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BORAWSKI A. Modification of a fourth generation LPG installation
improving the power supply to a spark ignition engine. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 1-6.

Fourth generation LPG installations are fuel systems which, apart from their obvious
advantages, have numerous disadvantages. One of their weaker elements are the
injectors, or rather their improper performance. It was therefore justified to undertake
a modification of the alternative fuel system in order to improve its work. The mo-
dification itself was preceded by a series of bench and road studies. A mathematical
model of the injector was developed, which was later used in simulations. The results
of the tests enabled the preparation the fuel system modification project involving
the introduction of additional injectors and a system that controls their work. The
complete unit was installed in a test vehicle and the modification’s effect on the fuel
supply process is presented in the results of conducted tests.

CHUA SJL, ALI AS, ALIAS AB. Implementation of Analytic Hierarchy
Process (AHP) decision making framework for building maintenance
procurement selection: Case study of Malaysian public universities. Eks-
ploatacja i Niezawodnosc —Maintenance and Reliability 2015; 17 (5): 7-18.
In this paper, the proposed Analytic Hierarchy Process (AHP) based decision making
framework was implemented and validated for its capability, applicability and validity
in assisting building maintenance personnel to select the most appropriate procurement
method. The decision making framework was developed based on AHP technique
and principles. Expert Choice Software was employed as the development tool where
the shortlisted criteria and alternatives were integrated within the framework. The
validation process was carried out through a structured interview with nine public
universities selected. The evaluations revealed that majority of the interviewees per-
ceived that the framework developed was good (65%) and excellent (21%) in terms
of capability, applicability and validity. The proposed decision making framework
introduced expected to be a useful tool for maintenance organization that can assist
them in decision making on selecting the most appropriate procurement method.

FLIZIKOWSKI J, TOPOLINSKI T, OPIELAK M, TOMPOROWSKI A,
MROZINSKI A. Research and analysis of operating characteristics of
energetic biomass micronizer. Eksploatacja i Niezawodnosc — Maintenance
and Reliability 2015; 17 (1): 19-26.

The analysis covers interrelations between the following factors: the machine move-
ment, states and transformations of particles of the micronized biomass, particle shifts,
mixing, grinding of energetic straw and its particles. It has been found that these
relationships, among other things, depend on friction conditions, impacts, cutting,
structural components of the micronizer as the dynamic movement of the machine
structural components and biomass (particles) takes place under the conditions of
idle movement and workload in order to accomplish an external goal. This paper
aims at systematization, calculation and complementary research on micro-grinding
performance characteristics (idle and operating), for constant and different rotational
speeds (angular and linear).

CHANGYOU L, WEI W, YIMIN Z, SONG G, ZHENYUAN L, CHANG-
SHUALI Q. Indexing accuracy reliability sensitivity analysis of power tool
turret. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015;
17 (1): 27-34.

Power tool turret (PTT) is one of the most key parts of CNC (Computer Numerical
Control) turning center and CNC turning and milling machining center. Therefore,
it is very important for improving these two types of machine tools’ reliability to
explore the indexing accuracy reliability of PTT and its sensitivity. To analyze the
indexing accuracy reliability sensitivity of PTT, the angular displacement error of
the rotating gear disc is discussed based on the measurement uncertainty theory. The
tooth thickness wear process of the fixed gear disc, the rotating gear disc and the lock
gear disc are modeled using Gamma process of which the parameters are estimated.
The indexing error of PTT is formulated by employing the BP neural network and
validated by the experiment data. Then, the indexing accuracy reliability equation of
PTT is derived and its sensitivity to the mean and the standard deviation of random
variables or wear stochastic processes is analyzed. The results show that the presented
indexing accuracy reliability and its sensitivity of PTT are effective.

CHLOPEK Z, BIEDRZYCKI J, LASOCKI J, WOJCIK P. Assessment of
the impact of dynamic states of an internal combustion engine on its
operational properties. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2015; 17 (1): 35-41.

BORAWSKI A. Modyfikacja instalacji LPG IV generacji poprawiajaca jako$¢
procesu zasilania silnika o zaplonie iskrowym. Eksploatacja i Niezawodnosc —
Maintenance and Reliability 2015; 17 (1): 1-6.

Instalacje LPG IV generacji sa ukladami paliwowymi, ktére oprocz oczywistych
zalet, maja liczne wady. Jednym ze stabych punktow takiej instalacji sa wtry-
skiwacze, w wlasciwie ich nieprawidlowa praca. Wobec powyzszego podjeto
probe opracowania modyfikacji alternatywnego uktadu zasilania, usprawniajaca
jego prace. Modyfikacje poprzedzono szeregiem badan stanowiskowych i drogo-
wych. Opracowano model matematyczny wtryskiwacza, na podstawie ktorego
przeprowadzono badania symulacyjne. Wyniki pozwolity na wykonanie projektu
modyfikacji uktadu paliwowego. Zmiany polegaty na wprowadzeniu dodatkowych
wtryskiwaczy oraz uktadu sterujacego ich praca. Calo$¢ zamontowana zostala
w pojezdzie testowym, a wplyw wprowadzonej modyfikacji na jako$¢ procesu
zasilania pokazuja wyniki przeprowadzonych badan.

CHUA SJL, ALI AS, ALIAS AB. Zastosowanie platformy programistycznej
wspomagajacej podejmowanie decyzji, opartej na procesie hierarchii ana-
litycznej (AHP) w postepowaniu przetargowym na utrzymanie budynkéw.
Przypadek malezyjskich uczelni publicznych. Eksploatacja i Niezawodnosc
—Maintenance and Reliability 2015; 17 (5): 7-18.

W niniejszej pracy przedstawiono platforme programistyczna wspomagajaca podej-
mowanie decyzji oparta na procesie hierarchii analitycznej (AHP). Po wdrozeniu
zaproponowanegoframeworku, weryfikowano jego wydajnosé, przydatno$¢ oraz
wiarygodno$¢ jako narzedzia wspierajacego pracownikdéw utrzymania budynku
przy wyborze najodpowiedniejszej metody przetargowej. Platforme opracowano w
oparciu o technike i zasady AHP. Jako narzedzia programistycznego uzyto Expert
Choice Software, za pomocg ktorego integrowano z frameworkiem wybrane kryte-
ria i alternatywy. Weryfikacje przeprowadzono na podstawie strukturalizowanego
wywiadu z wybranymi dziewigcioma uczelniami publicznymi. Otrzymane oceny
wykazaty, ze wigkszo$¢ badanych postrzegato opracowang platforme jako dobra
(65%) lub doskonatg (21%) pod wzgledem wydajnosci, przydatnosci i wiarygod-
nosci. Przewiduje sig, Ze proponowany framework wspomagajacy podejmowanie
decyzji bedzie stanowi¢ uzyteczne narzedzie doboru odpowiednich metod prze-
targowych dla instytucji zajmujacych si¢ obstuga techniczna.

FLIZIKOWSKI J, TOPOLINSKI T, OPIELAK M, TOMPOROWSKI A, MRO-
ZINSKI A. Badania i analiza eksploatacyjnych charakterystyk mikronizatora
energetycznej biomasy. Eksploatacja i Niezawodnosc — Maintenance and Relia-
bility 2015; 17 (1): 19-26.

Poddano analizie wzajemne relacje: ruchu uzytkowego, stany i przemiany czastek roz-
drabnianej biomasy, ich przemieszczenia, mieszanie, rozdrabnianie stomy energetycznej
i jej czastek. Wykazano, ze zaleza one m.in. od warunkow tarcia, zderzen, cigcia, cech
konstrukcyjnych mikronizatora, przy czym dynamiczne przemieszczanie elementow
(czgscei) konstrukcji maszyny i biomasy (czastek), nastgpuje w warunkach ruchu jatowe-
g0 1 obciazenia roboczego, dynamicznej realizacji celu zewngtrznego. Celem pracy jest
systematyzacja, obliczenia i badania uzupelniajace charakterystyk uzytkowych (jalowych
iroboczych) mikro-rozdrabniania, sporzadzanych przy statej i roznej predkosci obrotowej
(katowej lub liniowej).

CHANGYOU L, WEI'W, YIMIN Z, SONG G, ZHENYUAN L, CHANGSHUAI
Q. Analiza wrazliwosci wskaznika niezawodnos$ci w zakresie dokladnosci
indeksowania glowicy narzedziowej z napedzanymi narzedziami. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 27-34.

Glowica narzgdziowa z napgdzanymi narz¢dziami (ang. power tool turret, PTT) stanowi
jedna z kluczowych czgsci sterowanych komputerowo tokarskich i tokarsko-frezarskich
centrow obrobezych CNC. Dlatego tez dla poprawy niezawodnosci tych dwoch rodzajow
obrabiarek istotne jest badanie niezawodnosci w zakresie doktadnosci indeksowania
gltowicy PTT oraz wrazliwo$ci wskaznika niezawodnosci. Dla celow analizy wrazliwos$ci
wskaznika niezawodnosci w zakresie doktadnosci indeksowania glowicy PTT, oméwiono
blad przesunigcia katowego obrotowej tarczy narzgdziowej w oparciu o teorig niepewnosci
pomiaru. Proces zuzycia $ciernego zgbow tarcz narzgdziowych: statej, obrotowej oraz
uchwytowej, zamodelowano przy uzyciu procesu Gamma o szacunkowych parametrach.
Btad indeksowania PTT obliczono przy zastosowaniu sieci neuronowej BP i zweryfi-
kowano na podstawie danych doswiadczalnych. Nastgpnie wyprowadzono réwnanie
niezawodnosci w zakresie doktadnosci indeksowania PTT oraz przeprowadzono analiz¢
wrazliwo$ci wskaznika niezawodnosci na $rednig i odchylenie standardowe zmiennych
losowych lub procesoéw stochastycznych zuzycia. Wyniki pokazaty skuteczno$¢ omawia-
nej analizy niezawodno$ci w zakresie doktadnos$ci indeksowania PTT oraz wrazliwosci
wskaznika niezawodno$ci.

CHLOPEK Z, BIEDRZYCKI J, LASOCKI J, WOJCIK P. Ocena wplywu stanéw
dynamicznych silnika spalinowego na jego wlasciwosci uzytkowe. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 35-41.
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Internal combustion engines as systems described by non-linear models do not have
any properties that would not depend on their current states. The paper presents results
of testing an automotive engine in dynamic states determined by the vehicle accelera-
tion sign in vehicle driving tests simulating the real operation of passenger cars. During
the tests, pollutant emission rates and fuel flow rates averaged for specific vehicle states
were examined. The processes under investigation were found to be highly sensitive
both to the dynamic states and to the types of the vehicle driving tests.

MIKULSKI M, WIERZBICKI S, PIETAK A. Zero-dimensional 2-phase
combustion model in a dual-fuel compression ignition engine fed with
gaseous fuel and a divided diesel fuel charge. Eksploatacja i Niezawodnosc
— Maintenance and Reliability 2015; 17 (1): 42-48.

The problem of using alternative fueling sources for combustion engines has been
growing in importance recently. This is connected not only with the dwindling oil
resources, but also with the growing concern for the natural environment and the
fight against global warming. This paper proposes the concept for a zero-dimensional
model of a multi-fuel engine, enabling the determination of thermodynamic system
parameters based on the basic geometric and material object data (complete model).
The basic problems in the creation of this model and the modeling of the accompanying
subprocesses have been outlined and the methodology of the numerical solution of
the obtained mathematical description has been proposed. The basic characteristics
of the developed model are: the application of an original model of liquid fraction
injection based on normal distribution, a new Assanis correlation for computing
the diesel fuel self-ignition delay period in the presence of gas, first-order chemical
reaction kinetic equations for describing the course of combustion for combustible
components of the gas/air mixture, the implementation of a self-consistency procedure
in modeling heat exchange and the effect of exhaust recirculation, the inclusion of
both a single liquid fuel injection and the possibility of performing computations
for a divided charge.

CZECHLOWSKI M, GOLIMOWSKI W, SEK T, SZYMANOWICZ J.
Exhaust opacity in a diesel engine powered with animal fats. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 49-53.

The diversification of sources of energy has been recognised as one of the actions
preventing the negative effects of human activity on the environment. In order to do
s0 it is necessary to solve the problems related with the replacement of fossil fuels
with biofuels, including the increase in the prices of food products caused by the
dynamic development of biofuels made from plants. Therefore, the aim of the study
was to make an experiment assessing the technical possibilities to replace diesel fuel
with rendered animal fats. As results from the initial study, the kinematic viscosity of
animal fats at a temperature of 120°C is comparable to that of diesel at 40°C. Apart
from that, the diesel engine powered with animal fats emitted 70% less particulates
in exhaust than the engine powered with a diesel fuel.

GRADZKIR, LINDSTEDT P. Method of assessment of technical object ap-
titude in environment of exploitation and service conditions. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 54-63.

In the article, results of exploitation research of three various technical objects (public
transportation bus engines) are presented. Gathered data is presented in three sets (1
— concerning object, 2 — concerning driving conditions, 3 — concerning driver, where
sets 2 and 3 are object environment) in form of points (expert number assessments).
Relation between point information on object and point information on environment
was described using coupled state interaction equations. Such approach allowed
to determine the following for each moment of exploitation: technical condition
parameter aT and operating condition parameter aR, therefore in each moment of
exploitation data regarding operating and technical condition of exploited object
(bus) is available. This data allows for identification of object aptitude condition and
thus optimally control processes of exploitation and service of particular objects as
element of set of objects and set of objects.

GLOWACZ A, GLOWACZ W, GLOWACZ Z. Recognition of armature
current of DC generator depending on rotor speed using FFT, MSAF-1
and LDA. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015;
17 (1): 64-69.

Recognition of states of electrical systems is very important in industrial plants.
Article describes a recognition method of early fault detection of DC generator. The
proposed approach is based on an analysis of the patterns. These patterns are the
armature currents of selected electrical machine. Information contained in signals
of armature current is depending on generator state. Researches were carried out
for four states of generator with the use of Fast Fourier Transform (FFT), method of
selection of amplitudes of frequencies (MSAF-1) and Linear Discriminant Analysis
(LDA). The results of analysis show that the method is efficient and can be used to

Silniki spalinowe jako ukfady opisywane modelami nieliniowymi nie maja wlasciwosci
niezaleznych od stanow, w jakich si¢ znajduja. W pracy przedstawiono wyniki badan silnika
samochodowego w stanach dynamicznych zdeterminowanych znakiem przyspieszenia
pojazdu w testach jezdnych symulujacych rzeczywista eksploatacj¢ samochodow oso-
bowych. Badano usrednione w tych stanach: nat¢Zenie emisji zanieczyszczen i natgzenie
przeptywu paliwa. Stwierdzono znaczng wrazliwo$¢ badanych proceséw zaréwno na
stany dynamiczne, jak i na rodzaje testow jezdnych.

MIKULSKIM, WIERZBICKI S, PIETAK A. Zero-dimensional 2-phase combu-
stion model in a dual-fuel compression ignition engine fed with gaseous fuel
and a divided diesel fuel charge. Eksploatacja i Niezawodnosc — Maintenance
and Reliability 2015; 17 (1): 42-48.

W ostatnim czasie problem wykorzystania alternatywnych Zrodet zasilania silni-
kow spalinowych zyskuje szczegolnie na znaczeniu. Zwigzane jest to nie tylko
z kurczacymi si¢ zasobami ropy naftowej, ale rowniez z coraz wigksza troska o
srodowisko naturalne oraz walka z globalnym ociepleniem. W niniejszej pracy
zaproponowano koncepcj¢ zero-wymiarowego modelu silnika wielopaliwowego,
umozliwiajacego, wyznaczenie parametréw termodynamicznych uktadu w oparciu
o podstawowe dane geometryczne i materialowe obiektu (model kompletny).
Nakreslono podstawowe problemy w zagadnieniu tworzenia takiego modelu
i modelowania podprocesow towarzyszacych oraz zaproponowano metodyke
numerycznego rozwigzywania uzyskanego opisu matematycznego. Podstawowe
wyrézniki opracowanego modelu to: zastosowanie autorskiego modelu procesu
wtrysku frakeji ciektej opartego na rozktadzie normalnym, nowej korelacji As-
sanisa do obliczenia okresu zwloki samozaptonu oleju napedowego w obecnosci
gazu, jednostopniowych rownan kinetyki reakcji chemicznej do opisu przebiegu
spalania sktadnikow palnych mieszaniny gaz-powietrze, implementacja procedury
samouzgodnienia w modelowaniu procesu wymiany ciepta i wptywu recyrkulacji
spalin, uwzglednienie zarowno pojedynczego wtrysku paliwa ciektego jak i moz-
liwo$¢ prowadzenia obliczen dla dawki dzielone;.

CZECHLOWSKI M, GOLIMOWSKI W, SEK T, SZYMANOWICZ J. Za-
dymienie spalin silnika z zaplonem samoczynnym zasilanego tluszczami
zwierzecymi. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015;
17 (1): 49-53.

Dywersyfikacje zrodet energii uznano za jedno z dziatan zapobiegajacych nega-
tywnemu oddziatywaniu cztowieka na srodowisko. W tym celu konieczne jest roz-
wiazanie problemow zwiazanych z zastgpowaniem paliw kopalnych biopaliwami,
m. in. wzrost cen produktow spozywczych, wywotany dynamicznym rozwojem
biopaliw pochodzenia roslinnego. Dlatego za cel badan przyjeto wykonanie eks-
perymentu, polegajacego na ocenie mozliwosci technicznych zastapienia oleju
napedowego wytopionymi thuszczami zwierzecymi. Z przeprowadzonych badan
wstepnych wynika, ze thuszcze w temperaturze 120°C charakteryzuja si¢ lepkoscia
kinematyczng poréwnywalna do oleju napgdowego w 40°C, ponadto zasilany nimi
silnik ZS emitowatl o 70% mniej czastek statych w spalinach w porownaniu do
silnika zasilanego olejem napedowym.

GRADZKIR, LINDSTEDT P. Metoda oceny stanu zdatnosci obiektu technicznego
w otoczeniu warunkéw uzytkowania i jakosci obstugi. Eksploatacja i Nieza-
wodnosc — Maintenance and Reliability 2015; 17 (1): 54-63.

W artykule przedstawiono wyniki badan eksploatacyjnych trzech réznych obiektow
technicznych (silnikow autobusow komunikacji miejskiej). Zebrana informacja zostata
przedstawiona w 3 zbiorach (1 — dotyczy obiektu, 2 — dotyczy warunkéw jazdy, 3 — do-
tyczy kierowcy; przy czym zbiory 2 i 3 stanowia otoczenie obiektu) w postaci umownych
punktow (eksperckich liczbowych ocen). Relacje miedzy punktowa informacja o obiekcie
i punktowa informacja o otoczeniu opisano za pomoca sprz¢zonych rownan stanu. Takie
podejscie pozwolito wyznaczy¢ dla kazdej chwili eksploatacji: parametr stanu technicznego
aT i parametr stanu dziatania aR, Zatem w kazdej chwili eksploatacji moze by¢ dostgpna
informacja o stanie technicznym i stanie dziatania kazdego eksploatowanego obiektu
(autobusu). Informacja ta pozwala identyfikowa¢ w kazdej chwili stan zdatnosci obiektu,
a zatem pozwala optymanie sterowa¢ procesami uzytkowania i obstugi poszczegdlnych
obiektow jako elementu zbioru obiektow i zbiorem obiektow.

GLOWACZ A, GLOWACZ W, GLOWACZ Z. Rozpoznawanie sygnaléw pra-
du twornika generatora pradu stalego w zalezno$ci od predkosci obrotowej
wirnika z zastosowaniem FFT, MSAF-1 i LDA. Eksploatacja i Niezawodnosc
— Maintenance and Reliability 2015; 17 (1): 64—69.

Rozpoznawanie stanéw uktadow elektrycznych jest bardzo wazne w zaktadach przemy-
stowych. W artykule opisano metodg rozpoznawania stanow przedawaryjnych generatora
pradu statego. Proponowane podejscie jest oparte na badaniu wzorcéw. Wzorce te sa
pradami twornika wybranej maszyny elektrycznej. Informacja zawarta w sygnatach pradu
twornika jest zalezna od stanu generatora. Przeprowadzono badania dla czterech stanow
generatora z zastosowaniem FFT, metody wyboru amplitud czgstotliwosci (MSAF-1)
i liniowej analizy dyskryminacyjnej (LDA). Wyniki analizy pokazuja, ze metoda jest
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protect DC generators. This method was verified with the aid of acoustic signals
recognition method.

CHEN X, XIAO L, ZHANG X, XIAO W, L1 J. An integrated model of pro-
duction scheduling and maintenance planning under imperfect preventive
maintenance. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2015; 17 (1): 70-79.

For a successful company, machines are always required to work continuously to
make more profit in a certain period. However, machines can be unavailable due to the
scheduled maintenance activities or unexpected failures. Hence, a model connected
production scheduling with maintenance planning for a production line which is
composed of multiple machines is developed. Suppose preventive maintenance is
imperfect and cannot renew all the machines. Age reduction factor and hazard rate
increase factor are introduced to illustrate the imperfect character. Aperiodic preventive
maintenance policy is adopted. Replacement as perfect maintenance could restore
the machine “as good as new”. When and whether to perform replacement is based
on a cost-time rate function which is defined to judge whether or not the preventive
maintenance is economical. The objective of the joint model is to maximize the
total profit which is composed of production value, production cost, maintenance
cost (including the preventive maintenance cost and replacement cost) and tardiness
cost (which is related to the job sequence and maintenance activities). To optimize
the objective, immune clonal selection algorithm is utilized. The proposed model is
validated by a numerical example.

LOTKOM, LOTKO A. Cluster analysis of knowledge workers assessment
of occupational threats and attitudes to character of work. Eksploatacja i
Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 80-89.

The goal of the paper was to discover, if knowledge workers” occupational threats
can be linked to some logical constructs and if knowledge workers can be grouped
into some logical items concerning their assessment of these threats and attitudes to
character of work. On a basis of literature studies peculiarity of knowledge-based
work and specific occupational threats were identified. They were examined as ob-
servable variables with the use of a questionnaire method on a sample of 500 know-
ledge workers. Then, variables were classified using multidimensional exploratory
technique - cluster analysis. As a research implication, the structure of perception of
knowledge workers’ occupational threats and their attitudes to character of work were
revealed. As a practical implication, a proposed classification of variables allows to
measure perception of occupational threats and use the results e. g. when designing
trainings on occupational health and safety and to better fit them to this specific group
of employees. Thus, job safety can be effectively improved by raising awareness of
certain threats. The paper’s contribution is a novel way of measuring and classifying
knowledge workers” occupational threats and attitudes to character of work.

BEER-LECH K, SUROWSKA B. Research on resistance to corrosive wear
of dental CoCrMo alloy containing post-production scrap. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 90-94.

Use of metal base dental prostheses is accompanied by not only wear due to bio-
mechanical loads that occur during the process of chewing, but also by corrosive
wear occurring in aggressive oral environment. Corrosive wear of metal elements of
prosthesis may result in excluding it from further use by the occurrence of allergic or
even carcinogenic reactions in patient, resulting from the release of toxic metal ions
into the body. A common practice in prosthetic laboratories used in order to reduce
production costs of dental prostheses is using so-called post-production scrap to sub-
sequent castings. This scrap constitute the elements of casting channels, defectively
made skeletons of prostheses or metal residues after prosthetic treatment. Use of
post-production scrap to manufacture components to fulfill such high performance
criteria (presence of complex biomechanical loads), and in particular taking into
account the evaluation of biocompatibility, is the subject of discussion not only in
the environment of scientists, but also the producers of dental alloys.The aim of the
study was to investigate resistance to corrosive wear of dental cobalt alloy containing
post-production scrap. The commercial dental alloy Wironit extra-hard with cobalt
matrix has been used in this research. The study was based on a conducted polarity
by means of potentiodynamic method in a solution of artificial saliva. Tested alloy
samples, containing different percentage intake of post-production scrap, were cast by
two casting methods - centrifugal and vacuum-pressure. Average values of parameters
of Wironit extra — hard alloy resistance to corrosive wear: corrosion potential — .,
corrosion current /., polarisation resistance R, and pitting potential — £, were
determined. In order to assess alloy surface after corrosion microscopic observation
was made. The results of research confirm high resistance of alloy to corrosive wear
in environment of artificial saliva. Castings made using centrifugal methods provide
lower current density in the passive state than those carried out by vacuum — pressure
method, which suggests greater durability of passive layer confirmed by analysis
of microstructure of samples after corrosion. Determination of correlation between
content of post-production scrap and resistance to corrosion is ambiguous.

skuteczna i metoda moze by¢ stosowana do ochrony generatorow pradu statego. Metoda
zostata zweryfikowana za pomoca metody rozpoznawania sygnatéw akustycznych.

CHEN X, XIAO L, ZHANG X, XIAO W, L1 J. Model zintegrowany harmono-
gramowania produkcji i planowania obstugi technicznej w ramach niepelnej
konserwacji zapobiegawczej. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2015; 17 (1): 70-79.

Aby firma mogta dziala¢ z powodzeniem i przynosi¢ wigksze zyski w danym okresie
czasu, zainstalowane w niej maszyny musza pracowa¢ w sposob nieprzerwany. Niestety,
z powodu planowych dziatan obstugowych lub nicoczekiwanych awarii, maszyny sa
czasami wylaczane z produkcji. Dlatego tez w niniejszym artykule opracowano model
taczacy harmonogramowanie produkcji z planowaniem obstugi technicznej dla linii pro-
dukeyjnej ztozonej z wielu maszyn. W pracy zatozono, ze konserwacja zapobiegawcza
jest niepelna i nie prowadzi do odnowy wszystkich maszyn. Aby zilustrowac jej niepetny
charakter, wprowadzono pojecia czynnika redukcji wieku oraz czynnika wzrostu wskaznika
zagrozenia. Przyjeto polityke nieokresowej konserwacji zapobiegawczej. Wymiana jako
forma pelnej konserwacji pozwala na przywrocenie maszyny do stanu "fabrycznej nowo-
$ci". Kiedy i czy nalezy przeprowadzi¢ wymiang zalezy od funkcji wskaznika kosztu w
stosunku do czasu, ktory pozwala ocenié, czy konserwacja zapobiegawcza jest optacalna.
Model zintegrowany ma na celu maksymalizacje¢ catkowitego zysku, ktory jest wypadkowa
warto$ci produkcji, kosztow produkeji, kosztow obstugi (w tym kosztow konserwacji zapo-
biegawczej oraz kosztow wymiany) i kosztow nieterminowego zakonczenia zadania (ang.
lateness, zwigzanych z kolejno$cia wykonywanych zadan i czynnosci obstugowych). Aby
zoptymalizowac¢ opisany cel, wykorzystano algorytm odporno$ciowej selekcji klonalnej
Proponowany model zweryfikowano na przyktadzie liczbowym.

LOTKO M, LOTKO A. Zastosowanie analizy skupien do oceny zagrozen
zawodowych pracownikow wiedzy i ich postaw wobec charakteru pracy. Eks-
ploatacja i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 80-89.
Celem artykutu bylto zbadanie, czy zagrozenia zawodowe pracownikow wiedzy moga by¢
pogrupowane w logiczne konstrukty i czy pracownicy wiedzy moga by¢ logicznie pogrupo-
wani biorac pod uwagg ich oceng zagrozen i postawy wobec pracy. Na podstawie studiow
literaturowych zdefiniowano szczegdlny charakter pracy opartej na wiedzy i zagrozen
zwigzanych z jej wykonywaniem. Zbadano je empirycznie jako zmienne obserwowalne
z wykorzystaniem metody ankietowej na probie 500 pracownikoéw wiedzy. Nastepnie
przeprowadzono klasyfikacj¢ zmiennych z wykorzystaniem wielowymiarowej techniki
eksploracyjnej —analizy skupien. Jako wniosek badawczy odkryto strukture postrzeganych
przez pracownikow wiedzy zagrozen zawodowych. Jako wniosek praktyczny, propo-
nowana klasyfikacja zmiennych pozwala mierzy¢ postrzeganie zagrozen zawodowych
przez pracownikow wiedzy i wykorzysta¢ wyniki np. podczas projektowania szkolen z
zakresu bezpieczenstwa i higieny pracy, aby lepiej dopasowac je do tej szczegdlnej grupy
pracownikow. Dlatego bezpieczenstwo pracy moze by¢ wyraznie poprawione poprzez
podniesienie $wiadomosci okreslonych zagrozen. Wkiadem artykutu jest nowatorski
sposOb pomiaru i klasyfikacji zagrozen zawodowych przez pracownikow wiedzy i ich
postaw wobec pracy.

BEER-LECH K, SUROWSKA B. Badanie odpornosci na zuzycie korozyjne
stomatologicznego stopu CoCrMo zawierajacego ztom poprodukcyjny. Eks-
ploatacja i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 90-94.

Eksploatacji stomatologicznych protez na podbudowie metalowej towarzyszy nie tylko
zuzycie wskutek obcigzen biomechanicznych, wystepujacych podczas procesu Zucia,
ale rowniez zuzycie korozyjne majace miejsce w agresywnym $rodowisku jamy ustnej.
Zuzycie korozyjne metalowych elementéw protezy skutkowa¢ moze wylaczeniem jej z
dalszego uzytkowania wskutek wystapienia u pacjenta reakcji alergicznych lub nawet
kancerogennych, bedacych rezultatem uwalniania do organizmu toksycznych jonow me-
tali. Czgsta praktyka w laboratoriach protetycznych stosowana w celu obnizania kosztow
produkc;ji protez jest stosowanie tzw. ztomu poprodukcyjnego do kolejnych odlewow. Ztom
ten stanowig elementy kanaléw odlewniczych, wadliwie wykonane szkielety protez badz
metalowe pozostato$ci po obrdbee protetycznej. Zastosowanie zlomu poprodukcyjnego
do wytwarzania elementéw majacych spetnia¢ tak wysokie kryteria eksploatacyjne (wy-
stgpowanie zfozonego stanu obcigzen biomechanicznych), a zwlaszcza biorac pod uwage
oceng biokompatybilnosci otrzymanych wyrobow, jest tematem dyskusyjnym nie tylko w
Srodowisku naukowcow, ale rowniez i samych producentéw stopéw stomatologicznych.
Celem pracy byto zbadanie odpornos$ci na zuzycie korozyjne stomatologicznego stopu ko-
baltu zawierajacego ztom poprodukcyjny. Do badan zastosowano komercyjny stop stoma-
tologiczny Wironit extra-hard na osnowie kobaltu. Badanie polegato na przeprowadzeniu
polaryzacji metoda potencjodynamiczng w $rodowisku roztworu sztucznej $liny. Probki
stopu poddane badaniu, zawierajace rozny udziat procentowy ztomu poprodukcyjnego,
odlane zostaty dwiema metodami odlewniczymi - odsrodkowa i prozniowo-ci$nieniowa.
Wyznaczono $rednie parametréw okreslajacych odporno$¢ stopu Wironit extra—hard na
zuzycie korozyjne: potencjat korozji — £y, prad korozji /s, opér polaryzacyjny R, i
potencjat przebicia— £, W celu oceny powierzchni stopu po korozji dokonano obserwacji
mikroskopowych. Wyniki badan potwierdzaja duza odporno$¢ stopu na zuzycie korozyjne
w $rodowisku sztucznej $liny. Odlewy wykonane za pomoca metody odsrodkowej ce-
chuja si¢ nizsza gestoscia pradu w stanie pasywnym niz te wykonane metoda prozniowo
— ci$nieniowa, co sugeruje wigksza trwalos¢ warstwy pasywnej potwierdzong analiza
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AMBROZIK A, AMBROZIK T, LAGOWSKI P. Fuel impact on emissions
of harmful components of the exhaust gas from the ci engine during cold
start-up. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015;
17 (1): 95-99.

The paper presents the results of tests on the compression ignition PEUGEOT 2.0
HDI engine. It was fuelled by commercial diesel oil, B50 blend (50 % diesel oil and
50 % rapeseed oil fatty acid methyl esters), and blend of diesel oil and 5% EKO-V
fuel additive manufactured by the INWEX company. The tests were conducted for
cold and hot engine. When the engine started up from cold, the temperature of the
coolant and lubricating oil was equal to the ambient temperature. In hot engine
start-up, the temperature of the engine oil and the coolant was 90 °C. The values of
concentrations of the exhaust gas harmful components were measured before the
catalytic converter.

YANG D, REN Y, WANG Z, LIU L, SUN B. A novel logic-based approach
for Failure Modes Mitigation Control and Quantitative System Reliability
Analyses. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015;
17 (1): 100-106.

The core idea of reliability design is to mitigate the product’s failure modes. However,
for the cross-links among potential failure modes of a complex product, it is very
difficult to establish the mapping relationship between failure modes mitigation and
quantitative values of reliability, and the decision of failure modes mitigation have to
be performed by virtue of experience, which always increase design period. In order
to solve these problems, a novel logic-based approach for failure modes mitigation
control and quantitative system reliability analyses is provided. Firstly, a hybrid
of active and passive control process of reliability design is proposed. Secondly, a
novel concept of failure modes correlation set (FMCS) and a determination appro-
ach based on deductive theory are presented. According to the changes in failure
modes probabilities of occurrence, the reliability formulas of the components and
assemblies are provided to depict the effects of failure mode mitigation on reliability
of components and assemblies. And then the FMCS mitigation sequence is decided
to determine reliability design activities. Thirdly, a closed control process of FMCS
mitigation is provided integrated with logic decision method. By exposing the design
of a helicopter fuel system, the present study demonstrates that all approaches are
feasible, and the relationship between reliability parameters and qualitative design
exists. Hence the failure modes mitigation could be controlled for the achievement
of quantitative reliability requirements.

ANTOSZ K, STADNICKA D. Evaluation measures of machine operation
effectiveness in large enterprises: study results. Eksploatacja i Niezawod-
nosc — Maintenance and Reliability 2015; 17 (1): 107-117.

