearing assemblies of machine tool spindles, applied are fits causing negative clearance δP. The
size of this clearance ranges from a few to a dozen or so µm. There is
no report in the literature about the impact of this fit on contact forces
in the bearing. Therefore, the author conducted simulation studies,
showing, among others, the effect of the negative clearance on the
contact forces, especially in combination with the initial deformation
(displacement) of the inner ring in relation to the outside ring δa.
Because it is difficult to obtain an analytical solution without significant simplifications, as shown, among others in [11] and [17], in
this work a numerical method – viz. the finite element method - has
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and the orbital motion of the balls, and thus of centrifugal forces, too.
Figure 8 presents an example of the strain distribution and the
method of determining a representative deformation δP for comparative purposes of test results. The model becomes deformed in each
direction (X, Y, Z), but for the purpose of the analysis defined was
a fixed measuring point (Fig. 8) in the Z direction (radial direction),
corresponding to the radial deformation of the inner ring δP.
From the point of view of the ongoing analysis, the following
factors were of interest: the impact of the fit, expressed in the form
of Pressure pa and initial deformation of Displacement δa on radial
deformations δP (Figure 8) of the ring and consequently on contact
forces Qi and Qo. In addition, the influence of these parameters on the
Fig. 7. Methods of pre-load of an angular bearings; δa – pre-deformation, Fa
– elastic pre-load, δP – negative backlash due to close fit of shaft and
(Axial force reaction) Fa (Fig. 8) on the ring’s contact with the housbearing hole
ing and the nut was also taken into account.
Figure 9a shows the relationship between pressure pa on the inb)
a)
ner ring and the radial
displacement δP of the
ring for several systems. The dashed line
refers to the standstill
(n=0), i.e. a condition
that will arise after assembly of the bearing
with pre-determined
δa, and a continuous
line at 12,000 rpm.
The line applies to the
freely expanding ring
system (without a ball
and an outer ring).
Line P + K * applies
to the bearing system
Fig. 8. Geometrical model of a bearing for FEM simulation and an example of displacement distribution of a bearing model: δP – ra- only when the balls rodial displacement of an inner ring
tate in orbital motion.
Instead, P + K line
been used, i.e. (Ansys 13). The geometrical model of the bearing is
applies to the bearing
quite simple due to a large number of symmetry axes (Fig. 8). The
system when the balls and the inner ring rotate. This figure allows one
boundary conditions were modeled as follows:
to estimate the relationship between the pressure which will occur on
–– Compression Only Support for the surface of the inner ring in
the inner ring and the negative clearance due to fit (displacement δP is
contact with the shaft in the radial direction and for the surface
associated with negative clearance due to fit).
of the outer ring in the axial direction,
This graph permits one to draw conclusions about the changing
–– Pressure for the surface of the inner ring in contact with the
(increasing) radial displacement δP of the ring with increasing presshaft, to model the pressure pa from the negative clearance (fit)
sure Pa and speed (please compare the displacement for n = 12,000
δP,
revolutions per minute with the displacement after the assembly of
–– Displacement for the surface of the inner ring in the axial directhe bearing n = 0 rev / min). It can also be stated that the failure to
tion, in order to model the initial deformation δa,
take into account the rotational motion of the ring (comparing P + K*
–– Frictionless Support for the outer surface of the outer ring,
and P + K) results in a significant pressure drop on the ring (for the
–– Contacts for the contact area of balls with bearing races,
selected fit). Fig. 9a shows an example for displacement δP = 2 µm.
–– Rotational Velocity in order to model the rotational motion
If you do not take into account the rotation of the ring (curve P + K*),
of the inner ring
then, pressure pa = 2 MPa. However, if we take into consideration
a)
the dynamic effects of the rotational movement of the ring (curve
P + K), then, the pressure will be much higher,
b)
around 4.2 MPa.
Figure 9b shows the effect of pa pressure
on the axial response of the Fa in the contact
areas of the bearing with the housing and the
nut. It is possible to formulate a conclusion not
only about a low impact of pa pressure on axial
reactions Fa or relatively large pre-displacements (for δa=20µm, the fall in axial reaction
does not exceed 10%) , but also on an intensified effect from pressure of Pa with decreasing
Fig. 9. Influence of pressure pa on radial displacepre-displacement (for δa=2µm, the increase in
ment δP of an inner ring and on axial force in the contact field of bearing and housing and a nut
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a)

b)

Fig. 10. Effect of pre-deformation δa : a) on axial force Fa, b) on radial displacement of the ring δP

b)

a)

Fig. 11. Effect of bearing speed a) on the radial displacement δP of the ring and b) on the axial force Fa

a)

b)

Fig. 12. Effects from pressure pa and pre-deformation δa on contact loads, viz. on their sum: Qi + Qo –
with dynamic effects of the inner ring movement Qi* + Qo* – without dynamic effects of the inner
ring movement

Fig. 13. Effect from rotational speed on contact loads (their sum); Qi+Qo –
with dynamic effects of the inner ring movement, Qi*+ Qo* – without
dynamic effects of the inner ring movement

axial reaction reaches 80%). First of all, this reaction depends on the
pre-displacement δa.
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The influence of pre-displacement δa on
the radial displacements of the ring and on the
axial reaction Fa is shown in Fig. 10. Pre-deformations δa have a very strong influence on the
axial response Fa. One might venture to call it
a linear relationship. However, the influence of
rotational speed seems to be insignificant.
The influence of pre-displacement δa on the
radial displacement δP of the ring (Fig. 10b)
depends significantly on the magnitude of this
deformation and on the speed. Depending on
the speed, as pre-displacement δa, increases,
the radial displacement of the ring decreases
to a certain limiting value. Then, they do not
change significantly as pre-displacement increases. For example, for a speed n = 0 rpm
(condition after assembly of the bearing in
the bearing seat), for deformations exceeding
3 µm, the displacement δP does not change any
more . This is a valuable tip for a correct selection of assembly conditions for an angular bearing. It could be expected because the increase in
the initial pre-load increases the axial stiffness
of the bearing - and properly selected pre-displacement must guarantee mainly the required
axial and radial stiffness. Often, the working
temperature is also an important limitation.
Figure 10b shows that the bearing speed
also affects the movement of the ring δP (compare
displacements for n=0 and n=12000 rpm). Therefore, in the next illustration (Figure 11), in detail
presented is the speed impact on the displacement δP (Figure 11a) and on the axial reaction Fa
(Figure 11b), too.
The conclusions from Figure 11a are interesting from the viewpoint of proper design of bearing
assemblies. The effect of speed on radial displacements of the δP ring is generally strong. However,
it depends essentially on the initial deformation of
δa. When the pre-displacement is increased during
the assembly of a bearing, then, attenuated is the

Fig. 14. Effect from pressure pa on contact loads (their sum) and on radial
displacement δP of the ring

effect from the rotational speed on the radial displacements of the δP
ring. For example, by increasing pre-displacement δa from 2 µm to 5
µm, radial displacements δP of the ring at a bearing speed of 12,000
rpm will decrease by approx. 75%. For a pre-displacement exceeding
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10µm it can be assumed that the rotational speed does not significantly affect the radial deformations of the δP ring.
Instead, the rotational speed has no significant effect on the axial
reaction of Fa (Figure 11b). This reaction depends mainly on predisplacement δa.
The main purpose of the article is to assess the bearing movement
resistance basing upon the calculated contact forces. Therefore, afterwards presented are the results of the research into the effects caused,
respectively, by pressure pa, pre-deformation δa, and speed on contact
forces (on their sum). Figure 12 shows the effect of pressure Pa and
pre-deformation δa corresponding to a speed of 12,000 rpm
The impact of both parameters is significant. Contact forces (their
sum) increase linearly with the pressure pa, where the dynamic effect
of the gyrating ring becomes evident when we compare the results for
Qi + Qo and Qi* + Qo*.
And so it is with pre-displacement δa (Fig. 12b). An increase in
this parameter contributes to a significant increase in the sum of contact forces. The effect from the gyrating ring is as strong as it is when
assessing the effect of pressure pa.
Figure 13 shows the effect of rotational speed on contact forces, and
in Figure 14 presented is an effect of pressure pa on contact forces and
radial deformations δP of the ring, for a zero bearing speed. Thus, this is
the condition of the bearing after its assembly in the bearing seat.
Simulation tests whose results are illustrated in Figure 13 prove
that the differences between the contact forces (their sum) and thus
the bearing movement resistance caused by rolling friction of balls
on the raceways, while taking and not taking into account the dynamic
effects of the gyrating ring and depending on the rotational speed,
may reach 100% (for n = 12,000 rpm). It can be ascertained that when
the dynamic influence of the rotating ring is neglected, this will significantly underestimate the contact forces, and thus the resistance
to a bearing’s motion. These results corroborate the thesis that predeformation δa affects contact forces. Figure 13 shows the test results
for δa=0 and 2µm, i.e. for a relatively small pre-strain; nevertheless,
the differences can reach 10%.
In turn, Figure 14 shows the effect from pa pressure on contact
forces (their sum) and on radial deformations δP of the ring for a
speed n = 0 rpm, i.e. for the state after assembling the bearing in the
bearing seat. This effect is unambiguously large.
Figure 14 also shows the relationship between pressure pa and
pre-displacement δa. This allows an estimation of one of these quantities, e.g. pressure pa, for the pre-displacement δa.

To sum it up, the designer of a bearing assembly, wanting to
estimate the motion resistance, must take into account not only the
dynamic effects caused by circulating balls, but also by the gyrating
ring, pre-displacement δa of the bearing and fit of the shaft and bearing ring (in this case -pressure pa). Failure to take these phenomena
into account will result in errors in bearing resistance estimation of an
order of 100% and more to the disadvantage, i.e. the estimated resistance will be lower than in reality.

4. Summary
The article presents the problem of angular bearing modeling in
the context of its resistance to motion. It was assumed that the resistance caused by the friction of the balls on the raceways is a function of the contact forces occurring between the balls and raceways.
Hence, the development of a model allowing the determination of
these forces will play a pre-eminent role.
The article focuses on those factors which are so far have been
poorly presented in the literature, i.e. the effect of dynamic phenomena related to the rotational movement of the bearing ring, with the
effect of fit of the shaft in the bearing bore, with the effect of pre-displacement of the angular bearing upon contact forces and the radial
deformation of the inner ring.
As a result of the MES numerical simulation research, the following has been ascertained:
– a significant effect of rotary motion of the inner ring on contact
forces which, depending on the rotational speed of the bearing, can
reach up to 100% if compared to the forces caused only by the orbital
motion of the balls,
– a significant effect of pre-displacement δa of the bearing upon
contact forces. For example, for a FAG 70B13-E test bearing, for every 1µm of pre-deformation, the contact force increase per one ball was
about 40N (in the test bearing, there were 19 balls which resulted in an
increase in contact forces of approx. 760 N). Since for test bearings
typical values of pre-deformatioon can reach up to approx. 10µm, the
resulting increase in contact forces is about 38% of the value corresponding to the contact forces due to centrifugal forces,
– a significant effect of fit in the form of a negative clearance on
the value of contact forces.
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Remaining useful life prediction model of the space station
Model predykcji pozostałego czasu pracy stacji kosmicznej
Space station is a very complex system, and its remaining useful life will be affected by the key equipment, cosmonauts’ maintenance activities as well as space environments. It is important for the operation management of a space station to predict its remaining useful life (RUL). A valid RUL prediction model is the key foundation for this issue, which motivates the research presented in this paper. Firstly, different types of space station life are defined. Secondly, the function and performance requirements as
well as the operation mission program of the space station are analysed, which are further used to confirm the model development
precondition. A life prediction model is then proposed by synthetically taking account of the safety, reliability and maintainability
restrictions. Finally, the data requirement for supporting the RUL prediction is determined. Based on this work, a comprehensive
procedure for RUL prediction model development is constructed for the operation management engineers of the space station. If
the data of the development and operation is adequate, RUL prediction of the space station can be well implemented, and can be
further leveraged to support the space station operation management.
Keywords: Space station, remaining useful life prediction, key equipment, key activity, Monte Carlo simulation.
Stacja kosmiczna stanowi wysoce złożony system, którego pozostały czas pracy (ang. remaining useful time, RUL) zależy od kluczowego sprzętu, czynności konserwacyjnych przeprowadzanych przez kosmonautów, a także warunków panujących w kosmosie.
Zarządzanie operacyjne stacją kosmiczną wymaga przewidywania RUL. Podstawą tego zagadnienia jest stworzenie prawidłowego modelu predykcji RUL, co jest przedmiotem niniejszej pracy. W artykule, w pierwszej kolejności, zdefiniowano różne kategorie
czasu pracy stacji kosmicznej na orbicie. Następnie, przeanalizowano wymagania dotyczące funkcji i eksploatacji stacji a także
program jej misji operacyjnych. Wyniki tych analiz wykorzystano do weryfikacji wstępnych warunków koniecznych do budowy
modelu. W dalszej kolejności, zaproponowano model predykcji czasu pracy stacji, który w sposób syntetyczny uwzględnia ograniczenia dotyczące bezpieczeństwa, niezawodności i możliwości konserwacji. Na koniec określono rodzaje danych wspierających
predykcję RUL. Na podstawie opisanych etapów prac skonstruowano kompleksową procedurę opracowywania modeli predykcji
RUL dla inżynierów zarządzania operacyjnego pracujących na stacjach kosmicznych. Jeśli dane dotyczące rozwoju i operacji są
prawidłowe, zaprojektowany algorytm predykcji pozostałego czasu pracy stacji kosmicznej można z powodzeniem zaimplementować, a także rozszerzyć tworząc skuteczne narzędzie wsparcia personelu zarządzającego pracą stacji kosmicznej.
Słowa kluczowe: Stacja kosmiczna, przewidywanie pozostałego czasu pracy, kluczowy sprzęt, kluczowe działania, symulacja Monte Carlo.

Acronyms and Abbreviations
RUL
Remaining useful life.
ANNs Artificial neural networks.
HSMM	Hidden semi-Markov model.
POF
Physics-of-failure.
KF
Kalman filter.
PF
Particle filter.
SPM
Stochastic process model.
DRAMA Debris risk assessment and mitigation analysis.
MOL
Mission orbital life.
SPL
System platform life.
SML
Specific mission life.
SMSs
Structure and mechanism subsystem.
POSs
Propulsion subsystem.
GNCSs Guidance navigation and control subsystem.
MCSs Measurement and communication subsystem.
TCSs
Thermal control subsystem.
POSs
Power subsystem.
ECLSSs Environment control and life support subsystem.

DTMSs Docking and transposition mechanism subsystem.
TPSs
Thermal protection subsystem.
ORU	Orbital replacement unit.
FMEA Failure mode and effect analysis.
JSA
Job safety analysis.
CALCE Center for Advanced Life Cycle Engineering.
PCoE
Prognostics Center of Excellence.
ISS	International Space Station.
MCS
Monte Carlo Simulation.

Notations
TP

Propellant service time.

M0

Amount of propellant in service.

Mc

Deorbit recapture propellant consumption.
M1 	Unusable residue.
Calculation error.
M′
My

Average annual consumption of propellant.
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TB

Cycle life.

U0

Discharge initial output voltage.

Ut

Discharge termination voltage at specified threshold.

d

Linear degradation rate.

TL

Lower life limit.
TU 	Upper life limit.
T
Total test time.
r
Failure times.
á
Confidence level.
θ
Average life.
ç
Scale parameter the two-parameter Weibull distribution.
m
Shape parameter of two-parameter Weibull distribution.

special attentions to the issue of system-level RUL prediction, this
issue still faces many challenges. The space station RUL prediction is
much more complex than the other system, because it is a synthesis
problem related to the equipment operation, cosmonaut’s maintenance
activities and conformational changes [23] [24]. It is difficult to use
these methods to predict the space station RUL before the prediction
rules and preconditions are clear.
This paper aims at developing a model for RUL prediction of a
space station by taking account of key equipment states and the cosmonaut orbital maintenance activities. A model building framework
is shown in Fig. 1.

TAMR Total time for the specific addition, maintenance and replacement activity.
ti
i th activity operation time.
m AMR Total number of specific addition, maintenance and replacement activities.
RULS Space station RUL.
RULEi RUL of the corresponding key equipment.
TAMRi Key addition, maintenance or replacement activity’s time.