Maintaining a proper productivity and efficiency level of a technical infrastructure
of an enterprise requires, above all, the use of appropriate managing methods and
tools as well as an appropriate organization of services responsible for their mana-
gement. Using a variety of measures is indispensable to evaluate the effectiveness
of these practices as well as of the machine performance in any enterprise. The data
obtained from measuring 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. Different
indicators presented in the references are said to be efficient and willingly used by
enterprises. The aim of the study, of which the results are presented in this article,
was to identify the real actions taken by the surveyed enterprises concerning the
use of the machine effectiveness evaluation metrics. Apart from that, the study
also intended to obtain the information on which indicators are actually applied by
enterprises. The study was carried out in large production enterprises of different
industries on a specified area.

PROCHOWSKI L, WACH W, JACKOWSKI J, PIENIAZEK W. Experi-
mental and model studies on the influence of the run flat tire damage on
braking dynamics of the multi-axial special purpose vehicle. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 118-128.

Tire damage, that occurs quite often during operation of special purpose vehicles
(building, forest, military, agricultural heavy-duty vehicles), affects a vehicle motion
also during sudden braking. Motion of a four-axial vehicle has been analysed in order
to evaluate the influence of tire damage (cracking, tearing) on its behaviour during
sudden braking and based on that to evaluate the possibilities of driver’s reactions
to motion disorders resulting from that emergency condition. Using the PC-Crash
software, a vehicle model was designed allowing for simulation of special-purpose
vehicle motion. The vehicle model includes a possibility of occurring of sudden tire
damage when in motion. In such situation a model of cooperation of a tire and a surface
is of crucial significance. A semi-empirical, non-linear TMeasy tire model was used.
Its parameters were obtained on the basis of the results of the tests performed on

mikrostruktury probek po korozji. Wyznaczenie zalezno$ci pomigdzy zawartoscia zlomu
poprodukeyjnego a odpornoscia na korozj¢ jest niejednoznaczne.

AMBROZIK A, AMBROZIK T, LAGOWSKI P. Wplyw paliwa na emisje
szkodliwych skladnikéw spalin silnika o zaplonie samoczynnym podczas
zimnego rozruchu. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2015; 17 (1): 95-99.

W artykule przedstawiono wyniki badan silnika o zaptonie samoczynnym PEUGEOT
2.0 HDI zasilanego handlowym olejem napgdowym, mieszaning B50 (50 % oleju na-
pedowego i 50 % estrow metylowych kwasow ttuszczowych oleju rzepakowego) i oleju
napgdowego z dodatkiem 5% preparatu EKO-V firmy INWEX. Badania wykonano dla
zimnego i rozgrzanego silnika. Podczas rozruchu zimnego silnika temperatura cieczy
chtodzacej i oleju smarnego byla rowna temperaturze otoczenia, natomiast podczas
rozruchu silnika cieplego temperatura oleju silnikowego i cieczy chtodzacej wynosita
90°C. Wartosci stezen szkodliwych sktadnikow spalin zmierzono przed katalizatorem
utleniajacym zainstalowanym w uktadzie wydechowym silnika.

YANG D, REN Y, WANG Z, LIU L, SUN B. Oryginalna, oparta na logice
metoda kontroli ograniczania przyczyn uszkodzen i ilo§ciowej analizy nieza-
wodnosci systemu. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2015; 17 (1): 100-106.

Podstawowym problemem w procesie projektowania niezawodnosci jest ograniczenie
przyczyn uszkodzen produktu. Jednakze, w przypadku sieci potaczen pomi¢dzy mozliwymi
przyczynami uszkodzen ztozonego produktu, trudno jest ustali¢ mape zaleznosci pomigdzy
ograniczaniem przyczyn uszkodzen i ilosciowymi warto$ciami niezawodnosci, a decyzje
wzgledem ograniczania przyczyn uszkodzen musza bazowac na wlasnym doswiadczeniu,
co znacznie wydtuza okres projektowania. W celu rozwiagzania powyzszych problemow,
zaproponowano oryginalng, oparta na logice, metodg kontroli ograniczania przyczyn uszko-
dzen i ilo$ciowej analizy niezawodnosci systemu. Na wstepie, zaproponowano mieszany
proces aktywnej i pasywnej kontroli niezawodno$ci projektu. Nastgpnie, zaprezentowano
oryginalna koncepcje zbioru korelacji przyczyn uszkodzen (FMCS) i metodg oznaczania
opartg o teori¢ dedukcji. Na podstawie zmian dotyczacych prawdopodobienstwa wyste-
powania przyczyn uszkodzen, okreslono wzory niezawodno$ci czgsci i uktadow w celu
pokazania wptywu ograniczania przyczyn uszkodzen na niezawodnos¢ czgsci i uktadow.
Okreslono nastepnie ograniczajaca sekwencj¢ FMCS, azeby ustali¢ zatozenia dla projekto-
wania niezawodnosci. Na koniec zaprezentowano zamknigty proces kontroli ograniczania
FMCS w powigzaniu z logiczng metoda podejmowania decyzji. Analizujac pod tym katem
projekt systemu paliwowego helikoptera, wykazano w niniejszej pracy przydatnos$¢ wszyst-
kich powyzszych metod, jak rowniez zwiazek pomigdzy parametrami niezawodnosci a
projektowaniem jako$ciowym. Dlatego tez ograniczanie przyczyn uszkodzen powinno
by¢ kontrolowane w celu osiaggnigcia wymaganej niezawodnoscei ilosciowe;.

ANTOSZ K, STADNICKA D. Mierniki oceny efektywnosci funkcjonowania
maszyn w duzych przedsi¢biorstwach: wyniki badan. Eksploatacja i Nieza-
wodnosc — Maintenance and Reliability 2015; 17 (1): 107-117.

Utrzymanie infrastruktury technicznej przedsigbiorstwa na odpowiednim poziomie
produktywnosci i wydajno$ci wymaga przede wszystkim stosowania wlasciwych metod
1 narz¢dzi zarzadzania oraz wlasciwej organizacji stuzb odpowiedzialnych za jego reali-
zacjg. Nieodlacznym elementem oceny efektywnosci tych dziatan oraz funkcjonowania
maszyn w przedsigbiorstwie jest stosowanie roznorodnych miernikow. Dane uzyskiwane
z pomiaréw okreslonych wskaznikoéw sa podstawowym Zrodlem informacji o koniecz-
nosci podejmowania dziatan okre§lonego rodzaju. Szczegdlnie duze firmy sa ch¢tne, aby
wdrozy¢ odpowiednie wskazniki oceny efektywnosci maszyn ze wzgledu na duza liczbeg
maszyn i duzy zakres prac zwigzanych z ich obstuga techniczna. W literaturze przedmiotu
prezentowane sa rozne wskazniki wskazywane, jako skuteczne i chetnie stosowane przez
przedsigbiorstwa. Celem badan, ktorych wyniki przedstawiono w niniejszej pracy, byto
zidentyfikowanie rzeczywistych dziatan realizowanych przez badane przedsigbiorstwa w
zakresie stosowania miernikow oceny skutecznosci maszyn oraz pozyskanie informacji
o tym, jakie wskazniki sa przez firmy stosowane w praktyce. Badania przeprowadzono
w duzych przedsigbiorstwach produkcyjnych funkcjonujacych w réznych branzach
przemystu na okreslonym obszarze.

PROCHOWSKI L, WACH W, JACKOWSKI J, PIENIAZEK W. Eksperymen-
talne i modelowe badania wplywu uszkodzenia opon run flat na dynamike
hamowania wieloosiowego pojazdu specjalnego. Eksploatacja i Niezawodnosc
— Maintenance and Reliability 2015; 17 (1): 118-128.

Uszkodzenie opony, ktore dos¢ czgsto pojawia si¢ podczas eksploatacji pojazdow specjal-
nych (budowlane, le$ne, militarne, rolnicze), wptywa na ruch pojazdu, rowniez podczas
gwaltownego hamowania. Analizie poddano ruch czteroosiowego pojazdu w celu doko-
nania oceny wptywu uszkodzenia opon (pgknigcie, rozerwanie) na jego zachowanie si¢
podczas gwaltownego hamowania, a na tej podstawie oceny mozliwosci reakcji kierowcy
na zaburzenia ruchu wynikajace z takiego stanu awaryjnego. Korzystajac z programu PC-
Crash opracowano model pojazdu umozliwiajacy symulacje ruchu pojazdu specjalnego.
Model pojazdu uwzglgdnia mozliwos¢ powstania nagtego uszkodzenia opony w czasie
jazdy. W takiej sytuacji decydujace znaczenie ma model wspotpracy opon z nawierzchnia.
Zastosowano nieliniowy semi-empiryczny model opony TMeasy, ktorego parametry uzy-
skano na podstawie wynikoéw badan opon 14.00R20 z wktadkami run flat. Parametryzacja

VI ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015




W skrROCIE — ABSTRACTS

14.00R20 tires with run flat inserts. A vehicle model parameterization was based on the
results of the vehicle measurements, however the validation was based on the results
of experimental road tests of braking with damaged tires. Performed calculations and
simulations indicated that when braking is started a process of vehicle deviation and
related motion track modification is initialized. The motion track deviation increases
as the initial braking speed is increased.

KURANC A. Exhaust emission test performance with the use of the si-
gnal from air flow meter. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2015; 17 (1): 129-134.

The paper presents selected technical solutions in the area of exhaust emissions
research conducted in real operational conditions of a vehicle. The author describes
his own road emissions research methodology with the use of information about the
air flow supplying an engine (OBD II) and the measured volumetric shares of parti-
cular fumes components (exhaust gas analyser). Test results confirm the possibility
of applying this measurement method, and their analysis shows the inadequacy of
the type-approval tests compared to the real operation of the vehicle.

KOLAKOWSKI Z, MANIA RJ, GRUDZIECKI J. Local nonsymmetrical
postbuckling equilibrium path of the thin FGM plate. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2015; 17 (1): 135-142.

The influence of the imperfection sign (sense) on local postbuckling equilibrium path
of plates made of functionally graded materials (FGMs) has been analyzed. Koiter’s
theory has been used to explain this phenomenon. In the case of local buckling, a
nonsymmetrical stable equilibrium path has been obtained. The investigations focus
on a comparison of the semi-analytical method (SAM) and the finite element method
(FEM) applied to the postbuckling nonlinear analysis of thin-walled complex FG
plated structures.

CAI L, ZHANG Z, CHENG Q, LIU Z, GU P. A geometric accuracy design
method of multi-axis NC machine tool for improving machining accuracy
reliability. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015;
17 (1): 143-155.

The reliability of machining accuracy is of great significance to performance evalu-
ation and optimization design of the machine tools. Different geometric errors have
various influences on the machining accuracy of the machine tools. The main emphasis
of this paper is to propose a generalized method to distribute geometric accuracy of
component for improving machining accuracy reliability under certain design requ-
irements. By applying MBS theory, a comprehensive volumetric model explaining
how individual errors in the components of a machine affect its volumetric accuracy
(the coupling relationship) was established. In order to reflect the ability to reach the
required machining accuracy, the concept of machining accuracy reliability is proposed
in this paper. Based on advanced first order and second moment (AFOSM) theory,
reliability and sensitivity with single failure modes were obtained and the model of
machining accuracy reliability and the model of machining accuracy sensitivity with
multiple failure modes were developed. By taking machining accuracy reliability as a
measure of the ability of machine tool and taking machining accuracy sensitivity as
areference of optimizing the basic parameters of machine tools to design a machine
tool, an accuracy distribution method of machine tools for improving machining
accuracy reliability with multiple failure modes was developed and a case study
example for a five-axis NC machine tool was used to demonstrate the effectiveness
of this method. It is identified that each improvement of the geometric errors leads
to a decrease in the maximum values and mean values of possibility of failure, and
the gaps among reliability sensitivity of geometric parameter errors improved also
decreased. This study suggests that it is possible to obtain the relationships between
geometric errors and specify the accuracy grades of main feeding components of
mechanical assemblies for improving machining accuracy reliability.

TU J, CHENG R, TAO Q. Reliability Analysis Method of safety-critical
avionics system based on Dynamic Fault Tree under Fuzzy Uncertainty.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015; 17 (1):
156-163.

A safety-critical avionics system has to qualify the performance related requirements
and the safety-related requirements simultaneously. This paper presents a compre-
hensive study on the reliability analysis method for safety-critical avionics system
by using dynamic fault tree approach based on Markov chain. The reliability models
were constructed applying dynamic fault tree (DFT) modeling method according to
deeply analysis of the typical failure modes, causes and influence of the safety-criti-
cal avionics system by considering the aspect of repairable feature and redundancy.
Taking into account the both failure phenomenon of safety-critical avionics system
and many uncertainties exist in the fault status and fault reasons, fuzzy sets theory

modelu pojazdu zostata oparta na wynikach pomiaréw pojazdu, natomiast walidacja na
wynikach eksperymentalnych badan drogowych hamowania z uszkodzonym ogumieniem.
Przeprowadzone obliczenia i symulacje pokazaty, ze po rozpoczg¢ciu hamowania nastgpuje
proces odchylania pojazdu i zwigzana z tym zmiana toru jazdy. Odchylenie toru jazdy
ro$nie wraz ze wzrostem predkosci poczatkowej hamowania.

KURANC A. Eksploatacyjne badania emisji spalin z wykorzystaniem sygnatu
z przeplywomierza powietrza. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2015; 17 (1): 129-134.

W pracy omawiane s3 wybrane rozwiazania techniczne w zakresie badan emisji spalin w
warunkach rzeczywistej eksploatacji pojazdu. Autor opisuje wlasng metodyke drogowych
badan emisji spalin z wykorzystaniem informacji o wydatku powietrza zasilajacego silnik
(OBD II) i zmierzonych udziatow objetosciowych poszczegdlnych sktadnikow (analizator
spalin). Wyniki badan potwierdzaja mozliwo$¢ stosowania opisanej metody pomiarowej, a
ich analiza wskazuje ponadto na nieadekwatno$¢ testow homologacyjnych w odniesieniu
do realnej eksploatacji pojazdu.

KOLAKOWSKI Z, MANIA RJ, GRUDZIECKI J. Niesymetryczna lokalna
Sciezka rownowagi pokrytycznej cienkiej plyty z materialu funkcjonalnie
gradientowego. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2015; 17 (1): 135-142.

W pracy przedstawiono analiz¢ wptywu znaku imperfekcji wstepnej na charakterystyke
lokalnej pokrytycznej $ciezki rownowagi plyty wykonanej z materiatu gradientowego.
Do wyjasnienia tego efektu zastosowano teori¢ Koitera. W przypadku lokalnej utraty
stateczno$ci uzyskano niesymetryczne stateczne $ciezki rownowagi. Prezentowane ba-
dania byly skoncentrowane na poréwnaniu wynikow uzyskanych na podstawie wlasnej
metody pot-analitycznej z wynikami uzyskanymi przy zastosowaniu metody elementow
skonczonych w nieliniowej analizie cienko$ciennych konstrukcji ptytowych wykonanych
z materialow gradientowych.

CAIL,ZHANG Z, CHENG Q, LIU Z, GU P. Metoda projektowania i poprawy
niezawodnoS$ci dokladnosci obrébczej wieloosiowej obrabiarki NC wyko-
rzystujaca pojecie dokladnosci geometrycznej. Eksploatacja i Niezawodnosc
— Maintenance and Reliability 2015; 17 (1): 143—-155.

Niezawodno$¢ w zakresie doktadnosci obrobki ma wielkie znaczenie dla oceny funkcjo-
nowania oraz projektowania optymalizacyjnego obrabiarek. Rozne bledy geometryczne
maja rézny wpltyw na dokfadnos$é obrabiarek. Glownym celem niniejszej pracy jest
zaproponowanie uogolnionej metody rozkladu doktadno$ci geometrycznej elementow
sktadowych obrabiarki, pozwalajacej na poprawg niezawodnosci w zakresie doktadnosci
obrobcezej przy spetnieniu pewnych wymagan projektowych. Dzigki zastosowaniu teorii
uktadéw wielomasowych MBS, opracowano kompleksowy model wolumetryczny, ktory
wyjasnia, w jaki sposob pojedyncze bledy wystgpujace w elementach sktadowych ob-
rabiarki wptywaja na jej doktadno$¢ wolumetryczng (relacja sprz¢zen). Zaproponowane
w prezentowanym artykule pojgcie niezawodno$ci doktadnosci obrobki odnosi si¢ do
mozliwos$ci uzyskania przez urzadzenie wymaganej doktadnosci obrobki W oparciu o
zaawansowang teori¢ estymacji momentoéw AFOSM (Advanced First Order and Second
Moment therory), obliczono niezawodnos¢ i czutos¢ dla przypadku wystapienia pojedyn-
czej przyczyny uszkodzenia oraz opracowano model niezawodnosci doktadnosci obrobki
oraz model czutosci doktadnosci obrobki dla przypadku wystapienia wielu przyczyn
uszkodzen. Przyjmujac niezawodno$¢ doktadnosci obrobki za miarg poprawnego dzia-
tania obrabiarki oraz przyjmujac czutos¢ doktadnosci obrobki za punkt odniesienia dla
optymalizacji projektowej podstawowych parametréw obrabiarek, opracowano metodg,
oparta na rozktadzie doktadnosci obrabiarki, majaca na celu poprawg niezawodnosci
doktadnosci obrobki dla przypadku wystapienia wielu przyczyn uszkodzen. Skutecznosé
metody wykazano na przyktadzie pigcio-osiowej obrabiarki NC. Stwierdzono, ze kazda
korekta bigdu geometrycznego prowadzi do spadku maksymalnych i $rednich wartosci
mozliwo$ci wystapienia uszkodzenia oraz zmniejsza rozstgp migdzy poszczegdlnymi
czuto$ciami niezawodno$ciowymi skorygowanych blgdow parametrow geometrycznych.
Przedstawione badania wskazuja, ze mozliwe jest ustalenie zwiazku pomiedzy btedami
geometrycznymi oraz okreslenie stopni doktadnosci glownych elementéw sktadowych
zespotow mechanicznych odpowiedzialnych za ruch posuwowy obrabiarki w celu poprawy
niezawodnosci doktadnosci obrobki.

TU J, CHENG R, TAO Q. Spos6b analizy niezawodno$ci krytycznych dla bez-
pieczenstwa systemow elektroniki lotniczej oparty na metodzie dynamicznego
drzewa bledéw w warunkach rozmytej niepewnosci. Eksploatacja i Niezawod-
nosc — Maintenance and Reliability 2015; 17 (1): 156-163.

Krytyczne dla bezpieczenstwa uktady elektroniki lotniczej (awioniki) musza jednoczesnie
spetnia¢ zarbwno wymogi eksploatacyjne jak i wymagania zwigzane z bezpieczenstwem.
W niniejszej pracy przedstawiono kompleksowe opracowanie dotyczace metody analizy
niezawodnosci krytycznych dla bezpieczenstwa systemow awioniki wykorzystujacej
oparta na fancuchu Markowa metodg¢ dynamicznego drzewa btedow. Modele niezawod-
nosci konstruowano z zastosowaniem metody dynamicznego drzewa btedow zgodnie z
przeprowadzona doktadng analiza typowych przyczyn uszkodzen oraz czynnikow wpty-
wajacych na systemy elektroniki lotniczej, z uwzglednieniem aspektu naprawialno$cei i
nadmiarowosci. Biorac pod uwagg, ze zarowno ze zjawiskiem uszkodzenia krytycznego
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is introduced into dynamic fault tree method. Specifically, it adopts expert
elicitation and fuzzy set theory to evaluate the failure rates of the basic events
for safety-critical avionics system. Furthermore, the fuzzy dynamic fault tree
analysis method for safety-critical avionics system based on the consecutive
parameter Markov chain is proposed. The modularization design was utilized to
divide the dynamic fault trees into static and dynamic sub-trees. The static tree
was solved by binary decision diagram (BDD) and the dynamic tree was solved
by Markov chain method. The results show that the proposed method is more
flexible and adaptive than conventional fault tree analysis for fault diagnosis
and reliability estimation of safety-critical avionics system.

dla bezpieczefistwa systemu awioniki jak i ze stanem awarii i przyczynami
bledow wiaze si¢ wiele niepewnosci, metod¢ dynamicznego drzewa bledow
poszerzono o teori¢ zbiorow rozmytych. W szczego6lnosci, zaproponowana
metoda wykorzystuje oceng ekspercka oraz teori¢ zbioréw rozmytych do
oceny intensywnosci uszkodzen dla podstawowych zdarzen zachodzacych
w krytycznych dla bezpieczenstwa systemach elektroniki lotniczej. Ponadto
zaproponowano metod¢ analizy krytycznych dla bezpieczefstwa systemow
awioniki wykorzystujaca teorig¢ rozmytych dynamicznych drzew btedow oparta
na markowowskim tancuchu nastepujacych po sobie parametréw. Budowe mo-
dutowa wykorzystano do podziatu dynamicznych drzew blgdéw na poddrzewa
statyczne i dynamiczne. Drzewa statyczne rozwiazywano za pomoca binarnego
schematu decyzyjnego (BDD) a drzewa dynamiczne — metoda tafcuchdéw
Markowa. Wyniki pokazuja, Ze proponowana metoda diagnozowania btgdow
i oceny niezawodnosci krytycznych dla bezpieczenstwa systemow elektroniki
lotniczej jest bardziej elastyczna i fatwiejsza do adaptacji niz konwencjonalna
analiza drzewa bledow.
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Andrzej BORAWSKI

MODIFICATION OF A FOURTH GENERATION LPG INSTALLATION
IMPROVING THE POWER SUPPLY TO A SPARK IGNITION ENGINE

MODYFIKACJA INSTALACJI LPG IV GENERACJI POPRAWIAJACA JAKOSC
PROCESU ZASILANIA SILNIKA O ZAPLONIE ISKROWYM*

Fourth generation LPG installations are fuel systems which, apart from their obvious advantages, have numerous disadvantages.
One of their weaker elements are the injectors, or rather their improper performance. It was therefore justified to undertake a
modification of the alternative fuel system in order to improve its work. The modification itself was preceded by a series of bench
and road studies. A mathematical model of the injector was developed, which was later used in simulations. The results of the
tests enabled the preparation the fuel system modification project involving the introduction of additional injectors and a system
that controls their work. The complete unit was installed in a test vehicle and the modification s effect on the fuel supply process is
presented in the results of conducted tests.

Keywords: LPG injectors, injector modelling, LPG installation modification, gas installation diagnostics, injec-
tor performance control.

Instalacje LPG 1V generacji sq uktadami paliwowymi, ktore oprocz oczywistych zalet, majq liczne wady. Jednym ze stabych
punktow takiej instalacji sq wtryskiwacze, w wlasciwie ich nieprawidlowa praca. Wobec powyzszego podjeto probe opracowania
modyfikacji alternatywnego ukladu zasilania, usprawniajqcq jego prace. Modyfikacje poprzedzono szeregiem badan stanowisko-
wych i drogowych. Opracowano model matematyczny wtryskiwacza, na podstawie ktorego przeprowadzono badania symulacyj-
ne. Wyniki pozwolily na wykonanie projektu modyfikacji ukladu paliwowego. Zmiany polegaly na wprowadzeniu dodatkowych
wtryskiwaczy oraz ukladu sterujqgcego ich pracq. Catos¢ zamontowana zostata w pojezdzie testowym, a wplyw wprowadzonej
modyfikacji na jakos¢ procesu zasilania pokazujq wyniki przeprowadzonych badan.

Stowa kluczowe: witryskiwacze LPG, modelowanie wtryskiwaczy, modyfikacja instalacji LPG, badania instala-

¢ji gazowej, sterowanie pracq wtryskiwaczy.

1. Introduction

An LPG installation, similarly to other fuel supply systems, has
its advantages and disadvantages. The primary advantages of this fu-
els system (mainly, the reduction of operation costs) are well-known
among drivers. The disadvantages are not so notable among users,
although they are equally or even more important.

It has been observed that recently, the intensity of research on
fourth generation gas installations has decreased, mainly due to the
technological advances in vehicle design (mass introduction of direct
fuel injection). Modern combustion engines required the development
of new solutions for gas installations, using the fuel in its liquid state
(LPLi) [5].

The installation of an alternative fuel system usually entails a
decrease in the engines usefulness factors (power and torque). This,
however, can be alleviated with a well-designed intake system. The
heat necessary to change the state of LPG can be obtained from inlet
air, thanks to which the temperature of the fuel increases while the

temperature of the air is decreasing, contradictory to its density. The
engine’s volumetric efficiency is therefore improved [11] and, conse-
quently, it produces more power and torque.

Injection of any type of fuel (LPG included) entails decreasing its
pressure (the pressure of LPG before the injector is higher by approxi-
mately 1 bar than the pressure in the engine’s inlet line [2]). Expand-
ing fuel draws energy in the form of heat from its nearest surroundings
(the outlet nozzle and the air drawn by the engine), which in extreme
cases may lead to ice forming on the injector nozzle and cut off the
supply of LPG. This situation depends on the geometry of the injector
(mainly, the diameter of the outlet nozzle) and the engine’s operating
parameters. The operating parameters of an engine are determined by
the users of the vehicle, its designers may however, through optimi-
zation for example, change the geometry of the elements of the fuel
supply system, and therefore prevent extensive cooling of injector
nozzles [6].

A team of scientists in South Korea has indicated that the compo-
sition of the fuel-air mixture has a significant influence on the velocity

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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of the flame of the combusted LPG, which in turn has a great impact
on the composition of the exhaust gases. Research has shown that the
most favourable combustion velocity is observed for a stoichiometric
mixtures. The worst results were noted for poor mixtures. Therefore,
precision dosage of fuel is essential [7]. Often, in order to obtain a
stoichiometric mixture in the full range of engine speeds it is neces-
sary to use an additional controller to supervise the fuel supply in
neutral gear, or the engine is controlled using the H-infinity method
[4]. In the 1990s, some designs used an additional injector activated
at high engine speeds [15].

The appropriate composition of the fuel-air mixture ensures low
emission of harmful carbohydrates and carbon oxides. Another sig-
nificant component of exhaust gases are the nitrogen oxides which are
created in consequence with the high temperatures inside the combus-
tion chamber. The use of an exhaust gas recirculation system (EGR)
results in a decreased emission of nitrogen oxides. This system is usu-
ally controlled by the data encoded in the ECU, which in most cases
was devised in-factory for conventional fuel (petrol). The use of al-
ternative fuel systems (such as LPG) entails problems with the proper
functioning of the EGR system (the amount of recirculated gasses is
too high or too low [3]). Applying an additional, automatically adjust-
able controller may eliminate this problem. The use of such controller
would ensure proper functioning of the exhaust gas recirculation sys-
tem, even if the conditions in the engine very rapidly [3].

It is also important to dose the fuel uniformly, measured both be-
tween particular cylinders as well as between consecutive work cy-
cles of the engine. What is important here is the quality of the LPG
injectors, which is often unsatisfactory (considering the criteria used
by the manufacturers of combustion engines) [8]. The uniformity of
the LPG dosage determines the composition of chemical compounds
in the exhaust gasses. The nitrogen oxides content increases in direct
proportion, while the amount of carbon oxides and carbohydrates in-
creases in reveres proportion the value differences in the LPG dosages
in particular injectors. These differences, in brand new injectors, can
be as high as 15% [8].

Numerous analyses of exhaust gasses of combustion engines indi-
cate that LPG fuel systems are more favourable that units fuelled con-
ventionally [12, 14]. Bearing in mind that there is still a vast number
of vehicles using fourth generation gas installations (particularly in
African countries), the author of this article is convinces that work
on improving the design of this fuel system should be continued. The
focus here is on the issues with the LPG engine fuel supply, since
even the smallest improvement in the engine’s performance or fuel
consumption may have a significant impact in the global scale.

Preliminary road tests indicated that the gas installation swithes
off for some time during acceleration [2]. Similar behaviour was ob-
served in fuel supply systems in other vehicles confirmed the suspi-
cion that this is not an isolated case in special conditions. Preliminary
bench tests and numerous consultations helped to determine that one
of the reasons for the improper functioning of the fuel supply sys-
tem are the injectors, or rather their design. However, later experience
showed that the injectors are not the only reasons behind the described
situation. The situation may also be caused by the reducer, or rather its
limited efficiency [9].

The LPG injector is an electric valve that opens and closes the sup-
ply of fuel. The design of the gas injector is significantly different from
the design of a petrol injector. In its vapour phase, the volume of LPG is
higher than the volume of petrol in its liquid state, therefore the overall
dimensions of a gas injector are significantly higher. The increase of
the dimensions is, however, connected with higher inertial forces of the
injector’s moving elements [9]. The base components of the studied gas
injector are: the needle valve, coil, return spring, sealing-suppressing
elements, and a multi-part casing. The main element of the casing (the
rail) is also the duct that supplies the fuel to the injector. It also serves as
the nest for the needle valve of the injector (Fig. 1).
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Fig. 1. Fourth generation LPG injector diagram: 1— coil, 2 — return spring,
3 —needle valve, 4 — cylinder, 5 — injector rail, 6 — sealing-suppressing
element

The needle valve that moves inside the injector opens or closes
the fuel flow. The closing movement is caused by the return spring
and the opening movement results from the electromagnetic force
generated by the injector’s coil. This force is initiated by an electrical
impulse from the controlling unit. The LPG controller uses impulses
generated by the engine’s ECU, dedicated for petrol injectors on the
basis obtained from the sensors that monitor the engine’s operation
(coolant temperature, amount of inlet air, acceleration pedal posi-
tion, etc.). Based on this data, the gas installation controller selects
a proper impulse path from its encoded “map”, corrects it against the
temperature and the pressure of the LPG, and then sends it to the gas
injector.

Most of the LPG injectors manufactured today can be divided into
two groups: those of high precision and those of high efficiency. A
third group of efficient injectors is a costly alternative, as it is charac-
terised by short interval for both opening and closing.

In the neutral gear and with low fuel supply, it is necessary to
measure out precise doses of fuel. The precision of the dosage is sig-
nificantly influenced by exact measurements of the duration of injec-
tion. A precise injector, characterised by low efficiency, must have an
appropriately long opening time, in which case the precision of the
dosage increases. Problems occur, however, under high stress (with
high supply and engine speed) [17]. The low efficiency of the injec-
tor results in a too long gas injection period, which exceeds the engine
period cycle. The engine is supplied with a poor fuel dosage. Modify-
ing the design of the injector in order to increase its efficiency enables
proper dosage under stress, yet it makes the dose imprecise under low
stress and in short opening periods.

A properly designed (configured), installed and adjusted gas sys-
tem, equipped with rapidly opening and closing injectors, guarantees
precise composition of the fuel-air mixture in all working conditions.
This however entails increased production costs, and consequently
increases the price of a gas installation (universal installations are
of course less expensive that dedicated installations). It has been ob-
served that for most users, the main criteria of the usefulness of a
gas installation are the economical aspects [10]. Therefore, many of
such installations are installed and later maintained by incompetent
or inexperienced people who charge a low price for their services. An
analysis of client behaviour of a car services station showed that ap-
proximately 90% of its users service their cars in authorised stations
only during the warranty period. After its expiry, the users look for
cheaper alternatives.
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2. Fuel supply system examination before the modifica-
tion

The modification of the fuel supply system began with the identi-
fication of the problem. As stated in the introduction, the gas installa-
tion switches off under certain conditions of work. This occurs when
the engine is extensively supplied with fuel (when the duration of the
supplying impulse is extended) and the engine speed is high (when the
engine cycle is shortened).

In order to confirm these statements, the changes in the control-
ling signals were measured for both petrol and LPG injectors. The
measuring tools consisted in a portable computer and an HD-Scope
9.0 oscilloscope. The voltage on the injectors was measured every
1000 rpm (from 1000 rpm to 5000 rpm). The measurement was based
on recording the flow of the signals for approximately 10 seconds,
three times for each engine speed. One of the measuring channels of
the oscilloscope was connected to the petrol injector’s power connec-
tor and another measuring channel was connected to the LPG injec-
tor’s power connector.

The tests were performed on a BMW 520i equipped with a six
cylinder M50B25 engine (capacity: 1991 c¢cm?, power: 110 kW) and
an alternative, fourth generation LPG fuel sup-

Petrol injector

LPG injector

Fig. 3. Voltage changes in the petrol (grey) and LPG (black) injector at maxi-
mum engine supply and 6000 rpm engine speed [2]

ply (comprised of: a Vector 6 controller, Zavoli 07
Zeta-N reducer, PS-01 pressure sensor, and a
Valtek 3Q injector rail), giving a better look on 06

the conditions of the unfavourable behaviour [2].
At low engine speeds and with small supply, the
gas installation works properly. Problems begin
to occur with the increase of both the engine
sped and the supply level. As shown in Figure
2, at engine speed of approximately 5000 rpm,
the voltage on the injector does not drop to zero.
The intervals between particular work cycles are
short (up to several ms), making it impossible for
the injector to close [16]. The engine is therefore
supplied constantly. With further increase of the

05
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03

Needle movment [mm], Velatge

0z

0.1

= = =Voltage course of
supply ing impulse
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engine speed (up to 6000 rpm, Figure 3), it can

be observed that the gas installation switched off

(loss of the impulse signal that controls the work

of the injectors), while simultaneously starting Fig. 4.
the conventional, petrol fuel supply (appearance

of signals controlling the petrol injectors).

The numerical simulation of the injector needle valve, prepared
on the basis of a mathematical model [1], showed that the gas injec-
tor begins to not shut properly already at engine speed of 4600 rpm
(Fig. 4).

LPG injector

“, Petrol injector

Fig. 2. Voltage changes in the petrol (grey) and LPG (black) injector
at maximum engine supply and 5000 rpm engine speed [2]

1234567 890NNV MBIBTEBAN2BUBBTBNIHNRINIBIBITIBIO

Time [ms]

The simulation of the movement of the needle at engine speed of 4600 rpm

Knowledge of the conditions of the described issue allowed to de-
termine that the occurrence of the disturbance in fuel supply depends
strictly on the individual driving style of the driver and, of course, in
some cases it may not occur at all.