1. Introduction
The space station is the most complex spacecraft in the space,
and it normally operates with long-life requests due to the high operation cost. The accuracy of remaining useful life (RUL) prediction is
of great importance for the life assurance and extension of the space
station. The operation decisions are deeply based on the RUL prediction.
The space station consists of thousands of key components, which
constitute the main structure and functions of the space station. The
space station’s life mainly depends on these key components. On the
other hand, the cosmonauts’ maintenance activity will affect the RUL
of the space station under different maintenance quality. In addition,
the space environment’s influence will be reflected by the key equipment operation state and the cosmonauts’ maintenance activity.
After decades of research and application, the approaches of RUL
prediction can be divided into two categories, including data-driven
approaches and model-based approaches [29]. The classical datadriven approaches, including Bayesian inference [20], machine learning [27], artificial neural networks (ANNs) [36], and hidden semiMarkov model (HSMM) [15], are adopted to the electromechanical
rotating equipment’s RUL prediction. For the model-based approaches, such as physics-of-failure (POF) [11] [28], Kalman filter (KF) [4],
particle filter (PF) [14], and stochastic process model (SPM) [9] are
widely used for life prediction of electrical products. In the aerospace
field, for the small satellite, the orbit lifetime analysis is examined
using AGI’s STK [1] and ESA’s debris risk assessment and mitigation
analysis (DRAMA) [5] lifetime simulation tool during the pre-launch
phase [21]. By the certain relation via neural network and the learned
network, which can be partly perceived as degradation pattern, the aircraft engine’s RUL is predicted [37]. In other fields, the approaches,
in the literature about RUL estimation for decision-making in the offshore oil and gas industry, are classified either as physics-based, datadriven based, or fusion-based which is a hybrid of the physics and
data driven based methods [31], and the experiment-based approach
is also added as the fourth classification [2]. However, most of these
methods and their applications mainly focus on the equipment and
product RUL prediction. Although Hamed [7] and Zhang [38] paid
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Fig. 1. Model building framework of space station RUL prediction

Firstly, different types of space station life will be studied. This
aspect is mainly out of the consideration that different types of life
definition will affect the research scope of this paper, and the precondition will be confirmed according to the life type, including the
function and performance requirements and composition of the space
station. When the factors that affecting different types of space station
life have been analyzed, the relevant subsystems can be listed out for
further model development. Through the safety, reliability and maintainability restriction and further adopting practical analysis methods,
the key equipment and the key maintenance activities will be identified. After the feature analysis, the life prediction model will be developed based on the equipment types and maintenance time [18] [19].
After defining the RUL function and giving the calculation method,
the RUL prediction model of space station will be constructed. Based
on the relevant data, the space station RUL can be predicted.
The rest of the paper is organized as follows. First, the types of the
space station life will be studied according to the engineering practice.
Then, the main functions of the space station will be decomposed in
accordance with relevant space station subsystems. According to the
safety, reliability and maintainability restrictions, the key equipment
and maintenance activities will be identified, and their RUL prediction model building methods will be given. After that, the space station RUL model can be built, and the data request will be presented.,
Then, the case study is given to validate the model. Finally, the work
conclusion and the future work will be addressed.

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

S cience and Technology
2. Types of space station life definition
For the space station, there are three types of orbital lives, including the mission orbital life (MOL), the system platform life (SPL) and
the specific mission life (SML) [10]. MOL means the lifetime spent
on maintaining the mission orbit, which depends on the propellant
and resource consumption, and it generally refers to the time interval
between orbit to deorbit. SPL represents the lifetime when the space
station has the ability of autonomous flight in mission orbit. SML indicates the lifetime when the space station can perform specific missions of the mission plan. SML is the time which is spent on a specific
mission, for example, orbit adjustment or rendezvous and docking, by
the space station.
Normally, MOL and SML mainly depend on the propellant residue, and are unrelated to the cosmonauts’ maintenance activities and
the key equipment operation states. Thus, the RUL prediction of the
space station is primarily for SPL.

3. Model Building Precondition
The function and performance requirements are the criteria for
space station RUL prediction. The operation mission program is one
of the influence factors of the space station RUL prediction. Through
the aforementioned analysis, the precondition of the life prediction
model can be confirmed.

3.1. Function and Performance Requirements
The space station provides living and work environment for the
cosmonauts and ensures the planned test in the orbit can be carried
out. The space station must satisfy some functions and performances
requirements, such as the structural bearing function, gas seal function, and orbit adjustment function etc. The main functions of the
space station are shown in Fig. 2. The losses of the above-mentioned
functions will cause serious safety consequences and lead to the end
of the space station life.

Fig. 2. Main Functions of Space Station.

3.2. Composition
The space station includes structure and mechanism subsystem
(SMSs), propulsion subsystem (PRSs), guidance navigation and control subsystem (GNCSs), measurement and communication subsystem (MCSs), thermal control subsystem (TCSs), power subsystem
(POSs), environment control and life support subsystem (ECLSSs),
docking and transposition mechanism subsystem (DTMSs), and
thermal protection subsystem (TPSs). Some of the above-mentioned
subsystem are relevant to a specific function, and the relationship is
described as shown in Fig. 3.

Fig. 3. Relationship Between Main Functions and Relevant Subsystems

3.3. Operation Mission Program
Generally speaking, the operation mission program will be confirmed before the flight mission, which includes the orbital replacement unit (ORU) transport plan, the propellant filling plan, and the
crew plan. All these plans will affect the orbital life of the space station. The emergency flight missions are not included in the scope of
this paper.
This paper defines the orbital life of the space station and analyzes
the preconditions as following:
(1) One of the loss of the main functions indicates the end of the
space station life;
(2) ORU, propellant, and the astronauts’ maintenance abilities in
the orbit are adequate;
(3) The life of the space station mainly depends on the cosmonauts’ maintenance activities and the key equipment operation
states;
(4) The influence of space environment on the life of space station
is reflected by the astronauts and equipment health states.

4. Model Building Methods
4.1. Relationships Between Main Functions and Relevant
Subsystems
In Fig. 3 major functions are related to the SMSs, TCSs, and POSs
subsystem. Accordingly, these three subsystems are the key subsystems. But for the space station, providing the proper living and work
environment is the foundation of its application, the ECLSSs is also
the key subsystem of the space station. Through the determination
of the key subsystems, the key equipment and the key maintenance
activities should be identified according to the safety, reliability and
maintainability restrictions, and provide the model objectives.

4.2. Key Equipment and Key Maintenance Activities Identification based on Safety, Reliability and Maintainability Restrictions
Both the key equipment operation states and the
cosmonauts’ maintenance activities must first satisfy
the safety requirements. For the key equipment, they
should be reliable and replaceable. Through the safety, reliability and maintainability restrictions, the key
equipment and key maintenance activities can be identified. The identification process is shown in Fig. 4.
Failure Mode and Effect Analysis (FMEA) [25] is
an effective method to identify the potential failures
and key equipment related to system reliability. In the FMEA, the
space station is treated as the initial indenture level. The composing
subsystem and equipment are separately treated as the indenture level
and the lowest indenture level. By calculating the risk priority number
of each equipment, the importance of all the equipment is ordered to
identify the key equipment. In total, 203 equipment of 9 subsystems
have been analysed, and the 6 most critical equipment has been identified based on their risk priority number 90, 81, 80, 72, 70, and 64,
over 60 respectively.
Job Safety Analysis (JSA) [16] [41] is an efficient,
proactive measure for safety or risk assessment, which
is usually utilized to identify potential hazard factors
existing in operation and maintenance process and further to determine risk mitigation measures. We have
obtained all the 34 maintenance activities and identified potential hazards of each activity. The risk of each
hazard is accessed using the product of consequence
severity and occurrence likelihood. Both the severity
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rates and the likelihood rates range from 1 to 5, and the risk rating
of each hazard equals to their product which ranges from 1 to 25. By
adding the risk rating of each hazard, the importance of all the maintenance activities is ordered by the sum of the risk rating, and we can
identify the 6 most critical maintenance activities based on their sum
number 73, 71, 67, 59, 53, 51 and 49, over 45 respectively.

where TP is the propellant service time, M 0丆M c丆M1丆M ′ represents the amount of propellant in service, deorbit recapture propellant
consumption, unusable residue, and calculation error respectively,
and M y is average annual consumption of propellant.
For the performance degradation type equipment, the life characteristic parameters are the state variables which show the work performance of the equipment. The life model is built on the changing
trends of life characteristic parameters and the equipment's own life
characteristic. Recent studies of the battery RUL prediction are focus
on the model-based methods [26] [8] [33] [39]. Take the lithium-ions
battery as an example, Yu et al. [35] proposed a method for making
early predictions of remaining discharge time considering information
by decomposing the discharge model into three stages according to
the changes of output voltage. This method is consistent with engineering practice. Like the above method, the lithium-ions battery life
characteristic parameter can be the output voltage and output current,
and the life model is shown as:
TB亖

Fig. 4. Identification Process of Key Equipment and Key Maintenance Activities

Through the identification, the 6 most critical equipment and key
maintenance activities are shown in Table 1.
Table 1. Key equipment and key activity of space station
NO.

Key Equipment

NO.

Propellant

2

1

Main frame structure

3

Lithium-ions Battery /
Solar Cell Wing

2

4
5

6

Drive Mechanism/
Docking Mechanism

1

Leakage Maintenance

3

Solar Cell Wing/Power
Supply Replacement

4

Environmental Control
and life support Equipment

5

Sensors

Key Activity

6

Propellant Addition

Drive Mechanism/
Docking Mechanism
Replacement

Environmental control
and life support Equipment Replacement
Sensors Replacement

Through the identifications, the key equipment
and key activities can be classified and used to build
the model for the RUL prediction.

4.3. Life model building methods for key
equipment

504

M 0 − (M c + M1 + M ′ )
My

(2)

where TB is the cycle life, u 0 is the discharge initial output voltage,
u t is the discharge termination voltage at specified threshold, and d
is the linear degradation rate. In fact, d is not linear. But in engineering, in the absence of enough test sample support, the application of
the above equation has a certain practical feasibility. Center for Advanced Life Cycle Engineering (CALCE) of University of Maryland
and Prognostics Center of Excellence (PCoE) of NASA’s degradation
law study results for lithium-ions battery is shown in Table 2.
Through Table 2, we can find that there are three stage degradation rates for the lithium-ions battery, which include early degradation
rate, intermediate degradation rate and terminal degradation rate. Accordingly, we can approximately assume that the intermediate average degradation rate is 4 times of the early average degradation rate,
and the terminal average degradation rate is 2-3 times of the early
average degradation rate.
For the random fault type equipment, the life characteristic parameters change trends are not obvious, or have the short duration,
which should be identified earlier and paid enough attentions. The
random fault type equipment lives mostly obey the exponential distri-

Table 2. Lithium-ions battery degradation law study results
Average Degradation Rate in Different Charge-discharge Cycle

Sampleing Period

Early

1000-1500s

0.000067

considering the life characteristics, the key
1500-2000s
equipment of the space station can be classified into
four types, including the resource consuming, the
performance degradation, the random fault and others. Each type has its life characteristic parameters, and the life model
building methods are dependent on these parameters.
For the resource consuming equipment, the life characteristic parameters are variables that characterizes the residual quantity of the
equipment. The life model is built based on the result of life characteristic parameters analysis and the equipment’s own life characteristic.
Take the propellant as an example, the life characteristic parameters can
be the propellant service time, and the life model is described as [12]:
TP =

u0 − u t
d

(1)

1-30

0.0002

31-60

Intermediate
61-90

0.00043

0.0003

-0.0001

91-120

0.00017

0.00017

0.0003

Terminal
121-150
0.0001

0.00087

bution. Take the star sensor as an example, the life characteristic is the
number of failure times, and the life model is shown as the equation
(3) [13]:


(TL , TU ) = 


2T

χα2 /2

(2r )

,

2T

χ12−α /2



(2r ) 

(3)

where TL is the lower life limit, TU is the upper life limit, T is total
test time, r is the failures, and α is the confidence level.
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Table 3. Propellant tank test data on the ground

NO.
1
2
3
4
5
6
7
8
9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Blowdown Life

Blowdown Times

Result

NO.

Success

2

6

Success

5

Success

5
3
4
4
5
7
4

4

4

6

5

4

4

6

4

5

5

8

5

5

4

Success
Success
Success
Success
Success
Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

For the last type equipment, for example of the propellant tank and
membrane in the creep pump, the life characteristic parameters are the
number of actions, and it cannot be accurately predicted in space and
is generally tested on the ground. Table 3 shows the propellant tank
test data from ground tests. Zieja et al. [42] provided a probabilistic
method for evaluating the durability of components and device assemblies which operate under the impact of destructive processes. For
the propellant tank and membrane in the creep pump, they work under
the impact of destructive processes, and the presented two methods
for determining the durability can be used for the ground test.
Because of the larger design margin, the propellant tank and
membrane rarely fail in the ground tests, their RUL can be predicted
by the equation (4) [17]

1
3
4
5
6
7
8
9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Temperature Alternation Life
Alternation Times

Result

12000

Success

10000

Success

13000
12340
14300
13200
12000
11000
13000

10000

10000

15200

12780

14200

13000

12450

12000

13500

12000

10000

10000

12000

10000

Success
Success
Success
Success
Success
Success
Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

Success

1

θ = ηΓ  1 + 
 m

(4)

where θ is the average life, η and m are the scale parameter and the
shape parameter of two-parameter Wei-bull distribution.

4.4. Quality Model Building Method for Key Maintenance
Activities
The masses of up-link supplies, which are expected to be shipped
to the International Space Station (ISS) between assembly period
(2006-2010) and after the assembly (2011-2015), are illustrated in
Fig. 5. According to this, the maintenance supplies account for about
1/4 of up-link supplies.
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pared with the ISS life request. Through Fig. 5 and Table 4, we can
find that the orbital maintenance time is important to the ISS operation because of many masses maintenance supplies. Thus, the quality
model of maintenance activities can be developed based on the maintenance time. Recently, the maintenance time studies are focusing on
the maintenance time modeling and estimation [22] [40] [34].
Babishin et al. [3] proposed a complex optimization method for
the non-periodic inspection and maintenance of the multicomponent
system, such as the space station, and gave the maintenance decision
determined methods for the k-out-of-n, hard-type and soft-type components. Because of the restrict of the safety request, the maintenance
activity safety is a factor that must be considered. Gill [6] presented an
original method of optimization of the technical object maintenance
system taking account of risk analysis results. Based on the original
form, the original risk valuation pattern, and four-stage calculation
algorithm, the proper maintenance-related decisions will be made.
But for the space station, most maintenance activities are the serial
operation modes because of the equipment’s high-level reliability, so
the quality model of each maintenance activity can be shown as the
equation (5):

Fig. 5. Spare Parts of ISS

The maintenance activities quality will affect the maintenance
supplies as well as the replacements of failed equipment. The perfect
maintenance will extend the RUL by replacing the failed equipment
with a new one. However, disturbed by human factors, the maintenance activities sometimes fail to accomplish the replacement tasks at
a given time, and this issue has already become another important influence factor, which limits the space station life as well as the equipment operation states. Thus, the quality of the maintenance activities
is as same important as the equipment life.
At present, most maintenance criteria focus on maintenance level
and maintenance strategy [32]. For the space station, the maintenance
time is the most important aspect. Most maintenance activity failures
are caused by the lack of maintenance time in emergency situations.
As a result, the maintenance time is a synthetic parameter, which can
represent the cosmonauts’ maintenance skill and capacity. On the other hand, maintenance time information can be easily collected both
on the ground and on the orbit. Table 4 shows the orbital maintenance
time spent on the ISS [30]. In Table 4, ACPM represents the America
cabin preventive maintenance time, ACCM represents the America
cabin correctional maintenance time, RCPM represents the Russian
cabin preventive maintenance time, and PCCM represents the Russian cabin correctional maintenance time, respectively. Through Table 4, we can figure out that the maintenance capacity is limited comTable 4. Orbital maintenance time spent on International Space Station
Maintenance Order
1

2

0

3

ACPM/h
2

8

where T is the total time for the specific addition, maintenance and
th
replacement activity, ti is the i activity operation time, and m is
the total number of specific additions, maintenance and replacement
activities.

4.5. Life Model Building Method for Space Station
After proposing the life model of the key equipment and the key
maintenance activities, the space station life model is shown in Fig. 6.
Because of the complexity, RUL prediction for the space station cannot be implemented through an analytic method, and the Monte Carlo
Simulation (MCS) is a useful method for the space station RUL prediction. First, the initial parameters, i.e., the simulation time M, should
be set. Then, the key equipment and key maintenance activities’ parameters should be identified. After that, through MCS the simulation
results of key equipment life and the key maintenance activities time
can be obtained. After defining the space station RUL and checking
the simulation times, the space station RUL can be simulated.
In Table 1, the key equipment and key maintenance activities
are established, and the space station RUL is determined by them.
Through the analysis of the space station function and mission proACCM/h
8

3

RCPM/h

RCCM/h

19

14

1

3

24

148

138

5

3

63

46

6

7

8

9

3

3

3

2

2

39

19

60

102

80

28

55

64

103
104

40

123

438

211

93

196

244

184

13

45

53

97

101

186

58

12

2

42

46

117

70

Total

28

657

96

804

44

206

130

147
73

51

391

2
2

Total/h

81

10
11

(5)

i =1

3

4
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Crew Member

m

T = t1 + t2 +  + tm = ∑ti

186
1818

97
784
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462
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449
492
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275
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Table 5. Data request of space station RUL prediction
Type of Equipment or Activity

Life Characteristic Parameters

Orbital Observation Parameters

Ground Test Parameters

Propellant

Residual quantity

Residual quantity

Residual quantity

Main frame structure

Fatigue Strength

Crack Growth Rate

Vibration Parameters

Lithium-ions Battery/Solar Cell
Wing

Output Voltage, Output Current

Output Voltage, Output Current

Output Voltage, Output Current

Drive Mechanism/Docking
Mechanism

Output Voltage, Output Current
Journal Temperature

Output Voltage, Output Current

Journal Temperature

Sensors

Normal Output Time

Output Voltage, Output Current

Output Voltage, Output Current

Replacement Time

Reparation Time and Replacement
Time

Propellant Tanks

Environmental Control and life
support Equipment

Number of Actions

Orbital Pressure Differences

Work Time

Addition Activity

Normal Output Time

Addition Time

Replacement Activity

Addition Time

Replacement Time

Maintenance Activity

Maintenance Time

Maintenance Time

Successful Actions Times
Normal Output Time
Addition Time

Check Time and Maintenance Time

Table 6. Key equipment RUL prediction parameters and key activity time
Key Equipment

Prediction Parameters

Propellant

Residual quantity

Main frame structure
Lithium-ions Battery/Solar Cell Wing

Activity Time/h

Propellant Addition

4.87

Leakage Maintenance

Output Voltage, Output Current

Solar Cell Wing/Power Supply Replacement

Work Time

Environmental Control and life support
Equipment Replacement

Drive Mechanism/Docking Mechanism

Output Voltage, Output Current
Journal Temperature

Sensors

Normal Output Time

Environmental Control and life support
Equipment

Key Activity

Fatigue Strength

2.38
4.98

Drive Mechanism/Docking Mechanism
Replacement

3.23

Sensors Replacement

0.54

2.14

Table 7. Space station RUL simulation results
Simulation Times

Failed Key Equipment

RUL Mean Value/a

200

Main frame structure

8.34

400

Solar Cell Wing

10.12

600

Main frame structure

8.93

800

Propellant

100

Propellant

300

Solar Cell Wing

500

Sensors

700
900

1000

9.67

9.65

11.43

Docking Mechanism

11.54

Sensors

11.23

Environmental Control and life support Equipment

Total RUL Mean Value

gram, failure of any key equipment will lead to the end of the life
of the space station, and maintenance and replacement activities are
the only way to prolong the life of key equipment. So, the space station’s RUL depends on each key equipment and its maintenance or replacement activity. If the maintenance or replacement time is shorter
than its key equipment’s RUL, the space station main function can be
brought into full play. Otherwise, the space station will face the risk
of loss main function, which means the end of the space station life.

10.16

10.29

10.136

So, the space station’s RUL prediction can be divided into two steps.
The first step is to judge whether the maintenance or replacement time
is shorter than the key equipment’s RUL or not, and the second step
is to confirm the shortest RUL of the key equipment. Based on the
above analysis, the space station’s RUL can be described by the equation (6):
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min {RULEi } RULEi ≥ TAMRi
RULS = 
RULEi < TAMRi
 RULEi

(6)

to be counted, and they should be verified by ground tests or virtual
maintenance when orbital data collected is difficult. Table 5 shows
the key equipment and key addition, maintenance and replacement
activities data request of the space station RUL prediction.
In this paper, according to the engineering practice, the
key equipment RUL prediction parameters, and the key
addition, maintenance and replacement time obtained by
the ground or virtual test are shown in Table 6. By setting the simulation time as M=1000 and implementing the
simulation, the space station RUL results are obtained and
shown in Table 7.
According to the Table 6, the space station RUL simulation results are shown in Table 7. Through the Table 7,
the space station RUL can be predicted at 10.136 years at
average.

6.

Conclusion

This paper defines different types of lifetime for the
space station, and further establishes a relationship between the main functions, the key equipment as well as
the addition, maintenance and replacement activities.
Through the identification of the model building methods
for the key equipment and for the addition, maintenance
and replacement activities, a RUL prediction model is
proposed for the space station. Finally, the data request
for implementing the RUL prediction is determined.
For the key equipment, this paper gives their prediction methods. For the key addition, maintenance and replacement activities, this paper introduces the activity time
calculation methods. For the space station in the system
level, this paper determines the RUL prediction algorithm
Fig. 6. RUL Prediction Model of Space Station

where RULS is the space station RUL, RULEi (i from 1 to 6) is the
RUL of the corresponding key equipment, and TAMRi (i from 1 to 6)
is the key addition, maintenance or replacement activity’s time.
At this point, the prediction model of the space station RUL is
built, and its application and rationality will be demonstrated through
the subsequent case study.

5. Case study
For the key equipment, the orbital observation data and ground test
data mostly have the same types. For the key addition, maintenance
and replacement activities, each breakdown of the activity time needs

based on the relationship between the RUL of key equipment as well
as the addition, maintenance and replacement activity times. According to engineering practice data, this paper adopts the MCS method
and predicts the space station RUL as 10.136 years at average.
In the future, the relationship between the space station RUL and
the key functions, the key equipment and the key activities will be
further quantified. In addition, the key equipment RUL and the key
activities time prediction algorithms and their corresponding models
will be further determined according to the ground test data or the
orbital operation data.
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Driver reliability and behavior study based on a
car simulator station tests in ACC system scenarios
Analiza niezawodności i zachowania kierowcy
z wykorzystaniem testów na symulatorze pojazdu osobowegOO
w scenariuszach systemu ACC
Nowadays Advanced Driver Assistant Systems (ADAS) are becoming more popular in car equipment. During ADAS development
process it is necessary to prepare numerical models and perform simulation tests, so the systems could be safely implemented.
However, because these systems are directly connected to a human – machine interface, volunteer tests on a car simulator are
conducted. They are indispensable for testing the correct operation of the system, but above all for showing differences in the operation of the system and a driver in terms of human reliability. Presented research shows results of simulator tests in two cases:
extra - urban and mixed scenarios. The tests were classic, tracking tasks in which the driver was required to keep a safe, predefined
distance from the leading car. Consequently, the results of experiments were compared to results of the reference car performance,
i.e. the car equipped with Adaptative Cruise Control system. It made possible to assess the driver reliability. Moreover, questionnaire tests (NASA TLX) were also applied to assess subjects’ workload. Finally, results of volunteers’ rides were compared to
results of a simulation with use a driver model based on fuzzy logic. This model, in the future, may be used in development of a
car simulator equipped with ADAS.
Keywords: ADAS, ACC, volunteer tests, driver behavior, driver reliability, car simulator, NASA TLX.
Obecnie zaawansowane systemy wspomagania kierowcy (ADAS) stają się coraz popularniejszym elementem wyposażenia samochodów. Z procesem ich rozwoju wiąże się konieczność przygotowania modeli numerycznych i przeprowadzenie testów symulacyjnych, aby zapewnić bezpieczne wdrożenie systemów. Z faktu ich bezpośredniego powiązania z interfejsem człowiek- maszyna
wynika potrzeba prowadzenia testów na symulatorze z udziałem ochotników. Są one niezbędne do sprawdzenia poprawności
działania danego systemu, ale przede wszystkim do wykazania różnic w działaniu systemu i kierowcy w kontekście niezawodności
człowieka. Prezentowane badania pokazują wyniki testów symulatorowych w dwóch scenariuszach: pozamiejskim i mieszanym.
Testy składały się z klasycznych zadań, w których kierowca musiał utrzymywać bezpieczną, z góry określoną odległość od wiodącego samochodu. W rezultacie wyniki eksperymentów porównano z osiągami samochodu referencyjnego, wyposażonego w tempomat adaptacyjny tzw. ACC (Adaptative Cruise Control). Umożliwiło to ocenę kierowcy pod kątem jego niezawodności. Ponadto
do analizy obciążenia uczestników zastosowano również testy kwestionariuszowe NASA TLX. Ostatecznie wyniki przejazdów
uczestników testów porównano także z wynikami symulacji przeprowadzonej z wykorzystaniem modelu wirtualnego kierowcy
(zbudowanego z użyciem logiki rozmytej). Model ten w przyszłości będzie mógł być wykorzystany do opracowania i rozwoju symulatora samochodowego wyposażonego w ADAS.
Słowa kluczowe: ADAS, ACC, testy z ochotnikami, zachowanie kierowcy, niezawodność kierowcy, symulator
pojazdu osobowego, NASA TLX.

1. Introduction
Research on human safety is a complex, time consuming, and extremely important process. Especially in the car industry which is a
huge market. Such research contains both crashworthiness of a vehicle structure, biomechanical study and research on driver behavior
and his/her reactions. It may be tested either by means of computer
simulations or real crash experiments. Simulations are time consuming but provide recurrent test. Unfortunately, they need a validation
in a form of an experiment [33], which could be expensive. Moreover,

sometimes it is impossible to make a recurrent experiment and there
is a considerable risk of failure, i.e. in crash tests it may reach 13%
[27]. In research on a driver behavior and reaction, both questionnaire
studies and simulators can be distinguished.
Questionnaire research covers many issues and often relates to
the simulator one, i.e.: user knowledge about ADAS [29], in-depth
exploration of perceptions towards automated vehicles [4], evaluation
of the HMI intuitiveness [8].
Simulator research is being used from 60’s of XX century, when
development of car simulators in UCLA [32], GM Styling Staff [3],
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a) driver’s screens

b) driver’s seat [38]

c) Pedals, steering wheel, gearbox [38]

Fig. 1. Simulation station

Cornell Aero Labs and Volkswagen [19] began. In 70’s and 80’s more
sophisticated simulators were developed (among others) in Road and
Traffic Research Institute in Sweden, in VPI in Wierwille, in Institute of Perception (IZF-TNO) in Nederland, FAT in Germany and in
FHWA [1, 21, 22, 31]. This led to a simulator in Daimler in Berlin
which was described as next generation simulator, and further development in Sweden and a research funded by NHTSA in USA in National Advanced Driving Simulator (NADS) created current simulators [5, 9, 16, 23, 28, 30, 36]. Newest car simulators have 6 degrees
of freedom, may apply acceleration of 0.8 g to a driver and they may
move around 10 m in a hangar, but they are expensive and need a large
space to use them.
With the development of automotive technology, the number of
driver assistance systems is increasing. These systems are referred to
as ADAS and the most popular are:
–– Adaptive Cruise Control (ACC) systems, which adapts car’s
velocity to a current traffic to avoid collision. This system controls the velocity of the vehicle and, if necessary, brakes or accelerates, but the driver is still responsible for steering the vehicle [10]. ACC system should meet the relevant ISO standards
[11-13].
–– Advanced Emergency Braking Systems (AEBS), whose main
functionality is to activate the emergency braking procedure in
case of potential collision with another vehicle or obstacle.
–– Lane Departure Warning (LDW) systems, whose purpose is
to help the driver (via a warning signal) to keep the vehicle
in the lane on highways and highway-like roads. LDW are not
designed to control vehicle motions and issue warnings with
respect to collisions with other vehicles [14].
The presented study was conducted as part of the aDrive project
(“Innovative simulation technologies to evaluate vehicles driving automation systems in terms of road traffic safety”) at the Warsaw University of Technology on a group of 30 volunteers with use a stationary car simulator to test AEBS operation and ACC scenarios. In the
following chapters, the results from ACC experiments are presented.

2. Background
aDrive was the first Polish national project that aimed to develop
an integrated simulation environment comprising realistic traffic scenarios, vehicle driving automation ADAS models, Human‐Machine
Interfaces (HMI) communications and control links, and Human-Inthe-Loop (HIL) simulator testing capabilities for the evaluation of the
PRE‐CRASH phase [6].
During the project the following research and analyses were carried out:
–– simulation environment - [7, 20];
–– HMI analyses and virtual driver model - [7, 15, 17];
–– safety analyses - [24, 26];
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–– simulator tests (described mainly in this paper).
The aim of this study was to compare the operation of the ACC
system developed as part of the aDrive project with volunteers driver
behavior. The analyses of chosen ride performance parameters in prepared tasks according to pre-defined criteria (e.g. velocity, distance
from the preceding vehicle) in relation to parameters of the reference
ride (car with ACC system) were made. At the same time, the driver’s
workload level was examined for two tasks, using the NASA Task
Load indeX questionnaires [37].

3. Simulator environment and station
Scenarios were prepared in PreScan environment. Simulations
were performed in MATLAB® and Simulink®. This combination allows to use 2D dynamics model and stay with real time performance.
One station was used for both types of tests (Software-in-the-Loop
and Human-in-the-Loop). The station was composed of three PCs and
5 LCD screens to display the test environment to the driver (Fig.1a),
a seat (Fig. 1b), steering wheel, pedals and automatic gearbox
(Fig. 1c)
In reference ride simulation the trajectory of the leading car was
operated by the outer controller, while velocity was controlled by an
ACC system. One of the developed algorithms has passed ISO norms
[11-13], where smooth velocity and acceleration changes are required.
Moreover, an additional module that allowed to fully stop the vehicle
was added. The ACC system based on second algorithm had much more
aggressive characteristic. For further research the first one was used.

4. Description of the experiment
4.1. The aim of the simulator experiment
The main goals of the research were:
–– comparison between volunteers’ and a reference ride’s (a car
equipped with ACC system) parameters. The study showed to
what extent a person can “imitate” the operation of ACC system. The following driving parameters were analyzed:
◦◦car velocity,
◦◦distance from the leading vehicle,
◦◦time gap (time to a potential collision if the tracked car was
stationary),
◦◦smoothness of driving based on the number of brake activations,
–– verification of the model of virtual driver using modules of
fuzzy logic (“fuzzy driver”) [14, 16].
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–– yellow light on the left means that volunteer car is too far from
the tracked vehicle (time gap above 2.5 s) – Fig. 3c.

4.2. Experiment procedure

Simulator tests lasted about 30 minutes and proceeded according to the following scheme:

-

familiarization of a volunteer with the course of the experiment and filling out the documents and surveys,
a test ride to familiarize the volunteer with the dynamics
and characteristics of the vehicle,
performance of two tasks consisting in “tracking” a car,
filling the NASA TLX (Task Load Index) questionnaires
[37] after each task.

4.4. Tasks Description
The tasks to be carried out by the volunteer were as follows:
–– Test ride to familiarize with the dynamics and characteristics
of the vehicle,
–– Task 1: Tracking a leading car that moved with a constant speed
(extra-urban scenario),
◦◦The driver’s task was to drive a car with a constant speed (90
km/h = 56mph);
◦◦During the ride different events (e.g. an accident at the side
of the road) appeared;
◦◦The trajectory of the vehicle was simple (Fig. 4a);
◦◦The track is determined by the leading car;
◦◦If the leading car disappeared from the view, the instructor
helped the driver to follow the proper route;
◦◦The volunteer had at his disposal information about the velocity on the dashboard (speedometer). Additionally, the
indicators (Fig. 3) informed the driver whether the current
distance was appropriate.

According to the experiment procedure, two various scenarios:
mixed and extra-urban were tested. Each scenario had a different accomplishment criterion. In the extra urban scenario, the subject was
asked to follow the car moving with the constant speed of 90 km/h.
In the second one the assignment of the volunteer was to follow the
car in more complex and demanding environment, where turns, stops,
traffic etc. were included. The driver had a speedometer in the car
simulator, but to increase subjects’ performance an additional pop-up
window was generated (Fig. 2, Fig. 3). The purpose of this system was
to enforce the proper drivers’ reaction.

4.3. Simulator screen and driver’s panel

–– Task 2: Tracking a vehicle moving with a variable speed (mixed
scenario):
◦◦The driver had a task to follow the leading car;
◦◦In this case, the leading car had a variable speed profile over
time. In this task indicators (Fig. 3) had a significant role;
◦◦The trajectory of the vehicle movement in a mixed scenario
(Fig. 4b) was more diverse than in the first task;
◦◦Similarly, to the first task, the driving route is determined
by the car in front. In case of disappearing of the leading car
from the view, the instructor helped with the navigation.