3. Modification of the fuel supply system

The occurrence of improper closure of injectors has a definite
negative influence on the factors used to evaluate the supply system
(power and torque, fuel consumption and economic factors). There-
fore it was justified to prepare a modification that would allow the en-
gine to be supplied with gas in full range of its work. Among several
solution, the final choice was the one that was based on doubling the
number of injectors so that each cylinder would ultimately be supplied
by two injectors working alternately. The diagram of such supply is
presented in Fig. 5.

The proposed solution will cause every injector to open at half
of its originally planned frequency (that is, once per every four turns
of the crankshaft). The increase of the intervals between work cycles
should allow the needle valve to shut freely and cut off the supply of
fuel, and it should also allow the supply larger doses of LPG than now.
Therefore, after implementing the changes in the design, the alterna-
tive fuel system should be able to function properly within the whole
range of engine speeds and irrespectively of the level of fuel supply.
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Impulses from LPG control unit
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Injector no.1
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Injector no.2
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Fig. 5. Modified fourth generation gas installation injector supply diagram

Before moving on to the design phase of the modified fuel system,
a simulation was performed to see how the engine would function at
5000 rpm. The simulation was based on the mathematical model dis-
cussed above. The results of the simulation are presented in Figure 6.

mov ment

movment

= = = = Voltage on injector no.1

| njec tor no.1 needle

_______ Voltage on injector no. 2

Injector no.1 needle

This system was build and, along with the injector rail, it was then
installed in the test vehicle. The test vehicle was a BMW 316i pas-
senger car equipped with a four cylinder M40 engine (capacity: 1596
cm?, power: 75 kW) and a sequential gas injection system, whose
main elements were: ZENIT JZ controller, Zavili Zeta-S reducer, ZE-
NIT AA-612 pressure sensor and Valterk 3Q injectors.

The electrical installation of the splitter of the controlling signal
was limited to connecting with the wires going from the LPG control-
ler to the injectors. The fuel lines required the installation of addi-
tional distributors. The installation method is therefore non-invasive,
and allows the original installation to be restored quickly, if the user is
not satistfied with the new configuration.

4, Effects of the modification of the alternative fuel
system on the process of fuel supply.

After installing, connecting and calibrating the modified elements,
the influence of the changes on the supply process was verified. The
first test drive showed a significant improvement
in terms of high engine speeds. It was noticed that
the doubled number of injectors contributed to
reducing the loss of power at high engine speeds
eliminated the switching back to the conventional,
petrol fuel system.

: Using an oscilloscope, the voltage was meas-

-----  ured on the connectors of the injectors, in order to
confirm if the original input is correctly split into
two output signals.

The results presented in Figure 7 clearly show
that the aim was achieved. The installed electric
device split the signal generated by the LPG con-
troller between two injectors that worked alter-

nately. The positive impact of the modifications

1 3 6§ 7 9 11 13 15 17 19 21 23 26 27 29 31 33 35 37 39 41 43 45 47 49 51 53 6§

Time [ms]
Fig. 6. Simulation of the splitter s function

In order to start the new fuel system, apart
from doubling the number of injectors it was

allowed for further testing: the course of the volt-
age for higher engine speeds.

The voltage on the injectors was measured
every 1000 rpm (from 1000 rpm to 5000 rpm).

\ Injector no.1
also necessary to prepare a controlling system [\
that would split the original signal from the LPG |
controller into two sub-signals that powered the k || \ Injector no.2
injectors. - k

The working principle of such a system
should be based on a falling edge. It means that
the system should firstly identify the change in
voltage from high to low, and based on that in-
formation it should switch the path of the origi-
nal signal, in this case the one generated by the
LPG controller. The splitter shouldn't therefore
change the form of the signal, but rather send it
to appropriate connectors.

Knowing these general assumption, a splitter model was pre-
pared that based on several integrated circuits (2x 7414N, 4013N, 2x
TC4422AVPA), two transistors (IRF520 N-FET 100V 8A 40W), as
well as resistors, capacitors, and diodes. Everything was then placed
on a special circuit board made especially for this system. All incom-
ing and going signals go through precision connectors installed on
both ends of the circuit board. The first two are used to connect the
12V power source, the next two are used to intercept the signal gener-
ated by the LPG controller. The four remaining connectors are out-
puts for the signals that control the LPG injectors in the modified fuel
system.

96 120 144 168 192 216 240 Hms)

Fig. 7. Course of the impulses in the injectors of one cylinder in the modified installation; engine speed
approx. 700 rpm.

The measurement was based on recording the course of the control-
ling signals for approximately 10 seconds, three times for each engine
speed. This again was done using the oscilloscope and computer men-
tioned above. In each test, the signal was split correctly and the injec-
tors supplying the same cylinder worked alternately. In the modified
installation, at 5000 rpm (the speed at which the injector remained
open in the non-modified installation) it is clear that the voltage on
each injector drops to zero and the interval between each work cycle
is sufficient for the needle valve to return to its closed position [16]
(for valve 1, the loss of controlling impulse occurs at 70 ms of the
measurement, while another signal occurs at 78 ms; this time is there-
fore sufficient for a total closure of the injector [16]).
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33 44 55 66 77 88 99 t[ms]

Fig. 8. Course of the impulses in the injectors in the modified installation; engine speed approx. 5000

rpm.

The doubling of the number of injectors also made it possible for
the fuel system to supply the required amount of fuel for every engine
speed and for each supply level (the maximum capacity was doubled).
Therefore, the gas installation stopped to shut down and performed its
fuel supply functions in all working conditions.

5. Summary

Poland is one of the top European countries in terms of the popu-
larity of alternative fuels, especially LPG, and the number of vehicles
powered by such fuels. Car users install LPG systems mainly due to
economical reasons, accepting the numerous disadvantages of gas
installations. The constant development of alternative fuel systems
designs decreases these disadvantages, although it still is impossible
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IMPLEMENTATION OF ANALYTIC HIERARCHY PROCESS (AHP) DECISION MAKING
FRAMEWORK FOR BUILDING MAINTENANCE PROCUREMENT SELECTION:

CASE STUDY OF MALAYSIAN PUBLIC UNIVERSITIES

ZASTOSOWANIE PLATFORMY PROGRAMISTYCZNEJ WSPOMAGAJACEJ
PODEJMOWANIE DECYZJI, OPARTEJ NA PROCESIE HIERARCHII

ANALITYCZNEJ (AHP) W POSTEPOWANIU PRZETARGOWYM NA UTRZYMANIE

BUDYNKOW. PRZYPADEK MALEZYJSKICH UCZELNI PUBLICZNYCH

In this paper; the proposed Analytic Hierarchy Process (AHP) based decision making framework was implemented and validated
for its capability, applicability and validity in assisting building maintenance personnel to select the most appropriate procure-
ment method. The decision making framework was developed based on AHP technique and principles. Expert Choice Software
was employed as the development tool where the shortlisted criteria and alternatives were integrated within the framework. The
validation process was carried out through a structured interview with nine public universities selected. The evaluations revealed
that majority of the interviewees perceived that the framework developed was good (65%) and excellent (21%) in terms of capabil-
ity, applicability and validity. The proposed decision making framework introduced expected to be a useful tool for maintenance
organization that can assist them in decision making on selecting the most appropriate procurement method.

Keywords: analytic hierarchy process, building maintenance management, procurement strategy alternative,
procurement selection criteria, public university.

W niniejszej pracy przedstawiono platforme programistyczng wspomagajgcq podejmowanie decyzji opartq na procesie hierarchii
analitycznej (AHP). Po wdrozeniu zaproponowanegoframeworku, weryfikowano jego wydajnos¢, przydatnos¢ oraz wiarygod-
nos¢ jako narzedzia wspierajqcego pracownikow utrzymania budynku przy wyborze najodpowiedniejszej metody przetargowej.
Platforme opracowano w oparciu o technike i zasady AHP. Jako narzedzia programistycznego uzyto Expert Choice Software, za
pomocq ktorego integrowano z frameworkiem wybrane kryteria i alternatywy. Weryfikacje przeprowadzono na podstawie struk-
turalizowanego wywiadu z wybranymi dziewiecioma uczelniami publicznymi. Otrzymane oceny wykazaty, ze wigkszos¢ badanych
postrzegalo opracowangq platforme jako dobrq (65%) lub doskonatq (21%) pod wzgledem wydajnosci, przydatnosci i wiarygod-
nosci. Przewiduje sie, ze proponowany framework wspomagajgcy podejmowanie decyzji bedzie stanowié¢ uzyteczne narzedzie
doboru odpowiednich metod przetargowych dla instytucji zajmujqcych sie obstugq techniczng.

Stowa kluczowe: proces hierarchii analitycznej, zarzgdzanie utrzymaniem budynkow, alternatywna strategia

przetargowa, kryteria wyboru zamowienia, uczelnia publiczna.

1. Introduction

Maintenance management to the private and the public sector
has been rapidly changing throughout the years due to several factors
which include the enhancement of sophisticated technology, globali-
zation and change of economy [13, 48]. The economy of Malaysia has
been planned on the basis of five-year strategic plan since independ-
ence. Construction industry plays an important role to the economy
of Malaysia in generating wealth and improving the quality of life for
Malaysians through the translation of government’s socio-economic
policies into social and economic infrastructure and buildings [10].
The increase in supply of building will lead the increase in the amount
invested in building maintenance. Lateef [18]claimed that the alloca-
tion for repair and maintenance works in Malaysia is grossly inad-
equate to meet the ever-growing demand for the maintenance backlog

even the government consistently increases allocation to the main-
tenance sector. The former Prime Minister of Malaysia, Dato’ Seri
Abdullah Ahmad Badawi stated that Malaysia was losing billions of
ringgit due to the poor maintenance of buildings and amenities. He
further highlighted that there were weaknesses in the management and
maintenance of public facilities [46]. Many academic organizations
view building maintenance management as a burden rather than as a
value-added strategy[20]. Maintenance management is not regarded
as part of the top management function or duties but as an operational
function. It only receives management attention when everything has
gone wrong.

Public facilities are indeed very essential to a nation. Thus, this re-
search will be mainly focusing on maintenance management of public
universities in Malaysia. University buildings are factor of production
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[19]. It is essential for education building to plan effective building
maintenance management because the facility condition of education
building directly impact teaching and learning [22]. Therefore, an im-
provement in maintenance management processes is very critical for
universities in Malaysia. Public universities in Malaysia are catego-
rized into three groups; Research Universities, Focused Universities
and Comprehensive Universities. So far, there are 20 public universi-
ties in Malaysia, which comprise 5 research universities, 4 compre-
hensive universities and 11 focused universities.

Selecting an appropriate procurement strategy for building main-
tenance is a very critical decision in building maintenance manage-
ment. [t is claimed that it is a complex and intimidate task to the client
and the client’s advisers to select the most appropriate procurement
method[12].Procurement is vital since it sets the basis for cooperation
between clients and contractors[31]. This statement is true for the lo-
cal, regional or global project in scope. Procurement method selection
becomes a very significant task for clients because employing an in-
appropriate procurement method may lead to project failure[8, 30].

The adoption of an appropriate sourcing strategy in building
maintenance will not only help the good functionality of the build-
ing, the mechanical and electrical elements but also in achieving cost
savings, higher comfort levels, better economic rent of the building
space, elevated corporate image a sustainability of the building[41].
Morledge et al. [28]pointed out that their research led them to believe
that relatively few professionals fully understood the differences be-
tween the various procurement systems and would be unable to make
sensible recommendations as to which system would be most appro-
priate for a specific project. In fact, the amplification of demand on
quality services for building or space, changes in business environ-
ment and the ever evolving market trend resulting in an emergence
of various procurement strategies. Thus, the tasks of decision-makers
to select the most appropriate procurement method becoming more
challenging.In this respect, a more systematic selection framework
is much needed. This paper reports a study conducted among public
universities in Malaysia on the development of procurement selection
framework based on Analytic Hierarchy Process (AHP) technique and
principles. The proposed decision making framework is implemented
and validated for its capability, applicability and validity and the re-
sults are presented in this paper.

2. Determination of procurement strategy alternative
and procurement selection criteria

Procurement is defined as “an organizational system that assigns
specific responsibilities and authorities to people and organizations”
while maintenance procurement as “the process by which required
maintenance works are carried out” [1, 9, 24, 47]. Maintenance work
range from very large maintenance projects to a very small mainte-
nance task. Subsequently, many different types of procurement meth-
ods have been developed to overcome the weaknesses of the existing
procurement method and meet the range of service’s requirement. The
types of procurement method identified through literature review for
building maintenance were listed as below [3, 4, 9, 14, 35, 41, 47]:

I Direct Labour or In-house
In-house is the management process of performing a service by
in-house staffdirectly employed by organisationsto run and main-
tain the building[ 14, 29].The client organisation usually employ
direct labour under the terms of conventional employee relation-
ship to monitor and control the performance of maintenance [5,
29, 45]. Williams [45]highlighted that presentlythere were very
less organisations that employ 100% in-house operation but if it
really exists, it is not on a large scale.According to Sheng [41],
in-house strategy is deemed to be the most fundamental and tra-
ditional strategy for the delivery of property management and

II

I

v

VI

maintenance services.The operation staffs who are employed di-
rectly by the organization are recognized as part of the organiza-
tion with no existence of service contract tying the relationship
together except the ordinary employment contract. Through in-
house strategy, the assigned property manager will need to plan,
execute, coordinate and control the team members’ work. Inter-
nal communication will take place both laterally and vertically.

Outsourcing
Hui and Tsang [14] explained that outsourcing is a whole package
of support function is off-loaded to an external service provider.
Sheng [41] stated that outsourcing prepares the organization to
engage an external specialist for the provision of certain special-
ized trade of service under contract basis.Outsourcing can trade
of service under several types of contract which include:

1) Outsourcing by Lump Sum Contract.

2) Outsourcing by Measured Term Contract.

3) Outsourcing by Specialist Term Contract.

4) Outsourcing by Day work Term Contract.

5) Outsourcing by Tendered Schedule Term contract.

6) Outsourcing by Repair and Maintenance Contract.

7) Outsourcing by Cost Reimbursement Contract.

8) Outsourcing by Service Level Agreement.
Outsourcing has increasingly become an important approach that
can significantly assist organizations to leverage their skills and
resources to achieve greater competitiveness [21, 34, 44]. Lau
and Zhang [21]stated that outsourcing strategy enable organiza-
tions to gain competitive advantage through cost reduction and
improved responsiveness to changing business environment and
market demand. This is agreed by [3, 42]that outsourcing is a
supply strategy often chosen as a means of increasing organiza-
tional effectiveness and efficiency.

Out-tasking

Out-tasking is defined as “a management process whereby spe-
cific tasks, as opposed to a whole package of support function in
the case of outsourcing, are performed by a contractor”[14, 16].
According to Hui and Tsang [14], the company usually employs
a small number of staff to serve as coordinators between internal
customers and the external service provider when outsourcing
is practised. This is in contrast to out-tasking where the internal
staff members play a proactive role of planning and initiating
service activities and leading the external service provider for
delivery of the needed service. Thus, the internal personnel are
fully responsible for the consequences of out-tasking.

Public Private Partnership (PPP)

Public Private Partnership (PPP) is “a partnership or strategic al-
liance has been formed between the organization and service pro-
vider based on a sharing of the responsibility for the delivery and
performance of the service, including the sharing of the benefits
arising from any efficiency gains and cost savings” [3, 4].

Total Facilities Management (TFM)

An entire scope of services are packaged togetherand external-
ized to a solitary supplier which gets to be completely in charge
of themonitoring, control, delivery and accomplishment of ex-
ecutionobjectives which relate to operational benefit [3, 4].

Traditional

Straub [43]stated that maintenance projects mostly adopted tradi-
tional procurement method where three to five competitive bids
are solicited and the lowest tender price will be selected. Espling
and Olsson [11] claimed that traditional procurement produce
low productivity, litigation, an adversarial environment and a
reduced ability to absorb technological and business process in-
novations.
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VII Partnering

Espling and Olsson [11] defined partnering as “a managerial ap-
proach used by two or more organizations to achieve specific
business objectives by maximizing the effectiveness of each par-
ticipant’s resources”. The approach is based on mutual objectives,
an agreed method of problem resolution and active search for
continuous measurable improvements [6, 11]. Partnering is be-
coming increasingly used for procurement of maintenance serv-
ices [35].Partnering requires changing traditional relationships to
a shared culture without regard to organizational boundaries. The
relationship is based on dedication to common goals, trust and an
understanding of each other’s individual expectations and val-
ues. Expected benefits include cost effectiveness and improved
efficiency, the continuous improvement of quality products and
services and increased opportunity for innovation. It should be
noted that these types of arrangements do not create a business
partnership [35].

As this research mainly focusing in assisting the universities or-
ganization that wishes to outsource the services, direct labour which
is known as in-house was excluded in this present study.

Masterman [27] claimed that many clients had been selecting pro-
curement systems in a cursory manner simply based upon subjective
past experience and the conservative decisions and some client even
employ a specific procurement strategy by default without making
a deliberated choice. Although past experiences may be an essential
factor that influences the selection of procurement strategy, but expe-
riences and solutions to problems retrieved from past projects may not
be applicable to the current projects because each building has its own
distinct characteristic. In addition, Love ef al. [25] highlighted that
owners who have similar nature do not certainly have similar needs.
In fact, the needs rely on many factors and are usually specific to the
particular project. Some researches highlighted that it is essential to
establish a list of procurement selection criteria before various pro-
curement methods were evaluated. The procurement selection crite-
ria should reflect the requirements and characteristics of the client,
project and external environment [2, 17, 26]. There are 26 criteria
identified from literature review, which are divided into three main
categories that are clients’ requirement, project characteristic and ex-
ternal environment or factor which can be referred to Table 1.

Table 1. Procurement Method Selection Criteria

In order to derive a particular set of procurement method and pro-
curement selection criteria for public universities in Malaysia, postal
questionnaires survey was conducted with all the public universities
in Malaysia. The assessment criteria and alternatives for selection are
evaluated by the maintenance personnel in public universities in Ma-
laysia. The main purpose of evaluation is to eliminate those criteria
and alternatives that are considered less or not important for the de-
velopment of the decision making framework.

Likert scale and ranking analysis were employed. In order to de-
rive a set procurement selection criteria that were considered essential,
only those procurement method and criteria obtained both mean rating
and mode equivalent to or above 4, which were considered as impor-
tant and very important according to likert scales of 5 (from which
1 indicate “least important” to 5 indicate “very important”) were in-
cluded in this study for the proposed decision making framework.

The mean is computed by adding up all the scored and dividing by

the number of scores (M=) X/N) [23]. It is essential to calculate a mean
to rank the variables. Mode is known as the most common category
whereby the score most frequently exist in a distribution.
There are only 19 criteria will be considered for the development of de-
cision making framework. On the other hand, the procurement methods
that are considered as most commonly used (percentage of cases more
than 50%) and categorized as important and very important with both
mean rating and mode equal or above 4 will be considered for the pro-
posed decision making framework. The procurement selection criteria
and procurement option that were selected are provided in Table 2.

3. Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) is “a theory of measure-
ment through pairwise comparisons and relies on the judgments of ex-
perts to derive priority scales” [37]. Ibbs and Chih [15]stated that the
first steps of AHP are to develop a hierarchy of criteria and to identify
all possible alternatives. AHP uses a pairwise comparison procedure
whereby a decision maker is required to compare all alternatives with
respect to evaluation criteria in turn. The decision maker’s prefer-
ences are presented in a ratio scale and are combined into an overall
rating. The basic steps for conducting study using AHP are as follow
[33, 36, 38-40]:

Criteria

Cc1 Client Requirement and Characteristics

c1.1 Experience contractor availability C1.11 Involvement of owner in the project
c1.2 Quality level C1.12 Working relationship

c13 Knowledge of the strategy Cc1.13 Intuition and past experience
C14 Degree of responsibility C1.14 Client in house technical capability
C1.5 Client’s financial capability Cc1.15 Price or cost certainty
c1.6 Price competition C1.16 Risk allocation or avoidance
c1.7 Time Certainty c1.17 Dissatisfaction with previous process
c1.8 Speed Cc1.18 Degree of complexity
c1.9 Public accountability Cc1.19 Degree of flexibility
c1.10 Clarity of scope

c2 Project Characteristic
c2.1 Existing building condition c22 Project size

C3 External environment/ factor
C3.1 Objective or policy of organization C34 Political issue/constraint
C3.2 Government policy C35 Cultural differences
C33 Dispute and arbitration
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Table 2. Selected procurement selection criteria and procurement options for the proposed decision making framework

Procurement Selection Criteria Mean Mode Procurement mthod used in uni- Mean Mode Percent of
versities Cases
Experience contractor availability 471 5 Outsourci:gnbcyeRceopnatirraacrt\d Mainte- 4.06 4 82.4%
Existing building condition 4.59 5 Outsourcing:gtfapcicialist Term 4.18 4 76.5%
Objective or policy of organization 4.53 4 Outsourcir]rge:on); -Ic-innizi? Schedule 4.12 4 70.6%
Quality level 447 5 o“tsourdngc:r’:xifswed Term 394 4 64.7%
Government policy 4.41 4
Knowledge of the strategy 4.41 5
Degree of responsibility 441 5
Client’s financial capability 4.41 5
Price competition 435 4
Time Certainty 4.35 4
Speed 435 4
Public accountability 4.29 4
Clarity of scope 4.29 4
Involvement of owner in the project 4.24 4
Working relationship 4.24 5
Project size 418 4
Intuition and pass experience 412 4
Client in house technical capability 4.06 4
Price or cost certainty 4.00 4

(a) Define the problem and determine its goal.

(b) Structure the hierarchy with the decision-maker’s objective at the
top with the intermediate levels capturing criteria on which sub-
sequent levels depend and the bottom level containing the alterna-
tives.

(c) Construct a set of n x n pair-wise comparison matrices for each
of the lower levels with one matrix for each element in the level
immediately above. The pairwise comparisons are made using the
relative measurement scale. The pair-wise comparisons capture
a decision maker’s perception of which element dominates the
other.

(d) There are n (n—1)/2 judgments required to develop the set of ma-
trices in step (c). Reciprocals are automatically assigned in each
pair-wise comparison.

(e) The hierarchy synthesis function is used to weight the eigenvec-
tors by the weights of the criteria and the sum is taken over all
weighted eigenvector entries corresponding to those in the next
lower level of the hierarchy.

(f) After all the pair-wise comparisons are completed, the consist-
ency of the comparisons is assessed consistency ratio (CR) calcu-
lated by the formula below [7, 9, 36]:

Consistency Ratio (CR) = Consistency index (CI)/ Random Index (RI)

Where CI = (Amax — n)/(n—1), with n the number of elements, Amax
= the maximum eigenvalue of the comparison matrix and RI = the
consistency index of a randomly generated reciprocal matrix within
a scale of 1 to 9. The consistency ratio (CR) is acceptable if it does
not exceed 0.10. Repeat and review the judgment if the CR is greater
than 0.10.

4. Proposed decision making framework

The proposed decision making framework was developed based
on Multiple Criteria Decision Making (MCDM) particularly Analytic
Hierarchy Process (AHP). The framework employed AHP techniques
and principles using Expert Choice 11 software as the development
tool. The development of decision making framework using AHP
mainly focused on two important components that are the possible as-
sessment criteria and the alternatives available for selection whereby
the assessment criteria were used to evaluate the alternatives as shown
in Figure 1.

There are three basic principles of the AHP which include the
principle of constructing hierarchies where a complex system was
structured hierarchically by decomposing the elements into constitu-
ent parts according to essential relationships towards a desired goal
which can make the whole system well understood, the principle of
establishing priorities where priority of elements in a decision prob-
lem is established to make pairwise comparison that is to compare the
elements in pairs against a given criterion and finally the principle
of logical consistency to ensure that elements are grouped logically
and ranked consistently according to a logical criterion [36]. Logical
consistency ensures that elements are grouped logically and ranked
consistently according to a logical criterion.

The AHP implementation steps of the framework will be simpli-
fied by using the Expert Choice professional software that is available
commercially and designed for implementing AHP. Expert Choice 11
software was employed as a development tool to assist in develop-
ing the decision making framework. Expert Choice software offers
a model view containing either a tree view or cluster view of the
decision hierarchy. Expert Choice allows the decision maker to re-
examination and revises the judgments for all level of the hierarchy
and shows where inconsistency exists and how to minimize it in order
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Input

Procurement Criteria Selection
Clients’ Requirements
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Project size
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!
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develop the hierarchy framework

entire hierarchy. The consistency
ratio (CR) is acceptable if it does
not exceed 0.10. Repeat and
review the judgement if the CR is
greater than 0.10.
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Evaluation Stage
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Fig. 1. Decision Making Framework for Procurement Method Selection of Building Maintenance Management for Public Uni-

versities

to improve the decision. The inconsistency value will be shown once
the judgment is done.

5. Research design and methodology

Structured interview was conducted to validate the framework
developed. The framework produced was demonstrated to the inter-
viewees. Then, the interviewees were asked to run the framework and
were asked to evaluate the framework in terms of capability, applica-
bility and validity. Structure interview is chosen so that the researcher
can explain the framework in detail to the respondents, clarify any
doubts arises by the interviewees and at the same time the researcher

Table 3. Interviewees Profiles

able to examine the level of understanding of the respondents towards
the topic and the framework. All the interviewees were explained and
asked the same questions in the same manner to standardize in order
to make it easier to repeat the interview and provide a reliable source
of qualitative data.

As mentioned previously, the total populations of public universi-
ties in Malaysia are 20, comprise of 5 research universities, 4 com-
prehensive universities and 11 focused universities. However, there
are only 17 universities replied in the postal questionnaires survey.
The interviewees for the structured interview were selected from the
universities that have responded in the postal questionnaires survey.
There were 9 universities equivalent to 52.9% selected from 17 uni-

Name of Universities Nos. of Interviewees Position Experience (years)

Research Universities

University RA 3 Head of Civil Engineering Division 20
Head of Contract & Quantity Surveying Division 30
Quantity Surveyor 10

University RB 1 Assistant Head of Quantity Surveying Department 17

University RC 1 Head of Contract Department 31

Comprehensive Universities

University CA 1 Head of Contract Management And Cost Control Section 12

University CB 1 Acting Senior Facilities Engineer 7

Focussed Universities

University FA 1 Head of Quantity Surveying Department 10

University FB 1 Deputy Director of Facility and Estate Management Department 25

University FC 1 Head Department of Building Maintenance Section 11

University FD 1 Deputy Director of Development & Facilities Management Department 23
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Table 4.  All vector of priorities for main criteria, sub criteria and alternative

Level 1: Goal Select the most appropriate procurement method of building maintenance management services for public university
Project Charac- External En-
Level 2: Main Criteria Clients’ Requirements (C1) ) L vironment or
teristic (C2)
Factor (C3)
Vector of Priorities 0.300 0.100 0.600
CR 0.00 0.00 0.00
Level3: Sub Criteria c1.1 Cc1.2 c1.3 Cc1.4 C1.5 c1.6 c1.7 c1.8 c1.9 C1.10 C1.11 C1.12 C1.13 C1.14 C1.15 Cc2.1 C2.2 C3.1 C3.2
Vector of Priorities 0.071 0.068 0.042 0.023 0.025 0.092 0.070 0.040 0.017 0.168 0.063 0.065 0.078 0.070 0.109 0.875 0.125 0.125 0.875
CR 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.00 0.00 0.00 0.00
Level 4: Alternatives Vector of Priorities
Outsourcing by Re-
pair and Maintenance 0.532 0.053 0.079 0.063 0.216 0.265 0.046 0.06 0.118 0.116 0.091 0.426 0.055 0.250 0.250 0.250 0.250 0.250 0.250
Contract
Outsourcing by Spe- | 1 | 585 | 0219 | 0501 | 0112 | 0265 | 0.147 | 0619 | 0487 | 0245 | 0266 | 0.111 | 0532 | 0250 | 0250 | 0250 | 0250 | 0.250 | 0250
cialist Term Contract
Outsourcing by Ten-
dered Schedule Term 0.095 0.121 0.200 0.120 0.350 0.094 0.296 0.215 0.118 0.073 0.091 0.171 0.213 0.250 0.250 0.250 0.250 0.250 0.250
Contract
Outsourcing by Meas- | 31, | 545 | 0503 | 0316 | 0322 | 0375 | 0511 | 0107 | 0276 | 0567 & 0552 | 0292 | 0200 | 0250 | 0250 | 0250 | 0250 | 0250 | 0.250
ured Term Contract
CR 0.02 0.04 0.05 0.04 0.04 0.05 0.05 0.04 0.06 0.07 0.09 0.07 0.02 0.00 0.00 0.00 0.00 0.00 0.00

*CR= Consistency Ratio

Table 5. Vector of overall priorities with respect to main criteria

Main Criteria Clients’ xAan_.w:mBm:ﬂm Project Characteristic (C2) External Environment/Factor (C3)

Vector of Overall
Vector of Priorities 0.300 0.100 0.600 Priorities
CR 0.00 0.00 0.00
Alternatives Vector of Priorities
Outsourcing by Repair and Maintenance Contract 0.203 0.250 0.250 0.240
Outsourcing by Specialist Term Contract 0.273 0.250 0.250 0.255
Outsourcing by Tendered Schedule Term Contract 0.18 0.250 0.250 0.236
Outsourcing by Measured Term Contract 0.344 0.250 0.250 0.269
CR 0.07 0.00 0.00 0.03

*CR= Consistency Ratio
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versities responded. The 9 universities are selected from the 3 main
categories of universities so that this research covers different type
and category of university. Piaw [32] highlighted that in qualitative
research, the sample size is usually small and 5 subjects are accepted
if the demography data are same. Besides, Musa [29] research on de-
termining the best options for Facilities Management (FM) service de-
livery in UK shopping centers, which also integrated AHP and Expert
Choice in developing the framework did 5 interviews on shopping
complexes for validation of his research framework. Thus, 9 universi-
ties are considered satisfactory and accepted because the evaluation
done by the 9 universities were quite equivalent. The interviewees’
profiles are tabulated in Table 3 according to the 3 main types of pub-
lic universities categories.

In the structured interview, the interviewees were first requested
to do a pair-wise comparison with the assessment criteria and pro-
curement option which was stored in Expert Choice software as an
interview instrument. This Expert Choice software instrument offers
a questionnaire with scale of 1 to 9 to perform pair-wise comparison.
The judgments can be performed in three ways by numerical, verbal
and graphical in Expert Choice software. The interviewees were re-
quested to perform pair-wise comparisons for all levels of hierarchy
in the framework produced. This instrument brings a lot of advantages
in terms of time saving, simple, easy to be explained and understand
as well as well-structured.

Once the interviewee obtained the proposed procurement method
from the framework, the interviewee requested to rate the Decision
Making Framework for Procurement Method Selection of Building
Maintenance Management for Public Universities in terms of capabil-
ity, applicability and validity. Each evaluation form was labeled with
distinctive reference number (UM/FBE/BHA1100007/FBF/0XX) at
the right top to identify which university gave what evaluations and
comments. The interviewees can also provide comments, cop and
sign the form after evaluation done. The example of evaluation form
as shown in Appendix A.

6. Results and discussion

The validation process was carried out through structured inter-
views with 9 universities selected. The interviewees were selected
from the maintenance and facilities’ maintenance management de-
partment of university. The interview commenced on 9th of April
2013 and lasted on 9th of May 2013. The structured interview took
exactly one-month time. The interview was scheduled so that two to
three universities were interviewed in a week. The interviewees had at
least five-year experiences in selecting procurement method for build-
ing maintenance work and had been involved in the decision-making
process.

In the proposed method, the interviewees are first requested to do
a pair-wise comparison with the assessment criteria and procurement

Table 6. Summary results to compare all interviewees’ priority vector to select the most appropriate procurement method for different type of building maintenance

services
Universities, Maintenance Services and Vector of Priorities
Priority University RA University RB University RC University CA University CB
Ranking

Maintenance of Water-
proofing System

Maintenance of Air-con-
ditioning Services

Housekeeping

General Repair Work

Roof Repair Work

1 EEF (0.600) PC(0.540) CR(0.481) CR=EEF (0.444) PC(0.667)
2 CR (0.300) EEF (0.297) EEF(0.405) CR=EEF (0.444) CR(0.222)
3 PC(0.100) CR(0.163) PC(0.114) PC(0.111) EEF (0.1171)

*EEF=External Environment or Factor, CR=Clients’ Requirement, PC=project characteristic

Table 7. Summary results to compare all interviewees’ priority vector to select the most appropriate procurement method for different type of building maintenance

services
Universities, Maintenance Services and Vector of Priorities
;;fk'% University FA University FB University FC University FD
Building Cleaning Maintenance of electrical system Maintenance of road Maintenance of Lift
1 EEF (0.528) CR=PC(0.455) CR(0.427) EEF (0.600)
2 CR(0.333) CR =PC(0.455) EEF (0.318) PC=CR (0.200)
3 PC (0.140) EEF (0.091) PC (0.254) PC=CR (0.200)

*EEF=External Environment or Factor, CR=Clients’ Requirement, PC=project characteristic

Table 8. Vector of Overall Priorities for the Four Alternatives and Ranking of the Alternatives

Alternatives

Vector of Overall Priorities

University RA

Rank

Outsourcing by Repair and Maintenance Contract 0.240 3
Outsourcing by Specialist Term Contract 0.255 2
Outsourcing by Tendered Schedule Term Contract 0.236 4
Outsourcing by Measured Term Contract 0.269 1
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Table 8. Vector of Overall Priorities for the Four Alternatives and Ranking of the Alternatives

University RB

Univers

ity RC

Outsourcing by Repair and Maintenance Contract 0.300
Outsourcing by Specialist Term Contract 0.432
Outsourcing by Tendered Schedule Term Contract 0.108
Outsourcing by Measured Term Contract 0.160

Univers

ity CA

Outsourcing by Repair and Maintenance Contract 0.235
Outsourcing by Specialist Term Contract 0.349
Outsourcing by Tendered Schedule Term Contract 0.216
Outsourcing by Measured Term Contract 0.201

Univers

ity CB

Outsourcing by Repair and Maintenance Contract 0.289
Outsourcing by Specialist Term Contract 0.274
Outsourcing by Tendered Schedule Term Contract 0.225
Outsourcing by Measured Term Contract 0.213

University FA

Outsourcing by Repair and Maintenance Contract 0.238
Outsourcing by Specialist Term Contract 0.164
Outsourcing by Tendered Schedule Term Contract 0.251
Outsourcing by Measured Term Contract 0.347

Univers

ity FB

Outsourcing by Repair and Maintenance Contract 0.266
Outsourcing by Specialist Term Contract 0.181
Outsourcing by Tendered Schedule Term Contract 0.169
Outsourcing by Measured Term Contract 0.384

Univers

ity FC

Outsourcing by Repair and Maintenance Contract 0.223
Outsourcing by Specialist Term Contract 0.367
Outsourcing by Tendered Schedule Term Contract 0.264
Outsourcing by Measured Term Contract 0.146

Univers

ity FD

Outsourcing by Repair and Maintenance Contract 0.235
Outsourcing by Specialist Term Contract 0.227
Outsourcing by Tendered Schedule Term Contract 0.293
Outsourcing by Measured Term Contract 0.246

Outsourcing by Repair and Maintenance Contract 0.245
Outsourcing by Specialist Term Contract 0.295
Outsourcing by Tendered Schedule Term Contract 0.222
Outsourcing by Measured Term Contract 0.238

14
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Table 9. Procurement Methods Comparison (Actual versus Proposed)

No. University Type of bwldmg maintenance Actual Procurement method used Procurement Method proposed Similarity
services by the Framework
1 RA Maintenance of Waterproofing Outsourcing by Measured Term Outsourcing by Measured Term v
System Contract Contract
2 RB Maintenance of Air-conditioning | Outsourcing by Repair and Main- Outsourcing by Specialist Term X
Services tenance Contract Contract
3 RC Housekeeping Facilities Management Condition Outsourcing by Specialist Term X
of Contract Contract
4 CA General Repair Work Outsourcing by Repair and Main- | Outsourcing by Repair and Main- v
tenance Contract tenance Contract
5 B Roof Repair Work Outsourcing by Measured Term Outsourcing by Measured Term v
Contract Contract
6 FA Building Cleaning Outsourcing by Measured Term Outsourcing by Measured Term v
Contract Contract
7 FB Maintenance of Electrical System Outsourcing by Repair and Main- Outsourcing by Specialist Term X
tenance Contract Contract
8 FC Maintenance of Road Outsourcing by Tendered Sched- | Outsourcing by Tendered Sched- v
ule Term Contract ule Term Contract
9 D Maintenance of Lift Outsourcing by Specialist Term Outsourcing by Specialist Term v
Contract Contract

Table 10. Nine universities evaluation towards Decision Making Framework for Procurement Method Selection of Building Maintenance Management for
Public Universities

Rating
No. Evaluation Question Very
Poor Satisfactory Good Excellent
Poor
1 The capability of the framework 11% 75% 14%
1.1 How well the framework in supporting the decision process? 2 (22%) 7 (78%)
12 How rellab]e the assessment procurement selection criteria 1(11%) 8 (89%)
employed in the framework?
13 Howwell the framework reflect the real situation in decision 1(11%) 7 (78%) 1(11%)
making process for procurement method selection?
14 How useful was the Expert Choice software employed in the 5 (56%) 4(44%)
framework?
2 The applicability of the framework 10% 63% 27%
21 How relevant the framework in selecting the most appropri- 6 (67%) 3 (33%)
ate procurement method?
22 How apprpprlate was the assessment criteria employed in 1(11%) 7 (78%) 1(11%)
the selection process?
23 Hovy f’appropr!ate was the framgwork to act as an alternative 1(11%) 6 (67%) 2 (22%)
decision making for a supporting system?
24 Hovy relevant~was the framework in improving the existing 7 (78%) 2 (22%)
decision making process?
2.5 How relevant was the framework in term of:-
2.5.1 Speed 3(33%) 4 (44%) 2 (22%)
252 | Flexibility 1(11%) 4 (44%) 4 (44%)
253 Consistency 6 (67%) 3(33%)
3 The validity of the result 33% 50% 17%
31 How convinced were you with the result produced by this 3 (33%) 4(44%) 2 (22%)
framework?
3 How confident were you in using the result as a selection 3 (33%) 5 (56%) 1(11%)
making process in real situation?
Overall score 0% 0% 14% 65% 21%
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option which was stored in Expert Choice software. All the pair-wise
comparison judgments made in Expert Choice software were synthe-
sized to obtain vector of priorities. Table 4 showed all the vector of
priority for main criteria, sub criteria and alternatives for University
RA in selecting procurement method for maintenance of waterproof-
ing. All main criteria judgments consistency ratio (CR) were 0.00 that
were less than 0.10 (<0.10) which represent good consistency while
Table 5 revealed vectors of priorities for the alternatives with respect
to the main factor and alternatives’ vector of overall priorities. The
vector of overall priorities for the four alternatives as shown in Table
5 indicated that outsourcing by measured term contract (0.269) which
obtained the highest of vector of overall priorities is the best procure-
ment method for maintenance of waterproofing in University RA.

Similarly, the assessments were done by other 8 public univer-
sities and hence 9 procurement methods were successfully derived.
The interviewees’ decisions on vector of priorities for main criteria
were different in selecting procurement method for different type of
building maintenance services. Table 6 and Table 7 showed the sum-
mary results to compare all interviewees’ priority vector to select the
most appropriate procurement method for different type of building
maintenance services. It can be seen in Table 6 and Table 7 that own-
ers of a similar nature do not necessarily have similar needs. In fact,
the needs are usually specific to the particular project. The vector of
overall priorities for the four alternatives and ranking of the alterna-
tives were shown in Table 8.

Table 9 compares the proposed and the actual procurement meth-
od used. From Table 9, out of 9 assessments conducted there were 6
matching and 3 non-matching. For all the 6 matching universities’
respondents stated that they were satisfied with the result proposed by
the framework. While for the non-matching, the University RB inter-
viewee stated that the proposed procurement method was very suit-
able as the maintenance work for air-conditioning services required
specialist to carry out. The University RC interviewee also claimed
that the proposed framework was very useful and a new knowledge
for him to make a more deliberate decision compared with the deci-
sion made previously. On the other hand, the respondent of University
FB clarified that she was satisfied with the proposed framework as
the maintenance of the electrical system should be done by special-
ists who are certified. The interviewees admitted that the selection of
the procurement process proposed was decided on a judgmental basis
which was not simply based on previous experience and perception.
Clients may suffer if their selection simply based upon biased past ex-
perience and the conservative decisions of their in-house experts[30].
Although past experiences may be an essential factor that influences
the selection of procurement strategy, but experiences and solutions
to problems retrieved from previous projects may not be applicable to
the current projects because each building has its own distinct char-
acteristic. Thus, the proposed decision making framework will be
capable to assist the decision-makers to select the most appropriate
procurement method as the decision maker able to derive his set of

important criteria in the selection according to the characteristics of
the building.

Once the judgments completed and obtained the proposed pro-
curement method from the framework, the interviewees were request-
ed to rate the decision making framework in terms of capability, ap-
plicability and validity. The summary of the evaluations done by the 9
universities were shown in Table 10. The results revealed that major-
ity of the interviewees perceived that the decision making framework
developed was good (65%) and excellent (21%) in terms of capability,
applicability and validity in assisting the decision-makers to select
the most appropriate procurement method in building maintenance
work. In terms of capability, the majority (75%) of the interviewees
considered that the framework has the capability to assist them to se-
lect the most appropriate procurement method and 89% of the inter-
viewees conceived that the assessment procurement selection criteria
employed in the framework were reliable. In addition, majority of the
interviewees (78%) also perceived that the framework was well in
supporting the decision process and reflect the real situation in the
decision-making process for procurement method selection.

In evaluating the applicability of the framework, 63% of the inter-
viewees considered the framework had good applicability and 27% of
the interviewees conceived that the framework had excellent applica-
bility in selecting the most appropriate procurement method. Majority
thinks that the framework was good (78%) and excellent (22%) in
improving the existing decision making process. The results also indi-
cated that the framework was good (67%) and excellent (22%) to act
as an alternative decision making for a supporting system.

In terms of evaluating the results obtained from the framework,
the interviewees conceived that the results obtained were good (44%)
and excellent (22%) in convincing them to employ the result obtained.
There were 56% (good) and 11% (excellent) of the interviewees were
confident in using the result as a selection making process in real situ-
ation.

7. Conclusion

The proposed framework was well received by the interviewees
and they admitted that the selection of the procurement process pro-
posed was decided on a judgmental basis which was not simply based
upon previous experience and perception. The evaluations done by
the 9 universities regarding the proposed decision making framework
revealed that majority of the interviewees perceived that the Deci-
sion Making Framework for Procurement Method Selection of Build-
ing Maintenance Management for Public Universities developed was
good (65%) and excellent (21%) in terms of capability, applicability
and validity in assisting the decision-makers to select the most ap-
propriate procurement method in building maintenance work. Thus,
the proposed decision making framework will be capable to assist the
decision-makers to select the most appropriate procurement method.
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RESEARCH AND ANALYSIS OF OPERATING CHARACTERISTICS OF ENERGETIC

BIOMASS MICRONIZER

BADANIA | ANALIZA EKSPLOATACYJNYCH CHARAKTERYSTYK
MIKRONIZATORA ENERGETYCZNEJ BIOMASY*

The analysis covers interrelations between the following factors: the machine movement, states and transformations of particles
of the micronized biomass, particle shifts, mixing, grinding of energetic straw and its particles. It has been found that these
relationships, among other things, depend on friction conditions, impacts, cutting, structural components of the micronizer as
the dynamic movement of the machine structural components and biomass (particles) takes place under the conditions of idle
movement and workload in order to accomplish an external goal. This paper aims at systematization, calculation and comple-
mentary research on micro-grinding performance characteristics (idle and operating), for constant and different rotational speeds
(angular and linear).

Keywords: operating characteristics, biomass, grinding.

Poddano analizie wzajemne relacje: ruchu uzytkowego, stany i przemiany czqstek rozdrabnianej biomasy, ich przemieszczenia,
mieszanie, rozdrabnianie stomy energetycznej i jej czgstek. Wykazano, ze zalezg one m.in. od warunkow tarcia, zderzen, cigcia,
cech konstrukcyjnych mikronizatora, przy czym dynamiczne przemieszczanie elementow (czesci) konstrukcji maszyny i biomasy
(czgstek), nastgpuje w warunkach ruchu jalowego i obcigzenia roboczego, dynamicznej realizacji celu zewnetrznego. Celem pracy
Jjest systematyzacja, obliczenia i badania uzupetniajqce charakterystvk uzytkowych (jatowych i roboczych) mikro-rozdrabniania,

sporzgdzanych przy stalej i roznej predkosci obrotowej (kgtowej lub liniowej).

Stowa kluczowe: charakterystyki eksploatacyjne, biomasa, rozdrabnianie.

1. Introduction

Both European and home regulations impose on electricity pro-
ducers strict rules concerning energy production (according to fixed
dates) requiring to generate more and more energy from renewable
sources. By the year 2020 the percentage share of renewable sources
in total energy consumption in Poland will have to be 15% (in the
European Union 20%) and according to the Ministry of Economy of
in 2010 this share was 9.5% (Polish Energy Policy — PER 2030. Polish
agriculture is capable of providing sufficient amount of energetic
plants (biomass) which properly processed will allow to decrease de-
pendence of the Polish economy on fossil fuels. This will also enable
to reduce emission of harmful products of combustion.

One of methods to be used for reduction of fossil fuels consump-
tion is industrial co-combustion of biomass and coal. However, it
poses some problems such as for example unburnt particles that are
left both in slag and fly ash. Evidently, it is a loss of energy as the fuel
does not deliver its whole energy and its unused part is irreversibly
lost [3, 8, 21, 31].

The investigations carried out in power plants which burn biomass
have revealed significant influence of the biomass fraction dimensions
on the final content of coal in ash [3, 5, 6]. In order to prevent from
this to happen it is necessary to apply a repeatable process of biomass
grinding to achieve possibly the tiniest solid fractions.

The experiences of the Polish power plants indicate clearly that the

outlays and costs connected with the process are high, depending on:

— decrease in energy efficiency of boilers which are subjected to
the process of modernization and adjustment to perform bio-
mass combustion, due to change in the way of heat exchange,
especially the growing amount of unburnt matter,

— Increase in electrical energy demand by installation of a device
for preparation and combustion of biomass (transport systems,
precise milling etc.),

— significant increase in residue of furnace fireboxes impairing
availability of boilers,

— fast corrosion due to high temperature caused by chlorine con-
tent in biomass (mainly straw),

— instability of biomass price on the free market caused by big
competition and significant dispersion of the material provid-
ers [14].

Advantages of co-combustion include:

— lower emission of harmful compounds :SO,, NO,, CO,,which
has a positive influence on the environment and on the price of
a generated heat unit (ETS)

— flexibility of the process — when there is not enough biomass
the boiler can be used only for burning coal,

— co-combustion process is stabilized by burning coal [13, 15,
19].

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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This study presents a description and analysis of technical condi-
tions necessary for preparation of high quality product of biomass
grinding (micronization) with the use of a micronizer as well as an
analysis of its operating characteristics which will enable to develop
of a new grinding technology for appropriate preparation of energy
efficient biomass to be co-burnt with coal.

In order to achieve the goal, the following aspects have been stud-
ied: the nature of co-combustion, availability of biomass for energy
production, development of a new technology of micro-grinding to
optimize the process.

2. The nature of co-combustion technology

Co-combustion involves simultaneous burning of coal and bio-
mass in a furnace firebox of a boiler thus distributing the heat into the
system. Boilers (eg.OP-230) were designed to burn only coal, hence
after being adjusted to co-combustion of biomass they are bound to
reveal some decrease in heat output due to application of fuel with
lower energy value [8, 11, 12, 15, 19, 22, 23].

Apart from the biomass heating value, its moisture is important
for the combustion process as well [1]. Dry biomass burns very well
with stable flame, whereas moist biomass moves the flame cone up
the furnace firebox which is undesirable due to NOx emission and de-
terioration of heat exchange in boiler [8]. In order to obtain maximum
economic efficiency it is necessary to produce ash with the content of
combustible parts lower than 6% which can be sold to cement plants
for production of e.g. cellular concrete [8].

3. Precision milling engineering

To prevent from numerous adverse phenomena connected with
co-combustion of biomass and coal it is necessary to provide repeat-
able operating characteristics and precision milling of biomass to ob-
tain most possible tiny solid fractions.

Capacity of the most commonly used hammer mills strictly de-
pends on: the purpose of grinding, the mill structure, especially the
working set(tools), quality parameters of the process, biomass quality,
amount of ash and friction material contained in the material to be
milled [11, 16, 20, 32]. In the lines available for preparation of furnace
feed biomass is most frequently transported by worm conveyors and
directed to hammer mills. Hammer mills can comminute the supplied
biomass into dust with granulation degree up to 1lmm [2,4,5,6]. In
order to provide the comminuted biomass with appropriate quality/
quantity, during operation at full capacity and in case of the machine
shutdown or its overhaul, the systems are equipped with numerous
mills (e.g. four sets of mills).

A micronizer (Fig. 1), along with the technological line (Fig. 3)
[28], was applied to the Patent Office on 24.03.2011 under the title
Method and Device for Biomass Micronization — no. P.394325.

The heart of a micronizer is fast rotating disk (17) driven by shaft
(18), whose integral part are straight or arc blades. The disk can be
opened or closed. Revolutions of the disk are matched so that it is
possible to provide its external diameter with very high peripheral
speed in the range (300-800) m-s!.

High usable rotational speed of the disk causes generation of high
sub-pressure in the zone of drying and initial grinding (24) in re-
sult of which the speed of air flowing onto the disk ranges between
(250....350) m/s. Biomaterial is sucked by the flowing air which rap-
idly accelerates and hits the disk (17) in zone (24) undergoing initial
grinding.

Under the influence of centrifugal forces the micronized material
together with the air change the direction of flow from axial to per-
pendicular to working disk rotary axis (17).

After entering the channels between the blades it is then accelerat-
ed up to the value to match the disk diameter and its rotational speed.

Fig. 1. Device for biomass micronization according to patent application P.
394325, 16 — casing, 17 — rotational disk, 18 — drive shafi, 19 — high
turbulence zone, 24 — initial micronization zone

In effect of the physical factors impact the material is ejected to high
turbulence zone (19) where it is micronized in the process made up of
coexisting three processes: deagglomeration, densification and dis-
integration caused by cavitation and propagation of impact waves in
result of radial-peripheral collisions of supersonic mass flows.

After filling the feed port (Fig. 1 and 2) the overlap of the process
channel cross-sections starts to diminish. The initial assumption was
that in each particle undergoes division in the micronization space
(through friction, impacts, equalization of tensions). The assumption
was made that the position of micronized particles in relation to the
micronization plane is of random character and with uniform distribu-
tion. Thus, in effect of micronization, the particles with initial length
disintegrate with similar probabilities, each into two smaller parts,
each with the sum of lengths being the length (dimension) prior to
division.

The very process of disintegration is caused by the state of com-
plex loads /permanent strains and it always occurs in the material
which, before being shifted, was in the preceding section of the work-
ing set (Fig. 2). Distribution of the particle length during grinding,
in a material which has filled empty space of the (n+1) th segment,
changes according to dependence [25, 26]:

— L hpmyan, (1)

~ X
pr)ﬁrl(x):An,mpgl _[1_ m ]p}rin(x)_'_ -m
Ynt1 = Vn+l

Yn+1 = Vnt1

whereas, in a material which has been left in the n-th segment:

= 5 1l
A () =By ey ={1— ;fn]p;"(x%;,,,f;“*‘ pa(D)dl. ()

n

n

Fig. 2. Radial segments of straw particle micronization: S,;/Sp; - initial intro-
ductory zone/level, S,,/Sp, - zone/level of initial acceleration of par-
ticles, Sr3/SP3 - working zone/level, Sr4/SP4 - zone/level of biomass
particles impact division.
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The obtained functions are non-negative, being a sum of non-
negative elements. By integrating, according to the product dimen-
sion, from 0 to /, it is easy to check that the functions are probability
distributions:

J'Imdx 51 (x)dx = X I’.M\J'maxp (1)dldx = 177+ cm‘l‘maxj po (1)l =

0 ~m =m0

- o €)

17}7 Sl e (=1

and similarly, for distribution /5, . Thus, operators 4, ,
are correctly determined stochastic operators.

For simplification, it was assumed that after grinding the distribu-
tion of grain length in the (n+1)th segment will be homogenous (the
comminuted fraction and the one present in the segment before divi-

and By m

sion will get mixed), thus being a weighted mean from z p,lj R pfl‘ :

~m
i () = T gt Do Ty o) 4)

Removal process: After division, the layers (streams) of the mi-
cronized material move (are shifted) in relation to each other in the
directions set by working channels of the revolving disk this generat-
ing centrifugal force and acceleration with a gradient of interacting
speeds caused by mass differences of the biomass particular particles
. The particles are removed from the preceding segment (it is affected
by the component of centrifugal force induced by the shape model
of working channels, a force whose direction is perpendicular to the
working plane of a channel in which take place difficult to describe
aerodynamic phenomena boosting the micronization process), where-
as, they are not removed from the successive segment (as the compo-
nent of force is perpendicular in the direction from the disk).

Thus, after division, the length distribution will be [27]:

-1
~ / ~m+1
pm+1 ( max pm+ X ) Z
pn o (x) Bn mpn m= : ( ) J.lmin ! ( ) x> e (5)

0 X <lmin

The level of material after the m-th division (before m+1) in the

~m+1

n-th segment, y,  is as follows:

Imin 7 m
P (x)xdx
~m+1 ~k 0 n,mFn
n :(yn—yn+1+yn+1) T ©)

o Bympn (x)xdx

In order to obtain distribution of the channel whole space before
the (m+1)-th division (after being covered again), it is necessary to
use a weighted mean:

~m+l1 ~m+l1

1 Yn =D Y
p;VH ( ) == . An—l,mp'rzn—l += Bn,mpizn (7)
n Yn
Operator B, ,, is not linear like 4, ,, as it depends on the level

of material Wthh was left in the n-th segment after the first division
and is a function of probability distribution in the material (which has
an influence on which part of the material is to be removed from the
disk and the division space). In order to be able to treat Bn,m as linear

operators, quantities ;' need to be treated in each step of the pro-

cedure, as being pre assigned and iteratively adjusted to experimental
tests [17, 24].

The flow of particles leaving the machine. During the m-th micro-
nization, the flow of particles leaving the machine through a gap
between the n-th and the (n+1)th segments is given by the probabil-
ity distribution:

1
dl(_[ min J‘ de )dldx) l<lmin
0, l>lmin

lmdx
sy (x)= '[X (8)

and its volume is equal to:

I""" Bn m P () xdx

Iomdx n,mPn (X)de

V)= (v = Vet + P ) ©)

Linear velocity of grinding in the disk adjacent segments:

AVLis1)= jlick = V(i+l)—j ~Vick
Avpisty—jtick =7 Digry—j Mg =7 - Dy -y (10)

Avyieny=jliek =7 - (Disty—j Nt = Dicg - 1p)

where:

Avy i11)- j/i—k — gradient of linear velocity between adjacent ra
dial segments (S,;_4) or peripherals of the grinding
set disk m-s™!,

Vit i) — linear velocity in the (i+1) th segment, on the j-th
level (S;.4), m's™,
Vik — linear velocity in the (i+1) th segment, on the k-th

level (S;.4), m's™,

Diiv1)p Dix  —respective guide diameters of the (i+/)-th segment
(Sr1-4)and the i-th level (Sy;.4), j-th or the k-th row
of grinding (S;;.4), m,

Ni+y — rotational speed of a segment more distant from the
feed entry (e.g. Sr3), s,

n; — rotational speed of a segment closer to the feed

entry (e.g. Sr2), s-1;

Thus, it is necessary to match the working disk rotational (angu-
lar) speed in such a way that the speed of particles micronized in its
particular segments would be of (sub)optimal range:

© = f(AVL(i41)=jri-k) (11)

Transformations of particle length distributions. The distribution

of particle lengths in the n-¢h division is expressed by denotation p)’.
Operators which carry out distribution p" w p™", iw p™*! are

denoted respectively as 4, ,

i B,
State pg is given (distribution of particle lengths in the input

material, e.g. the first grinding, second grinding ,.....). State p,’
obtained from an equation of the sum of A and B operator products

in state pg . The products represent all the paths which can be used to
reach this state from state pg . For example:

3 0
Py = (A1,2Ao,130,0 + A 0B 14p 0 + Bz,zAl,le_o)Po (12)
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State p;’ can be reached by using operator A n times and opera-
tor B2 m-times. The path is unambiguously defined by an n-element
subset of steps making up the whole path { 1...... m}, steps with op-
eration of operator A. The number of such subsets, that is, products in

n
culation of such expressions is crucial for further studies. States p

m
the sum is [ ] . In general, operators A and B do not commute. Cal-

are positive elements of Banach space I ([0, 1]), whereas operators
A and B are endomorphisms of this space [9, 29, 30]. For practical rea-

sons it is necessary to approximate p states by positive elements RY ,
and operators 4 and B by matrixes d xd. Physically, it corresponds to
division of a particle of length I (e.g. the feed initial dimension) into
d-number of further indivisible parts (e.g. product dimension close to
0) — corresponding to a linear measure of disintegration (degree). It
can also correspond to dimensional classes: (I>1.4) mm, (0.8<I<1.4)
mm, (0.4<1<0.8) mm, (1<0.4) mm.

Literature offers inconsistent data on the amount of straw to be
used for energy production purposes. However, it can also be accepted
that the surplus between its total production and utilization in agricul-
ture in 2010 was 11.6 mln tons [Flizikowski 2011, Flizikowski 2013].

Fig. 3 shows a scheme of'a technological system for biomass grind-
ing. The micronized material is supplied through a dumping hopper,
to basket (1) from where it is delivered by conveyor (2) to feeder (3).
The feeder fills a suction pipe which feeds an axial-disk micronizer
powered by an electric motor (4). The micronized biomass flows in
the form of air and vapor mixture to cyclone separator (5), from where
it is fed to external containers by conveyor belt (6). Humid air free
from micronized material flows to a drier and next to fine filter (7),
from where it is carried outside. Fractions separated from both filters
are turned to a second micronization (thick fraction) or are supplied to
external containers (fine fraction). Dust silos, bag filters and biomass
silos are equipped with anti-explosion systems [7, 8, 23].

1
biomass discharge

Fig. 3. Technological system for biomass micronization: I1-basket with dumping hopper,
2-coveyor belt, 3-feeder, 4-micronizer with electric motor, 5-cyclon, 6-conveyor belt,7-

filtration device

4. Presentation of micronization experiments results
(Statistica 10)

The tests were carried out on a test stand, being a prototype in-
novative technological system for biomass micronization.

A comparison of measuring elements: mass and percentage share
of the investigated rye straw fractions has been presented in tablel for
selected rotational speeds of the first micro-milling.

A sample of rye straw was the statistical population. The tests
involved a quantitative feature, that is, the share of mass of particular

70

Fractions>1.4 Fractions0.8-0.4
Fractions1.4028 Fractions<0.4

o Median
[J Median of standard devistion
T Median of 1.98 of standard deviation

Fig. 4. Values of the mean and percentage mass content of the tested frac-
tions for range rotational speed range (0...18.000) min™! in testing
time of 10s

fractions in the sample total mass, measured in % in relation to the

value of rotational speed in two time intervals (10 and 30) s. A por-

tion of rye straw with mass 40 g served as a statistical unit, 12 such

portions were tested. Four kinds of fractions were separated:
(>1.4,1.4-0.8,0.8-0.4 and < 0.4)mm and eleven values of
rotational speed — (from 0 to 18.000) min™".

Statistical measures are used for a description of the
tested specimen structure (Tab. 1).

The mean percentage share of rye straw fraction (>1.4)
mm of the micronization product was 29.52%, for all the
rotational speeds, in time of 10 seconds, fraction (1.4—0.8)
mm — 20.563%, fraction (0.8-0.4) mm — 20.683%, and
fraction (< 0.4) mm — 28.319%. It means that the highest
mean percentage was found for the extreme intervals. Half
of specimens of fraction (>1,4) mm contained 27.488%,
fraction (1.4-0.8) mm and (0.8-0.4) mm — nearly 21.5 %,
and fraction (< 0.4) mm — 28.087% (median).

In the studied population, there occurs relation X$r>Me
between the measures of central tendency in fractions
(>1.4) mm and (<0.4)mm which indicates right sided
asymmetry (not dangerous) and in fractions (1.4-0.8) mm
and (0.8-0.4) mm — relation Xér< Me, (<0.4) mm — 6.203%
(feed), which indicates left sided asymmetry (not danger-
ous, either). The lowest percentage share of rye straw frac-
tion for all rotational speeds, during 10 seconds, was found
for fraction (<0.4) mm — 6.203% (feed), and the highest for

fraction (>1.4) mm — 74.240% (feed). The highest absolute difference
between value of the highest and the lowest percentage share was: in
fraction (<0.4) mm — 6.203% (feed), and the highest in fraction (>1.4)
mm — 62.946, and in fraction (<0.4) mm — 35.726. The lowest value
of range was observed in fraction (0.8—-0.4) mm — 13.995. Portions
of rye straw dust were characterized by diversified mass percentage
share of particular fractions.

On the average it was £18.989 % for fraction (<0.4) mm. The low-
est value of standard deviation was found for fraction (0.8-0.4) mm —
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Table 1. Mass and percentage share of the tested rye straw fractions for selected rotational speeds.
Rotational | Moisture fraction > 1.4 fraction 1.4-0.8 fraction 0.8-0.4 fraction < 0.4
. Mass of
speed of speci- :
- specimen,
min~, mens, g mass g share% mass g share % mass g share % mass g Share %
t=10s %

0 (wsad) 13.2 40.14 29.8 74.240 3.79 9.442 4.41 10.987 249 6.203
9000 13.0 40.1 16.32 40.698 7.71 19.227 7.7 17.880 8.51 21.222
10000 131 40.12 15.64 38.983 7.55 18.819 7.84 19.541 8.11 20.214
11000 13.2 40.04 15.93 39.785 741 18.506 7.73 19.306 8.5 21.229
12000 12.9 39.99 13.92 34.809 8.07 20.180 8.51 21.280 9.5 23.756
13000 13.0 40.09 11.02 27.488 8.65 21.576 8.7 21.701 11.26 28.087
14000 13.1 39.98 5.75 14.382 9.06 22.661 8.75 21.886 16.07 40.195
15000 129 40.02 4.52 11.294 9.28 23.188 9.16 22.889 16.78 41.929
16000 13.0 40.03 54 13.490 9.65 24.107 9.14 22.833 14.71 36.747
17000 13.2 40.15 6.17 15.367 9.84 24.508 9.73 24.234 14.18 35.318
18000 13.1 39.99 5.67 14.179 9,59 23.981 9.99 24.981 14.64 36.609
18000
=305 13.0 40.07 5.25 13.102 9.87 24,632 9.08 22,660 15.54 38.782

Table 2. Descriptive statistics of mass percentage share of the tested rye straw fractions for rotational speeds from 0 to 18.000 for testing time 10sec.

Lower Upper
Variable Mean Median Minimum Maximum quartile quartile Range
fraction > 1.4 29.520 27.488 11.294 74.240 14.179 39.785 62.946
fraction 1.4-0.8 20.563 21.576 9.442 24.508 18.819 23.981 15.066
fraction 0.8-0.4 20.683 21.701 10.987 24.981 19.306 22.889 13.995
fraction < 0.4 28.319 28.087 6.203 41.929 21.222 36.747 35.726
Standard Confidence limit Confidence limit Variabiit
Variable Variance deviation Standard deviation | Standard deviation . coefficier):t Data skew Curtosis
-95.00% +95.00%

fraction > 1.4 360.58 18.989 13,268 33.324 64.327 1,300 1.9806
fraction 1.4-0.8 18.50 4.301 3.005 7.548 20.917 -1.870 4.3669
Fraction 0.8-0.4 14.85 3.853 2.692 6.763 18,630 -1.688 3.6968
Fraction < 0.4 119.13 10.915 7.626 19.155 38.542 -0.606 -0.0923

3.853%. This dispersion is considered to be significant as the relative
measure of variability (v) is maximally 64.327 % for fraction (>1.4)
mm, and minimally 18.63% for fraction (0.8—-0.4) mm (Tab. 2).

The highest diversity of the fraction mass percentage share for
different values of rotational speed (from 0 do 18.000) min’, in test-
ing time 10 seconds, was characteristic of fraction (>1.4) mm (range
from 10.513 do 48.509) and fraction (<0.4) mm (from 17.404 do
39.234). The lowest diversity characterizes fractions (1.4-0.8) mm
and (0.8-0.4) mm (from about 16.5 to app. 24.5) (Fig. 4).

The results of Shapiro-Wilk test for rye straw dust fraction (>1.4)
mm, for rotational speeds in the range (0...18.000) min™! and testing
time 10 seconds, indicate its distribution normality (W=0.083708,
p=0.02892). For the analyzed fraction, the lower quartile is equal to
14.179%, which means that 25% of all the obtained results was below
this value. The upper quartile is equal to 39,785%, hence 25% of all
the results is found to be above this value.

The results of Shapiro-Wilk test for rye straw dust fraction (1.4—
0.8) mm for rotational speed in the range (0...18.000)min' and test-
ing time 10 seconds, indicate its normal distribution (W=0.80469,
p=0.01084). The lower quartile for this fraction is equal to 18,819%,
and the upper one is 23.918%.

The results of Shapiro-Wilk test for rye straw dust fraction (0.8-
0.4) mm for rotational speed in the range (0...18.000)min"! and test-
ing time 10 seconds, indicate its normal distribution. (W=0.85496,
p=0.04953). The lower quartile for this fraction is equal to 19.306%,
and the upper one is 22.889%.

The results of Shapiro-Wilk test for rye straw dust fraction (<0.4)
mm, for rotational speeds in the range ((0...18.000) min! and test-
ing time 10 seconds, indicate lack of its distribution normality
(W=0.92245, p=0.33961). For the analyzed fraction the lower quartile
is equal to 21.222%, and the upper one is 36.747%.

The value percentage share of rye straw dust fraction (>1.4) mm
is strongly negatively correlated with the rotational speed increase in
the range (0...18.000)min' (r=—0.96) which means that the percent-
age share of fraction (>1.4) mm in the whole sample mass decreases
along with an increase in rotational speed (Fig. 5). This dependence is
described by regression equation:

fraction >1.4 = 74.682 — 0.0037 -®

The value percentage share of rye straw dust fraction (1.4-0.8)
mm is strongly positively correlated with rotational speed increase in
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Diagram of scatter fraction =1.4 for rotational speed
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Fig. 5. Diagram of scatter for rye straw dust fraction (> 1.4) mm for rotational
speed of the range (0...18.000)min”" and testing time 10 s.

Diagram of scatter fraction 1.4-0.8 for rotational speed
Fraction 1.4-0.8=10.1539+0.0008x; 0.95 Confidence Limit

26

2

- (X
o =

Fractions1.4-0.8
>

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
rotational speed

8 c
-2000 0

Fig. 6. Diagram of scatter for rye straw dust fraction (1.4-0.8) mm for rota-
tional speed of the range (0...18.000)min™" and testing time 10 s.