In the Fig. 2 and Fig. 3 the simulator screen and indicators available for the driver are presented. During the simulator test, the driver
had at his disposal a speedometer, tachometer and indicators (“lights”)
determining the distance - the time gap parameter from a leading car:
–– red light (on the right) will occur if the driven vehicle is too
close to the tracked vehicle (time gap less than 1.5 s) – Fig. 3a,
–– green (middle) light means that volunteer driver position relative to the tracked car is adequate (time gap from 1.5 to 2.5 s)
– Fig. 3b,

5. Selection of the sample for simulation tests

Fig. 2. Driver ’s panel

a) red light

Many studies indicate that with the age a man changes his/her
anatomical, physiological and biochemical nature, which can negatively influence a human efficiency as a driver. On the other hand,
the driving experience is growing, and habits (correct and incorrect)
are becoming more and more established [2]. To make the simulation
experiment as accurate as possible, the chosen sample of volunteers
should represent the structure of drivers in Poland. The selection of
volunteer structure (age and sex) for simulation tests was prepared
based on:
–– structure of the population in Poland (considering age groups
and sex) [34];
–– percentage of people with a driving license (considering age
groups and sex) [35];

b) green light

c) yellow light

Fig. 3. Indicators available to the driver
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b) mixed scenerio

a) extra-urban scenerio
Fig. 4. Scenarios routes

–– the frequency of driving a car by women and men age
groups [35].
Many other factors, such as the volunteer’s place of residence
and the level of experience as a driver were omitted. Although,
the second factor was considered indirectly by consideration of
age. However, in a relatively small sample, considering every
factor in the selection of volunteers group is impossible. Consideration of age and sex of the driver significantly increased the
reliability of the conducted research.

Table 2. The sample structure for 29 volunteers

Age

Number of volunteers

18 and more
18-24

25-34

35-44

5.1. Population data

45-54

Men

61.6%
5.5%

Number of men

Women

18

38.4%

2

29

Number of women

4.3%

11
1

11.0%

3

10.3%

3

10.6%

3

6.1%

2

12.8%

4

9.0%

3

The data used to estimate the sample structure are presented
55-64
11.4%
3
4.7%
1
in Table 1.
65 and more
10.4%
3
4.0%
1
The percentage of people who declare their ability to drive a
car (having a driving license) was based on CBOS (Public Opinion Research Center) surveys [35]. In addition, there was an information that „Men more often than women drive a car (65%
6. The results of the experiment
vs. 58%), and women with a driving license more often than men do
not drive at all (16% vs. 10%). This relationship is weaker among
6. 1. Analyzed parameters
younger respondents up to the age of 35, among whom men and womAs mentioned, the analyzes concerned, first, the comparison been equally frequent have the ability to drive”. Unfortunately, the short
tween volunteer ride parameters and the “reference” ride (with an ac(public) version of the survey results does not contain detailed data on
tive ACC system). It was decided that the following indicators were
the age groups. Therefore, for men, a coefficient 0.65 was adopted,
used:
while for women from 0.48 to 0.64 (weighted average: 0.58) depend–– vel – car speed
ing on the age group. These coefficients were used to better estimate
–– dist – distance from the tracked car
the sample by considering the disproportion in the frequency of car
–– TG – time gap defined as (eq.1):
driving by men and women (especially in older age groups).

5.2. Calculations
Based on the data from Table 1, the number of subjects in the
age groups were estimated. It is assumed that 18 men and 11 women
were expected to participate in the simulation tests. Table 2 shows the
detailed results of the estimates for 29 volunteers.
More information about description of the experiment and selection of the sample for simulation tests you can find in [25].

TG =

dist
vel

(1)

–– NB – number of brakes (based on brake - pressure in the braking system - input signal for the dynamics (0-150 bar), that is
proportional to the braking torque)

Table 1. Drivers in Poland [34, 35]
Age

18 and more

Men

15054615

% men with a
driving license
80%

Men with a
driving license
11888302

Men who
often drive
7727396

Women

16482499

% women with
a driving license
51%

Women with a
driving license
8305106

Women who
often drive

18-24

1581897

67%

1059871

688916

1517356

56%

849719

542121

25-34

35-44

45-54

55-64

65 and more

514

3035983

3005196

2353299

2607916

2470324

70%

82%

87%

84%

81%

2125188

2464261

2047370

2190649

2000962

1381372

1601769

1330791

1423922

1300626

2941716

2939786

2368783

2881777

3833081

69%

66%

56%

39%

27%
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4816742
1295002

1940259

1125350

1123893

586672

1326518

1034932

769381

498216
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6. 2. Quality factors
In order to be able to assess individual performance of participants’ rides, and then to develop summary results, appropriate quality factors were defined, in which the reference was
the ride with active ACC system. The basic coefficient used in
the subsequent quality measures was the difference between the
parameter from the volunteer’s and reference ride (with ACC)
defined as follows (eq. 2):
eq = q − q ACC

(2)
Fig. 5. Velocity for a car with ACC taking into account evel , all parameter in task 1

where q is the parameter (except for brake) for
the volunteer’s ride (e.g. vel), while q ACC is
the same parameter for reference ride with the
active ACC.
In the carried out analysis the following
factors were used:
–– eq , all , which is the average of the eq
coefficients for all volunteers for a given
moment,
–– eq1 , which is the average of the eq coefficient for a single volunteer for the
whole ride,
–– J q 2 and J q , which are the integral parameters defined as follows (eq. 3,
eq. 4):
t2

Fig. 6. Histograms for evel1 and J vel parameters in task 1

J q 2 = ∫ eq2dt

(3)

J q = J q2

(4)

t1

where t1 and t2 are respectively the start and end of the simulation.

Fig. 7. Distance for a car with ACC taking into account edist , all parameter in task 1

In addition, the distributions (histograms) of the described
coefficients were made for the entire volunteers’ group. Moreover, the number of brakes during a ride was calculated to assess the
smoothness of the volunteer’s ride and the reference ride (with the
ACC system).

6. 3. Results of task 1
The experiment was carried out on a group of 30 people with a
very similar structure to that described in this paper in the part: The
selection of sample for simulation tests. The results
are presented in graphs (Fig. 5 - Fig. 11).
In Fig. 5 it is presented how and to what extent,
on average, the volunteer’s velocity changed in time.
For this purpose, the average difference of velocity
between volunteers and the reference ride - evel , all
was added to and subtracted from the velocity of the
car equipped with ACC for each moment of time.
Fig. 6 shows histograms for the parameters:
evel1 and J vel . The calculations show that the average difference between velocity of the volunteer’s
ride and the car with the ACC system was 1.23 m/s
(about 4.5 km/h)
The next figures (Fig. 7-10) show analogous
graphs for parameters such as: distance from the

“tracked” car dist and time gap TG. Time gap parameter, when the
“tracked” car accelerated or decelerated was not analyzed (for this
reason, from the recorded data the first 50 seconds and the last minute
were “cut out”).
Fig. 10 c shows a histogram for the average value of the time gap
parameter. It can be concluded that people usually kept a longer distance from the car with the ACC system - the average of TG was 2.13

Fig. 8. Histograms for edist1 and J dist parameters in task 1
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Fig. 9. Time Gap for a car with ACC taking into account eTG , all parameter (in case of
constant vel of the tracked car) in task 1

s, 0.13 s more than this parameter for reference ride (where
TGACC was 2.00s).
To assess the smoothness of driving of the participants in
the experiment, the number of braking processes of each volunteer was calculated. It was considered that the braking process
was defined as the situation when the average braking pressure
for at least 5 consecutive recorded time samples (parameters
in the task were registered every 0.05 sec) was at least 20 bars
– Fig. 11.
During the experiment, the car equipped with the ACC
system braked once. The participants activated the brake more
times (from 4 to 23 – Fig. 11a), however, it was mainly related to the necessity of braking at the end of the task. For this
reason, Fig. 11b shows the
number of braking processes when the “tracked”
car drove at a constant velocity. In this case, the car
with the ACC system also
drove at a constant speed
(without braking). During
this time also, the majority of volunteers managed
to drive at the constant
velocity without braking process – 19 people
braked 2 times or less and
14 volunteers not at all.

6. 4. Results of task 2
The second task was
completed by 28 volunteers. Two subjects have
Fig. 10. Histograms for eTG1, JTG and TG parameters in task 1
not finished it because
they had symptoms of
simulator disease. In this
task the same parameters and in the same way as
in task 1 were analyzed. The results are presented
in graphs (Fig. 12 - Fig. 18).
Fig. 13 shows histograms for the parameters:
evel1 and J vel . The calculations show that the
average difference between velocity of the volunteer’s ride and the car with the ACC system was
1.98 m/s (about 7 km/h). The difference is much
bigger (about 2.5 km/h) than in task 1 (where
the tracked car drove with a constant speed). It
can be concluded that the more complicated task
caused difficulties in maintaining the stability
and smoothness of the volunteer’s rides.
Fig. 17c shows a histogram for the average
Fig. 11. Histograms for number of braking processes in task 1
value of the time gap parameter. It can be concluded that people usually kept a longer distance
from the car with the ACC system - the average of TG was
2.37 s, 0.34 s more than this parameter for reference ride
(where TGACC was 2.03s). In addition, the average value of
time gap in this experiment was more than 0.2 s higher than in
task 1. It can be concluded that in a more difficult experiment
(where the tracked car changes speed more often) human tries
to maintain a greater distance. In this experiment, the average
time gap only for one volunteer was lower than 2s.
During this experiment, the car equipped with the ACC
system braked 19 times. Volunteers braked more times (from
24 to 74 times- Fig. 18). However, if the derivate of the brake
Fig. 12. Velocity for a car with ACC taking into account evel , all parameter in task 2
pressure was analyzed, the number of local braking pressure
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the ACC system was basically the ride of the tracked
car with some small differences (greater for larger
velocity changes) with a delay of 2.0 s. Humans, of
course, could not drive so perfectly. The differences
for individual parameters and the number of brakes
relative to the reference ride were greater for a more
complex task (task 2).

6.5. The results of surveys and NASA questionnaires

Fig. 13. Histograms for evel1 and J vel parameters in task 2

Before the experiment all volunteers completed
the questionnaire in order to get personal information needed for the experiment. One of the questions
referred to their driving style (careful, optimal, aggressive) and their actual psychophysiological state

Fig. 14. Distance for a car with ACC taking into account edist , all parameter in task 2

Fig. 15. Histograms for edist1 and J dist parameters in task 2

Fig. 16. Time Gap for a car with ACC taking into account eTG , all parameter (in case
of constant vel of tracked car) in task 2

maxima for the ACC were as much as 219, for volunteers it was on average more than 2 times less. This means that in the case of the ACC
system more often braking cycles occurred, where the braking pressure have not changed in a sudden manner, the braking of volunteer
was more intense. The recorded braking pressure for the car equipped
with ACC compared to one of the volunteers is presented in Fig. 19.
Comparing all data from experiments and figures concerning
task 1 (Fig. 5 - 11) and task 2 (Fig. 12 - 19) it can be concluded that
the ACC system operates more smoothly than humans. The ride with

Fig. 17. Histograms for eTG1, JTG and TG parameters in task 2
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(bored, optimal and overloaded). The subjects’ answers are presented
in Fig. 20.
As it is presented in the figure 21, most of the subjects specified
themselves in both categories: state 77% and driving style 66%. The
tasks performed by the volunteers were various, and the biggest difficulty in the second one was that car velocity changed along the path.
At the end of the both tasks the subjects had to answer the NASA Task
Load Index questionnaire [37]. The NASA TLX form was to confirm
the tasks difficulty and to assess what engagement parameters were
the most active during the tasks. The NASA TLX form consist of 6
various parameters to assess:

Fig. 22. NASA TLX physical demand partial results

–– mental demand,
–– physical demand,
–– temporal demand,
–– performance,
–– effort,
–– frustration.
Each of the elements was in a scale from 0 - 100. The second part
of the form was to select from all parameters pairs which one was
more impacting during the task. The detailed questionnaire procedure
can be found in [18]. The final, overall result was calculated using the
formula (eq. 5):
Wk =

Fig. 18. Histogram for number of brakes processes in task 2



pj 

j =1 



6

∑  F j ⋅ 15 

(5)

where:
–– Wk presents a result,
–– k – number of volunteers,
–– j – parameter,
–– F j – number of parameters chosen for pairs matching,
–– p j – partial score (value for each parameter j).

The overall result that indicates the subject’s workload is
presented in the Fig. 21.
From the gathered data it was clearly seen that second – city
scenario was much more impacting on subjects’ physiological
state. The overall result shows that 87% subjects indicated that
Fig. 19. Function of braking pressure in time for ACC and a volunteer rides in task 2
the second scenario was much more demanding. Such a result
was in line with the expectation since the second task was more
difficult. The detailed result showed that the partial results, the
physical demand (Fig. 22) was also one of the most impact factors. Finally, the result of 83% higher scores in second task comparing
to the first one, shows that in the second scenario the physical demand
was a key factor. That could be explained by a fact that the number of
foot movements and actions needed to be more frequent than in the
first scenario.
Similar result was in the mental demand were 80% of the subjects indicated the second task more demanding (Fig. 23). Those two
parameters impacted the most on the final NASA TLX questionnaire
results.
The NASA TLX questionnaire results proved that the second task
was much more demanding comparing to the first one. Those results
confirmed the results from a simulation analysis where time gap paFig. 20. Subjects’ state and driving style
rameter was analyzed. The questionnaire results show how important

Fig. 21. NASA TLX results
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factor is not only the physical but also mental subject’s state. Those two parameters impact significantly to the subject’s performance.

Table 3. Fuzzy parameters input / output relation
Input signals level

7. Fuzzy logic driver model

Behavior

Workload

7.1. Description of the model

Careful

Optimal

Car simulator is a useful tool for a research
on drivers’ behavior. It provides research on
Normal
many levels – from a road behavior to physical
reactions. However, the more accurate environment of the simulator, the more precise research
may be performed on it. Because “actor-drivers”
Aggressive
used in simulators as other cars are programmed
accordingly to one behavior pattern, each of
them behaves in the same way. While observing
real driving environment wide range of different
behaviors may be observed. A driver model was developed during
the project to break the monotony of the experiment and make the
environment closer to the real one. The model was based on fuzzy
logic, and there is a possibility to use it as a “block” which may be
added to a working autonomous car driving model.
To increase reality of the driver model there was a necessity of
systemization actions of a real driver. For this purpose, driver actions
were divided into 3 groups – “reaction”, “vision” and “data interpretation”. Each of the groups represents different driver actions – “reaction” is connected to a time consumed by taking an action (for example: time of moving feet from the accelerator to the brake pedal).
“Vision” is connected to accuracy of interpretation of data collected
by the sense of sight, like estimation of the distance to the next car.
The last group is responsible for the influence of data interpretation
time, such as road signs recognition, or car to driver indicators. Moreover, drivers were divided by type (careful, optimal and aggressive)
and by workload level (bored, optimal and overloaded).
The model input was:
–– driver type,
–– level of workload,
–– value read from the sensor.

Vision

Data Int.

Reaction Time

Medium

Medium

Middle

Medium

Medium

Medium

Medium

Middle

Perfect

Medium

Short

Low

Medium

High

Medium

Low

Optimal
High

Perfect

Low

Medium

High

Low

Optimal

Output signals level
Low
Low

Perfect
Low
Low

Middle
Long

Short

Short

Short
Short

for a careful driver were more likely to be read as higher. More precise
description of the model can be found in [17].
To make explanations clearer, an example is presented. Consider
careful, bored (with low workload level) driver. Fuzzy logic model
based on relations (rules base) from Tab. 3. used a conditional statement: “If the driver is careful and bored, the values of vision, data
interpretation and reaction time are respectively: medium, low, medium”. Exemplary input parameter – own speed value. According to
model assumptions, own speed value reading is associated with “vision”. The “vision” level is “medium” so range of blurring is equal
to the precise value +-10%. Then the random number is drawn, and
based on it, the modified value of own speed is collected (with higher
probability of choosing a value higher than the input one).

7.2. Experiment with a fuzzy driver model
Experiment with a fuzzy driver was conducted for extra-urban
scenario. Detailed description of the analyses for distance parameter
is presented below.
To simulate group of fuzzy drivers’ rides SAE10 filter was used.
Two extreme driver fuzzy models are presented – overloaded aggressive driver (fuzzy 100_100), and bored careful one (fuzzy 1_1).
Filtered results of the fuzzy-driver rides, compared to the corridors
based on volunteer rides in Task 1 (Fig. 7) for distance parameter are
presented in Fig. 24.
It is clearly visible, that the model of aggressive driver is close
to the lower corridor, which refers to the group of people keeping
closer distance to the next car. The model of a careful driver is close
to the upper corridor – a corridor corresponding to volunteers who
prefer to keep a greater distance. In both cases (aggressive as well as
careful) their behavior is too strict for the assumed character – aggressive drives too close to the next car and careful one keeps too large
distance.