Diiagram of scafter fraction 0.8-04 for rotational speed
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Fig. 7. Diagram of scatter for rye straw dust fraction (0.8—0.4) mm for rota-
tional speed range (0...18.000)min™! and testing time 10

the range (0...18.000)min"'(r=-0.98) which means that the share of
fraction (1.4-0.8) mm in the whole sample mass increases along with
an increase in rotational speed (Fig. 6). This dependence is described
by regression equation:

fraction 1.4-0.8 = 10.1539 + 0.0008 -®

The value percentage share of rye straw dust fraction (0.8-0.4)
mm is strongly positively correlated with rotational speed increase in
the range (0...18.000)min"! (r=—0.99) which means that the share of
fraction (0.8-0.4) mm in the whole sample mass increases along with
an increase in rotational speed (Fig. 7). This dependence is described
by regression equation:

fraction 0.8-0.4 = 11.2577 + 0.0008 - ®

The value percentage share of rye straw dust fraction (<0.4) ) mm
is strongly positively correlated with rotational speed increase in the
range (0...18.000)min"! (r=—0.90) which means that the share of frac-
tion (<0.4) mm in the whole sample mass increases along with an
increase in rotational speed (Fig. 7). This dependence is described by
regression equation:

fraction < 0.4 = 3,951 + 0.002 -®

Also a comparative analysis of changes in mass percentage share
of particular fractions has been performed through multiple grinding
and for constant rotational speed 18.000min!, for different testing
times (10 and 30) s (Tab. 5). The obtained data shows that the per-
centage share of fraction (>0.8-0.4) mm decreases along with the
process duration and the percentage share of fraction (0.25-0.4) mm
increases, especially dusts (<0.25) mm (Tab. 5, Fig. 8).

Diagram of scatter fraction <04 for rotational speed
Fraction <04=3.951+0.002x; 0.95 Confidence Limit
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Fig. 8. Diagram of scatter for rye straw dust fraction (< 0.4) mm for rotation-
al speed in the range (0...18.000)min" and testing time 10 seconds.
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Fig. 9. Grain distribution for Specimen 2
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Table 3. Mass and percentage shares of dimensional fractions from the analysis of Specimen no.2, (the second micro-milling)

nearly 96% of the tiniest frac-

tion (<0.40) mm.
Size of sieve mesh Mass of fraction | Mass of fraction | Mass of fraction Mean mass Percent Along with an increase in
d (mm) m; (9) m; (9) ms (g) Mg (9) % rotational speed the percentage
0<d<0,25 32.95 3248 32,97 32.80 82.00 share of fraction (<0.4) mm in
the whole mass of the speci-
0,25<d<0,4 5.98 5.95 5.96 5.96 1491 men increases ( experimentally
0,4<d<0,8 0.62 0.82 0.52 0.65 1.63 even by 21%). The second mi-
0,8<d 045 0.75 0.55 058 1.46 cro-milling of the product pro-

6. Conclusions

The carried out tests and analysis have proved that application
of a micronizer in the process of preparation of biomass to be co-
combusted with coal provides numerous benefits. Besides, thanks to
the tests the influence of operating characteristics of the micronizer on
the process quality improvement has been defined.

In the first micro-milling of straw particles the percentage share of
rye straw dust highest fraction (>1.4) mm is strongly negatively corre-
lated with an increase in rotational speed in the range (9.000... 18.000)
min~' (r=—0.96). This means that the percentage share of fraction
(>1.4) mm in the product entire mass increases along with an increase
in angular velocity (experimentally by 28%).

Whereas, the percentage share of rye straw dust fraction (1.4-0.8)
mm is strongly positively correlated with angular velocity increase in
the range (9.000...18.000)min™" (r=0,98) which means that the share
of fraction (1.4-0.8) mm in the entire sample mass increases along
with an increase in angular velocity

The share of the smallest fraction value (<0.4) mm of rye straw
dust is strongly positively correlated with rotational speed increase
in the scope of (9.000...18.000)min"!(r=0.90). The share of fraction
(<0.4) mm in the total mass of the sample increases along with rota-
tional speed (in experimental range even by 21%). The second micro-
milling of the product provides satisfactory qualitative results: totally
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INDEXING ACCURACY RELIABILITY SENSITIVITY ANALYSIS
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ANALIZA WRAZLIWOSCIWSKAZNIKA NIEZAWODNOSCI

W ZAKRESIE DOKLADNOSCI INDEKSOWANIA GLOWICY NARZEDZIOWE)J

ZNAPEDZANYMI NARZEDZIAMI

Power tool turret (PTT) is one of the most key parts of CNC (Computer Numerical Control) turning center and CNC turning and
milling machining center. Therefore, it is very important for improving these two types of machine tools’ reliability to explore the
indexing accuracy reliability of PTT and its sensitivity. To analyze the indexing accuracy reliability sensitivity of PTT, the angular
displacement error of the rotating gear disc is discussed based on the measurement uncertainty theory. The tooth thickness wear
process of the fixed gear disc, the rotating gear disc and the lock gear disc are modeled using Gamma process of which the param-
eters are estimated. The indexing error of PTT is formulated by employing the BP neural network and validated by the experiment
data. Then, the indexing accuracy reliability equation of PTT is derived and its sensitivity to the mean and the standard deviation
of random variables or wear stochastic processes is analyzed. The results show that the presented indexing accuracy reliability
and its sensitivity of PTT are effective.

Keywords: power tool turret; indexing accuracy, reliability analysis; wear; finite element.

Glowica narzedziowa z napedzanymi narzedziami (ang. power tool turret, PTT) stanowi jedng z kluczowych czesci sterowanych
komputerowo tokarskich i tokarsko-frezarskich centrow obrobczych CNC. Dlatego tez dla poprawy niezawodnosci tych dwoch
rodzajow obrabiarek istotne jest badanie niezawodnosci w zakresie doktadnosci indeksowania glowicy PTT oraz wrazliwosci
wskaznika niezawodnosci. Dla celow analizy wrazliwosci wskaznika niezawodnosci w zakresie doktadnosci indeksowania glowi-
¢y PTT, omowiono blqd przesuniecia kqgtowego obrotowej tarczy narzedziowej w oparciu o teorig niepewnosci pomiaru. Proces
zuzycia Sciernego z¢bow tarcz narzedziowych: stalej, obrotowej oraz uchwytowej, zamodelowano przy uzyciu procesu Gamma o
szacunkowych parametrach. Blgd indeksowania PTT obliczono przy zastosowaniu sieci neuronowej BP i zweryfikowano na pod-
stawie danych doswiadczalnych. Nastgpnie wyprowadzono réownanie niezawodnosci w zakresie doktadnosci indeksowania PTT
oraz przeprowadzono analiz¢ wrazliwosci wskaznika niezawodnosci na sredniq i odchylenie standardowe zmiennych losowych
lub procesow stochastycznych zuzycia. Wyniki pokazaly skutecznos¢ omawianej analizy niezawodnosci w zakresie doktadnosci
indeksowania PTT oraz wrazliwosci wskaznika niezawodnosci.

Stowa kluczowe: glowica narzedziowa z napedzanymi narzedziami, dokladnos¢ indeksowania; analiza nieza-
wodnosci, zuzycie; elementy skonczone.

1. Introduction

CNC machine tool is the most key equipment in the manufactur-
ing industry. Its output and technical level imply the advancement and
competitiveness of the manufacturing industry of one country. The
sale of the machine tools manufactured in China is about 31% of the
world total amount in 2010 [7]. However, the most of these machine
tools belong to the low-level one which own lower machining ac-
curacy and manufacture the simpler mechanical part. For example,
the ratios of the high-level, middle-level and low-level CNC machine
tools manufactured in China are 2%, 18% and 80% respectively in
2009 [10]. The high-level CNC machine tools used in China are most-
ly from the other countries. One of seasons causing the situation is the
low reliability of the high-level CNC machine tool manufactured in
China. Therefore, it is very important to improve the key function unit
reliability of the high-level CNC machine tool.

The CNC machine tool reliability has been investigated by a lot
of researchers and many fruits have been given. The fruits might be
summarized as the following fields. The first is the CNC machine tool
reliability assessment based on the fault time data, such as [3, 11, 21,
22]. The main work is to identify the distribution type of the fault time
data and estimate the parameters. It was reported that the time be-
tween faults of the CNC machine tool could be described by Weibull
distribution or exponential distribution well [5, 19, 21]. The reliability
assessment of the CNC machine tool was also investigated when the
data of the time between faults was collected by the fixed or random
time censoring test [2, 20]. For the small sample of the time between
faults, the reliability assessment has also been investigated. For exam-
ple, the neural network was trained by the existed data to generate the
new data [6]. The second is to analyze the effect of the CNC machine
tool fault mode or the function part on the whole reliability. There was
a direct method used by Jia YZ et al [1, 17] where the fault modes
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were ranked according to the occurrence frequency and the key fault
modes were analyzed to decrease their occurrence rate. The third is
CNC machine tool reliability allocation. The new reliability allocation
method should be explored because CNC machine tool could not be
supposed to be a series or parallel system generally. The new method
should be based on the character of the CNC machine tool. For exam-
ple, the failure rate allocation method was presented by Wang YQ et
al [18] to determine the reliability of fifteen subsystems of CNC lathe.
Moreover, the allocation method based on the optimization theory
was presented by Wang JL et al [16]. The fourth is the reliability de-
sign of the mechanical part. There were some documents where the
reliability was formulated according to the fault or failure mechanism
and calculated by the reliability analysis method. For example, the
fatigue strength reliability analysis method was used to analyze the
machine tool part [4]. The kinematic error of the machine tool or part
was modeled and its reliability was analyzed when the kinematic er-
ror included the stochastic variables, such as [3]. The reliability-based
optimization design of the ball screw and nut has also been investi-
gated by Sun KZ et al [12]. Here, the goal function was to minimize
the volume and the constraint conditions included the contact fatigue
and stiftness reliability. The last is the acceleration reliability test and
assembly reliability analysis, such as [23, 24].

Power tool turret (PTT) is one of the most key function parts of
CNC turning center and CNC turning and milling machining center.
It is mainly from the foreign country in the mainland of China and
is being researched by some Chinese companies. But, its perform-
ance and reliability are very low. To improve the reliability of PTT
manufactured in China, a Key National Science & Technology Spe-
cial Project has been carried out since 2010. Its objective is to increase
the mean time between failures (MTBF) from 1500 to 2250 hours.
Moreover, the published document about the PTT reliability has never
been found as the best knowledge of the authors. Therefore, the index-
ing accuracy reliability and its sensitivity will be investigated in this
work.

2. Indexing accuracy reliability and its sensitivity of
PTT

The considered PTT is composed of the power system, the index-
ing system and the tool disk. It was designed and machined by
Shenyang Machine Tool (Group) Co. , Ltd of China. Its exter-
nal view is shown in Fig. 1. The power of the milling is of-
fered by the power system. The indexing system is employed
to change the tool according to the machining requirement.
Here, the twelve tools can be chosen based on the machined
mechanical part and set up to the tool disk before the machin-
ing process. The structure of the indexing system is shown in
Fig. 2. The indexing system includes gear disc system, hydrau-
lic lock system, transmission and control system. According to
the structure characteristic of the considered PTT, the indexing
accuracy is determined by the gear discs system and lock force
mainly. The gear discs system consists of the rotating gear disc,
the fixed gear disc and the lock gear disc. Its three-dimensional
drawing is shown in Fig. 3.

2.1. Distribution and parameter estimation of angular
displacement error of rotating gear disc

The rotating gear disc is fastened to the output shaft of
transmission shown in Fig. 3. Therefore, the angular displace-
ment error of rotating gear disc is equal to that of the output
shaft of transmission. It is composed of the one-way angular
displacement error and backlash angular displacement error of
transmission and its detailed effect term is shown in Tablel.

The measurement uncertainty theory is employed to estimate the
standard deviation of the angular displacement error of rotating gear
disc. The combined measurement uncertainty of the angular displace-
ment error of the rotating gear disc is

u(8)= u(5¢)2+u(5¢)2 (1)

u(éq,) and u(6¢) are the one-way angular displacement combined
measurement uncertainty and the backlash angular displacement
combined measurement uncertainty of the transmission system re-

spectively. u (5(;7) is calculated by:

u(6y)- J[u(%)f {“(%I)T{“(%32)}2{“(%1)}2 {u(%zz)T{u(édjn)T

i34 i34 B34003 I34i23 i34p3112

()

where u (5¢nm) is the combined measurement uncertainty of the driv-
ing (m=1) or driven (m=2) gear on the nth shaft. The first shaft is the
output end of the servo motor. The last one (n=4) is fasten to the rotat-
ing gear disc. i, (1<n'<3) is the transmission ratio of the n'th-stage

transmission. u(5¢) is

u(6¢):\/u2(6¢3)+‘w+“2(5¢1) 3)

u (5¢,-) is the backlash combined measurement uncertainty of the ith-
stage transmission. The calculation process of u(5¢nm) and u(5¢i)
is described in detail in the master thesis wrote by Li ZY (This work
is supervised by Zhang YM and Li CY) [9]. Here, the manufacture
errors of the gear and the shaft and the shaft radial run-out in running
are assumed to fellow the normal distribution and are independence
mutually. Therefore, the angular displacement error of the rotating
gear disc fellows the normal distribution N(0, u(5) ).

Fig. 1. External view of the considered PTT
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Table 1.  Effect term of angular displacement error of rotating gear disc

Gear manufacture error

One-way rota- | Shaft manufacture error

tion error Gear-Shaft assembly

error

gear pair center dis-

Angular displacement error
tance error

of rotating gear disc

Gear manufacture error

Backlasherror | Gear-shaft assembly

error

Shaft radial run-out in
running

2.2. Distribution and parameter estimation of other random
variables

The other random variables of the indexing accuracy reliability
formulation of the considered PTT are listed in Table2. The radial

direction error is defined as the offset between the axis of the fixed
or lock gear disc and the axis of the rotating gear disc. The verticality
error describes the offset between the plane of the gear disc and the
plane being vertical to the axis of the rotating gear disc. The radial
direction error or the verticality error is described by a vector. The
vector includes two parameters: mode and direction angle. The error
is defined as the different between the designed value and the actual
one. In the machining process of the parts of PTT, there are a lot of
the stochastic factors, such as the manufacture and the assembly error
of the machine tool parts, the environment temperature and vibration,
the electric current stochastic fluctuation etc. Therefore, the direction
angle of the radial direction error or the verticality error is supposed
to follow the uniform distribution U(0,27). The others are assumed
to follow the normal distribution of which the mean is zero and the
standard deviation is estimated by the corresponding B type measure-
ment uncertainty.

2.3. Random variables wear of PTT

The indexing accuracy of PTT should deteriorate due to wear of
some random variables listed in Table2 among the operating process.
The wear process is a continuous-time and continuous-state stochastic
process. It is also a monotone increasing stochastic process because it
cannot be decreased by itself. For the stochastic deterioration process
to be monotonic, we can best consider it as a gamma process [13,14].
Therefore, the Gamma process is employed to formulate the random
variable deterioration process in this work.

A Gamma process is a stochastic process with independent, non-
negative increment having a gamma distribution with an identical
scale parameter. It is a continuous-time and continuous-state stochas-
tic process. Let {X(7), 220} be a Gamma process. It is with the follow-
ing properties [8, 15]:

(1) X(0)=0 with probability one,
2) X()-X(@)~G(x|v(t)—v(t),u),VT>t20,
(3) X(t) has independent increments.
where v(7) is the shape function which is a non-decreasing, right-con-

tinuous, real-valued function for ¢>0 with v(0)=0, u>0 is the scale
parameter, and G(-) is the Gamma distribution.
Let X(¢) denote the wear of a certain random variable at time ¢,

t>0. In accordance with the definition of the Gamma process, its
probability density function is given by:

uv(t)xv(t)—l exp(_ux)

L(v(0)

Sxx)= 110,00y (%) “

where I'(+) is the Gamma function, 7 ,(x)=1 for xe 4 and 7,(x)=0
for x ¢ 4. Its expectation and variance are respectively expressed as:

E(X(0) =% )

E(x (- ECran?) =22
u ©)

Empirical studies show that the expected wear at time ¢ is often
proportional to a power law [15]:

b
E(X (1) = % —at’ it o

where a>0 (or ¢>0) and »>0. They are estimated by the expectation of
Gamma process being equal to the theoretical calculation wear of the
corresponding random variable.
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Table 2. Random variables and their distribution of PTT

where the unit is meter. In the locking (loosening)

process of PTT, the force P between two contact

Part Variable Unit Distribution symbol tooth surfaces changes from zero to the end force
tooth profile-half . N(0,0.01112) X value P, (from P, to zero). The two contact tooth
angle error surfaces slide relatively and should deform due to
tooth direction error ° N(0,0.01082) X, the force P. The relationship between the stress
tooth thickness error m N(0,0.0001412) X5 being Vertlc.:al to thg c.ontact tooth surface and the
corresponding strain is:
lock gear m N(0,0.00002442) X
di radial direction error
Isc rad u(0,2m) X5 o =Es (10)
m N(0,0.09322) Xg
verticality error )
rad u(0,2m) Xz where o, € and E are the stress, the strain and
angular displacement i N(0.0.0284 Xg elasticity modulus respectively. 'The force be-
error (0,0.02842) tween two contact tooth surfaces is:
tooth profile half- R Xo
angle error N(0,0.01112) P=Ao = AE¢ (11)
tooth direction error ° N(0,0.01862) X10 . )

- The corresponding tooth thickness deforma-
rotatin tooth thickness error m N(0,0.00012482) X tion of the lock gear disc and the rotating gear
gear difc axial error m N(0,0.000004562) X12 disc or the fixed gear disc are Asp =s;e and

o m N(0,0.004862) X3 ASF,R =SpRE respectively. SER = 6.29mm is
verticality error the mean tooth thickness of the rotating gear disc
rad u(0,2m) X14 .
o disol or the fixed gear disc.
angular e|rsr;;racement o N(0,0.03182) X15
_ m(219+160)/2-6.29*24 18.5155mm
) ) L= =18.
tooth profile half R N(0,0.01112) X16 24
angle error . . .
— . is the mean tooth thickness of the lock gear disc.
tooth direction error N(0,0.01932) X7 The outside and inner circle diameters of the lock
tooth thickness error m N(0,0.0001412) Xig gear disc are 219mm and 160mm respectively.
dld m N(0,0.000007672) X1 The total tooth number of the gear disc z is 24.
i radial direction error The sliding friction B = uP where u=0.1 is
flxe(;:sgcear rad uU(0,2m) X0 g F=H H
axial error m N(0,0.000004172) Yoy ‘Fhe sliding frlctlon coefﬁc1§nt. Then, at the lgck—
ing (loosening) end (start) time, the force P is:
m N(0,0.00132) X2
verticality error
rad u(0,2m) Xo3 F,
lar displ B=——Y (12)
angular displacement o N(0,0.02082) X24 z(,ucosa + sma)
error
lock pressure MPa N(6.61899959,0.033095002) X35

The wear of PTT is due to the relative sliding between two me-
chanical parts. It is belong to adhesive wear according to the wear the-
ory. Therefore, Archard equation is used to calculate the wear mean of
the random variables such as tooth thickness. It is:

AV:Kﬂ ®)
3H

where AV, K, P, L and H are the total wear volume, the wear con-
stant, the force between the friction pair, the relative sliding distance
and the yield limit of the material of which the hardness is lower in
the friction pair respectively. The total wear volume is proportional to
the force between the friction pair from Eq. (8). Therefore, only the
tooth thickness wear of the rotating gear disc, the fixed gear disc and
the lock gear disc is considered in this work.

A is denoted by the contact surface area between two meshing
teeth of the lock gear disc and the rotating gear disc or the fixed gear
disc in the locking or loosening process. Then, the wear depth of one
tooth is:

A =K— )

where:

2 2
Fy=4><106(pa)77:[(1792'96j —(%) ]x10‘6(m2)—56533.5881N

is the total hydraulic lock force. 179.96 and 119.96 are the diameters
of the hydraulic cylinder and the piston rod respectively. Here, the
pressure angle ¢ is 30°. In one locking or loosening process, the total
tooth thickness normal deformation of the lock gear disc is:

Asyy = (Fy);z,
z(pcosa +sina
(13)
and that of the rotating or fixed gear disc is:
F. SF R
Aspri = . — (14)

z(pcosa +sina) AE

Then, in one locking or loosening process, the total relative slid-
ing distance between the lock gear disc and the fixed or rotating gear
disc:
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_AspritAspy F, (SF,R +SL)

L =
! sin(o) AEzsin(o) ([ cosaL +sinat )

(15)

dL is denoted by the relative sliding infinitesimal when the force be-
tween two contact tooth surfaces is P. According to Eq. (9), the cor-
responding tooth thickness wear is:

=X gp (16)
AH

Eq. (16) is integrated and the total tooth thickness wear of one
locking or loosening process of the gear disc is:

AT = LlKPdL

IR an

The relative sliding distance at any time in the locking or loosen-

Aspg +As
ing process L = —ER L 2(AsF R+ AvL) . Then, dL is:
sin(a) ’
dL = 2d(Asgg +Asy ) (18)

where dAs; =desp =spde and dAspg =despr =sprde . Using

o)
de = do A ar , Eq. (18) is transformed into:

E E  EA
dP
dL =2(spp +51 |]—
(ser L)EA (19)

Then, Eq. (17) is written to:

A7 =)t 2KP(sp +5.) dp _ KR (ser +51) (20)

0 AH EA HEA?

In the considered PTT, the contact surface area between two

meshing teeth A4 =136.44mm? , elasticity modulus £=206GPa. The
yield limit H/=685MPa where the material of the gear disc is 20CrMo.
P=4015.6085N by Eq. (12). The wear constant K=4.5x10"%. Using
Eq. (20), the total tooth thickness wear of one locking or loosening
process of the gear disc is 6.8521x10711.

The time spent on one locking or loosening process is 0.3 second
from the specified parameter of the considered PTT. The tooth thick-
ness wear is directly proportional to the relative sliding distance. The
relative sliding distance is directly proportional to the sliding period
of time where the locking or loosening velocity is constant. There-
fore, the tooth thickness cumulative wear is directly proportional to
the cumulative locking and loosening time ¢. The relationship between
the tooth thickness cumulative wear and the cumulative locking and
loosening time is formulated by:

Xy = 2.2840x1071% 21

where the cumulative locking and loosening time ¢ is different from
the servicing time of PTT. The cumulative locking and loosening time
t is the sum of the time spent in locking and loosening the gear discs
system. The servicing time is the sum of the indexing time, the ma-

chining time and the downtime. The expectation of Gamma process
is assumed to be equal to Eq. (21). That is:

ct” -10
== 22840x1071% (22)
u

Then, the parameters of Gamma process c¢=2.2840x1071" and
u=b=1.

2.4. Indexing accuracy model of PTT

The indexing error of PTT is estimated by the finite element meth-
od. The parametric finite element model of PTT is shown in Fig. 4.
It includes twenty five variables listed by Table2. It could calculate
any one angular displacement error of PTT when the sample includ-
ing twenty five variables is given. For example, when one sample
is [-3.2099x1072, 1.3440x107%, —1.9920x107°, —2.5084x107,

5.2255, —1.4060x107%, 1.1837, 6.8467x107%  —3.1164x1072
6.5976x107°,  —4.8894x107°,  —5.4007x1075, ~ —1.0811x1073,
2.3928x107,  —-2.5873x107%,  —2.6026x1073,  —6.1497x107%,

6.8805x107°, 2.3010x107°, 5.6536, 2.6825x1075, 2.0399x1073,
1.9265, —3.4388x107%, 6.6415x107°], the absolute indexing error of
PTT is equal to 1.1677x1072.

Fig. 4. Parametric finite element model of PTT

The BP neural network is employed to formulate the relationship
between the absolute indexing error of PTT and twenty five random
variables. The training samples are offered by the parametric finite
element model of PTT. The learning result is:

1 100

I wy (/)
N expl—(w;X + by)] =ht X { 25

y=by+
T 1 exp| =X W (DX = by ()
i=1
(23)
where by, wy, by and w, are the threshold and the weight between the
hidden layer and the input layer, the threshold and the weight between
the hidden layer and the output layer respectively. y is the output of
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Table 3. Actual measurement values of the absolute indexing error of PTT

station
1 2 3 4 5 6 7 8 9 10 11 12
measurement number
clockwise 1 24.6 231 25.2 226 19.1 19.2 16.9 14.2 12.1 15.8 12.5 19.1
anticlockwise 1 235 22.1 19.5 22.2 15.1 18.6 15.2 13.6 11.2 15.1 17.7 11.9
clockwise 2 25.2 23.7 25.8 235 20.1 19.8 17 159 13.5 17.1 18.7 20.1
anticlockwise 2 229 234 18.9 229 16.3 19.8 147 14.8 12.8 16.4 18.4 15.8
clockwise 3 26.5 25.2 271 24.6 21 20.7 18.1 16.6 13.8 17.5 19.3 215
anticlockwise 3 25.7 24.2 21.2 23.2 16.8 20.6 16.3 15.5 13.5 17.2 19 14.1
clockwise 4 26.9 258 28 255 224 22 19.1 17.5 15 18.3 19.7 22.1
anticlockwise 4 24.9 24.8 20.8 243 16.7 20.5 153 14.9 13.2 17 174 18.9
clockwise 5 28 27 29.3 26.5 233 22.6 20.1 18 15.3 19.3 20.6 23.2
anticlockwise 5 245 26.2 20.7 23.1 17.3 21.8 17.1 17 14.7 18.3 20.5 135

the trained BP neural network and belongs to the set [-1,1]. The input
set X is obtained by processing the input training samples from its
original range to the range [-1 1]. The actual absolute indexing error
(angular displacement error) of PTT is:

, v+l

y = T(ytmax = Ytmin) + Yimin (24)

where y ., and y,;, are the output maximum and the output mini-
mum of the training sample respectively. The twenty five variables are
sampled according to their distributions. The samples size is 25x1000.
Then, the absolute indexing errors are calculated by Eq. (24). Their
mean and standard deviation are 20.9925" and 4.5328 respectively.
The 120 actual measurement values of the absolute indexing error
of PTT are shown in Table3. Their mean and standard deviation are
19.7142" and 4.2469 respectively. Therefore, the absolute indexing
error model of PTT described by Eq. (24) is acceptable.

2.5. Indexing accuracy reliability and its sensitivity of PTT

The indexing accuracy reliability of PTT is estimated by the reli-
ability perturbation method which is proposed by Zhang YM and is
described in detail in the document [25].The indexing accuracy reli-
ability could be estimated by:

R(B(1))=P[g(X())>0]=1-F(-B()) (25)

where f() is the reliability index, g(X(¢)) is the state function and
the function F(s) is:

0,

1 e
3
Og

F<y>—d><y)—¢<y){;§§H2<y>+24[zi—3JH3<y>+;2[ jH5<y>+---

(26)

O (-) and ¢(-) are the cumulative probability function and the prob-
ability density function of the standard normal distribution respec-
tively. o, , 6, and n, the standard deviation, the third and the fourth
order center moment of the state function. H(*) is the jth Hermite pol-
ynomial. If R((r)) is more than 1 using Eq. (25), it is estimated by:

R(B®))-2(B())

R (B)=R(B(®))-
)= k(70) {1+[R(B®)-®(B®))]B(2)

}ﬁ(t) @7

The indexing accuracy reliability curve of the considered PTT is
shown in Fig. 5. The star is the results of Monte Carlo simulation.
The solid curve is the calculated values of the reliability perturbation
method. It could be seen that the different between Monte Carlo simu-
lation and the reliability perturbation method is very small. Moreo-
ver, the reliability calculated by the reliability perturbation method is
slightly less than zero among the period of time where the reliability
decreases from positive number to zero in Fig. 5. It might be a numeri-
cal computation error.

The indexing accuracy reliability sensitivity of PTT to the mean
and standard deviation of the random variables listed in Table2 and
the wear processes could be calculated by Eq. (28) and (29) respec-
tively:

OR(1) _ OR(B(1) 9B() OHs(®)
X'ty 0B oug() X" (1)

(28)

oR __| OR(B(®) 3B(1)  OR(B(1))

avar(X(1) | 9B() doy(t)  do,()

0o 4(1)
6Var(X(t)) (29)

The detail description about Eq. (28) and (29) is introduced in
[25]. The indexing accuracy reliability sensitivity of the considered
PTT to the random variable’s and the wear process’s means is shown
in Fig. 6. The sensitivity to the standard deviations is described in Fig.
7. Here, the subfigures (1), (2), ...... , (25) are the sensitivity curves
to the means or the standard deviations of x;, x,, ...... , X5 respectively.
The sensitivity to the means or the standard deviations of the tooth
thickness wear processes of the lock gear disc, the rotating gear disc
and the fixed gear disc are shown by the subfigures (26), (27) and (28)
in Fig. 6 or Fig. 7 respectively.

From Fig. 6, it could be seen that (1) the sensitivity to the mean
of some random variables is less than or equal to zero. These random
variables include the direction angle of the radial direction error and
the angular displacement error of the lock gear disc, the verticality
error’s mode and the angular displacement error of the rotating gear
disc, the mode and the direction angle of the verticality error of the
fixed gear disc and the tooth thickness wear of any one gear disc. The
sensitivity of other random variables is more than or equal to zero. (2)
With the increase of the cumulative locking and loosening time, the
variation trend of the absolute sensitivity to the mean of all random
variables increases gradually and then decreases to zero. (3) The fluc-
tuation range of the sensitivity to the mean of the rotating gear disc of
the fixed gear disc is the largest.
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Fig. 6. Indexing accuracy reliability sensitivity of the considered PTT to the
mean of the random variables and their deterioration processes

From Fig. 7, it could be seen that (1) With the increase of the
cumulative locking and loosening time, the variation trend of the sen-
sitivity to the standard deviation of all random variables decreases
to the negative maximum firstly, gradually increases to the positive
maximum subsequently and then decreases to zero finally. (2) The
fluctuation range of the sensitivity to the standard deviation of the
rotating gear disc of the fixed gear disc is the largest too.

According to the above calculated results, the indexing accuracy
reliability of the considered PTT could be improved by increasing
(decreasing) the mean of one of the random variables and the wear
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Fig. 7. Indexing accuracy reliability sensitivity of the considered PTT to the stand-
ard deviation of the random variables and their deterioration processes

stochastic processes to which the sensitivity is less (more) than or
equal to zero when all parameters of other random variables are in-
variant. It implies that the corresponding design values, machining
accuracy or wear should be decreased (increased) to improve the in-
dexing accuracy reliability of the considered PTT. For example, the
verticality of the fixed gear disc, which includes mode and direction
angle, should be decreased and the tooth thickness of the gear disc
should be increased.

If increase (decrease) the standard deviation of any one random
variable or wear stochastic process when all parameters of other ran-
dom variables are invariant, the indexing accuracy reliability of the
considered PTT should be improved among the service early stage
and should be reduced among the service middle stage. It means that
the machining accuracy or wear should be improved (reduced) to in-
crease (decrease) the standard deviation.

3. Conclusions

The indexing accuracy reliability and its sensitivity of PTT were
presented in this work. The deterministic indexing error formulation
including twenty five variables was formulated by the finite element
method and BP neural network. The indexing accuracy reliability
estimated by the reliability perturbation method was compared with
Monte Carlo simulation and is acceptable. According to the indexing
accuracy reliability sensitivity, the scheme was proposed to improve
the indexing accuracy reliability of the considered PTT. A section of
the scheme has been adopted and the reliability of the considered PTT
has been improved observably.
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ASSESSMENT OF THE IMPACT OF DYNAMIC STATES
OF AN INTERNAL COMBUSTION ENGINE ON ITS OPERATIONAL PROPERTIES

OCENA WPLYWU STANOW DYNAMICZNYCH SILNIKA SPALINOWEGO
NA JEGO WLASCIWOSCI UZYTKOWE*

Internal combustion engines as systems described by non-linear models do not have any properties that would not depend on their
current states. The paper presents results of testing an automotive engine in dynamic states determined by the vehicle acceleration
sign in vehicle driving tests simulating the real operation of passenger cars. During the tests, pollutant emission rates and fuel
flow rates averaged for specific vehicle states were examined. The processes under investigation were found to be highly sensitive
both to the dynamic states and to the types of the vehicle driving tests.

Keywords: internal combustion engines, pollutant emissions, vehicle driving tests, dynamic states.

Silniki spalinowe jako uklady opisywane modelami nieliniowymi nie majg wilasciwosci niezaleznych od stanéw, w jakich si¢
znajdujg. W pracy przedstawiono wyniki badan silnika samochodowego w stanach dynamicznych zdeterminowanych znakiem
przyspieszenia pojazdu w testach jezdnych symulujgcych rzeczywistq eksploatacje samochodow osobowych. Badano usrednione w
tych stanach: natgzenie emisji zanieczyszczen i natezenie przeplywu paliwa. Stwierdzono znaczng wrazliwos¢ badanych procesow

zaréwno na stany dynamiczne, jak i na rodzaje testow jezdnych.

Stowa kluczowe: silniki spalinowe, emisja zanieczyszczen, testy jezdne, stany dynamiczne.

1. Introduction

In general, real objects described by non-linear mathematical
models considered satisfactorily consistent with the subject of model-
ling [9] have no properties that would be independent of the objects’
states [8]. The objects of this kind include internal combustion (IC)
engines. Therefore, the degree of generality of the IC engine research
tasks must be limited. In particular, in the case of IC engines being in
dynamic states, some constraints in the form of specific test proce-
dures adopted, e.g. a definite class of the processes assumed as engine
operation conditions or a special method of processing the test results,
such as averaging within the range of process values, must be im-
posed on the system under investigation.