Additionally, as an input there was also a random number, which
meaning will be explained in a further part of the article. Based on a
previously selected membership functions and conditional statements,
the model chose whether the driver operation will be weakened, and
if so – to what extent. For each of the action groups and for each
of the driver types and workload levels, the parameters were chosen.
These parameters characterized efficiency of the corresponding action
group (Tab. 3). There were three levels - low, middle or high. Low
mean, that value read from the sensor will be modified in the range of
+-30%, middle – the modification will be in the range 10% and highlevel mean, that there will be no modification. The modified (or
not-modified) value was an output value from the model. In this
way, the perfect readings from the sensor were blurred, similar to the real driver estimations. Furthermore, when analyzing
charts from the car tracking experiments, there may be noticed
seemingly a random inaccuracy which characterizes real drivers. Therefore, it was decided to add the random parameter to
the fuzzy driver model, which will be responsible for the level of blurring of the modified value (in a previously selected
range). Moreover, there was a distinguish between an aggressive and careful driver in a different probability of choosing
modified parameters value. Values of actions based on vision
for the aggressive driver were more likely to be read as lower
than the precise value read from the sensor, and the same values Fig. 24. Fuzzy logic driver model of overloaded aggressive, and bored careful driver,
compared to volunteers’ corridor
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8. Conclusion
Each simulator has its limitations and does not fully reproduce
the reality. This simulator, due to the simplifications used, did not
perfectly imitate the actual driving, however, it allowed to analyze
important issues related to ACC systems and driver behavior.
The experiment and conducted analyses showed that the ACC
system worked more smoothly than a human. A human, of course,
could not drive as perfectly as ACC system, his reliability was significantly lower. The differences for individual parameters relative to the
reference ride were greater for a more complex task. Significant difference in tasks’ difficulties were also observed in NASA TLX questionnaires. It can be concluded that the development of ACC systems

will improve not only road safety, but also comfort and smoothness of
driving as well as reduce travel costs (optimizing fuel consumption).
Research associated with ADAS can also be carried out using model of virtual driver, e.g. using fuzzy logic. However, it seems
necessary to validate the results with a real experiment. It was proved
that the created fuzzy driver model is correct although it requires
some improvements.
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The assessment of acoustic effects of exploited road vehicles
with the use of subjective features of sound
Ocena efektów akustycznych eksploatowanych pojazdów
drogowych z wykorzystaniem subiektywnych cech dźwięku*
The article proposed an original way to assess the acoustic effects of road vehicles in the environment, with the use of selected
methods of sound modeling and simulation. The taken solution presents a way of estimating the acoustic emission to the environment, from the exploited road vehicles, using subjective sound features. In ongoing studies, it is assumed to analyze and evaluate
the sound features in the following order: source - propagation way - receiver. The distribution of these features in the time and
frequency domains depends on generation, propagation and immission of acoustic energy, by the partial sources of the vehicle.
The obtained information in the form of an acoustic signal can be represented by physical and subjective features of the sound. The
undertaken research include the use of subjective features of sound in the assessment of acoustic effects of road vehicles exploited
in the environment. The developed method was verified using modeling and simulation methods based on recorded acoustic signals in an urbanized environment.
Keywords: acoustic effect, sound features, road vehicles, modeling, vibroacoustics.
W artykule zaproponowano oryginalny sposób oceny efektów akustycznych pojazdów drogowych w środowisku, z zastosowaniem wybranych metod modelowania i symulacji dźwięku. Podejmowane rozwiązanie przedstawia sposób oszacowania emisji
akustycznej do środowiska od eksploatowanych pojazdów drogowych przy wykorzystaniu subiektywnych cech dźwięku. W realizowanych badaniach zakłada się analizę i ocenę cech dźwięku w układzie: źródło-droga propagacji-odbiornik. Rozkład tych cech
w dziedzinie czasu i częstotliwości uzależniony jest od generowania, propagacji i immisji energii akustycznej przez źródła cząstkowe pojazdu. Otrzymana informacja w postaci sygnału akustycznego reprezentowana może być cechami fizycznymi i cechami
subiektywnymi dźwięku. Podejmowane badania obejmują sposób wykorzystania subiektywnych cech dźwięku w ocenie efektów
akustycznych eksploatowanych pojazdów drogowych w środowisku. Opracowany sposób zweryfikowany został za pomocą metod
modelowania i symulacji na podstawie zarejestrowanych sygnałów akustycznych w środowisku zurbanizowanym.
Słowa kluczowe: efekt akustyczny, cechy dźwięku, pojazdy drogowe, modelowanie, wibroakustyka.

1. Introduction
Vibroacoustic processes belong to the destructive residual processes of exploited technical objects [1]. In many cases, the emission/
propagation phenomena of vibrations and noise of machines and devices are analyzed together.
Depending on the research objective and regardless of the type of
phenomena, vibroacoustic signals are widely used in the tasks of diagnosing, reliability and condition assessment of the exploited technical
objects. They are also important information in assessing the impact
of a technical object on the environment. Reduction of sources of this
energy often is the effect of recognizing and assessing the generation of vibroacoustic energy to the environment. In realized tasks of
the impact of the exploited technical objects on the environment it is
based on the physical features of the signal. For this purpose, there
are applied methods of identifying sources of vibroacoustic processes, assessment of technical condition, damage analysis of individual
components or the whole technical object, e.g. intensity methods,
reciprocity methods, the falk transformation [1, 3]. However, these
methods do not take into account the subjective assessment of the
vibroacoustic impact of the technical object on the environment.
The vibroacoustic processes occurring during the exploitation of
road vehicles are multi-source effects of the object on the environment. The results of this impact may be considered in relation to the

sources and effects, that cause a certain condition of noise pollution.
Research in this area focuses primarily on the use of physical features.
Within tasks carried out in this area, there are used acoustic measurements, as well as sound modeling and simulation methods. The result
of the acoustic evaluation obtained in this approach is represented is
the energy indicator at a given point, or its spatial distribution in the
modeled environment [4, 19]. The results of the undertaken research,
in the field of developing road noise assessment in the external environment, indicate clearly that the expression of this assessment with
noise indicators is limited and insufficient. It is stated, that significant
impact on the subjective assessment of noise has, among others the
time structure of the signal, or the distribution of subjective features
in the domain of time and frequency [6, 18].
In the article, there is proposed a way of assessing the acoustic effects of road vehicles to rely on obtaining information from physical
and subjective sound representation in the environment.

2. Sources of emissions of vibroacoustic energy in the
exploitation of road vehicles
Conducted commonly research on exploitation processes of technical objects are most frequently focused on the assessment of the object itself or its environment. For this purpose, are used the advanced
methods, e.g. [7, 9, 12, 13, 14].

(*)	Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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Exploited transport devices as technical objects belong to complex sources of emission of vibrations and noise to the environment.
In the research problem being undertaken, analysis and assessment of
signal features refers to distant acoustic field, in which there is usually a significant distance from the source of vibroacoustic energy to
the recipient. With this assumption, the acoustic energy in the form
of a signal reaches the recipient as a result of the emission of vibroacoustic sources of the vehicle and parts transmitting vibrations of the
vehicle.
The main sources of noise in vehicles, which have an impact on its
emission to the environment, have been identified on the basis of literature research [10]. The emission of these sources in various numbers
and intensities significantly influences shaping the acoustic climate of
the environment. Existing processes of generation and propagation of
acoustic effects of road vehicles are very complex. Generating acoustic effects depends on many factors, including:
• traffic intensity,
• vehicle traffic speed,
• traffic structure (the number of light and heavy vehicles),
• type of road surface,
• roadway temperature,
• condition of roadway (dry or wet).
The following factors influence the propagation of acoustic effects of road vehicles:
• the type of ground surface between the source and the observation point,
• temperature and humidity of the air,
• temperature distribution over the surface,
• obstacles on the way of propagation,
• the geometry of the source-observation point.
In the process of generating acoustic effects of a moving vehicle, there are distinguished partial sources. The main sources of noise
emission from the vehicle to the environment can be included: the
drive unit, the contact area of the wheels with the road surface and
the irregularities of the air flow around the car [8]. In particular, the
acoustic effects of the drive system result from the work of the following systems and components:
• engine,
• gearbox,
• exhaust system,
• air conditioning system.
Sources of acoustic effects caused by the interaction of the car’s
wheels and the road surface depend on:
• type of road surface,
• type of tires,
• tire impacts on the road surface, as a result of surface irregularities.
It should be noted, that at the speed of passenger vehicles greater
than 40-50 km/h and truck speeds greater than 60-70 km/h, the main
component of the vehicle’s total noise is the noise generated at the
interface between the tire and the surface [5]. With the increase in
speed, rolling noise begins to dominate.
The vibroacoustic effects, induced by the vehicle body, depend
mainly on the quality of materials, connections of parts and clearances
(related to the vehicle class) and on the exploitation wear. These effects worsen when driving over uneven surfaces and driving at high
engine rotate speeds. In some cases, vibroacoustic effects may also
occur during downtime, while the engine is idling (resonance vibrations of parts).
Generating vibroacoustic energy from the engine, transmission and chassis is also carried by through the vehicle body. Generally, acoustic effects reaching the recipient are a superposition of the
acoustic background and noise of vehicles traffic, which includes the

phenomena occurring at the contact between tire-surface, as well as
within the vehicle’s power unit. The level of noise emitted by moving
vehicles in road traffic is the resultant of engine and exhaust noise,
aerodynamic noise and tire/road interaction noise. Analyzing the
noise source in such an arrangement, it must be noted that the noise
of the engine and exhaust system depends on the type of vehicle and
engine rotate speed. On the other hand, the noise of the tire/road depends on the type of tire, the type of surface and the type of vehicle
and its speed. With the increase of the driving speed, there increases
the share of noise at the contact between the tire and the road in the
total noise emission of the vehicle and at high vehicle speed can become dominant.
Within realized SVEN project, road noise measurements using
“artificial head” were applied. Virtual listener position has been determined in relation to the vehicle (i.e. without a transfer function depended on the location and without the Doppler effect). The obtained
simulation results showed that the noise of the tires, especially the
sounds of the “front wheel” and “rear wheel” were dominant. The impact of the exhaust pipe and inlet was significant at low frequencies,
the engine influence was insignificant [20].

3. Review of research on the noise assessment of road
vehicles in the environment
The acoustic effects from road noise include noise coming from
the vehicle’s partial sources, phenomena accompanying the propagation of acoustic waves and many other factors, including: geometry
and cross-section of the road, traffic parameters and conditions, vehicle speed, road surface features, type and the shape of the environment, weather conditions.

3.1.	The assessment of physical sound features
The directive [4] relating to the assessment and management of
noise in the environment indicates, among others, on the term of noise
in the environment, which is defined as unwanted or harmful sounds
caused by human activities in the open air, including noise emitted
by transport devices, road traffic, rail traffic, aircraft traffic and noise
originating from industrial activity.
In the noise assessment, there are used accordingly noise indicators, that apply to conduct the long-term environmental protection
policy against noise (LDWN, LN) and to establish and control the conditions of use of the environment in relation to one day (LAeq, LAeqN)
[19]. In the applied assessment and management of noise in the environment, a physical approach is implemented, in accordance with national legal regulations [21]. Depending on the needs, classical energy
indicators are used to assess external noise (descriptors), such as LAeq
or LDWN. These indicators inform about the total sound level, giving
an average value of acoustic events evaluation, regardless of the temporal structure of the acoustic signal. In addition it should be noted,
that the obligatory requirements in this regard, respond to the use of
energy indicators only in the time domain and omit many important
sound information in the frequency domain. An equivalent level, also
known as an equivalent, is the most widespread indicator of noise
assessment with varying levels over time. The idea of this indicator
is to determine the average level of the sound pressure (at the time
considered).
In studies of environmental noise, there are used equivalent continuous sound levels LAeq and its statistical levels L10, L50 i L90 emitted
by road traffic. There are also made attempts on the application of
mathematical models in the estimation of road noise level. Research
on the application of mathematical models takes into account the functions of vehicle flow along with the estimation of heavy vehicles [2].
As part of the research, in the area of physical assessment of acoustic
effects of road vehicles moving on the motorway, it was proposed
beyond measure LAeq additionally statistical measures of sound levels

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

523

S cience and Technology
(quasi-maximum), ie. L10, L90. The results obtained from the proposed
models in the calculation of levels LAeq and L10 were more accurate
than the results obtained from the models for the calculation of L90.
It should be noted that during measurements, vehicle flows were not
continuous, which meant that the impact of other noise sources was
higher on L90, than on L10 and LAeq [2].
In the case of road noise, there is often a time variation noise
events. This means, that information about the signal features can be
searched in the amplitude-frequency spectrum of the acoustic signal
[11].

In another approach of own research, it was proposed modeling
of traffic noise risk assessment, using information from: spatial distributions of features of objects in the environment, noise indicators
and psychoacoustic tests of residents. Based on the obtained results of
spatial distributions of objects features, LAeq and information obtained
from psychoacoustic tests, there was applied a neural network method
in the modeling of the noise risk assessment [17].
The expression proposed in [22] as a psychoacoustic annoyance
(PA) is a combination of loudness (N5), fluctuation strength (F) and
roughness, with respect to sharpness (S):

3.2. The assessment of subjective sound features
Taking into account the perception of sound, in the issues of assessing the acoustic effects of noise sources, extends significantly the
assessment method, currently used, for listening experience. Sound
perception in the frequency domain includes hearing experiences,
i.e. the height and timbre of the sound. The timbre is connected in
a complex way with various physical parameters and includes subjective features individually perceived, i.e. sound sharpness, sound
roughness, fluctuation strength, tonality [22]. The common feature of
the sound, which in various ways influences on mentioned above is
loudness.
The confirmed results of the research on the assessment of human
hearing experiences in the range of received sounds prove, that the
highest sensitivity is for the medium frequencies 500-5000 Hz (hearing curves). In addition, these results indicate significantly the occurrence of frequency variation of hearing experiences of sounds, in the
area of audibility, in relation to the sound level value [14]. For the
purpose of subjective noise assessment, nonlinear dependence of the
loudness variation in the frequency domain is used.
In relation to the above, the loudness is taken into account, as the
basic subjective feature of the sound describing the listening experience. It is a function of variables of acoustic stimulus (i.e. the level of
sound pressure, frequency, bandwidth, spectral structure of the stimulus, its duration, etc.) and also variables of the recipient. It should be
noted, that the loudness has the greatest impact on the noise annoyance, among all the subjective features of the sound.
Unfavorable effect of acoustic effects of the road vehicles exploited in the environment can be treated in the category of noise annoyance, too. In particular, the directive [4] introduced common noise
indicators, i.e. common index LDWN for the general assessment of annoyance and LN for the assessment of sleep disturbance.
In work [18], it was examined, how the time change of the structure of road traffic influences the assessment of noise annoyance. Different grades of annoyance for the same LAeq were obtained, which
was due to the varying average percentile of loudness in sons (N10
or N5). It was found, that the average loudness N better correlates
with the annoyance, than the percentile of the loudness N5. In this approach, it was assumed that different annoyance is caused by different
loudness (N10 or N5), at the same LAeq. Four traffic noise structures
were tested, for which acoustic signals from recordings were assessed
by respondents in laboratory conditions.
As part of my own research [15], the task consisted of finding relationships between noise indicators and subjective features of sound
for the purpose of assessing traffic noise annoyance. The obtained
results showed, that there is a strong correlation between the loudness, and LAeq. However, this correlation did not take into account the
statistical loudness, i.e. N5, N10 - as Zwicker suggests. In addition, the
results of the distribution of subjective features, expressed in the Bark
scale, can be useful in the impressions assessing tasks, caused by the
type of road surface, especially if the surface differs in texture. There
were observed the sound tone changes, which were noticeable in the
distribution of sound roughness and sharpness.
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PA = N5 (1 + ws 2 + wFR 2 )

(1)

ws = ( S − 1.75) ⋅ 0.25lg( N5 + 10)

(2)

ws = ( S − 1.75) ⋅ 0.25lg( N5 + 10)

(3)

for S>1.75

S≤ for 1.75

wFR =

2.18

N50.4

(0.4 F + 0.6 R )

(4)

The use of the psychoacoustic annoyance model (1), as part of
own research, did not confirm the results obtained from noise annoyance assessments in laboratory conditions. There were divergences
between the results of the use of the above model and received assessments, in different classes of values LeqA of played acoustic signals of
road noise sources.
Obtained noise annoyance assessment results have a satisfactory
level as a result of using the neural network model for this task [16].