The operational properties of IC engines (for constant engine
steering characteristics) are chiefly determined by the quantities that
characterize the engine work intensity, described as the effective
power output, and the thermal engine state defined by the tempera-
tures of engine parts and systems [8]. The quantities characterizing
the engine work intensity are usually described by engine torque out-
put, representing the engine load, and engine crankshaft speed [8].
This description may also be supplemented with the current setting of
engine steering as another engine load indicator. These three quanti-
ties, i.e. engine steering setting “s”, engine torque output “M_”, and
engine crankshaft speed “n”, depend on each other. For static states,
this interdependence is represented by an elementary function with
numerical values:

F(s,M¢,n)=0 (H

For dynamic states, it takes a form of an operational equation [2]:
3[s:Me.n]=0 )

The load of an IC engine may also be described with the use of the
resistance torque “M,” instead of the engine torque output. For static
states, the following equation obviously holds:

M.=M, A3)
but for dynamic states, we have:
d
a[J(t)Xn(t)]zMe(t)'Mo(t) )
where: t  —time;
J — moment of inertia of the moving engine parts, re-

duced to the crankshaft axis.
Hence, the following functional equation with numerical values
applies to static states:

F(s,My.n)=0 (5)

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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while for dynamic states, it takes the form of an operational equa-
tion:

R[s,M,.n]=0 (6)

In dynamic conditions, the operational properties of IC engines
depend not only on the values of the quantities that describe the state
of engine operation but also on the processes of changes in these val-
ues (time histories) [8]. For this reason, the operational properties of
IC engines in static and dynamic conditions may significantly differ
from each other [8].

When the thermal state of the IC engine is stable, the engine prop-
erties in its dynamic states are determined by the engine torque and
crankshaft speed processes. In this connection, the operational prop-
erties of an IC engine in its dynamic states cannot be, in general, un-
equivocally evaluated. However, there is a possibility of considering
the operational properties of an IC engine in certain dynamic states
that may be assumed as elementary states. As one of the possible crite-
ria of qualifying to the elementary dynamic states of an IC engine, the
signs (positive or negative) of derivatives of the states with respect to
time in the whole range of engine operation parameters may be con-
sidered. Thus, the following elementary states of engine operation are
possible as combinations of engine controls setting, resistance torque,
and engine crankshaft speed:

ds dM dn

—>0A—2>0 - —>0

@ Ve T T« ™
E>0/\dM°>0 ; = d—n<0 ®)
dt dt dt
§>0/\%<0; = d—n>0 9
dt dt dt
§<0/\dM°>O; = d—n<0 (10)
dt dt dt
§<0/\dM°<O; = d—n<0 a1
dt dt dt
§<0/\dM0<0; = d—n>0 (12)
dt dt dt

In turn, if the engine torque output is to be taken into ac-
count in the said combinations in place of the resistance torque, then
the possible elementary states of engine operation may be defined as
follows:

ds dM, dn

—>0A >0 = —>0 (13)
dt dt dt
s o aMe ., o dn (14)
dt dt dt
bSooaMe o, o o, (15)
dt dt dt
I oo dMe . o dng, (16)
dt dt dt
$<0/\dMe<0; = d—n<0 (17)
dt dt dt

ds dM dn
—<0A € <0; —>0 18
dt dt & (1)

The use of descriptions (7-12) and (13—18) may also be consid-
ered with respect to the assumed ranges of values of individual proc-
esses. Moreover, there is a possibility of taking into account combina-
tions of engine operation conditions and states defined by the ranges
of values of individual processes, signs of derivatives of the processes
with respect to time, and zero values of the time derivatives with toler-
ance ranges appropriately defined (constant-value processes), e.g.:

ds dM
—>0; —=te
dt dt ¢ 2

for

se [Smin;smax] ne [nmin;nmax] Me € [Memin;MemaX} (20)

In the conditions of stable thermal state of an IC engine, the state
of an automotive engine in the conditions of engine operation in a
moving vehicle is determined by the vehicle speed process [8]. There-
fore, vehicle driving tests may be used to examine the operational
properties of automotive IC engines. Such tests are commonly carried
out within type-approval tests [25, 26] and special tests where special
vehicle traffic conditions are simulated, e.g. those prevailing in urban
traffic congestions (the “Stop-and-Go” test [5]) or in the traffic on
motorways and fast roads (the “Autobahn” test [5]). Obviously, the
results of examination of the operational properties of engines in the
dynamic states that occur at various test procedures will differ from
each other.

The need to examine the operational properties of engines in dy-
namic states has existed for many years. Many publications with re-
ports of works on this subject are issued [1, 3, 4, 6-8, 10-19, 21-24]
but, in principle, there are no standards so far for tests of this type;
only the methods of examining the averaged properties of IC engines
in dynamic states, such as those used at type-approval tests, may be
considered as standards [25, 26].

Most of the works concern the controlling of IC engines with tak-
ing into account dynamic states [4, 12, 14, 17, 23]. In publication [4], a
mathematical model used to simulate the injector operation in a com-
mon rail engine fuelling system has been presented. Monograph [12],
prepared at ETH in Ziirich, shows the present-day state of knowledge
regarding the modelling of working processes in IC engines in respect
of the use of such processes in engine control systems. Publication
[14] is dedicated to the use of a mathematical model of the processes
taking place in the IC engine to control the processes in an HCCI (Ho-
mogenous Charge Compression Ignition) engine. A multidimensional
model used for developing IC engine control algorithms with the ap-
plication of fuzzy logic has been shown in publication [17]. Results of
examination of the parameters of controlling an automotive engine in
real operation conditions have been presented in paper [23].

The properties of automotive IC engines in specific working con-
ditions prevailing during real vehicle operation are examined as well
[15, 16, 19], where e.g. mobile measurement systems PEMS (Portable
Emissions Measurement System) are used. Results of the examination
of pollutant emissions from non-road and automotive engines have
been presented in publications [15] and [16], respectively. The impact
of passenger car motion parameters on fuel consumption and pollut-
ant emissions during real vehicle operation in urban traffic conditions
has been analysed in publication [19].

Some of the works are dedicated to research on the processes
of flows, air-fuel mixture formation, combustion, and formation of
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individual exhaust gas components in IC engines being in dynamic
states [22, 24].

Most of the publications deal with motor vehicle engines; howev-
er, results of the examination of pollutant emissions from a marine IC
piston engine during engine start-up and from an agricultural tractor
engine have been presented in papers [13] and [15], respectively.

At this work, a decision was made to carry out tests with the use of
the test procedures named as “PIMOT tests”, developed by the authors
during the work described in publication [7]. A unique concept of de-
fining appropriate test procedures for the simulation of real conditions
of driving a passenger car [6] was adopted. The vehicle velocity re-
corded in comparable traffic conditions (i.e. in the street congestion,
urban, extra-urban, and high-speed traffic conditions) were treated as
individual realizations of stochastic processes of vehicle velocity in
the traffic conditions under consideration. Based on an analysis of the
stochastic processes, several velocity processes were selected for each
of the types of vehicle motion conditions, with treating individual re-
alizations of a stochastic process as a vehicle driving test for each of
the types of the traffic conditions under consideration. Individual real-
izations of the vehicle speed process were defined in conformity with
the criterion of faithful simulation in the time domain. The vehicle
driving tests were defined based on the similarity of zero-dimensional
characteristics of the stochastic processes of speed in real vehicle op-
eration and in the tests, i.e. the expected values, extreme values, and
variance, taken as a criterion for comparisons.

Figs. 1-4 show the PIMOT vehicle driving tests, with each of
them consisting of four realizations of the stochastic processes of ve-
hicle velocity that characterize the vehicle motion in the following
conditions:

— urban traffic congestions (denoted by “CT”);

— urban traffic without congestions (denoted by “UT”);

— extra-urban (“rural”) traffic (denoted by “RT”);

— high-speed traffic (on motorways and fast roads, denoted by

“HT”).
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2. Methods, object, and results of testing

To assess the impact of dynamic states of an IC engine on its prop-
erties, a research work was done, which was based on tests carried
out in conditions corresponding to negative and positive accelerations
of the vehicle tested. During the tests, pollutant emissions and fuel
consumption were examined. The said impact of dynamic states was
assessed in the conditions of engine operation in a motor vehicle sub-
jected to PIMOT tests.

The test specimen was a Honda Civic passenger car provided with
a spark-ignition engine of 1 396 cm? displacement volume.

The vehicle tests were carried out on a Schenck-Komeg vehicle
chassis dynamometer EMDY 48. The pollutant emissions were ex-
amined with the use of an exhaust gas analysing test stand which in-
corporates a Horiba Mexa 7200 system provided with the following
analysers:

— AIA-721A (carbon monoxide concentration);

AIA-722 (carbon dioxide concentration);
MPA-720 (oxygen concentration);
CLA-755A (nitrogen oxides concentration);
FIA-725A (hydrocarbon concentration).

The processes subjected to investigation included the intensity of
flow of the fuel consumed by the engine and the pollutant emission
intensity. The signals were synchronized at the location where the
exhaust gas was taken off, downstream of the multifunctional cata-
lytic reactor; the delays in individual signals related to the exhaust gas
analysis process were taken into account and the fuel flow intensity
was determined from the balance of carbon mass in the signals of
exhaust gas component emission intensity. The signals under investi-
gation were pre-processed for gross errors to be eliminated and for the
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share of high-frequency interference to be reduced. The measurement
results were sampled with a frequency of 10 Hz and then averaged
for 10 subsequent samples. Thus, the sampling interval for the sig-
nals processed was equal to 1 s. The gross errors were identified by
the method of analysing the current variance of measurement results.
For the share of high-frequency noise in the signals to be reduced, a
Golay-Savitzky low-pass filter [20] was used, where both-side ap-
proximation from two data points on each side to a polynomial of
degree 2 was applied.

Let sets Ecos Excs Enoxs Ecoz and G¢ contain digitized values
of pollutant emission intensity, fuel flow intensity, and vehicle ac-
celeration for each of the test realizations with a sampling frequency
of 1 Hz. The power of each of the sets is N. Each of the sets may be
presented in the form of a sum of sets consisting of elements charac-
terized by such a feature that the vehicle acceleration is either positive
or negative:

X = X(a<0) Y X(a0) @n

where: X = Ecg, Eqcs Enow Ecozs G

Let the power of the sets X(,<g) be N(,<q) and the power of the sets
X(@>0) b€ Nz>0)- The average value of elements of the sets X(,<q) is:

Nea<o0)

X(a<0)AV:N7 Y Xa<o) (22)
(a<0) i=1

For the sets X(,>9), this average value is:

1 Neo
X@oav=o— 2 X@0) (23)
@0) -1

where: X4« av= Ecoa<o) j» Bric(a<0) j» ENoxa<0) j» Eco2(a<0y» Gfta<0) j>
X(@>0) aAv= Eco@>0) » Etic(a>0) j» ENox(@>0) » Eco2(a>0) Gra>0) j>
j=1,2,3, 4 - item number of a realization of each of the
tests.

Example test results for specific traffic types have been presented
in illustrations as specified below:

— for the CT test, in Figs. 5 and 6;

— for the UT test, in Figs. 7 and 8;

— for the RT test, in Figs. 9 and 10;

— for the HT test, in Figs. 11 and 12.

The graphs shown in the said illustrations represent the average
values and the relative ranges of the average fuel flow intensity and
average pollutant emission intensity for the test results for negative
and positive vehicle accelerations in specific test realizations.

The average value of the average pollutant emission intensity for
the realizations of each of the tests is:

1 4
Ex@0)= 2 2 Exa>0)j (24)
1

where: x=CO, HC, NOx, CO,.
Similarly, the average value of the average fuel flow intensity is
defined as follows:

1 4
G0~ 1 2 Gia-0)j (25)
=1

The relative range is defined as the ratio of the absolute value of

range R to the average value AV:

[R]
5= 26
X7 (26)

where: AV = E,,<0), Ex(a>0)» Gra<o) Gra>0), and
R=max(y) — min(y) 27

where: v = Ey(3<0), Ex(a>0) Gria<0)» Gia>0)5
max— operator of the maximum value of the elements of a
set;
min — operator of the minimum value of the elements of a
set.

In the graphs below, the indices (a<0) and (a>0) have been re-
ferred to in the legends.
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Fig. 5. Average values of the average fuel flow intensity (G,) and of the aver-
age intensity of emission of carbon monoxide (Ecp), hydrocarbons
(Eyc), nitrogen oxides (Eyoy), and carbon dioxide (Eq,) for negative
(a < 0) and positive (a > 0) vehicle accelerations in the CT test
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Fig. 6. Relative ranges of the average fuel flow intensity (Gp and of the aver-
age intensity of emission of carbon monoxide (Ecp), hydrocarbons
(Eyc), nitrogen oxides (Ey,), and carbon dioxide (Eq,) for negative
and positive vehicle accelerations in the CT test

A vehicle driven in urban traffic congestions is subject to very spe-
cial conditions of motion, characterized by low absolute values of vehi-
cle acceleration. This explains the fact that the carbon dioxide emission
intensity and fuel flow intensity, determined for the vehicle acceleration
phase, do not significantly differ from the corresponding values meas-
ured for the deceleration phase, especially if the “averaging” properties
of the exhaust gas sampling system are taken into consideration. In con-
trast, significant increase can be clearly seen in the intensity of emission
of hydrocarbons and, in second rank, carbon monoxide.
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age intensity of the emission of carbon monoxide (Ecp), hydrocar-
bons (Eyc), nitrogen oxides (Eyo,), and carbon dioxide (Ecq,) for
negative (a < 0) and positive (a > 0) vehicle accelerations in the UT
test
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Fig. 8. Relative ranges of the average fuel flow intensity (G) and of the aver-
age intensity of the emission of carbon monoxide (Ecp), hydrocar-
bons (Eyc), nitrogen oxides (Eyg,), and carbon dioxide (Ecp)) for
negative and positive vehicle accelerations in the UT test

For the vehicle driven in urban traffic conditions (exclusive of traf-
fic congestions), the differences in pollutant emission intensity and fuel
intensity rates for the phases of accelerated and decelerated vehicle
motion are much bigger than those recorded for vehicle drives in urban
traffic congestions. A particularly high relative range (exceeding 50%)
can be noticed for the nitrogen oxides emission intensity; this is related
to high engine load occurring when the vehicle is accelerating.

The relations observed in the conditions of extra-urban traffic are
similar to those recorded for the urban traffic conditions, except for the
fact that the impact of vehicle accelerations on the increase in pollutant
emission intensity and fuel flow intensity is even more clearly visible.
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Fig. 9. Average values of the average fuel flow intensity (G and of the aver-
age intensity of the emission of carbon monoxide (E o), hydrocarbons
(Eyc), nitrogen oxides (Eyoy), and carbon dioxide (E ;) for negative
(a < 0) and positive (a > 0) vehicle accelerations in the RT test
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Fig. 10. Relative ranges of the average fuel flow intensity (G, and of the aver-
age intensity of the emission of carbon monoxide (Ecp), hydrocar-
bons (Eyc), nitrogen oxides (Eyoy), and carbon dioxide (Ec») for
negative and positive vehicle accelerations in the RT test
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Fig. 11. Average values of the average fuel flow intensity (Gy) and of the aver-
age intensity of the emission of carbon monoxide (Ecp), hydrocarbons
(Eyc), nitrogen oxides (Eygy), and carbon dioxide (E ) for negative
(a < 0) and positive (a > 0) vehicle accelerations in the HT test
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Fig. 12. Relative ranges of the average fuel flow intensity (G) and of the aver-
age intensity of the emission of carbon monoxide (Ecp), hydrocar-
bons (Eyc), nitrogen oxides (Eyoy), and carbon dioxide (Ecq») for
negative and positive vehicle accelerations in the HT test

During vehicle drives on motorways and fast roads, the absolute
vehicle acceleration values are low. In this connection, no significant
differences can be seen in fuel flow intensity and carbon dioxide emis-
sion intensity for the phases of vehicle acceleration and deceleration.
A similar finding may be formulated for the nitrogen oxides emission
intensity. Differences occur, however, for the carbon monoxide and
hydrocarbons emission intensity.

An overall graph of the average fuel flow intensity and average
pollutant emission intensity for the negative and positive vehicle ac-
celerations in the PIMOT tests has been presented in Fig. 13.
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Fig.

Fig.

pollutant emission intensity for negative and positive vehicle accel-

of vehicle acceleration are higher than those determined when

_ 4 the vehicle motion is decelerated. The values of these differ-
E 08 ences are significantly diversified depending on the quantities
& examined and the conditions of vehicle motion, determined by
_g 0.4 the test types adopted. The relative range of the average pol-
& lutant emission intensity and of the fuel flow intensity varies
T 03 within limits from 0.024 to 0.739, where the lowest and the
%' highest value were obtained for the carbon dioxide emission
B 02 B intensity in the conditions of vehicle motion in urban conges-
%‘, tion traffic and for the nitrogen oxides emission intensity in
g™ the conditions of vehicle motion in extra-urban traffic, respec-
< ] ] L tively.
0 G Eeo Enc Exor Ecos 2) No ynequivo.cal interrelatiops l}avc; been.found to exist bet.ween
the increase in pollutant emission intensity and fuel flow inten-
13. Average values of the average fuel flow intensity (G,) and of the aver- sity as determined for vehicle acceleration on the one hand and
age intensity of the emission of carbon monoxide (E o), hydrocarbons those determined for vehicle deceleration on the other hand,

(Eyc), nitrogen oxides (Eyoy), and carbon dioxide (E ;) for negative

at different test types. As an example, when the vehicle was
(a < 0) and positive (a > 0) vehicle accelerations in the PIMOT tests

operated in the conditions of urban congestion traffic and traf-

fic on motorways and fast roads, the quantity found to be most

T sensitive to the dynamic states under consideration was the hy-
drocarbons emission intensity; in the conditions of urban and
extra-urban traffic, the highest sensitivity was observed for the

8 2,51 nitrogen oxides emission intensity.

3) The highest values of the relative ranges of pollutant emission

211 intensity and fuel flow intensity were recorded in the condi-
15+ tions of extra-urban traffic; the values of these relative ranges
: were on the lowest level for the conditions of urban congestion
117 traffic.
s 4) The relative range of pollutant emission intensity in the vehicle
: acceleration phase reached the highest value for the hydrocar-
0 e — — T T bons emission while the lowest values of this relative range
Gr Eco/10  Euc/100  Exo./100 Eco: 0 AR -

were recorded for the carbon dioxide emission intensity and

14. Relative ranges of the average fuel flow intensity (1 G) and of the aver- for the fuel flow intensity. ) )
age intensity of the emission of carbon monoxide (Ecg), hydrocar- In general, a statement may be made that in the states of IC engine
bons (Eyc), nitrogen oxides (Eyg,), and carbon dioxide (Ec(),) for operation when the vehicle acceleration sign is positive, the average
negative and positive vehicle accelerations in the PIMOT tests intensity of flow of the fuel consumed and the average pollutant emis-

sion intensity are higher than those corresponding to negative vehicle
acceleration. In some cases, this difference is very big, i.e. the relative
range of these quantities even exceeds 70 %.

An overall graph of the relative ranges of fuel flow intensity and

erations in the PIMOT tests has been shown in Fig. 14.

3.

the following conclusions may be formulated.
1) It has been unequivocally ascertained that the values of pollut-

. Acknowledgement: The paper has been based on results of tests
Conclusions carried out within research project No. N N509 556440 entitled
“Sensitivity of pollutant emission and fuel consumption to the condi-

tions of operation of a spark-ignition engine”, sponsored by the
National Science Centre.

Based on the tests carried out for dynamic states of an IC engine,

ant emission intensity and fuel flow intensity in the conditions
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ZERO-DIMENSIONAL 2-PHASE COMBUSTION MODEL IN A DUAL-FUEL COM-
PRESSION IGNITION ENGINE FED WITH GASEOUS FUEL AND A DIVIDED DIESEL
FUEL CHARGE

ZERO-WYMIAROWY 2-FAZOWY MODEL SPALANIAW DWUPALIWOWYM
SILNIKU O ZAPLONIE SAMOCZYNNYM ZASILANYM PALIWEM GAZOWYM

1. Introduction

| DZIELONA DAWKA OLEJU NAPEDOWEGO*

The problem of using alternative fiteling sources for combustion engines has been growing in importance recently. This is connect-
ed not only with the dwindling oil resources, but also with the growing concern for the natural environment and the fight against
global warming. This paper proposes the concept for a zero-dimensional model of a multi-fitel engine, enabling the determination
of thermodynamic system parameters based on the basic geometric and material object data (complete model). The basic prob-
lems in the creation of this model and the modeling of the accompanying subprocesses have been outlined and the methodology
of the numerical solution of the obtained mathematical description has been proposed. The basic characteristics of the developed
model are: the application of an original model of liquid fraction injection based on normal distribution, a new Assanis correlation
for computing the diesel fuel self-ignition delay period in the presence of gas, first-order chemical reaction kinetic equations for
describing the course of combustion for combustible components of the gas/air mixture, the implementation of a self-consistency
procedure in modeling heat exchange and the effect of exhaust recirculation, the inclusion of both a single liquid fuel injection and
the possibility of performing computations for a divided charge.

Keywords: dual-fuel engine, engine combustion process, mathematical model, computer simulation, heat ex-
change

W ostatnim czasie problem wykorzystania alternatywnych zrodel zasilania silnikéw spalinowych zyskuje szczegolnie na znaczeniu.
Zwigzane jest to nie tylko z kurczgcymi sig zasobami ropy naftowej, ale rowniez z coraz wigkszq troskq o srodowisko naturalne oraz
walkg z globalnym ociepleniem. W niniejszej pracy zaproponowano koncepcje zero-wymiarowego modelu silnika wielopaliwowe-
go, umozliwiajqcego, wyznaczenie parametrow termodynamicznych uktadu w oparciu o podstawowe dane geometryczne i mate-
riatowe obiektu (model kompletny). Nakreslono podstawowe problemy w zagadnieniu tworzenia takiego modelu i modelowania
podprocesow towarzyszqcych oraz zaproponowano metodyke numerycznego rozwiqzywania uzyskanego opisu matematycznego.
Podstawowe wyrozniki opracowanego modelu to: zastosowanie autorskiego modelu procesu wtrysku frakcji cieklej opartego na
rozkladzie normalnym, nowej korelacji Assanisa do obliczenia okresu zwloki samozaplonu oleju napedowego w obecnosci gazu,
Jjednostopniowych rownan kinetyki reakcji chemicznej do opisu przebiegu spalania sktadnikow palnych mieszaniny gaz-powietrze,
implementacja procedury samouzgodnienia w modelowaniu procesu wymiany ciepta i wplywu recyrkulacji spalin, uwzglednienie
zaréwno pojedynczego wtrysku paliwa cieklego jak i mozliwos¢ prowadzenia obliczen dla dawki dzielonej.

Stowa kluczowe: silnik dwupaliwowy, proces spalania w silniku, model matematyczny, symulacja komputerowa,
wymiana ciepla.

The current research on compression ignition combustion engines
is primarily oriented towards the use of alternative renewable fuels,
reduction of toxic air emissions and the development of new engine
diagnostic methods [5, 6, 15]. One of the increasingly often-addressed
problems in engine research is the possibility of dual-fueling engines
with the main fuel charge fed as a gaseous fuel.

An increased interest in dual-fuel compression ignition engines in re-
cent years has contributed to the development of both experimental
and model testing on this fueling method.

One of the first valuable models simulating the combustion proc-
ess in the full cycle of a dual-fuel engine was proposed by Raine in
1990 [24]. The operation of this model was limited only to the com-
putation of the system’s efficiency parameters.

Mansour et al. [14] proposed a simple, zero-dimensional model
of combustion in a CNG-fueled engine with a pilot diesel fuel charge.
Heat exchange with the chamber walls in this model was limited
to convection and a number of other simplifying assumptions were
adopted. The authors used a Wiebe function to describe energy release
during diesel fuel and natural gas combustion in the first program

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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step. The calculated pressure and temperature values were used as
the input data for detailed kinetic computations, for which the com-
mercial CHEMKIN package was used. The integration of complex
combustion mechanisms with processes occurring in the dual-fuel en-
gine, with the adopted simplifications, seems justified only in detailed
research on exhaust toxicity, for which this model was used. In the
assessment of efficiency and the power attained by the engine, the
adopted simplifications in the description of individual subprocesses
do not justify the need to apply very accurate combustion models,
which require the use of dedicated computational environments.

Abd Alla [2] presented a model of pure methane combustion in
a dual-fuel engine, calling it quasi-two zone. Leaving the nomencla-
ture aside, the main distinguishing feature of this model was the ap-
plication of detailed reaction kinetics for the description of gaseous
phase combustion. A scheme of 178 elementary reactions, in which
41 chemical species participated, was used in this model, a Wiebe
function was used to describe liquid phase combustion. The model
description included the compression phase through combustion until
the outlet valve opening. A detailed submodel of exhaust component
formation was added to the basic thermochemical model. The basic
advantage of this approach was the creation of connections between
the progress of combustion and time and thermodynamic load param-
eters. This model showed quite good agreement with the experiment
and a high predictive capacity over a wide range of engine operating
conditions.

Stelmasiak [25] proposed a relatively simple and complete ap-
proach to the problem of modeling dual-fuel systems. The zero-dimen-
sional model assumed the separate combustion of two phases — liquid
and gaseous. It is assumed in this model that the start of combustion is
the same for both fuels and is determined by the ignition delay period.
The combustion end angles for diesel fuel and CNG were different
and set by the modeler. The heat release rate and the concentrations
of the homogeneous gas/DF/air mixture components were imposed
by a Wiebe function, separately for gas and diesel fuel. The empirical
formula of Prakash [23] was used to predict diesel fuel ignition lag,
taking into account the presence of natural gas in the cylinder.

Papagiannakis et al. used a gradually-improved model of a dual-
fuel engine burning natural gas and diesel fuel in a number of their
papers [9, 10, 11, 17, 18]. The authors used the fundamental laws of
conservation of mass, energy and momentum for combustion process
simulation. They proposed a two-zone description of the load in the
cylinder space with division into the unburnt load zone and the ex-
haust zone. The fuel combustion front was described as a cone surface
propagating from the point of injection. The propagation occurs in the
direction normal to each cone surface with the speed defined by the jet
model of Hiroyasu et al. [8]. The energy released during combustion
depends, according to the authors, only on the propagation speed of
the front, behind which the homogeneous product zone immediately
changes into the homogeneous exhaust zone. The effect of gas com-
position on the combustion process is neglected in this approach and
the combustion rate is correlated with experimental data. The model
was verified for a single-cylinder CI engine — Lister LV1 modified
for dual-fuel operation. Good agreement with measurement results
was demonstrated and the model was successfully used for testing
the effect of the initiating charge size on engine operation parameters
[19]. The basic model limitations result from its operating range. The
simulation starts at the combustion start point, which must be given as
an input parameter; similarly, the mean cylinder temperature and pres-
sure during the cycle must be calculated from experimental data.

Perini et al. [21] developed a two-phase, quasi-dimensional model
of a SI engine operating on LPG admixed with hydrogen and Ma et
al. [13] proposed a mathematical simulation of a hydrogen engine. A
dual-fuel engine operating on LPG with a hydrogen admixture was
modeled using equilibrium reactions by Lata and Ashok Misra [12].

Wang [26] proposed a similar model for CNG and hydrogen mixtures
based on a CFD code and chemical reaction kinetics.

Agarwal and Assanis [1] proposed a complex, multi-dimensional
model of natural gas combustion under conditions typical for com-
pression ignition engines. The model used detailed chemical reaction
kinetics.

The problem of the mathematical modeling of dual-fuel systems
is still innovative. Complete models are still lacking which, includ-
ing all processes occurring in the cylinder, are able to predict with
sufficient accuracy changes in thermodynamic working medium pa-
rameters, using only the basic object data available from its technical
documentation. Among the available models, an even lower number
has undergone full experimental verification, which limits their reli-
ability. Moreover, there is a lack of research results on the effect of
gas composition on the course of combustion in a dual-fuel engine. A
properly constructed and verified model can significantly contribute
to the filling of these deficiencies.

2. Assumptions of the model of combustion in a dual-
fuel Cl engine

In dual-fuel engines, a full description of the combustion process
is much more difficult compared to single fuel engines. The cylinder
contains gaseous fuel mixed with air, into which liquid fuel is injected
near TDC. Extremely different mechanisms dominate in the combus-
tion of these two fractions, both of a physical (mass and energy trans-
port processes) and chemical nature, resulting from the kinetics of
fuel reaction with oxygen. All processes must therefore be analyzed,
taking into account not only their effect on the gaseous and liquid fuel
combustion rate, but also in regard to the proportions of individual-
fuels.

On the other hand, the liquid and gaseous phases are combusted
at the same time, in the same space and the presence of one fraction
affects the combustion of the other. The mechanisms of this influence
are not yet well-known.

The examination of all these elements allowed the model assump-
tions to be formulated, bearing in mind both the accuracy of its results
and the complexity level, affecting the autonomy (the amount of nec-
essary experimental data) and the computational speed.

Analyzing natural gas combustion in the engine, the following
assumptions were made, which characterize the postulated model.
It is assumed that a homogeneous gas/air mixture is in the cylinder
during compression and temperature and pressure distribution at each
point of the cylinder space is constant. This assumption leads to a
zero-dimensional model. At the same time, the working medium is
treated at each moment as a mixture of semi-ideal gases, mixed in any
proportions. The specific heat of the mixture at each computational
point is the sum of functions approximating data from thermodynamic
tables for each component [4]. The approximating polynomials are
functions of temperature. The changes occurring in the modeled space
are treated as quasi-static. In the developed model, heat exchange with
the cylinder walls was based on convection between gas and the sur-
face of the given component and a zero wall temperature gradient
was adopted, assuming that it was constant. The heat removed from
the system is the sum of three fluxes passing through the surface of
the piston head, the cylinder head and the time-variable cylinder wall
surface. Increased heat exchange as a result of flame radiation was
additionally taken into account in the combustion process.

The developed model takes into account the effect of the mass of
the injected pilot charge on the thermodynamic state of the system,
through a simplified fuel injection submodel based on normal distri-
bution. This original approach allows the model to operate independ-
ently of the detailed experimental data on the course of the pressure
drop and the injector needle lift for the tested object. It is assumed in
the built model that combustion starts at the moment of diesel fuel
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ignition, which initiates the gas mixture ignition. The two fuels are
combusted separately and the emitted heat is the sum of heat released
in the combustion of both fuels. The course of diesel fuel combustion
is described by empirical equations for the ignition delay period and
process rate — as represented by a Wiebe function. This is a simplified
approach, but justified for dual-fuel engines because of the small pilot
charge size.

Basic research on combustion processes proves that methane com-
bustion is a very complex process and consists altogether of a system
of 132 chemical reactions, whose rates are interrelated by the concen-
tration of individual reactants. The implementation of such a complex
model in a complete dual-fuel engine working cycle is unjustified due
to the applied simplifications in the description of the other subproc-
esses (heat exchange, fuel injection etc.). A satisfactory representation
of the combustion process can be obtained using even one methane
combustion macroreaction [20]. In the proposed model, a system of
three interrelated global reactions, including the combustion of the
most important combustible components used to fuel gas engines, was
implemented for the description of gaseous phase combustion.

It is assumed that the developed model with the adopted assump-
tions will enable precise examination of the effect of gas composition
on the character of combustion in a dual-fuel engine.

3. Basic equations of the developed model of fuel com-
bustion in a dual-fuel engine

According to the discussed assumptions, the cylinder load is a
homogeneous mixture of air, natural gas, diesel fuel and exhaust at
each moment of time. The proportions of individual components
change with the stages of the injection and combustion of combus-
tible components. With such assumptions, starting from the energy
conservation law, the basic equations of the model can be introduced
in a differential form:

inn :d£+pdl+ onut _hON . dMON
do  do do  do do, (1)
p-V =n(@)RT

The first equation expresses the first law of thermodynamics in a
differential form for an open system, where: dU — increase in the in-
ternal energy of the system, p, V' — are the pressure and volume of the
working medium in the cylinder, respectively, O, represents the heat
exchanged with the cylinder walls, Q;, — the heat fed to the system,
hoy — is diesel fuel enthalpy and M), — the mass of injected fuel. The
second equation of the system represents an equation of state, where:
R is the universal gas constant, 7 — medium moles in the cylinder and
T its temperature. All the quantities in the system (1) are functions of
the crank angle.

Heat exchange with the walls was included in the developed mod-
el as the sum of three fluxes passing through the cylinder wall and
head and the piston head. Because the main part of heat is removed in
ClI engines as a result of convection between gas in the working space
and the given surface, it can be written:

onu _ 1 T T T
= (T p V) [ Ag (T =T+ 4 (T =T+ () (T =T) | @)

A simplified model of heat exchange in a combustion chamber
wall and on the side of the coolant is included in equation (2) by ex-
pressions for the mean value of cylinder piston (#), head (g) and wall
(s) temperatures:

- heT + kg Ty,

T o Tesen
gts hc +kgts (3)

These temperatures were computed as the weighted mean from
the mean temperature T of the medium in the chamber with the mean

heat transfer coefficient 4, and coolant temperature 7,;, with the coef-
ficient of heat transmission through the respective wall k, , :

1 "‘IE
ko =———5— | h.da
L g “
hch 2‘gts
where: A4, —heat transfer coefficient of the wall material, 3., — wall
thickness.

Heat transfer occurs under a number of conditions — variable cyl-
inder gas pressure and temperature and with locally variable rates of
medium flow in the cylinder. These conditions are taken into account
in the model by adopting an appropriate heat exchange coefficient /..
Washini’s formula was used for this purpose, in the form modified by
Hohenberg [9]:

()"
h, :130~W-(c[,+1,40) )

where: Cy,.— mean piston speed.

The thermodynamic medium parameters change during liquid
fuel injection into the engine’s combustion chamber. The effect of the
fuel mass flux supplied to the cylinder must therefore be taken into
account. In direct ignition engines, temperature change as a result of
stream evaporation can be neglected, because of a low ratio of the
injected fuel volume to the working medium volume. This assumption
is all the more justified for dual-fuel engines with diesel fuel charges
of up to fifteen percent of the main charge. Another paper by the au-
thors [16] discusses using complex hydraulic models to describe the
diesel fuel mass flux in zero-dimensional models. It was demonstrated
that a simple, complete model based on normal distribution with nor-
malization to the total fuel charge could be used in this case without
an observable loss of accuracy:

0 Ay > O <Oy,
. hBon  —h*(a-
Moy (@) = \/QNe (=) Oy <O <t (6)
T
10_3BON Qpyy =0 =0,

In a dual-fuel engine, the air/gas mixture ignites from the energy
released from the combustion of the pilot diesel fuel charge. Test re-
sults show that even for a pilot charge lower than 1% of the total
energy, the ignition energy can be by around 35 J higher in a dual-fuel
engine than the electric pulse energy in a spark engine [25]. It can thus
be assumed that in a dual-fuel engine the start of the combustion of
both fractions (liquid and gas) is the same and the problem of ignition
moment determination comes down to the accurate modeling of pilot
charge ignition lag. This process, however, takes place under condi-
tions significantly different from those in a classical compression igni-
tion engine. Increasing the concentration of combustible gases in the
cylinder causes, in most cases, a longer diesel fuel self-ignition delay.
In an earlier paper [22], the authors examined the possibility of us-
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ing ignition delay correlations verified for traditional CI engines. The
equation proposed by Assanis [3] was used in the developed model to
determine self-ignition lag:

0n - E
Tig =240 %7 p 1 EXP(IT‘}] (7)

It was demonstrated in the paper [22] that this correlation, taking
into account cylinder load composition, describes self-ignition delay
in dual-fuel engines better than others.

Diesel fuel combustion was represented in the developed model
with a Wiebe function [7]. This allows the effect of the course of die-
sel fuel combustion on gaseous fraction combustion to be tested; how-
ever, this requires prior model validation for single fueling.

The natural gas combustion model was based on first-order oxida-
tion macroreactions for the main combustible mixture components:
methane (CHy), ethane (C,Hg) and propane (CsHg). This leads to a
system of three global reactions of the form:

CnH2n+2 +(%n+%)02 —)nC02 +(n+1)H20 (8)

for n = 1...3. The expression for the global reaction rate in this case
will assume the form:

d[CnHZnJrZ] Ea a b,
=4 —— \.TC.H n[O, 1"
r s [CiH2,42]7[0s] 9)

The constant values present in equation (9), for individual gases,
were collected in Table 1.

Table 1. Values of the constants included in equation (9). Activation energy

Ea (kcal/mol).
No Fuel A E, a b
1 CH, 8,3-10° 30 -0,3 1,3
2 CoHg 1,1-10"2 30 0,1 1,65
3 C3Hg 8,6:10" 30 0,1 1,65

The solution of each equation of the system (9) fully
determines the course of heat release in the gas combustion process
at any moment.

4. Methodology of the model’s numerical computa-
tions

The developed mathematical model was implemented in the
MathWorks MATLAB environment. The basis for creating the soft-
ware program was the assumption of its modular structure. Individual
submodels (e.g. of heat exchange, fuel injection, ignition delay, heat
release during combustion, change in medium moles etc.) were treated
as separate functional m-files called by the main program built around
the basic system of differential equations for state variables (1). This
approach guarantees program clarity, which facilitates its verification
and optimization. The modular structure ensures, moreover, project
expandability, by easy exchange of individual submodels with others
— more detailed — when these are available.

The operation of the program starts with the entry of the basic in-
put data into the global memory, i.e. engine geometry, engine material
data (necessary for heat exchange computations), engine operating
parameters etc. The thermodynamic load parameters (4,, 7,, p,) at the

start of compression are then computed, from which the computation
of cylinder temperature and pressure during the entire cycle starts.

The computational cycle of the main program was divided into 3
main processes: compression, combustion and expansion. The system
of equations (1) for compression can be reduced to a single, nonlinear
first-order differential equation for cylinder medium temperature as a
function of the crank angle. Developing the expression for the internal
energy of the system and heat exchanged with the walls (2), we obtain
in this case:

508 0.8
Znicw.d—T+1?”(a)‘M~T+i. (130‘104)R7”.(C[r+1,40) .
da V() da [0] VO‘86 (]O)

IO [ Ay (T =Tp) + Ap (T =T)) + A.()- (T = T)]=0

Due to the complexity level of the above equation, using the dedi-
cated MATLAB package functions for solving differential equations
was dropped in favor of a solution by the iterative method. The tem-
perature derivative can be expressed, based on its definition, as the
difference quotient limit:

dT _ lim T(a+Aa)-T(x)
da  Aa—0 Aa

an

In the numerical solution approximation, the quantity 46=>0 can
be replaced with a finite value, obtaining instead of the differential
equation (10) the corresponding difference equation, in which the suc-
cessive temperature values are calculated based on the values com-
puted in the previous step. The accuracy of the computations will be
higher, the lower the value of the computational step is. The parame-
ters for the next angle a4+ Ao are calculated this way starting from the
values 7, p,, corresponding to the crank angle o, falling on the inlet
valve closure. The other quantities in the equation (10) are calculated
by complementary subprograms: the moles of individual components
n;(o) and the total load moles n(a) from the solution of the kinetics
equations (9). The volume V(o) is calculated from rod-crank system
geometry etc.

The procedure continues until the angle for which liquid fuel
pumping starts is reached. Starting from this point, the pilot charge
injection submodel (6) is included. For the same point, the ignition an-
gle a,, is computed based on the calculated temperature and pressure
values, according to the adopted model (7). The compression proce-
dure continues until the calculated @, value is reached, starting from
which combustion starts. In this loop, computations are performed
analogously as for compression including the heat flux released dur-
ing combustion, with variable instantaneous values of load moles de-
pending on the rotation angle. The combustion end angle is defined by
the moment when combustible components burn out.

Expansion proceeds according to an analogous equation as for
compression with the moles of individual components determined
at the combustion end point. The parameters for expansion are cal-
culated until the angle corresponding to the outlet valve opening is
reached, which ends the model operation.

It should be noted that the heat exchange equation used in the
model (2) requires the mean temperature and the mean heat exchange
coefficient for the cylinder load over the entire cycle for the compu-
tation of cylinder wall, head and piston head temperatures (3). It is
obvious that these values are not known until the instantaneous values
of these parameters are calculated. In the simplest approximation, the
above mean values can be set as model operation parameters, based
on the modeler’s experience or the results of experimental tests on the
given engine. The first solution causes high uncertainties of computa-
tion results and the second leads to considerable limitation of model
autonomy. These problems were solved by running the discussed
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main program (Fig. 1) in a loop leading to the autocorrelation of the
results. The main program is called by an external m-file with set ini-
tial values of the mean temperature 7;,.= 600 K and the heat exchange
coefficient A, = 800 W/m?. After computatlons are performed by the
main program (cylinder pressure and temperature changes), new mean
values are calculated and the results are recalculated in the next loop.
The procedure is repeated until the results become self-consistent,
i.e. until the moment when the difference between the mean values
from the two latest loops does not exceed the set threshold. This ap-
proach considerably lengthens computations, but ensures the required
autonomy without loss of accuracy. Preliminary calculations showed
that with set initial parameters, running the main program 3—4 times
is sufficient for the difference not to exceed the value of 1 (K and W/
m?, respectively) for both quantities.

The developed model in its present specification can be used as a
research tool in two main ranges, i.e. autonomous operation and semi-
autonomous operation, in the analysis of experimental changes.

In the autonomous operation range, only the basic technical data
of the tested engine and the parameters characterizing the working
point are used as the input data. Each input parameter can be used
as an independent variable, which enables the simulation of differ-
ent real processes. Moreover, it is possible in the model to insert the
calculation of some parameters and their introduction into the com-
putational program as an independent variable, e.g. the ignition delay
angle. With such model applicability, the effect on the course of com-
bustion in a dual-fuel engine can be tested for such parameters as:

— engine geometry;
m]ectlon start angle (of both a single and a dual charge);

temperature of the medium sucked into the cylin-

-

Reading data into the global memory:

engine geometry, speed,
size of fuel charges, thermodynamic constants

v v

P pters -
anl-mL o diesel fuel - Xox

of the gas/air S -dQovda
mixture combustion
Mo, T, Ppe

der;

\ consumption (of air, liquid fuel, gas);
ignition delay angle;

gaseous fuel composition;

diesel fuel combustion time.

In the semi-autonomous operation mode, the model
can be successfully used for the analysis of real changes
v obtained during the performed experiments. For exam-

gas =
— combustion _){ ~dQz/da

—> EXPANSION

ple, cylinder pressure changes do not have to be calcu-
lated by the model, they can be introduced there from

COMPRESSION

!

-T, P, V towards the end
of combustion

T, p, V at the end of
the compression stroke - moles of combustion

N _/ \_ products )

Y v

- state parameters T, p, V as a function of the crank angle

an external file. In this case, the model can calculate all
the other thermodynamic load parameters for the real
cycle.

The proposed model, regardless of the mode of op-
eration, based on available data without additional ex-
perimental tests on the data, enables the calculation of
thermodynamic cylinder load parameters as a function
of the crank angle (Fig. 3). The basic changes generated

M

- heat flux emitted during gas combustion
- heat flux emitted during DF combustion

\

by the computational program are:
cylinder pressure changes;

Fig. 1. Computational structure of the main program (excluding submodels)

The exhaust residue percentage in the load sucked into the cylin-
der is determined similarly. In the first computational step, the exhaust
residue percentage is not included because the moles of individual
exhaust components have not yet been calculated by
the model. The calculations from the first loop are

/ cylinder temperature changes;

— cylinder volume changes;

— changes in the (total) heat flux removed through the
surface of the cylinder, piston head, cylinder head, changes in
DF, CH,, C,Hg, C3Hg combustion;

Table 2. Range of conditions for which the model was verified and a synthetic summary of verifica-

included in the next loop. The procedure of updating tion results
the computation results for the moles is repeated until — -
the model self-consistency procedure ends. verification parameters maximum error
Engine operation n My Prax Uon instantaneous in cycle
5. Simulation capacity of the developed type RPM Nm bar % bar % %
model
) compression and 750 0 27 0 11 5 66
The presented model was subjected to the pro- expansion 3400 42 ' '
cedure of experimental verification by comparing
the calculated pressure changes with the results of
. . DF operation non- 2300 50 49
md%cator. tests on a dual-fueled ADCR engine. The divided charge 3400 200 9 100 6,5 8 84
verification tests of the model were conducted on
the tested engine both for a single diesel fuel charge o
and for a divided charge (pilot and main Charge in- DF opera}l\hon divided 1500 20-200 36-87 100 3,7 6 6,8
jection). Good agreement of the computation results charge
was obtained during model verification (Table 2).
Example pressure changes recorded in the engine’s DF+CNG operation 3400 | 50-200 | 35-48 80 65 11 6.1
combustion chamber and the changes obtained from non-divided charge ' '
the developed model are shown in Fig. 2.
Detailed discussion of the methodology and DF+CNG operation
o : divided 1500 | 20 40 16 8 15 62
broader results of the verification tests will be pre- 'r‘]" e 150 72 80 '
sented in further papers by the authors. charge
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— excess air coefficients for the cylinder mixture (Ao, Acygs 44);

— ignition delay angle (and combustion start angle);

— mean temperatures (of the load, cylinder, piston head, cylinder
head);

— specific heat changes (for CO,, CO, N, O,, H,, H,O, CHy,
C,Hg, C3Hy);

— changes in the moles in the cylinder (for CO,, O,, H,O, CHy,
C,Hg, CsHg, DF) — under the adopted combustion model.

Different parameters and synthetic characteristics can be calcu-
lated based on the generated changes, including:

— P/V characteristics;

— phase portrait of the engine;

— mean indicated pressure;

— indicated power and thermal efficiency of the engine.

£
30 T T

— TEESUEM,
o mms model

45) i : -

P [bar]

6. Summary

The developed zero-dimensional simulation model of the working
cycle of a dual-fuel engine fed with gaseous fuel with an initiating
diesel fuel charge includes the compression, combustion and expan-
sion phases. The main characteristics of the proposed model are:

— application of an original approach to modeling liquid fuel in-
jection, based on normal distribution;
— application of a new Assanis correlation for describing diesel

() [ OWK]

Fig. 2. Comparison of model computation results for dual-fuel operation
with the mean recorded pressure changes in the combustion chamber
for: n=1500 (RPM), U,,, = 70 (%) — divided charge

20 : 1800 SOS B
: : fuel self-ignition delay in the presence of gas;
60 1600} — application of chemical reaction kinetics equations for de-
1400 o scribing the course of combustion for combustible components
B il i TR | B, .. of the gas/air mixture in the zero-dimensional dual-fuel engine
o | /= 00%cH, | - - [— 100% CH, | ) model;
20} | T 20% CyHg — 20% C,H, — implementation of a self-consistency procedure in modeling
— 0, . . .
20%.CoHy 800 | 20% C;Hg |- heat exchange and the effect of exhaust recirculation, which al-
—— 20%/20% —— 20%/20% : ntai
— . 600 lows a high degree of model completeness to be maintained;
340 280 380 400 420 240 260 380 400 420 . . . S o .
. . — inclusion of both a single liquid fuel injection and the possi-
() °CA (o) °CA - . . ..
bility of performing computations for a divided charge.
80 2g T The basic advantages of this model include:
: 4 . . .
254 — 20% CH, — a high degree of completeness, which permits autonomous
20} Hg o | = 20% C3Hg computational program operation, using only the basic techni-

20% / 20%

dQ g el [JA°® OWK)]
s o

o

365 370 3¥5 380 385
(o) "CA

0 Q
360 365 370 375 380 385 390 385 400 360 390

(w) °CA

Fig. 3. Example results of simulation computations using the model, for different meth-
ane contents relative to combustible gas admixtures and a constant diesel fuel
percentage U, = 30%

cal data of the tested engine;

— a wide spectrum of model applicability;

— relatively fast computational time, which enables model use
on standard PC computers;

— a modular structure, ensuring easy modification and expand-
ability of the model. The model can be developed by adding
new submodels or changing the existing ones when more ac-
curate correlations are available, without the need to change the
main program;

— the model was subjected to thorough verification in several
stages, which ensures its high reliability.

The model uses around fifteen submodels to determine these re-
lationships, which compute a number of additional parameters in real
time. The results of these partial computations can also be used in the
testing procedure in inference. The most important additional param-
eters computed by the program include:

Acknowledgment: This paper was partially financed by research
grant No N N509 573039, given by Polish National Science Centre.
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EXHAUST OPACITY IN A DIESEL ENGINE POWERED WITH ANIMAL FATS

ZADYMIENIE SPALIN SILNIKA Z ZAPLONEM SAMOCZYNNYM
ZASILANEGO TLUSZCZAMI ZWIERZECYMI*

The diversification of sources of energy has been recognised as one of the actions preventing the negative effects of human activity
on the environment. In order to do so it is necessary to solve the problems related with the replacement of fossil fuels with biofuels,
including the increase in the prices of food products caused by the dynamic development of biofuels made from plants. Therefore,
the aim of the study was to make an experiment assessing the technical possibilities to replace diesel filel with rendered animal
fats. As results from the initial study, the kinematic viscosity of animal fats at a temperature of 120°C is comparable to that of die-
sel at 40°C. Apart from that, the diesel engine powered with animal fats emitted 70% less particulates in exhaust than the engine
powered with a diesel fuel.

Keywords: biofuels, pig fat, kinematic viscosity, exhaust opacity.

Dywersyfikacje Zrodet energii uznano za jedno z dziatan zapobiegajgcych negatywnemu oddziatywaniu cztowieka na srodowisko.
W tym celu konieczne jest rozwigzanie problemow zwiqzanych z zastepowaniem paliw kopalnych biopaliwami, m. in. wzrost cen
produktow spozywczych, wywolany dynamicznym rozwojem biopaliw pochodzenia roslinnego. Dlatego za cel badan przyjeto
wykonanie eksperymentu, polegajgcego na ocenie mozliwosci technicznych zastgpienia oleju napedowego wytopionymi tluszcza-
mi zwierzecymi. Z przeprowadzonych badan wstepnych wynika, ze thuszcze w temperaturze 120°C charakteryzujq sie lepkoscig
kinematyczng porownywalng do oleju napedowego w 40°C, ponadto zasilany nimi silnik ZS emitowat o 70% mniej czgstek statych

w spalinach w porownaniu do silnika zasilanego olejem napedowym.

Stowa klucze:

1. Introduction

All over the world transportation is dependent on a continuous
supply of liquid and gas fuels. Due to the increasing nuisance of ve-
hicles emitting toxic gases to the natural environment many scientific
institutions make attempts to solve the problem. One of such solu-
tions is the introduction of fuels substituting fossil fuels, which are
generally known as biofuels. They are made from different types of
biomass by means of different technologies and they are processed
into formed fuels.

Liquid fuels made from vegetable oils are a type of biofuels which
stand the greatest chance for development in economy [13]. So far
research results have proved that there are no technical barriers to the
application of pure vegetable oil as a fuel for farming machinery [10,
22].In 2006 Czechlowski et al. did not observe the negative influence
of biofuels on the working parts of the injection pump in a farm tractor
[7]. On the other hand, in 2001 Koniuszy noted that the penetration
of biofuels into engine oil deteriorates the lubrication of the engine
parts, which causes the need to change the oil in a diesel engine more
frequently [16].

On the other hand, the use of biofuels made from vegetable oils
is a serious social and economic problem. In 2012 Nonhebel stressed
that the production of biofuels from biomass was a serious threat to
food production [19]. In 2011 Mueller et al. published the results of
research which prove that the prices of cereals were closely correlated
with an increase in the supply of biofuels [18]. In 2013 Peri & Baldi

biopaliwa, thuszcz wieprzowy, lepkos¢ kinematyczna, zadymienie spalin.

proved a strong correlation of market prices between diesel and veg-
etable oil [21]. To sum up, we can say that an increase in the prices
of diesel fuel strongly affects the prices of food and biomass, which
biofuels are made from.

The replacement of diesel with biofuels made from plants is re-
garded as an environment-friendly action because the emission of
CO, is reduced. As results from the study conducted by Dzienisze-
wski in 2009, as far as biofuels are concerned, the emission of CO,
is much higher than from diesel if we consider the workload which is
necessary to produce biofuels and the emission from their combustion
in diesel engines [6]. This phenomenon is chiefly caused by consider-
able amount of work that goes into energy crops grown for specific
purposes. In response to this information, in 2010 Pasyniuk stated that
when diesel engines were powered with biofuels, the CO, balance
was retained, because plants absorb the total amount of CO, emitted
from engines powered with fuels made from plants [20]. It is also nec-
essary to stress the fact that engines powered with biofuels emit much
less toxic substances, i.e. carbon monoxide, hydrocarbons and partic-
ulates. In 2013 Shirneshan proved that these compounds were reduced
by 30% when the share of biofuels reached 20% [24]. Also, in 2010
Kalam et al. found that as the share of biofuels in diesel increased, the
emission of toxic compounds was considerably reduced [14]. How-
ever, in both cases the emission of nitrogen oxides increased. In 2010
Hossain & Davies proved that it was possible to reduce the emission
of nitrogen oxides when diesel was partly replaced with sunflower oil

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl

EkspLoATACIA | NiIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015 49




SCIENCE AND TECHNOLOGY

[12]. In 2005 Senthil et al. made experiments in which they powered
an engine with hot animal fats and they observed that as the tempera-
ture of that fuel increased, the emission of nitrogen oxides was limited
[25]. These results point to the fact that it is justified to produce bio-
fuels from biomass which does not come directly from plant produc-
tion. This will certainly enable the limitation or even abandonment of
energy crops grown for a specific purpose.

The production of biofuels from non-food fats and animal fats
is an interesting solution worth consideration. In 2012 Roszkowski
found that 2015-2017 was the realistic time of implementation of the
technologies enabling the production of biofuels from fats derived
from the secondary market in the EU [23]. As results from the re-
search conducted so far, there are no technical barriers which would
make it impossible to power older generation engines with fats of dif-
ferent origin. In 2012 Czaczyk et al. made an active experiment in
which they investigated the energetic parameters of the engine of a
farm tractor powered with post-frying fats [5]. In 2013 Wegner et al.
published the results of investigations of the energetic parameters of
an engine powered with a fuel containing from 15% to 50% of used
soybean oil [27]. In recent years there have also been numerous stud-
ies on the parameters of operation of a diesel engine powered with
animal fat esters [2, 3]. In comparison with conventional fuels the
application of biofuels contributes to reduction of exhaust opacity
and increases the emission of NO, [1]. On the other hand, the use of
rendered animal fats or fats in the form of emulsion with ethanol as
a fuel considerably reduces both exhaust opacity and the emission of
NO, [15, 26].

The amount of raw materials, i.e. animal fats and oils from the
secondary market is limited. In 2010 Marczak published the estimates
concerning the amount of animal fats produced in Poland which could
be used for the production of biofuels without the negative effect on
the prices of food products. He found that by 2020 every year Poland
would have produced about 60 thousand Mg of cow and pig fat which
was not used as food, including fats from slaughterhouse waste [17].
In 2003 Ferenc & Pikon estimated the production potential of waste
fats in Poland. They found that in 2002 Poland produced a total of
about 130 thousand Mg of such fats and in the following year - about
150 thousand Mg. In the authors’ opinion the data are strongly un-
derstated, because there was considerable discrepancy between the
results of questionnaire surveys and the data from periodical reports
on waste [7].

The analysis of the state of knowledge presented above was the
basis for initial research which was conducted to determine tempera-
ture-induced changes in the rheological properties of rendered animal
fats and the possibilities to reduce the exhaust opacity in a diesel en-
gine in consequence of using fat heated to a temperature above 8§0°C
as a fuel.

2. Research methodology

The research was conducted in two stages. In the first stage the
distribution of the kinematic viscosity of pig fat in the temperature
function was measured. In the second stage the exhaust opacity of
a diesel engine powered with pig fat at different temperatures was
measured.

The assumption was that the kinematic viscosity of pig fat would
be measured within the range of temperatures from 60°C to 160°C
at 10°C intervals. Simultaneously, the researchers agreed that each
measurement would be made three times and the arithmetic mean of
the three measurements would be assumed as the result.

Viscosity was measured according to the standard PN-77/C-
04014. As a result of the measurement, the kinematic viscosity was
determined. The measurement of fat viscosity consisted in measuring
the flow time of 200 cm’ of the fat under study at a particular tem-
perature and the flow time of the same volume of distilled water at

a temperature of 20°C under the conditions specified in the standard
(PN-77/C-04014). Next, the relative viscosities were calculated in En-
gler degrees °E and on the basis of the results the kinematic viscosity
of the fat under study was read from tables attached to the standard.
Before the measurements the constant k was calculated for the Engler
viscometer used in the investigations. For that purpose the flow time
of distilled water was measured at a temperature of 20°C. The arith-
metic mean of the three measurements was assumed as the constant
k of the device.

During the measurements the viscometer was filled with hot pig
fat at a higher temperature than the assumed measurement tempera-
ture. Simultaneously, the liquid which filled the water bath of the vis-
cometer was preheated to the temperature at which the measurement
was to be made. When the viscometer was filled with a sample, it was
necessary to wait until the viscometer and the sample reached the as-
sumed measurement temperature. When this happened, the flow time
of the fat under study into a volumetric flask was measured.

In order to make an active experiment assessing the exhaust opac-
ity was used a diesel engine with a displacement of 1588 ¢cm? and
nominal power of 37 kW at 4800 rpm. The fuel feed system consisted
of a distributor injection pump with a system of indirect injection into
the swirl chamber. Because of the fact that a comparative study was
conducted, the degree of the engine wear was not taken into consid-
eration in the control sample, where the investigations were made on
standardised diesel fuel.

The engine was equipped with two fuel tanks — an unheated one
for diesel and an insulated one, fitted with a heating system for animal
fat. In order to reduce the heat loss the fuel hoses were fitted with an
electric heating system, which enabled us to keep the set temperature
of the fuel injected into the cylinders.

A Junkers HO stationary hydraulic dynamometer was used to load
the engine so it could reach thermal equilibrium. The dynamometer
was directly connected to the engine flywheel by means of an articu-
lated telescopic shaft.

In order to measure the exhaust opacity an optical opacimeter Ra-
diotechnika DO 9500 was used. The basic technical specifications of
the opacimeter are shown in the table below. The opacity was measured
when the engine powered with the fuel under investigation was hot.

Table 1. Optical opacimeter Radiotechnika DO 9500 - technical specifica-

tions
Values measured Range Resolution Unit
Exhaust opacity:
Absorption coefficient k 0...00 0.01 m’
Opacity N 0..100 Tor0.1 %
Rotational speed 60...9999 1 rom
Oil temperature T, 0..150 1 °C

The exhaust opacity was measured according to the following
procedure. After the start-up the engine was initially warmed up and
then it was loaded with its nominal power until it reached thermal
equilibrium. Immediately after the warmup we determined the exter-
nal operating characteristics of the engine powered with diesel. Then
the exhaust opacity of the engine powered with a standard diesel fuel
was measured.

The absorption coefficient k was measured with the free accelera-
tion method, which consisted in loading the engine with the inertia of
the rotating parts of the engine itself and the engine brake connected
to it. In order to make the measurement the rotational speed of the en-
gine was rapidly increased from the idle speed to the maximum speed
by making a decisive move shifting the fuel dosage lever from the idle
position to the position of the maximum fuel dose. In order to average

50 ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015




SCIENCE AND TECHNOLOGY

the results the measurements were made ten times, with 15-second
periods of the engine idling before consecutive measurements.
Having finished the measurement, the engine fuel system was
filled with pig fat and for 15 minutes the engine ran at its nominal
power in order to guarantee that the diesel was completely removed
from the fuel system. Then the measurement procedure described
above was repeated three times for selected temperatures of pig fat.

3. Discussing research results

The constant k for the viscosity measurement system was 50.66,
where the coefficient of variation was <1%. The arithmetic means of
the fat flow times, where the coefficient of variation was <5%, had the
logarithmic distribution with the coefficient of determination R?>0.99
until the moment of change in the temperature.

The kinematic viscosity of fat which was measured within the
assumed temperature range (60—160°C) reached the values ranging
from 1.8 to 12 mm?-s”! and it was negatively correlated with the tem-
perature r=—0.94 (Fig. 1).

160 1
00 140 - y =-47.17In(x) + 187.62
i R?=0.9941
o @
55 120
g
Q@
gg 100 -
L= = 80
60 -
40 . . : ; ;

0 2 4 6 8 10 12 14 16
Lepkosc kinematyczna [mm?2s?]
Kinematic viscosity [mm?-s1]

Fig. 1. The correlation between the kinematic viscosity of pig fat and heating
temperature

The temperature where the kinematic viscosity of pig fat is simi-
lar to the kinematic viscosity of diesel at 40°C ranges from 120°C to
140°C. Animal fats contain about 35% of stearic acid and palmitic
acid (melting point: 70°C and 64°C, respectively). Therefore, they re-
tain the solid state of matter at ambient conditions [5]. The freezing
point of such fuels can be changed chemically by the process of trans-
esterification. As a result of the process, the freezing point of these
fuels is about 10°C. According to Goodrum et al., animal fats can be
used as a component of heating oil in heating installations, where the
fuel is preheated and its storage conditions do not change [11].

The type of applied fuel and the temperature of pig fat did not
have significant influence on the power generated by the engine. As
results from the research, the engine powered with hot animal fat
(fuel temperatures of 80°C, 120°C and 160°C) generated the average
maximum power of 34.9 kW + 4%, whereas the engine powered with
diesel generated the power of 32.3 kW + 8% (Fig. 2). Thus, as a result
of a univariate analysis of variance with the 5% level of confidence,
the type of applied fuel was not observed to have significant influence
on the maximum power generated by the engine under investigation
(p=0.08).

The next stage of the research involved the measurement of ex-
haust opacity in the engine powered with diesel and then with ren-
dered animal fats. The average value of exhaust opacity in the engine
powered with diesel was k =1.38 m''. When this value was compared
with the values obtained when the engine was powered with hot ani-
mal fat, which ranged from k=0.38 m™' (80°C) through k=0.30 m"'
(120°C) to k=0.39 m™' (160°C), a considerable decrease in the exhaust
opacity was observed, reaching about 70% (Fig. 3). Such a low value
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Fig. 2. The engine power at the maximum setting of the fuel injection pump;
ON —diesel; T80, T120, T160 — pig fat at temperatures of 80°C, 120°C
and 160°C, respectively
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Fig. 3. A comparison of exhaust opacity in the engine powered with diesel and
the engine powered with pig fat: ON — diesel; T80, T120, T160 — pig
fat at temperatures of 80°C, 120°C and 160°C, respectively

of the exhaust opacity may have resulted from differences in the con-
tent of carbon and oxygen in the fuels under comparison. The content
of carbon in diesel reaches 84-87% and there is almost no oxygen,
whereas the content of carbon in animal fats is about 73% (m/m) and
the content of oxygen is about 12.5% (m/m) [25].

4. Summary

As results from the literature, fats are a mixture of fatty acids,
which are characterised by different flow temperatures, ranging from
—14°C for linolenic acid to 70°C for stearic acid [8]. As results from
the study by Golimowski et al., regardless of the type and origin the
kinematic viscosity of fats is about 19.67 mm?-s™'+5% at a tempera-
ture of 60°C (except post-frying fats) [9]. On the other hand, at lower
temperatures the kinematic viscosity depends on the type of fat. Thus,
in view of this fact and with reference to the findings of this research
we can assume the hypothesis that the kinematic viscosity of fats
made from plants will be similar to that of diesel at a temperature
exceeding 120°C. In order to confirm the hypothesis it is necessary to
conduct the research again according to the methodology developed
by the authors.

In 2005 Senthil et al. proved that an increase in the temperature of
animal fats used to power a diesel engine reduces the exhaust opac-
ity. In comparison with the engine powered with diesel the opacity
of exhaust emitted by the engine powered with fats at a temperature
of 30°C was lower by about 30%. When the temperature increased
to 70°C, the exhaust opacity was reduced by 60% in comparison
with diesel [25]. The researchers observed that when the engine was
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powered with pig fat at a temperature of 80°C, the exhaust opacity
was reduced by about 70% in comparison with the engine powered
with diesel. Apart from that, further increase in the temperature of
fat did not cause significant changes in the degree of exhaust opacity.
Senthil et al. observed that the lower exhaust opacity resulted from
the characteristics of heat release in the cylinders. During the first
phase, when the pressure in the cylinders increased dynamically, the
dynamics of heat release was lower when animal fats were applied.
The situation was opposite at the second phase where the unburned
fuel is completely burning [25]. This phenomenon was caused by the
lower content of carbon in fat and by the presence of oxygen. The
larger amount of heat at the second phase of fuel burning favours the
higher temperature of exhaust emitted by the engine [2]. Barrios et al.
observed that differences in the exhaust opacity of the engine pow-
ered with diesel and then with a mixture of biodiesel from animal fat
and diesel (50/50) did not depend on the engine load. As the average
velocity of the vehicle in motion increased, and in consequence, as
the engine load increased, there were equal and directly proportional
differences in the degree of exhaust opacity for all of the engine load
values under investigation [3]. Another effective method of reduc-
tion of exhaust opacity is to use animal fat emulsified with ethanol
[15]. Thus, it would be necessary to start research in order to make
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In the article, results of exploitation research of three various technical objects (public transportation bus engines) are presented.

Gathered data is presented in three sets (1 — concerning object, 2 — concerning driving conditions, 3 — concerning driver, where
sets 2 and 3 are object environment) in form of points (expert number assessments). Relation between point information on object
and point information on environment was described using coupled state interaction equations. Such approach allowed to de-

termine the following for each moment of exploitation: technical condition parameter ar and operating condition parameter ag,

therefore in each moment of exploitation data regarding operating and technical condition of exploited object (bus) is available.

This data allows for identification of object aptitude condition and thus optimally control processes of exploitation and service of
particular objects as element of set of objects and set of objects.

Keywords: diagnostics, regulation, aptitude.

W artykule przedstawiono wyniki badan eksploatacyjnych trzech roznych obiektow technicznych (silnikéw autobusow komunika-
¢ji miejskiej). Zebrana informacja zostala przedstawiona w 3 zbiorach (1 — dotyczy obiektu, 2 — dotyczy warunkow jazdy, 3 — do-
tyczy kierowcy, przy czym zbiory 2 i 3 stanowig otoczenie obiektu) w postaci umownych punktow (eksperckich liczbowych ocen).
Relacje miedzy punktowq informacjq o obiekcie i punktowq informacjq o otoczeniu opisano za pomocq sprzezonych rownan stanu.
Takie podejscie pozwolito wyznaczy¢ dla kazdej chwili eksploatacji: parametr stanu technicznego aT i parametr stanu dziatania
aR, Zatem w kazdej chwili eksploatacji moze by¢ dostepna informacja o stanie technicznym i stanie dzialania kazdego eksploato-
wanego obiektu (autobusu). Informacja ta pozwala identyfikowaé w kazdej chwili stan zdatnosci obiektu, a zatem pozwala opty-
manie sterowac procesami uzytkowania i obstugi poszczegolnych obiektow jako elementu zbioru obiektow i zbiorem obiektow.

Stowa kluczowe: diagnostyka, regulacja, zdatnosé.

1. Introduction

Long term exploitation of machine leads to its gradual damage
caused by decrease in its material properties and mechanical wear.
Technical service is therefore tasked with constant (current) assess-
ment of object technical condition and ability of proper operation of
technical objects based on measured diagnostic signals, exploitation
signals and conditions in which the object is exploited. This allows
to observe changes of operating and technical condition and, subse-
quently, changes of technical object reliability state [2, 7, 15, 19, 23].

A concept of new exploitation research method is presented based
on the assumption that all data (diagnostic signals, exploitation sig-
nals, exploitation condition signals) are expressed (presented) in form
of points and thus may be easily processed.

Diagnostic signals in form of points were first applied in diagnos-
tics of SH-2G onboard-based helicopter (USA) [22]. In this method,
object aptitude is analyzed only by summing all of the points. Subse-
quently, assessment is made whether the obtained number of points
characterizing serviced object is lower than acceptable threshold
specified by manufacturer (USA).