4. The way of assessing the acoustic effects of road
vehicles using the subjective features of sound
The dynamic nature of the impact of noise sources of a road vehicle, subjective aspect of the location of perception of sounds, as well
as the multiplicity of factors accompanying this process cause, that
despite many attempts in this area, there has not been developed any
universal assessment model, which would take into account a wide
spectrum of generating acoustic effects. The assessment models used
in this area do not take into account the coexistence of many variables
(factors) of a physical and subjective nature and interactions between
them. In particular, the complexity of processes related to the emission and propagation of the acoustic effects of sources, psychophysical aspects accompanying the perception of sound and the occurrence
of non-acoustic factors significantly complicate the development of a
standardized assessment model.
Developed for many years, research on a holistic approach to assessing the acoustic environment concerns the possibilities of soundscape mapping. They are based on simultaneous consideration of the
physical and perceptual aspects of sound sources in the environment.
They extend the approach to the mapping of noise, they allow to take
into account the context of the sound perception for areas of various
purposes, e.g. recreational, residential, commercial centers. For the
needs of acquiring from residents information on the perception of
different types of sounds, there are used surveys for the assessment of
sounds, among others, road noise. In the attempts made in this field,
there is a lack of a standard method of noise annoyance assessment in
acoustic maps, which would take into account the direct relationship
between physical and psychoacoustic sound features.
The results of undertaken research on the assessment of the subjective sound features distribution in the frequency domain in the external
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environment, exhibit diverse and non-linear variation, as a function
of distance from the source [6]. In addition, there is a lack of a known
mathematical formula of the model describing the shaping of the variation distribution of these features in the external environment.
The method of assessing acoustic effects developed by the author
assumes the combined use of sound evaluation methods, i.e.:
• physical,
• subjective.

Applicable methods of modeling and simulation of sound distribution in the external environment allow, among others on the assessment from direct and reflected waves. For this purpose, variant
solutions have been developed for which the following assumptions
of object modeling were made, i.e.:
• Variant no. 1 - real sound absorption coefficients were assigned
to object models,
• Variant no. 2 – the same value of the sound absorption coefficient α=1 was assigned to the modeled objects,
• Variant no. 3 - the same value of the sound absorption coefficient α=0 was assigned to the modeled objects.

It was assumed, that physical evaluation of acoustic effects will be
carried out using sound modeling and simulation methods, as part of
applied acoustic maps. As part of the subjective assessment of these
In the tab.1 there was presented information on the determined
effects, it was proposed to determine the subjective features of the
measurement points, in relation to the established variants.
sound for the resolution of 1/2 bark from the acoustic signal, using
software Pulse Reflex 21.0.0.567. It should be
noted, that these features refer to critical bands
Table 1. A summary of information about measuring points
and include the masking sound phenomena. The
developed assessment method has been verified
The height of the point above
Point
Variant no.1 Variant no.2 Variant no.3
by acoustic tests in an environment of noise from
the ground/measured value
number
(LAeq)
(LAeq)
(LAeq)
vehicles.
LAeq

4.1. Modeling of physical sound features

P1

In order to assess the acoustic effects from
road sources for a selected urbanized area, it was
P2
carried out the simulation analysis of the distribution of the assessment index LAeq, with using
P3
acoustic maps. Based on the information obtained from the environment, the terrain model
was modeled along with the object models. The
input data for the simulation were the values of
the measured intensity of vehicles together with the share of trucks,
for each lane within 1 hour in daytime. Acoustic measurements were
carried out simultaneously at all measuring points, among others in
order to ensure the same conditions for the structure and intensity of
vehicle traffic.
In the simulation of the sound level of traffic noise, there was
applied calculation method recommended by the noise directive [4]
according to the French standard XPS 31-133.
At the same time, for the calibration of the model, there were carried out acoustic measurements LAeq with using the measurer SVAN
971, at three representative reference points P1, P2, P3, corresponding
to the traffic measurement locations (Fig. 1.).

Fig. 1. Illustrations of the examined area: a) the photo with the measuring
points, b) a part of the acoustic map of the distribution LAeq with the
measuring points

There were some acoustic variables associated with the measurement location points, related, among others, with:
• distances between the source and the measuring points,
• occurring, near the measuring points, natural objects and environmental infrastructure facilities (i.e. acoustic screen P1,
residential building P3, tree stands P2), which were potential
surfaces of generating wave phenomena. It should be noted that
point P2 was significantly lower located, i.e. approx. 1.5 [m]
compared to point P1, due to the natural terrain.

1,7 [m]

77,1[dB(A)]
1,7 [m]

58,4[dB(A)]
27 [m]

71,2[dB(A)]

78,4[dB(A)]

78,2[dB(A)]

79,2[dB(A)]

61,7[dB(A)]

59,5[dB(A)]

68,5[dB(A)]

71,5[dB(A)]

71,4[dB(A)]

72,2[dB(A)]

Based on the prepared variants, in modeled reference points, there
was obtained information on the distribution of acoustic energy to
direct and reflective sounds. Information about acoustic energy from
direct sounds gives the opportunity to estimate the generated acoustic
effects, from traffic emission sources. From the values presented in
tab. 1 follows, that:
• in the designated reference points, there were slight differences
between the measured and simulated values,
• for particular variants, there were slight differences between the
measured and simulated values in the reference points (P1) and
(P3),
• for the variant no.3, in the reference point (P2) There was a significant difference between measured and simulated values (i.e.
for the establish of an „ideal” reflection of sound waves from the
modeled surfaces of objects). This difference may result from
the strengthening of reflections from the modeled building surfaces.
According to the author, a large variation between measured and
simulated values LAeq (for variant no.3) in the point (P2), it results
mainly from the location of this point relative to noise sources. Occurring at this point for variant no.1, slight exceeding simulated values
in relation to the measured ones, lies within the range of acceptable
error, which can occur in the modeling of similar source-receiver systems.

4.2. Analysis of the subjective features of sound
In the examined points (P1)-(P3) audio acoustic signals have been
recorded (one channel) with a duration of 20 minutes, except measurement LAeq. For recorded samples, a time and frequency analyzes of
the LAeq value distribution was carried out. A sample distribution LAeq
at the point (P3) are shown in (Fig. 2), corresponding for time and
frequency domains.

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

525

S cience and Technology
a)

b)

Fig. 2. Distribution LAeq at the point P3: a) a time domain, b) a frequency domain.

b)

a)

Fig. 3. The distributions in time domain of the sound loudness and sharpness in the tested points

b)

a)

Fig. 4. The distributions in time domain of the sound roughness and fluctuation strength in the tested points

The analysis of registered acoustic signals enables the assessment
of distribution of the subjective sound features in the time and frequency domains. Applying a correction filter (A) in the spectral distri-
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bution LAeq allows to assess the physical features of an acoustic signal,
with consider hearing curves. Accordingly, the physical assessment of
the acoustic effects of sound sources takes into account the influence
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a)

b)

Fig. 5 The distributions in frequency domain of the sound loudness and sharpness in the tested points

a)

b)

Fig. 6 The distributions in frequency domain of the sound roughness and fluctuation strength in the tested points

of frequency variation associated with the aspect of sound perception.
Information about the spectrum distribution itself LAeq is insufficient
in this assessment, it does not take into account features of auditory
impressions.
It is assumed that the use of subjective sound features will allow to
take into account the complexity of acoustic effects in an approximate
way. In the study, the subjective features of sound in the examined
points in the time and frequency domains were determined. Examples
of shaping the subjective features of sound at the points (P1)-(P3) in
the time domain are presented in Fig. 3 and Fig. 4.
The comparison of the results the shaping of the subjective features in the time domain follows, that LAeq is the decisive influence
on the volume distribution. From Fig. 3 and Fig. 4 it can be concluded, that shaping of the subjective values of sound features at the
point (P1) was dominant, in relation to other measuring points. This is
mainly due to the nearest location of this point from the noise sources.
In addition, it can be concluded, that for short periods of time, the
determined values of some of the sound subjective features were the
largest at the point (P2).
The analysis carried out for the designated subjective features of
the sound in the frequency domain was related to the Bark scale. According to Zwicker [22], the width of the critical band can be determined by the scale expressed in the Bark scale. It is treated as an audi-

tory filter with such a frequency bandwidth, beyond which the some
of the perceptual features of the sound are clearly changing [14].
The obtained distributions of subjective sound features in the
frequency domain (Fig. 5, Fig. 6) strongly indicate the occurrence
of variability in critical frequency bands. This is important information in assessing the acoustic effects of a perceived acoustic signal. In
the case of feature analysis, i.e.: sharpness, roughness and fluctuation
strength, it can be observed increase of their value at the point (P2),
especially for the perceived range (8÷12 Bark), which corresponds to
the center frequency bands 840÷1600 Hz. The increase in the value
of the above features in the point (P2) can be justified by the possible
occurrence of local wave phenomena.

5. Discussion of results and conclusions
The research topics discussed in the article is an important and
original approach to the tasks of assessing the acoustic effects of exploited road vehicles, understood as the combined physical and subjective impact of noise sources in the environment.
The article describes and presents the method of assessment in
the external environment of used road vehicles, i.e. sources of road
noise, with particular emphasis on the subjective features of sound.
The solutions used in this context, in the form of assessment models,
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are partial in nature, the multifaceted complexity of the process of
acoustic signal perception and the lack of developed standards constitute a significant difficulty and a research limit.
In accordance with the legal guidelines and procedures, the applied noise assessment in the environment refers only to noise energy
indicators. The subjective features of sound and psychophysical aspects accompanying the processes of sound perception are omitted in
this assessment.
As part of the undertaken research there was carried out the analysis in the context of using subjective sound features for the proposed
assessment method. For this purpose, verification acoustic tests in the
environment were carried out. An assessment of acoustic effects in
the environment was made using sound features. In particular, this
assessment is represented:
• physically - with using noise indicators as cumulative values related to time domain, using acoustic map technology,
• subjectively - with using subjective features of sound in time
and frequency domains.
Methods of simulation of physical sound features using acoustic maps allow to assess the acoustic effects of road noise sources in
the external environment using energy indicators, including the possibility of modeling parameters related to the features of objects (e.g.
sound absorption coefficients).
As part of the carried out physical assessment, the average values
of the LAeq index were simulated, for the modeled area, including the
division of energy of acoustic waves into direct and reflective sounds.
Energy analysis of the division of simulated acoustic waves allowed
to estimate the share of direct sounds of sources emission including
the objects in the environment. The use of subjective sound features

extends the currently applied approach to the problem of assessing the
acoustic effects of used road vehicles in the environment.
Connection of the spatial distribution of physical and subjective
sound features in the time and frequency domains, using acoustic map
technology is considered a reasonable direction for further studies on
the assessment of the impact of road vehicles in the environment. For
this purpose, it will first be necessary to develop a mathematical model for the representation of the spatial distribution of the subjective
features of sound. Detailed analysis and assessment of the distribution
of sound features of the acoustic signal, allows to conclude about the
cause of generating acoustic effects, for example, the impact of the
condition/type of the surface, or the dominant source of vehicle noise,
including occurrence of environmental objects.
Further research assumes the use of advanced methods of acoustic
signal processing (e.g. spectrogram, wavelet analysis) for the purpose
of assessing the variability of the distribution of the particular sound
features in the time-frequency domain. Ultimately, the development
of a mathematical model of spatial representation of sound in the environment using acoustic maps technology justifies the continuation
of research into the noise annoyance assessment problem.
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Fatigue strength reliability assessment of turbo-fan blades by
Kriging-based distributed collaborative response surface method
Ocena niezawodności wytrzymałości zmęczeniowej łopatek
turbowentylatora rozproszoną metodą
powierzchni odpowiedzi z wykorzystaniem krigingu
Fatigue crack propagation affects the operational reliability of engine turbo-fan blades. In this article, we integrate a Kriging
regression model and a distributed collaborative response surface method (DCRSM) for the reliability assessment of turbo-fan
blades, considering the relevant uncertainty. Following a series of deterministic analyses, such as steady-state aerodynamic
analysis, harmonic response analysis and Campbell diagram, and based on the assumption that vibration stress is mainly from
aerodynamic load, the fatigue strength is calculated for turbo-fan blades under coupling aerodynamic forces, according to a
modified Goodman curve of titanium-alloy. Giving consideration to the uncertainty of the resonance frequencies and material
properties, the fatigue strength of the turbo-fan blade is evaluated, including probabilistic analysis and sensitivity analysis. In the
case study analyzed, the conclusions are that the fatigue strength reliability reaches 96.808% with confidence level of 0.95 for the
turbo-fan blade under the coupling aerodynamic forces, and the first three-order resonant frequencies are found to have important
influence on the fatigue performance of turbo-fan blades.
Keywords: turbo-fan blade, fatigue strength, reliability assessment, Kriging, distributed collaborative response
surface method.
Propagacja pęknięć zmęczeniowych wpływa na niezawodność pracy łopatek turbowentylatora w silnikach samolotowych. W
przedstawionej pracy, niezawodność łopatek turbo-wentylatora oceniano za pomocą techniki która łączy rozproszoną metodę powierzchni odpowiedzi (ang. distributed collaborative response surface method, DCRSM) z krigingiem, z jednoczesnym uwzględnieniem niepewności. Po przeprowadzeniu serii analiz deterministycznych, w tym analizy aerodynamicznej w stanie ustalonym,
analizy harmonicznej i wyznaczeniu wykresu Campbella, oraz przyjmując założenie, że naprężenia wibracyjne powstają głównie
na skutek obciążeń aerodynamicznych, obliczono wytrzymałość zmęczeniową łopatek turbowentylatora w warunkach sprzęgających sił aerodynamicznych, zgodnie ze zmodyfikowaną krzywą Goodmana dla stopu tytanu. Biorąc pod uwagę niepewność
częstotliwości rezonansowych i właściwości materiału, wytrzymałość zmęczeniową łopatki turbowentylatora określano na podstawie analizy probabilistycznej i analizy czułości. W omawianym studium przypadku wykazano, że niezawodność wytrzymałości
zmęczeniowej łopatki turbowentylatora w warunkach sprzęgających sił aerodynamicznych sięga 96,808% przy poziomie ufności
0,95, a trzy pierwsze postacie drgań rezonansowych mają istotny wpływ na jej wydajność zmęczeniową.
Słowa kluczowe: łopatka turbowentylatora, wytrzymałość zmęczeniowa, ocena niezawodności, kriging, rozproszona metoda powierzchni odpowiedzi.

Acronyms
MCM

Monte Carlo method.

DCRSM

Distributed collaborative response surface method.

DCRSF

Distributed collaborative response surface function.

Kriging-based DCRSM

Kriging-based distributed collaborative response surface method.

Kriging-based DCRSF

Kriging-based distributed collaborative response surface function.

Notation
E

Elastic modulus

Ρ

Density

µ

Poisson ratio

σm

Average stress
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σ es,max

Maximum equivalent stress

σa

Stress amplitude

σ vs,max

Maximum vibration stress

σˆ a

Maximum vibration stress

f1

First-order frequency

f2

Second-order frequency

f3

Third-order frequency

Pˆ f

Failure probability

α yi

Sensitivity coefficient

R

Structural reliability

1. Introduction
Turbo-fan blades are important rotational parts which play an
important role in conveying air into the inside and outside lanes of
aeroengines. Fan blades with wide span-chord radio suffer from high
stress level and severe working conditions, and are susceptible to vibration, due to the centrifugal force produced by high rotation speed
and the aerodynamic force caused by the airflow. In addition, vibration, especially resonance, can produce great stress and easily result
in blade fatigue failure. Therefore, fatigue strength analysis is the key
to study the fatigue resistance problems of blades, and is necessary to
ensure the stability and reliability of engines during flight [21].
Recently, many researchers have studied some engine blade highcycle fatigue strength issues through computational/experimental
methods. Poursaeidi et al. [16] analyzed the influence of natural frequencies on compressor blade failure, considering centrifugal forces
and simplified aerodynamic loads. Srinivasan [20] summarized the
vibration problems of turbine blades. Xu et al. [24] carried out some
studies about the vibration and stress of an axial fan blade under
centrifugal forces and aerodynamic loads through finite element and
experiment methods. The efforts focus on deterministic analyses on
the vibration and fatigue strength of gas engine blades. However, the
relevant uncertainties should be carefully considered for accurate vibration characteristics prediction and reliability analysis of turbo-fan
blades.
Accurate and efficient numerical simulation methods are crucial
for the fatigue strength prediction of complex mechanical structures.
Probabilistic methods mainly include first-order reliability method
(FORM) [4, 13, 17], second-order reliability method (SORM) [6, 22],
response surface method (RSM) [3, 5, 18] and Monte Carlo method (MCM) [1, 2, 25, 26, 27]. A main practical difference among the
simulation methods is the computational accuracy and efficiency. In
order to ensure the numerical accuracy and computational efficiency,
in this paper, we integrate the Kriging and distributed collaborative response surface method (DCRSM) [7, 10] and propose Kriging-based
DCRSM for the fatigue strength assessment of turbo-fan blades, considering relevant uncertainties.
The Kriging-based distributed collaborative reliability approach is
proposed in Section 2. Section 3 presents the deterministic numerical
analysis of the vibration performance and fatigue strength of aeroengine turbo-fan blades and presents a reliability assessment framework
by Kriging-based DCRSM. The probabilistic analysis on the vibration
performance and fatigue strength with sensitivity analyses is completed in Section 4. Section 5 discusses the conclusions of the work.

2. Kriging-based DCRSM reliability assessment framework
2.1.	Kriging
Kriging is an interpolation approach based on the assumption that
there is a spatial correlation between the values of the function to be
approximated [23]. At present, Kriging is a representative approxima-

tion method to construct surrogate models, which are widely used for
structural reliability analysis.
For a set of p` design sites X =[x1, x2,…, xn] with xk ∈ R p and
p
response Y =[y1, y2,…, ym] with yd ∈ R , we take model yˆ to
express deterministic response y ( x ) , which can be formulated as the
sum of the regression model F F and the random function z(x) [19]:
yˆl ( x ) = F ( β:,l , x ) + zl ( x ), l = 1, 2,, q

(1)

F ( β:,l , x ) = β1,l f1 ( x ) + β 2,l f 2 ( x ) +  + βt ,l ft ( x )
= [ f1 ( x ), f 2 ( x ),, ft ( x )]β:,l

(2)

= f ( x )T β:,l
where the coefficient β:,l is a regression parameter to be estimated
based on data. In the current paper, a regression model with secondorder polynomial is adopted, as follows:
 f ( x ) = [ f1 ( x ), f 2 ( x ),, f p +1 ( x ), f p + 2 ( x ),, f 2 p +1( x ), f 2 p + 2 ( x ),, f3 p ( x ),, ft ( x )]T


= [1, x1,, x p , x12 ,, x1x p , x22 ,, x2 x p , x 2p ]T

(3)
 1
t = ( p + 1)( p + 2)
 2

and the random function z(x) is a stationary Gaussian process with
zero mean and covariance:
Cov[ zl ( x ), zl ( x′)] = σ l2R ( x , x′), l = 1, 2,, q

(4)

where R (x, x ` ) is the spatial correlation function between x and x ` ,
and is also very critical for simulation accuracy. σ l2 ＆is the process
variance for the lth component of the response.
Several correlation functions are available in the literature,
such as exponential, linear and Gaussian functions. The anisotropic
Gaussian function is widely used for reliability problems [14]:
p′

2

R ( x , x′) = ∏ exp(−θl xl − xl′ )

(5)

l =1

As shown by the above equations, Kriging model is completely
defined by the vector of regression parameters β, the vector of correlation parameters θ and the stationary Gaussian process varianceσ 2.
For the set X of design sites, we have the expanded p`×t design
matrix F, with Fkl = fl ( xk ) ,
F = [ f ( x1 ), f ( x2 ),, f ( x p′ )]T
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where f ( x ) can be defined by Eq. (3).

Z = Z ( y ) = Z ( y1, y2 ,, yr )

Further, R is the matrix of stochastic process correlation between
design sites,:
Rkl = R ( xk , xl ), k , l = 1, 2,, p′

(7)

The vector of correlations between design site and an untried
point x is:
r ( x ) = [R ( x1, x ),R ( x2 , x ),,R ( x p′ , x )]T

(8)

For a given sample of points, the vectors of regression parameter
β and process variance σ2 are obtained as the maximum likelihood
estimate of a generalized least squares problem [15]:

β * = ( F T R −1F ) −1 F T R −1Y

(9)

σ *2 =

1
(Y − F β * )T (Y − F β * )
p′

(10)

Based on maximum likelihood estimation, the optimal coefficient
θ*of the correlation function are found [15]:

θ * = min{ψ (θ ) ≡ R
θ

1
2
p′ σ * }

2.3. Kriging-based distributed collaborative reliability approach
In previous works, the DRSFs of the DCRSM have been taken as
quadratic polynomial functions, with limited precision in the output
responses due to the limitation of quadratic polynomial functions in
fitting RSFs. To solve this limitation of DCRSM, we integrate the
Kriging regression model into DCRSM to develop the Kriging-based
DCRSM.
For a complex probability problem involving l level interrelated
responses, we assume that y ( l ) y ( l ) ∈ R p and x ( l ) x ( l ) ∈ R n de-

)

(

)

(

note the lth level structural output response and corresponding input
variable vector, respectively. According to the principle of Kriging,
1
the kth first-level output response y ( ) k = 1, 2,…, p is expressed
k

(

1

)

ˆ x (1) )=f ( x (1) )T β (1)* + r ( x (1) )T R(1) −1 (Y (1) − F (1) β (1)* ) (14)
yk(1) = y(
k
k
k
k
k
k
k
k
which is called first-level DRSF (DRSF-I) between the kth first-level
1
output response y ( ) and corresponding input variables. In the same
k

way, all DRSFs-I can be established as the following vector form:
T
y (1) = ( y1(1) , y2(1) ,, y (1)
p )

(11)

(15)

1

where p1 is the number of first-level output responses.

where R is the determinant of R.

Based on specified failure dependence, the first-level output re1
sponses y ( ) are regarded as the random variables of the second-level
2
2
output responses y ( ) . The sth second-level output response y ( ) is

Thus, the predicted response at given sample points x is:
ˆ x ) = f ( x )T β * + r ( x )T R −1 (Y − F β * )
y(

(12)

2.2. Distributed collaborative response surface method
In previous works, the distributed collaborative response surface
method (DCRSM) has been introduced to improve numerical accuracy and computation efficiency [7, 10, 11]. In this paper, we apply
DCRSM to carry out the probabilistic analysis of the fatigue performance for turbo-fan blades, considering relevant uncertainties.
In light of the interrelation between structural level responses,
DCRSM can divide a multi-level nonlinear probability problem into
several single-level probabilistic analyses which are solvable with
limited computing resources. Following that, with respect to a specified failure criterion, the single-level results are combined to construct
the global distributed collaborative regression model, in order to solve
the complex nonlinear probability problem.

(

)

We assume Z and X =[x1, x2,…, xn] ( x¸ ~ N µθ ,σ θ2 are the
global output response and input variable vector of whole reliability
analysis, and the given structure involves r failure modes with corresponding responses y1, y2,…, yr, which are regarded as distributed
output responses. The relationships between distributed output responses and corresponding input variables are treated as distributed
response surface functions (DRSFs).
Based on the specified failure criterion, the global output response Z
can be calculated as the function of the distributed output responses
y1, y2,…, yr:
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Eq. (13) is called distributed collaborative response surface function (DCRSF).

as:

The maximum likelihood estimate of the variance is:

(13)

expressed as:

s

ˆ y (1) )=f ( y (1) )T β ( 2)* + r ( y (1) )T R( 2) −1 (Y ( 2) − F ( 2) β ( 2)* )     (16)
ys( 2) = y(
s
s
s
s
s
which is the second-level DRSF (DRSF-II).
In the same way, the relationships between the lth-level responses
l)
l −1
(
y and (l-1) th-level responses y ( ) can be fitted. The rth output
l
response of the lth-level responses yr( ) can be expressed as:
ˆ y (l −1) )=f ( y (l −1) )T β (l )* + r ( y (l −1) )T R(l ) −1 (Y (l ) − F (l ) β (l )* ) (17)
yr(l ) = y(
r
r
r
r
r
Finally, based on the specified failure criterion, the lth-level rel
sponses y ( ) are regarded as input variables of the global output response to model global DCRSF with Kriging:
ˆ y (l ) )=f ( y (l ) )T β Z( Z )* + r ( y (l ) )T RZ( Z ) −1 (YZ( Z ) − FZ( Z ) β Z( Z )* )    (18)
Z = y(
which is the Kriging-based DCRSF.
Based on the mathematic model, the Kriging-based distributed
collaborative reliability approach integrates the advantages of the
Kriging and DCRSM. In view of the availability of the proposed
Kriging-based DCRSM, it provides an enlightened insight for the reliability analysis and optimization design of complex mechanical structures. The proposed approach can be applied to improve the compu-
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tational efficiency and numerical accuracy for the reliability analysis
and optimization design of complex mechanical structures involving
multi-failure modes and/or multi-component.

3. Reliability assessment framework with Kriging-based
DCRSM: Case study
3.1. Deterministic analysis

and the setting of limit amplitude. Based on the above modal analysis, a Campbell diagram is shown in Fig.2. In the Campbell diagram,
the horizontal axis represents rotational speed ω and the vertical axis
denotes structural frequency f. The black curves indicate the natural frequency versus the rotational speed of the blade with different
modes, where the first six modes 1F, 2F, 1T, 3F, 2T and 2S represents
first-order bending vibration, second-order bending vibration, firstorder torsional vibration, third-order bending vibration, second-order
torsional vibration and combined twisting vibration, respectively. The
rays (colored lines) show different Engine order (E) lines. The engine

3.1.1. Establishing Campbell diagram
A wide-chord turbo-fan blade without blade-root is selected as
study object and meshed with hexahedral structured grids, consisting
of 2784 nodes and 3596 elements. Titanium-alloy, with elastic modulus E=112 GPa, density ρ=4453 kg/m3 and Poisson ratio µ=0.32, is
chosen as the turbo-fan blade material, for which the finite element
model (FEM) is established in Fig. 1.
To accomplish the vibration characteristics analysis, the turbo-fan
blade FEM is fixed by constraining all degrees of freedom (DOFs) at
the root and, then, modal analysis is carried out to acquire the first sixorder natural frequencies under different rotational speeds, as shown
in Table 1.
Generally, Campbell diagram aims at monitoring the dynamic
process of rotor vibration characteristics with rotational speed, to determine the working state of the rotor in entire speed range, thus playing an important role in further analyzing the cause of abnormal fault

Fig. 2. Campbell diagram of the turbo-fan blade.

order excitation is a periodic force. The harmonics frequency
depends on the rotational speed: n ∙ E =n ∙ ω /60, where n is the
engine order. Also, the intersection between the nth engine order
line and the line of natural frequencies of a mode is possible
resonance point [8, 9].
From Table 1 and Fig. 2, we can see that the natural frequencies display a general trend of fluctuations: the frequencies
gradually increase with the increasing modal order and rotational
speed. As indicated in the Campbell diagram, before the idling
rotation speed, rotational speed is usually shorter than transition
speed, and destructive resonance is hardly caused. However, after the idling rotation speed, the engine turns into the normal
working condition, and avoiding the speed of resonance is an
effective approach to ensure the reliability of the fan blade.
3.1.2. Analyzing aerodynamic load

Fig. 1. Fan blade finite element model.
Table 1. The first six natural frequencies of the fan blade.
Rotational speed
(rpm)
0

1000

2000

3000

4000

5000

6000

7000

1

60.611

64.984

76.136

90.712

106.58

122.82

139.10

155.30

2

189.29

193.61

205.97

224.85

248.33

274.66

302.45

330.71

Frequencies (Hz)
3

423.85

424.72

427.04

430.37

434.46

439.24

444.73

450.92

4

471.59

475.44

486.87

505.19

528.99

556.43

585.52

614.17

The influence of steady aerodynamic loads on the turbo-fan
blade is analyzed by modelling real flow field at the rotational speed of 4150 rpm with the corresponding inlet and outlet
boundary definition. The aerodynamic loads are mapped to
the surface effect element of the fan blade to acquire equivalent stress distribution, as shown in Fig. 3. The fluid-structure
interaction results illustrate that the
most dangerous area of the blade is approximately located on the middle of
suction surface, where the maximum
5
6
equivalent stress σ es ,max is 466.356
MPa
with node 1522.
675.97
810.85
The dangerous area is the main
676.62
813.98
concern to investigate the influence of
678.48
823.08
the aerodynamic loads and rotational
speed on the fatigue performance of
681.33
837.36
the fan blade. Experimental evidence
684.89
855.66
shows that resonance caused in the first
688.92
876.88
three orders is the main failure form of
rotor blades due to strong resonant en693.36
900.40
ergy. Therefore, the harmonic response

698.54

926.29
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analysis without damping at the rotational speed of 4150 rpm, 83% of
design speed, is performed to examine whether the first three-order
modes are in a state of resonance, as shown in Fig. 4.

σ vs = σ es sin ( 2π ⋅ f1 ⋅ t ) + σ es sin ( 2π ⋅ f 2 ⋅ t ) + σ es sin ( 2π ⋅ f3 ⋅ t )

    (19)

Fig. 5. Vibration stress of the maximum stress node 1522 under three harmonic loads
Fig. 3. Equivalent stress distribution of the fan blade: (left) suction surface
and (right) pressure surface

Fig. 6. Modified Goodman curve with titanium-alloy

Fig. 4. Harmonic analysis result of the maximum stress node 1522

As indicated in Fig. 4, under aerodynamic load and centrifugal
force, there are different degrees of resonance occurring for the fan
blade in the first three-order modes. The corresponding resonance
frequencies are f1=125.01Hz, f2=256.59 Hz and f3=437.13Hz, respectively, which are inconsistent with the first three natural frequencies
of the turbo-fan blade under rotational speed, due to the influence of
the aerodynamic load. In addition, the vibration amplitude without
damping and actual situation are discrepant, therefore, Fig. 4 is only
used to determine the resonant frequencies.
3.1.3. Calculating fatigue strength
In this sub-section, vibration stresses are calculated for the turbofan blade at the three resonant frequencies, based on the assumption
that vibration stress mainly results from aerodynamic loads and centrifugal forces. Therefore, when the first three-order resonances simultaneously occur, the fatigue strength of the turbo-fan blade will
reach the maximum value. Applying Eq. (19), the coupled harmonic
response analysis is completed and the vibration stress of critical point
1522 can be acquired, as shown in Fig. 5. Fig. 5 shows the change of
the vibration stress of node 1522 under three harmonic loads, and the
maximum vibration stress σ vs ,max reaches to 66.866 MPa.

534

Goodman curve has been widely applied in structural fatigue
strength design, by taking into account the fatigue stress amplitude,
average stress, material properties factors. Based on the yield limit
and the linear empirical formula proposed by Goodman, the modified Goodman curve has been obtained, replacing actual fatigue limit
line with a straight line [12]. In order to check the vibration condition
of the turbo-fan blade at the working point, the modified Goodman
curve with titanium-alloy is made, as shown in Fig. 6, where regions
A, B and C represent safe, unsafe and damage regions against vibration, respectively. Therefore, the vibration stress of the turbo-fan
blade should be limited to region A, and the limit equation between
average stress σ m and stress amplitude σ a corresponding to region
A can be fitted:

σ a = −0.1693 ⋅ σ m + 166 ＆
＆

(20)

From Fig. 6 and Eq. (20), when the maximum working stress
σ es ,max is 466.356 MPa, the corresponding maximum vibration
stress is σˆ a =87.01 MPa. Since the maximum vibration stress σ vs ,max
=66.866 MPa is less than 87.01 MPa, thus, the turbo-fan blade is safe
under the three harmonic loads.
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Finally, the structural sensitivity analyses including sensitivity
and normalized significance are performed by Eq. (27) and Eq. (28):

3.2. Reliability analysis framework

From the deterministic analyses, it is obvious that the fatigue
strength prediction for the turbo-fan blade is a multi-level problem.
∂g ( y )
(27)
β yi = Y
σ yi
In order to improve numerical accuracy and computational efficiency,
∂yi
we integrate parallel computation into the proposed Kriging-based
DCRSM to perform the fatigue strength reliability assessment of the
2
2
turbo-fan blade.
6  ∂g ( y )
 ∂g ( y )

 6 2
Y
(28)
In this paper, the fatigue strength of the turbo-fan blade is regarded
α y2i =  Y
σ yi 
σ
∑
yi  , ∑ α yi = 1
 ∂yi

 i =1
i =1  ∂yi
as the global output response. The elastic modulus E, density ρ, Poisson ratio µ are considered as random input variables, and coefficients
of variation are set to 0.02. The first three-order resonant frequencies
where y = (E , ρ , µ , f1, f 2 , f3 ) and α yi is sensitivity coefficient. In
are regarded as the distributed output responses. Based on the basic
addition, the higher the sensitivity index α y2i , the more important the
principle of Kriging-based DCRSM, the statistical characteristics of
corresponding parameter yi is.
the first three resonant frequencies are acquired, and then, the fatigue
strength σ vs ,max is solved, considering the random
input variables and resonant frequencies.
Table 2. Statistical characteristics of the three orders natural frequencies (Hz)
Eq. (19) indicates the global DCRSF for resolving
Frequency
Mean
Std. Dev.
Skew.Coef. Kurt.Coef. Min. value Max. value
the fatigue strength of the turbo-fan blade. In the light
125.01
1.4689
0.0042606
-2202.1
119.97
130.34
f1
of the basic principle of the Kriging-based DCRSM,
we extend the Kriging-based DCRSM together with
256.17
2.9648
0.015865
-2211.2
245.03
267.04
f2
the global DCRSF to clearly describe the proposed
437.18
5.9076
0.045818
-2262.4
414.58
461.98
f3
method.
In this paper, random variables x = (E , ρ , µ ) are
regarded as the input variables of the first three-order
4. Fatigue strength reliability assessment of turbo-fan
resonant frequencies f1, f2 and f3. Based on Kriging regression, the
blades
DRSFs can be shown Eq. (21):
fi = yˆ( x )=fi ( x )T β i* + ri ( x )T Ri −1 (Yi − Fi β i* ),

i = 1, 2,3 (21)

Then, the first three-order resonant frequencies f1, f2 and f3 are
considered as basic input variables of the fatigue strength σ vs ,max of
the turbo-fan blade. The DCRSF can be expressed:
3

σ vs , max = g ( E , ρ , µ , f1, f 2 , f3 ) =  ∑σ es ⋅ sin ( 2π ⋅ fi ⋅ t ) 
i =1
 max

(22)

4.1.	Probabilistic analysis of natural frequency
Twelve harmonic response analyses are performed by MCM with
Latin hypercube sampling and, then, the Kriging model is constructed
to obtain 10000 sets of resonant frequencies. The statistical characteristics of the first three order resonant frequencies are obtained. Fig.
7, Fig. 8 and Fig. 9 show that the sampling histories and distribution
histogram of the first three-order resonant frequencies, respectively.
Table 2 lists their statistical characteristics. It can be seen that the first
a)

The limit state function is defined as follows:
Z = σˆ a − σ vs ,max

(23)

in which Z ≥ 0 denotes that the structure is safe, while Z < 0 denotes
that the structure is out of order.
Subsequently, the structural failure probability can be estimated by:
1
Pˆ f =
M

M

m

∑ I F  Z j  = M

(24)

j =1

1, Z < 0
I F  Z j  = 
0, Z ≥ 0

b)
(25)

where I F [⋅] is the indicator function in the failure domain, m the
number of sample points in the failure domain, and M the number of
total sample points Z.
Thus, the structural reliability R can be estimated by:
R = 1 − Pˆ f

(26)
Fig. 7. First-order resonant frequency distribution: (a) distribution histogram
and (b) sampling history
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material properties, elastic modulus E, density ρ and Poisson ratio
μ are considered as the basic input variables of the fatigue strength
response model. Considering their randomness, the three harmonic
loads interaction analyses under the three-order resonant frequencies
are performed and the maximum vibration stress σ vs ,max of the most
dangerous point is acquired to extract 10000 samples and their statis-

a)

a)

b)

b)

Fig. 8. Second-order resonant frequency distribution: (a) distribution histogram and (b) sampling history

a)

Fig. 10. Fatigue strength probability distribution: (a) sampling history and (b)
distribution histogram

a)

b)

b)

Fig. 9. Third-order resonant frequency distribution: (a) distribution histogram and (b) sampling history

three-order resonant frequencies follow normal distributions, with
content prediction results.

4.2. Fatigue strength reliability analysis
In this sub-section, the distributed responses, first-order frequency f1, second-order frequency f2 and third-order frequency f3, and the
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Fig. 11. Sensitivity and normalized significance of relevant
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Table 3. Statistical characteristics of fatigue strength and reliability
Mean (MPa)
66.567

Std. Dev. (MPa)
8.0006

Min. (MPa)
57.133

Max. (MPa)
99.976

tical characteristics. Fig. 10 and Table 3 show that the probabilistic
distribution of the vibration stress σ vs ,max . Based on the modified
Goodman curve in Fig. 6, the fatigue strength reliability of the turbofan blade is found to be 96.808%, with confidence level of 0.95.

4.3. Sensitivity analysis
Sensitivity analysis is performed to evaluate which variables have
greater influence on the output response, and further guide the structural
design. In this sub-section, sensitivity analysis has been completed to
investigate the influence of random variables y = (E , ρ , µ , f1, f 2 , f3 )
on the fatigue strength with significance level of 2.5%. The sensitivity
and normalized significance are shown in Fig. 11.
From Fig. 11, we can see that the first three-order resonant frequencies have great impact on the fatigue strength of the turbo-fan
blade, and negative sensitivity indicates that the fatigue strength reduces with increasing resonant frequency. In addition, the influences
of natural frequencies with different modes on the fatigue strength
greatly varies and the normalized significance of the first-order, second-order and third-order resonant frequencies on the fatigue strength
decrease in order. Also, the first-order resonant frequency has the
greatest effect on the fatigue strength of the turbo-fan blade. Therefore, the first-order resonant frequency should be given sufficient attention in the initial design of the turbo-fan blade.

5. Conclusions
In this paper, a reliability approach, integration of the Kriging
and distributed collaborative response surface method (DCRSM),
is proposed for the fatigue strength reliability analysis of turbo-fan
blades. In order to determine the probable resonance points within
the entire design speed range, the Campbell diagram of a turbo-fan
blade is used. The aerodynamic pressure is exerted onto the surface of
the turbo-fan blade to impletment the harmonic analysis under fluidstructure interaction and solve the first three-order resonance frequencies for the fan blade. Also, a coupling harmonic response analysis is
performed based on the assumption that the vibration stress mainly
results from aerodynamic loads. Based on modified Goodman curve
with titanium-alloy, the fatigue strength is predicted for the fan blade.
Based on the above analyses, a reliability assessment framework is
presented with Kriging-based DCRSM.
Considering the relevant uncertainties, the reliability assessment
of the fatigue strength for the turbo-fan blade is launched. Applying
Kriging regression model, first three-order resonance frequency samples are generated. Then, the frequencies and material properities are
considered as input variables to extract the fatigue strength samples
and statistical characteristics. Finally, the fatigue strength reliability
assessment and sensitivity analysis are performed for the turbo-fan
blade. The results show that the first three-order resonant frequencies
have important and negative influence on the vibration stress.
Acknowledgements
This paper is co-supported by the National Natural Science Foundation of China (Grant no. 51705309), and China Postdoctoral Science Foundation (Grant no. 2017M621481). All authors would like
to thank them.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Beck J L, Au S K. Bayesian updating of structural models and reliability using Markov chain Monte Carlo simulation. Journal of Engineering
Mechanics 2002; 128(4): 380-391, https://doi.org/10.1061/(ASCE)0733-9399(2002)128:4(380).
Billinton R, Wang P. Teaching distribution system reliability evaluation using Monte Carlo simulation. IEEE Transactions on Power Systems
1999; 14(2): 397-403, https://doi.org/10.1109/59.761856.
Bucher C G, Bourgund U. A fast and efficient response surface approach for structural reliability problems. Structural Safety 1990; 7(1):
57-66, https://doi.org/10.1016/0167-4730(90)90012-E.
Cornell C A. A first order reliability theory of structural designs. Structural Reliability arid Codified Design, 1970.
Das P K, Zheng Y. Cumulative formation of response surface and its use in reliability analysis. Probabilistic Engineering Mechanics 2000;
15(4): 309-315, https://doi.org/10.1016/S0266-8920(99)00030-2.
Der Kiureghian A, Lin H Z, Hwang S J. Second-order reliability approximations. Journal of Engineering mechanics 1987; 113(8): 12081225, https://doi.org/10.1061/(ASCE)0733-9399(1987)113:8(1208).
Gao H F, Bai G C, Gao Y, Bao T W. Reliability analysis for aeroengine turbine disc fatigue life with multiple random variables based on
distributed collaborative response surface method. Jo-rnal of Central South University 2015; 22(12): 4693-4701, https://doi.org/10.1007/
s11771-015-3020-x.
Gao H, Bai G. Reliability analysis on resonance for low-pressure compressor rotor blade based on least squares support vector
machine with leave-one-out cross-validation. Advances in Mechanical Engineering 2015; 7(4): 1687814015578351, https://doi.
org/10.1177/1687814015578351.
Gao H F, Bai G C. Vibration reliability analysis for aeroengine compressor blade based on support vector machine response surface method.
Journal of Central South University 2015; 22(5): 1685-1694, https://doi.org/10.1007/s11771-015-2687-3.
Gao H, Fei C, Bai G, Ding L. Reliability-based low-cycle fatigue damage analysis for turbine blade with thermo-structural interaction.
Aerospace Science and Technology 2016; 49:289-300, https://doi.org/10.1016/j.ast.2015.12.017.
Gao H, Wang A, Bai G, Wei C, Fei C. Substructure-based distributed collaborative probabilistic analysis method for low-cycle fatigue
damage assessment of turbine blade-disk. Aerospace Science and Technology 2018; 79: 636-646, https://doi.org/10.1016/j.ast.2018.06.023.
Goodman J. Mechanics applied to engineering. Green: Longmans, 1918.
Hasofer A M, Lind N C. Exact and invariant second-moment code format. Journal of the Engineering Mechanics Division 1974; 100(1):
111-121.
Isaaks E H, Srivastava R M. An introduction to applied geostatistics (No. BOOK). Oxford University Press, 1989.
Lophaven S N, Nielsen H B, Sondergaard J, DACE-A M K T. Informatics and mathematical modelling. Technical University of Denmark,
2002.
Poursaeidi E, Babaei A, Arhani M M, Arablu M. Effects of natural frequencies on the failure of R1 compressor blades. Engineering Failure
Analysis 2012; 25: 304-315, https://doi.org/10.1016/j.engfailanal.2012.05.013.

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

537

S cience and Technology
17. Rackwitz R, Flessler B. Structural reliability under combined random load sequences. Computers & Structures 1978; 9(5): 489-494, https://
doi.org/10.1016/0045-7949(78)90046-9.
18. Rajashekhar M R, Ellingwood B R. A new look at the response surface approach for reliability analysis. Structural Safety 1993; 12(3): 205220, https://doi.org/10.1016/0167-4730(93)90003-J.
19. Sacks J, Welch W J, Mitchell T J, Wynn H P. Design and analysis of computer experiments. Statistical Science 1989; 409-423, https://doi.
org/10.1214/ss/1177012413.
20. Srinivasan A V. Flutter and resonant vibration characteristics of engine blades. Journal of Engineering for Gas Turbines and Power 1997;
119(4): 742-775, https://doi.org/10.1115/1.2817053.
21. Subrahmanyam K B, Kulkarni S V, Rao J S. Coupled bending-bending vibrations of pre-twisted cantilever blading allowing for shear
deflection and rotary inertia by the Reissner method. International Journal of Mechanical Sciences 1981; 23(9): 517-530, https://doi.
org/10.1016/0020-7403(81)90058-8.
22. Tvedt L. Distribution of quadratic forms in normal space-application to structural reliability. Journal of Engineering Mechanics 1990;
116(6): 1183-1197, https://doi.org/10.1061/(ASCE)0733-9399(1990)116:6(1183).

Hai-Feng Gao
School of Mechanical Engineering
Shanghai Jiao Tong University
Shanghai, China
Energy Department, Politecnico di Milano
Milano, Italy
Anjenq Wang
School of Mechanical Engineering
Shanghai Jiao Tong University
Shanghai, China.
Enrico Zio
Energy Department, Politecnico di Milano
Milano, Italy
MINES ParisTech, PSL Research University, CRC
Sophia Antipolis, France
Department of Nuclear Engineering, College of Engineering,
Kyung Hee University, Korea
Wei Ma
School of Aeronautics and Astronautics
Shanghai Jiao Tong University
Shanghai, China
E-mails: ghf121117@126.com, aj.wang@sjtu.edu.cn,
enrico.zio@polimi.it, mawei@sjtu.edu.cn

538

Eksploatacja i N iezawodnosc – Maintenance and Reliability Vol. 21, No. 3, 2019

Editorial Board
Prof. Andrzej Niewczas
Chair of Editorial Board
President of the Board of the Polish Maintenance Society
Prof. Holm Altenbach
Otto-von-Guericke-Universität, Magdeburg, Germany
Prof. John Andrews
University of Nottingham, Nottingham, UK
Prof. Karol Andrzejczak
Poznań University of Technology, Poznań
Prof. Christophe Bérenguer
Institut Polytechnique de Grenoble, Grenoble, France
Prof. Gintautas Bureika
Vilnius Gediminas Technical University, Vilnius, Lithuania
Dr Alireza Daneshkhah
Warwick Centre for Predictive Modelling
University of Warwick, UK
Prof. Sławczo Denczew
The Main School of Fire Service, Warsaw, Poland
Prof. Luis Andrade Ferreira
University of Porto, Porto, Portugal
Prof. Mitra Fouladirad
Troyes University of Technology, France
Dr Ilia Frenkel
Shamoon College of Engineering, Beer Sheva, Israel
Prof. Olgierd Hryniewicz
Systems Research Institute of the Polish Academy of Science, Warsaw,
Poland
Prof. Hong-Zhong Huang
University of Electronic Science and Technology of China,
Chengdu, Sichuan, China
Prof. Vaclav Legat
Czech University of Agriculture, Prague, Czech Republic

Prof. Jerzy Merkisz
Poznań University of Technology, Poznań, Poland
Prof. Gilbert De Mey
University of Ghent, Belgium
Prof. Maria Francesca Milazzo
University of Messina, Italy
Prof. Tomasz Nowakowski
Wrocław University of Technology, Wrocław, Poland
Prof. Marek Orkisz
Rzeszów University of Technology, Rzeszów, Poland
Prof. François Pérès
Touluse University, Touluse, France
Prof. Jan Szybka
AGH University of Science and Technology, Cracow, Poland
Prof. Marcin Ślęzak
Motor Transport Institute, Warsaw, Poland, Poland
Prof. Katsumi Tanaka
Kyoto University, Kyoto, Japan
Prof. David Vališ
University of Defence, Brno, Czech Republic
Prof. Lesley Walls
University of Strathclyde, Glasgow, Scotland
Prof. Min Xie
City University of Hong Kong, Hong Kong
Prof. Irina Yatskiv
Riga Transport and Telecommunication Institute, Latvia

The Journal is indexed and abstracted in the Journal Citation Reports (JCR Science Edition), Scopus,
Science Citation Index Expanded (SciSearch®) and Index Copernicus International.
The Quarterly appears on the list of journals credited with a high impact factor by the Polish Ministry of
Science and Higher Education and is indexed in the Polish Technical Journal Contents database –
BAZTECH and the database of the Digital Library Federation.
Task „Implementation of procedures ensuring the originality of scientific papers published in the quarterly
„Eksploatacja i Niezawodność – Maintenance and Reliability” financed under contract 532/P-DUN/2018 from
the funds of the Minister of Science and Higher Education for science dissemination activities.
All the scientific articles have received two positive reviews from independent reviewers.
Our 2018 Impact Factor is 1.806
Editorial staff:

Dariusz Mazurkiewicz, PhD, DSc (Eng), Associate Professor (Editor-in-Chief, Secretary of the Editorial Board)
Tomasz Klepka, PhD, DSc (Eng), Associate Professor (Deputy Editor-in-Chief)
Teresa Błachnio-Krolopp, MSc (Eng) (Editorial secretary)
Andrzej Koma (Typesetting and text makeup)
Krzysztof Olszewski, PhD (Eng) (Webmaster)
Publisher:
Polish Maintenance Society, Warsaw
Scientific patronage:
Polish Academy of Sciences Branch in Lublin
Address for correspondence: “Eksploatacja i Niezawodność” – Editorial Office
ul. Nadbystrzycka 36, 20-618 Lublin, Poland
e-mail: office@ein.org.pl
http://www.ein.org.pl/
Circulation:
550 copies

Członek:
Europejskiej Federacji
Narodowych Towarzystw
Eksploatacyjnych
Patronat naukowy:
Polska Akademia Nauk
Oddział Lublin

Publisher:
Polish Maintenance Society
Warsaw

Member of:
European Federation of National
Maintenance Societies

Scientific Supervision:
Polish Academy of Sciences
Branch in Lublin

Eksploatacja i Niezawodność

Wydawca:
Polskie Naukowo Techniczne
Towarzystwo Eksploatacyjne
Warszawa

ISSN 1507-2711
Cena: 25 zł (w tym 5% VAT)

Eksploatacja i Niezawodność
Maintenance and Reliability

Maintenance and Reliability

Vol. 21. No 3, 2019

Vol. 21. No 3, 2019

Polskie Naukowo Techniczne Towarzystwo Eksploatacyjne
Warszawa
Polish Maintenance Society
Warsaw