Innovative method of using exploitation data (in form of points)
proposed in the article is based on fact that each change of diagnos-
tic signals, signals concerning exploitation quality and signals con-
cerning exploitation conditions (depending on their value and time
of occurrence) is correlated with number of points determined by the

experts. Subsequently, basing o the aforementioned, parameters of
operating condition ap and technical condition at are determined us-
ing coupled interaction equations [3, 12, 13, 15, 21] for each moment
of object exploitation.

The described method may prove very useful, as global exploita-
tion condition of the object is unequivocally presented by unequivo-
cal values of ag and ay parameters (where ag — operating condition
parameter, at — technical condition parameter). This allows to predict
how the object should be used in future and when the object should be
serviced (repaired, overhauled).

2. Diagnostic research of technical object and its envi-
ronment

Exploited technical object (e.g. bus engine) should be properly
used and serviced in conditions according to its destination [4, 5, 8, 9,
16+18, 24+ 26, 29].

Particular role in exploitation system if fulfilled by expert-driver
and expert-diagnostician (expert being a specialist assessing system
and its environment). Experts are the main source of knowledge that
should be used to increase probability of elaborating comprehensive
and reliable assessment of technical object aptitude condition during
the process of its service and use including exploitation costs [2, 7,
10, 11, 27, 28].

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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The research was conducted on three MAN bus engines in Mu-
nicipal Transport Company of the City of Bialystok. The aim of the
research was obtaining diagnostic signals concerning object condition
Dg (data from diagnostician) and data on its environment U (expert
data from driver).

Research was conducted in subsequent months of the year, there-
fore obtaining database for 12 months of the year.

The following was used in order to conduct exploitation analy-
sis:

* opacimeter — measurement of exhaust fumes fogging [1/m],

* acoustimeter — noise measurement [dB],

« diagnostical stand (chassis dynamometer) — fuel consumption
measurement[1/100km],

« expert knowledge from driver and diagnostician.

* Obtained data: determined (measurable), probabilistic and
heuristic (expert) was divided onto two sets:

« signals concerning technical condition Dy (Tab. 1)

* signals concerning environment influence condition U (Tab. 2)

Table 1. Information on diagnostic research of MAN engine:

Dm: | average fuel consumption without heating [1/100km]

Dy | average fuel consumption with heating [I/100km]

Dys | fogging value in engine blow [1/m]

Dms | fogging value during engine operation [1/m]

Dys | noise peak value [dB]

Dpe | noise average value [dB]

Dyy | braking force value on front axis — left wheel [kN]

Dys | braking force value on front axis - right wheel [kN]

percent value of difference between braking forces of left
and right wheel of front axis [%]

Dm1o | braking force value on rear axis — left wheel [kN]

Dwmiq | braking force value on rear axis — right wheel [kN]

percent value of difference between braking forces of left
and right wheel of rear axis [%]

Dgq clatters

Dg, unattended stalls (on neutral gear)

Dgs | stalls (during operation)

Dgs bus mileage [km]

Table 2. Information on environment research of MAN engine:

Uk, job experience [years]

Uk number of hours of work in a month [h]

Ugs driving smoothness (braking, accelerating)

Up, number of stops

Upz route length [km]

Ups surface and lay of the land

Up, environment temperature [° C]

Up, wind speed [m/s]

Ups atmospheric pressure [hPa]

Upy rainfall [mmHg]

Data from Tab. 1 and 2 is of physical nature. Therefore in each
case, data is transformed into a point value.

3. Special method of consideration of expert knowledge
for“weighing” data

In order to obtain knowledge from specialists (experts) and to
weigh data with points, specific questionnaires were developed with
users — bus drivers. [10, 28]

Research was conducted on group of 20 experts.

Table 3.  Expert weight of assessment of condition engine — diagnostic (diag-
nostician is the expert), driver and environment (driver is the expert)

Impor-
Sig- Signal name i(r;r:oz?- tance E
nal 9 P within P
tance
group

average fuel consumption without
D - 3 15

heating

average fuel consumption with
Dz heating 3 15
Dys | fogging value in engine blow 5 2 10
Dua foggmg value during engine op- ) 10

eration
Dpys | noise peak value 1 5
Dwe | noise average value 1 5
Dg, | clatters 2 8
Dg, | unattended stalls (on neutral gear) 4 1 4
Dgs | stalls 3 12
Dg4 | bus mileage 1 4
Uk, | job experience 1 3
U number of hours of work in a 5 6

K2 | month [h] 3

driving smoothness (braking, ac-
Uys f 3 9

celerating)
Up; | number of stops 2 4
Up, | route length 2 1 2
Ups | surface and lay of the land 3 6
Up; | environment temperature 3 3
Up, | wind speed : 1 1
Ups | atmospheric pressure 2 2
Up; | rainfall 3 3

Ep - expert weight points (importance of matter)

Data (signals) connected to object {Dy;}, {Dg;} and its environ-
ment {Ug;}, {Up;}, {Up;} were subjected to expert processing. Ex-
perts (Tab. 3) determined importance of signal groups and importance
of signal within that group and number of Ep for transforming exploi-
tation fact into point description. The respondents answered the ques-
tions by putting points (from range 1-5) in proper section of question-
naire, where 1 was least important data.

Importance of data D; and U; expressed by proper point weights
including knowledge of expert diagnostician is presented in Tab. 4.

Basing on Tab. 4, every situation, phenomenon and exploitation
fact may be expressed in form of proper number of points.
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Table 4. Expert point weights for assessment of condition of engine, diagnostician and driver (Tab. 3)

Signal Diagnostic signal name Ep N N+ 5% N+ 10% N+ 15% N +20%
D average fuel consumption without heating [I/100km] 15 1 16 31 46 61
Dma average fuel consumption with heating [I/100km] 15 1 16 31 46 61
Dus fogging value in engine blow [1/m] 10 1 11 21 31 41
Dwya fogging value during engine operation [1/m] 10 1 11 21 31 41
Dus noise peak value [dB] 5 1 6 11 16 21
D6 noise average value [dB] 5 1 6 1 16 21

Signal Diagnostic signal name Ep <1% 1-10% 10-20% 20-30% >30%
D braking force value on front axis - left wheel

m7 IkN]
D braking force value on front axis — right wheel
m8 IkN]
D percentage difference between 15 1 16 3 46 61
M9 DM7 and DM8 [%]
braking force value on rear axis - left wheel
Dwmio - - - - - -
[kN]
D braking force value on rear axis - right wheel
M11 IkN]
percentage difference between
D 15 1 16 31 46 61
Mi2- | DM10and DM11 [%]
braking force value on middle axis - left wheel
D3 - - - - - -
[kN]
braking force value on middle axis - right wheel
Dwmia - - - - - -
[kN]
percentage difference between
D 10 1 1 21 31 41
M3 | DM13 and DM14 [%]

Signal Diagnostic signal name Ep 0-2 2-5 >5
Dgq clatters 1 9 17
Dg, unattended stalls (on neutral gear) 4 1 5 9
Dgs stalls (during operation) 12 1 13 25

Signal Diagnostic signal name Ep <500 k 500 k-1 min >1 min
Dgs bus mileage 4 1 5 9

Signal Environment signal name Ep < 5years 5-12 years >12 years
Ui job experience [years] 3 1 4 7

Signal Environment signal name Ep <140h 140-180 h >180 h
Uk number of hours of work in a month [h] 6 1 7 13

Signal Environment signal name Ep <10 10-15 >15
U driving smoothness (braking, accelerating) 9 1 10 19
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Table 4. (continued) Expert point weights for assessment of condition of engine, diagnostician and driver (Tab. 3)

Signal Environment signal name Ep <15 15-30 >30
Upg number of stops 4 1 5 9

Signal Environment signal name Ep <10 km 10-15 km > 15km
Upz route length 2 1 3 5
. . . mediocre

Signal Environment signal name Ep good surface surface poor surface
Ups surface and lay of the land 6 1 7 13

Signal Environment signal name Ep <-10°C -10-10°C 10-20°C 20-30°C >30°C
Up, environment temperature 3 7 4 1 4 7

Signal Environment signal name Ep <28,4 km/h 28’:;16/:\’56 >61,56 km/h
Up, wind speed 1 1 2 3

Signal Environment signal name Ep <994,66 hPa | 996,66-1020 hPa >1020 hPa
Ups atmospheric pressure 2 1 3 5

Signal Environment signal name Ep no rainfall no 5|gn|f|cant Sf“a" rainfall small snowfall

rainfall rainfall snowfall
Ups rainfall 3 1 4 7 10 13 16
Table 5. Compilation of diagnostic signals in physical form
Diagnostic signals
Month D1 Dz D3 Dma Dws D6 Dy Dws Do Dmio | Dmi1 | Dmi2 D, Dg;, Dg3 De4

1 35,7 35,7 0,37 0,02 95 92 12 13,2 9 15,8 14,7 6 0 0 0 215582
2 35,7 35,7 0,37 0,02 95 92 12 13,2 9 15,8 14,7 6 0 1 0 217982
3 35,7 35,7 0,37 0,02 95 92 12 13,2 9 15,8 14,7 6 0 0 0 220102
4 35,7 35,7 0,37 0,02 95 92 12 13,2 9 15,8 14,7 6 0 0 2 222669
5 357 357 0,37 0,02 95 92 12 13,2 9 15,8 14,7 6 1 0 0 225125
6 35,7 35,7 0,37 0,02 95 92 12 13,2 9 15,8 14,7 6 0 3 0 227358
7 33,7 33,7 0,45 0,03 94 90 11,4 12 5 12,5 12,3 1 0 0 0 229758
8 33,7 33,7 0,45 0,03 94 90 11,4 12 5 12,5 12,3 1 0 0 0 232273
9 33,7 33,7 0,45 0,03 94 90 11,4 12 5 12,5 12,3 1 0 0 0 234571
10 35,1 35,1 0,42 0,03 91,9 91 8,8 12,6 29 11,9 133 10 3 3 0 236699
11 35,1 35,1 0,42 0,03 91,9 91 838 12,6 29 11,9 14,7 10 0 0 0 239047
12 35,1 35,1 0,42 0,03 91,9 91 8,8 12,6 29 11,9 14,7 10 0 0 0 241392
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Table 6. Compilation of environment signals in physical form

Environment signals

Month Uks Uz Uks Up: Up, Ups Up; Up, Ups Up,
1 4 125 5 33 15 2 -0,8 15,2 995,7 no significant rainfall
2 24 164 5 21 9,4 1 -5,8 16,2 1002,2 small rainfall
3 24 160 5 21 9,4 1 7,7 19,4 999,3 no significant rainfall
4 10 179 5 21 9,4 1 14,9 16,3 987,2 no significant rainfall
5 10 146 5 40 16,9 2 20,9 14,9 997,0 no significant rainfall
6 16 187 6 40 16,9 2 22,1 16,4 992,2 small rainfall
7 16 110 6 40 16,9 2 26,6 13,7 995,8 no significant rainfall
8 16 144 4 40 16,9 2 23,8 14,6 996,7 no significant rainfall
9 16 170 4 40 16,9 2 20,2 16,4 995,7 no rainfall
10 4 144 4 29 14,6 2 11,8 16,0 994,0 no significant rainfall
11 4 154 7 29 14,6 2 6,9 15,8 995,7 no rainfall
12 4 185 7 29 14,6 2 -2,3 16,3 994,5 no significant rainfall
Table 7. Compilation of diagnostic signals in point form
Month Dmip Dzp Dmsp Dmap Dwsp Dep Dmop Dm12p Dgp De2p Desp Deap
1 15 15 10 10 5 5 30 30 0 0 0 4
2 15 15 10 10 5 5 30 30 0 4 0 4
3 15 15 10 10 5 5 30 30 0 0 0 4
4 15 15 10 10 5 5 30 30 0 0 12 4
5 15 15 10 10 5 5 30 30 8 0 0 4
6 15 15 10 10 5 5 30 30 0 8 0 4
7 15 15 10 10 5 5 30 15 0 0 0 4
8 15 15 10 10 5 5 30 15 0 0 0 4
9 15 15 10 10 5 5 30 15 0 0 0 4
10 15 15 10 10 5 5 60 30 16 8 0 4
1 15 15 10 10 5 5 60 30 0 0 0 4
12 15 15 10 10 5 5 60 30 0 0 0 4
Table 8. Compilation of environment signals in point form
Month Ugip Uop Uksp Upip Upop Upzp Upip Upap Upsp Upsp
1 3,00 6,00 9,00 12,00 4,00 12,00 2,03 1,00 1,55 2,32
2 9,00 12,00 9,00 12,00 2,00 6,00 2,25 1,07 1,61 2,89
3 9,00 12,00 9,00 12,00 2,00 6,00 1,58 1,13 1,77 2,06
4 6,00 12,00 9,00 12,00 2,00 6,00 1,43 1,03 117 2,10
5 6,00 12,00 9,00 12,00 6,00 12,00 1,65 1,00 1,71 2,26
6 9,00 18,00 9,00 12,00 6,00 12,00 1,80 1,00 1,33 2,73
7 9,00 6,00 9,00 12,00 6,00 12,00 2,35 1,00 1,52 1,94
8 9,00 12,00 9,00 12,00 6,00 12,00 1,97 1,03 1,65 1,97
9 9,00 12,00 9,00 12,00 6,00 12,00 1,47 1,03 1,70 1,40
10 3,00 12,00 9,00 12,00 4,00 12,00 1,29 1,06 1,45 1,55
11 3,00 12,00 9,00 12,00 4,00 12,00 1,77 1,00 1,57 1,33
12 3,00 18,00 9,00 12,00 4,00 12,00 2,03 1,06 1,55 2,03
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Values of signals Up;+ Ups in Tab. 6 are average values form the
whole month, whereas Up, signal value is the most frequently occur-
ring in given month. In Tab. § a summed number of points was created
through transforming observed signals into point values on daily basis
and subsequently summing them in the end of the month and dividing
them by number of days in a month.

Basing on data in Tab. 5 and 6 and including expert weights (Tab.
3 and 4), point form of signals were obtained — Tab. 7 and 8 (data for
other two buses was filled analogously).

4. Algorithm of determination parameters of techni-
cal condition and operating condition of technical
object

Driver, through his influence on the bus, alters its environment
(accelerating, braking, turning). Influence is only effective is bus tech-
nical condition is sufficient. Bus performing its daily duties is subject-
ed to wear (increase in noise, fogging, fuel consumption). Intensity
of wear depends on varying environment in which the bus operates.
Therefore exploitation is an environment for technical condition and
technical condition is environment for exploitation. These facts may
be expressed by coupled interaction equations [3, 13]:

dDy
==K = 4Dy +bU (1
dt T~K T

du

2= = ayU+bpD 2
dt R RYK ()

where: U — variable of operating condition (exploitation signal), Dg

— signal of bus technical condition, ap — operating condi-

According to rules of static and dynamic identification [20], the
following is obtained from equation (1):

. Y ADgAU
aT = 72
S AU
3)
ADg
ar =
A9 (py +apU)
resurs
4

Parameter ay characterizes technical condition of the system and de-
pends on diagnostic signals as well as signals resulting from actions
of driver and environment.

According to rules of static and dynamic identification [20], from
equation (2) the following is obtained:

ADg AU
g = ZADKAU > )
¥ ADg
AU
% =35 (©)
U +apDy)
resurs

Signals Dy and U in homogeneous point form (Tab. 6) were trans-
formed into resultant diagnostic signal (Dg) and environment signal
).

2 2 2 2 2 2
Dipip + Dyap + Dyrap + Dipap + Diysp ++Djyrep +

- - i - Dy = %)
inluence o ahiec echmicel conditon, by - paramete of #Dirop + Dinap + Disp + Digp + D3 + Digp + Digr
influence of technical condition on operating condition,

il soiion pts, dependng oy 1 U+ U+ U U O Ot

br — parameter of influence of regulation condition on bus +U%2 pt U12:.3 pt+U %,4 P

technical condition.

Table 9. Procedure of calculating of parameters of technical and regulation condition for bus no. 301
Determination of technical a; and regulation ai potentials
Time of
Month | work Dy U A6 ADy AU Dg*U ID¢*U u? U2 Dy? SDy? ar ap ar ag
0
1 215582 | 50,16 | 21,05 | 2346 | 50,16 | 21,05 | 105565 | 105565 | 442,92 | 442,92 2516 2516 | -2,3834 | -0,4196 0 0
2 217982 | 50,32 | 22,52 | 4746 | 100,48 | 43,57 | 1133,20 | 2188,84 | 507,16 | 950,08 2532 5048 | -2,3038 | -0,4336 | -0,01354 | 0,01308
3 220102 | 50,16 | 22,39 | 6866 | 150,64 | 6595 | 1122,93 | 3311,78 | 501,18 | 1451,27 | 2516 7564 | -2,2820 | -0,4378 | -0,02366 | 0,02258
4 222669 | 51,58 | 21,30 | 9433 | 202,21 | 87,26 | 1098,80 | 4410,57 | 453,89 | 1905,16 | 2660 | 10224 | -2,3151 | -0,4314 | 0,00951 | -0,00979
5 225125 | 50,79 | 24,43 | 11889 | 253,01 | 111,69 | 1240,79 | 5651,36 | 596,73 | 2501,89 | 2580 | 12804 | -2,2588 | -0,4414 | -0,00485 | 0,00468
6 | 227358 | 50,79 | 28,70 | 14122 | 303,80 | 140,38 | 1457,60 | 710896 |823,49 | 332538 | 2580 | 15384 | -2,1378 | -0,4621 | -0,00204 | 0,00190
7 229758 | 42,91 | 23,12 | 16522 | 346,71 | 163,50 | 992,06 | 8101,02 | 534,59 | 3859,97 | 1841 17225 | -2,0987 | -0,4703 | -0,00374 | 0,00336
8 232273 | 42,91 | 25,33 | 19037 | 389,61 | 188,83 | 1086,75 | 9187,78 | 641,52 | 4501,48 | 1841 19066 | -2,0411 | -0,4819 | -0,00233 | 0,00213
9 234571 | 42,91 | 25,26 | 21335 | 432,52 | 214,09 | 1083,83 | 10271,60 | 638,07 | 5139,55 | 1841 | 20907 | -1,9985 | -0,4913 | -0,00268 | 0,00240
10 236699 | 74,40 | 23,35 | 23463 | 506,93 | 237,44 | 1737,47 | 12009,07 | 545,30 | 5684,86 | 5536 | 26443 | -2,1125 | -0,4541 | 0,00086 | -0,00097
11 239047 | 72,22 | 23,37 | 25811 | 579,15 | 260,82 | 1688,13 | 13697,20 | 546,35 | 6231,21 | 5216 | 31659 | -2,1982 | -0,4326 | 0,00108 | -0,00128
12 | 241392 | 72,22 | 27,01 | 28156 | 651,37 | 287,83 | 1951,05 | 1564825 | 729,79 | 6961,00 | 5216 | 36875 | -2,2480 | -0,4244 | 0,00201 | -0,00281
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Table 10. Procedure of calculating technical and regulation condition parameters

bus no. 301 bus no. 303 bus no. 304
araverage 0,0027 0,0263 0,1120
arsum 0,0134 0,1053 1,0081
ag average 0,0063 0,0060 0,0385
agsum 0,0501 0,0541 0,2698

Using data from Tab. 7 and 8 and equations 1-6, increases of tech-
nical condition described by parameter at and operating (regulation)
condition described by parameter ap were calculated.

Algorithm of calculating ar (based on equation 4) and ag (based
on equation 6) are presented in Tab. 9
Subsequently, Ya expressing degree of object wear as well as Yap
expressing degree of proper operation ability loss are determined.

Results of course of changes of normalized parameters ap and at
for bus no. 301 are presented on Fig. 1 and 2, for bus no. 303 and Fig.
4 and for bus no. 304 on Fig. 6. Courses of sums of these parameters
are presented on Fig. 3, 5 and 7 respectively. Charts do not contain
first month, as ag and at parameters are impossible to determine (ini-
tial value of Dg and U signals is unknown).

The buses have mileage of — bus no. 1 — 241 392 km, bus no. 2 —
239 829 km, bus no. 3 — 244 003 km. Expert may therefore assume
that the buses are already run in. Hence, no possibility exist to im-
prove technical condition of analyzed buses (in case where bus would
be in running in process, negative values of a and ag should also be
considered). Therefore assumption is made that ap and ag parameters
may not be negative (Fig. 1). Hence the negative values are consid-
ered 0. The above chart assumes the following form (Fig. 2).

Basing on data from Tab. 10, expert obtains complex information
on operating (ag) and technical (at) condition of the object. Sum of at
is information on object wear and sum of ag is information on change
of regulation susceptibility. Therefore assumption can be made that
best technical condition (i.e. the least worn) is that of bus no. 301. The
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greatest potential of operating (regulation) condition is also that of bus
no. 301. The above conclusion was verified by 20 experts (Tab. 3).

Such approach allows for simple qualification of objects to further
exploitation or to service.

object belong is determined as well as its condition and extent of its
exploitation [22].

This method is versatile and may be applied to any technical ob-
ject (bus, helicopter, aircraft). The method requires itemization of sig-

nals connected to analyzed object and signals connected to its envi-
ronment and, subsequently, expressing these signals in form of points
using proper weights. This activity is performed by expert or team of
experts. Subsequently, signals in form of points are used to determine
technical and operating condition parameters (equation 4, 6) [3, 6,
7,12, 13, 14, 15, 19] from coupled interaction equations [1, 2, 3, 6,
12, 13]. This allows for constant control of technical and operating
condition of the object during its exploitation. The described method
might prove very useful, as global exploitation condition is unequivo-
cally presented using ag and ar parameters and thus allows to predict
how the object should be exploited and when should it be serviced
(repaired, overhauled).

5. Summary

Exploitation research activity is conducted in the process of object
exploitation in order to determine its current and future operating and
technical condition. In advanced and complex technical objects, mul-
tiple research methods are applied simultaneously, each based on data
in different form (determined signals, probabilistic, heuristic). [4, 5, 8,
9,12, 13, 16, 18, 21, 25, 26, 29]

Assumption of innovatory method of using diagnostic data (pre-
sented in form of points) was presented in the article. For each change
of signal (depending on its value and moment of occurrence) proper
amount of points set by the experts is assigned. In previous diagnos-
tic method, points are summed and, subsequently, range to which the

The article was created during realization of young PhDs scholarship, granted from project "Podniesienie potencjatu uczelni wyzszych jako
czynnik rozwoju gospodarki opartej na wiedzy" implemented by Bialystok Technical University as a part of Operational Programme Human
Capital 2007-2013, financed by European Social Fund and National Budget.
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RECOGNITION OF ARMATURE CURRENT OF DC GENERATOR DEPENDING

ON ROTOR SPEED USING FFT, MSAF-1 AND LDA
ROZPOZNAWANIE SYGNALOW PRADU TWORNIKA GENERATORA

PRADU STALEGO W ZALEZNOSCI OD PREDKOSCI OBROTOWEJ WIRNIKA

ZZASTOSOWANIEM FFT, MSAF-1 1 LDA*

Recognition of states of electrical systems is very important in industrial plants. Article describes a recognition method of early

Jault detection of DC generator. The proposed approach is based on an analysis of the patterns. These patterns are the armature

currents of selected electrical machine. Information contained in signals of armature current is depending on generator state.
Researches were carried out for four states of generator with the use of Fast Fourier Transform (FFT), method of selection of am-
plitudes of frequencies (MSAF-1) and Linear Discriminant Analysis (LDA). The results of analysis show that the method is efficient
and can be used to protect DC generators. This method was verified with the aid of acoustic signals recognition method.

Keywords: fault detection, pattern recognition, armature current, DC generator.

Rozpoznawanie stanow uktadow elektrycznych jest bardzo wazne w zakladach przemystowych. W artykule opisano metode rozpo-
znawania stanow przedawaryjnych generatora prqdu statego. Proponowane podejscie jest oparte na badaniu wzorcow. Wzorce te sq
pradami twornika wybranej maszyny elektrycznej. Informacja zawartaw sygnatach prgdu twornikajest zalezna od stanu generatora.
Przeprowadzono badania dla czterech stanow generatora z zastosowaniem FF'T, metody wyboru amplitud czestotliwosci (MSAF-1)
i liniowej analizy dyskryminacyjnej (LDA). Wyniki analizy pokazujg, ze metoda jest skuteczna i metoda moze by¢ stosowana do
ochrony generatorow prqdu statego. Metoda zostata zweryfikowana za pomocg metody rozpoznawania sygnatow akustycznych.

Stowa kluczowe: detekcja uszkodzenia, rozpoznawanie wzorcow, prqd twornika, generator prgdu statego.

1. Introduction

Nowadays rotating machines are more complex than 20 years
ago. Electrical generators deteriorate over time gradually. Condition
of machines can be recovered through appropriate maintenance ac-
tivities. In recent years, many signal processing methods were applied
for diagnostics of electrical devices and machines [6, 7, 10, 11, 41].
Most of them were based on patterns recognition. Development of
diagnostic systems is important to guarantee quality of machines and
materials [2, 8, 11-14, 27, 29, 30, 33, 35, 36, 40, 44]. Diagnostic of
electric machines can be based on various signals such as: electric,
acoustic, thermal, magnetic or vibroacoustic [6, 8-11, 15, 16, 42,
43]. An armature current is a diagnostic signal. It can be measured
by measuring card and LEM current sensor. Armature current can be
used to diagnose type of fault. The analysis of armature current of Di-
rect Current generator can decrease the costs of maintenance of these
types of generators in the industrial plant and wind plants. It can also
lead to the more modern diagnostic systems.

In this paper authors propose early fault detection technique.
This technique uses method of selection of amplitudes of frequen-
cies (MSAF-1) and Linear Discriminant Analysis to classify feature
vector.

2. Recognition of armature current of Direct Current
generator

Recognition of armature current is not an easy problem. The da-
tabase of patterns is needed to solve this problem. This database is
used in a pattern creation process. Second database of test samples is
needed in an identification process. These databases should be pre-
pared properly.

The process of recognition of armature current can be defined as
two processes: pattern creation process and identification process.
First of them starts with registering of armature current. Signal of ar-
mature current is converted to the TXT file with data. After that TXT
file is split into small samples of current. The next step is selection
of amplitudes of frequencies. In this purpose authors propose new
method described in chapter 2.2. The method gives us 1 feature vec-
tor from 1 sample. At the end of the pattern creation process Linear
Discriminant Analysis is used to create patterns (Fig. 1).

The identification process is based on the same methods as previ-
ous process. Feature vectors are calculated by the same processing
methods. After that feature vectors are compared by Linear Discrimi-
nant Analysis.

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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Fig. 1. Process of recognition of armature current of DC generator with the
use of method of selection of amplitudes of frequencies and Linear
Discriminant Analysis

2.1. Measurement of armature current

Direct current generator has been loaded by an external resist-
ance. This armature current was measured by LEM current sensor
and measuring card. Then signal of armature current was converted
to the text file. After that TXT file was split into small samples of
current. Each sample had duration time of 1 second. Sampling fre-
quency of measuring card was 20000 Hz, so sample contained 20000
values. Spectrum of frequency of armature current was presented in
Figure 2.
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Fig. 2. Amplitudes of frequencies of armature current depending on frequen-
¢y for faultless DC generator with rotor speed 600 rpm

2.2. Method of selection of amplitudes of frequencies

Proposed method of selection of amplitudes of frequencies
(MSAF-1) was based on differences between amplitudes of various
states of DC generator. The armature current was dependent on the
state, rotor speed and construction of generator.

Steps of MSAF-1 are following:

1) Calculate spectrum of frequency for each state of DC genera-
tor.

2) Calculate differences between states of DC generator: a-b, a-c,
a-d, b-c, b-d, c-d, where a denoted the spectrum of armature
current of faultless DC generator, b denoted the spectrum of
armature current of DC generator with 3 shorted rotor coils,
¢ denoted the spectrum of armature current of DC generator
with 6 shorted rotor coils, d denoted the spectrum of armature
current of DC generator with broken rotor coil.

3) Calculate absolute values of differences between states of DC
generator: |a-b|, |a-c|, [a-d|, |b-c|, |b-d|, |c-d|.

4) Select 8 maximal amplitudes of the frequencies for each differ-
ence between states of DC generator: max;|a-b|, ..., maxg|a-b|,
..., maxy|e-d|,..., maxg|e-d| and determine corresponding fre-
quencies.

5) Find common frequencies (1-8) and then determine for these
frequencies the amplitudes of spectrum for each state of DC
generator.

l Calculate spectrum of frequency for each state of DC generator ‘

}

l Calculate differences between states of DC generator ‘

}

Calculate absolute values of differences
between states of DC generator

'

Select 8 maximal amplitudes of the frequencies for each difference
between states of DC generator

.

Find common frequencies and then select for this frequencies
the amplitudes of spectrum for each state of DC generator

Fig. 3. Block scheme of MSAF-1

The method of selection of amplitudes of frequencies of DC gen-
erator in form of block scheme has been presented in Fig. 3.

Differences between spectra for 4 states of DC generator with ro-
tor speed 600 rpm were presented in Figures 4-6. Selection of com-
mon amplitudes of frequencies for 4 states of DC generator with rotor
speed 600 rpm was presented in Figure 7.
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Fig. 4. Difference between frequency spectrum of armature current of fault-
less DC generator and DC generator with 3 shorted rotor coils (|a-b|)
with rotor speed 600 rpm
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Fig. 5. Difference between frequency spectrum of armature current of fault-
less DC generator and DC generator with 6 shorted rotor coils (|a-c|)
with rotor speed 600 rpm
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Fig. 6. Difference between frequency spectrum of armature current of fault-
less DC generator and DC generator with broken coil (|a-d|) with
rotor speed 600 rpm
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Fig. 7. Selection of common amplitudes of frequencies for 4 states of DC
generator with rotor speed 600 rpm (41 and 81 Hz)

Selected amplitudes of frequencies formed the feature vector used
by Linear Discriminant Analysis.

2.3. Linear Discriminant Analysis

There are many methods for data processing and feature vectors
classification [3-5, 17-26, 28, 31, 32, 34, 37-39, 41, 45-48]. The
feature vectors are processed by Linear Discriminant Analysis (LDA).
LDA maximizes the ratio (quotient) of between-class variance to the
within-class variance. Maximal ratio guarantees separability between
the classes. Data sets and the test sets should be formulated appro-
priately at the beginning of classification. Training sets are defined

as sety,..., set;. Next the mean for each training set and mean of all
training sets are computed.
The means of sets sety,..., set, are defined as y;,..., 1. Whereas

the mean of all training sets is called x«. This mean is given by equa-
tion 1:

H=py XM+ + P Xl (1

where  pj,...,p; are the a priori probabilities of the classes.

Next a linear combination of features is created by Linear Dis-
criminant Analysis. This method uses within-class scatter matrix and
between-class scatter matrix [1, 32]. Both matrices are used to formu-
late criteria for separability of the classes. Within-class scatter matrix
is defined as follows:

¢ Np
W= - ) -w)" @)
k=1i=1

where  u; denotes the mean of class £, xl.k is the sample with the
index i of class £, ¢ denotes the number of classes of training
sets, and N, is the number of samples of class £ [1, 31].

Between-class scatter matrix is expressed by formula:

B=Y (- )y — )’ (3)
k=1

where  u denotes the mean of all training sets, X, p vectors of dimen-
sions equal to the selected number of common frequencies.

The ratio of between-class scatter matrix determinant to the with-
in-class scatter matrix determinant is the criterion of Linear Discri-
minant Analysis. In this method it is essential to maximize the ratio
(Det|B| / Det|W]) [31]. The axes of the transformed space are defined
by the solution obtained by maximizing the ratio (Det|B| / Det|W)).

3. The results of recognition of armature current

Measuring card and LEM current sensor were used to record ar-
mature current signals. Parameters of current signal were: sampling
frequency - 20000 Hz, format - TXT. Operation parameters of DC
generator with rotor speed 600 rpm were following:

— faultless DC generator: U, =51V, 1, =70 A, U, = 159.1 V, I,

=2.5A,

— DC generator with 3 shorted rotor coils: U, =50.5V, [, = 71.5

A, U,=160.8V,1, =2.5A, 1, =58A,
— DC generator with 6 shorted rotor coils: U, =50V, I, = 70.5 A,
U,=1612V,1, =25 A, 1. =138 A,
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— DC generator with broken coil: U, =50.5V, 1, =70 A, U, =
163.3V,I, =2.5A,
U, - armature voltage of DC generator, /, - armature current
of DC generator, U, - excitation voltage of DC generator,
1, - excitation current of DC generator, /. - current of the
short-circuit.

where

Groups of three and six loops rotor coils were shorted with the use
of resistance R, = 0.085 mQ. This resistance was connected with DC
generator to protect the rotor windings. Investigations were carried
out for four current signals: armature current of faultless DC genera-
tor, armature current of generator with 3 shorted rotor coils, armature
current of generator with 6 shorted rotor coils (Fig. 8), armature cur-
rent of generator with broken coil. 32 training samples with a dura-
tion of one second were used in the pattern creation process. 128 test
samples with a duration of one second were used in the identification
process.

SHORT CIRCUIT
R

5C

Fig. 8. Scheme of rotor windings of DC generator with 6 shorted coils

Armature current recognition efficiency determines the relationship:

ACRE = NOPRTS 000, 4
NoATS 4)

where: ACRE — armature current recognition efficiency, NoWRTS —
number of well recognized test samples, NoATS — number of
all test samples.

Researches were carried out for DC generator with rotor speed
700 rpm, 600 rpm, 500 rpm, 400 rpm. Armature current recognition
efficiency depending on the rotations of rotor is presented in Figures

e ——
% N/
10 NV
60 Y
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Number of rotations of rotor

-_

ACRE [%]

—&— Armature current of faultless DC generator

—— Armature current of DC generator with 3 shorted
rotor coils )
—&— Armature current of DC generator with 6 shorted

rotor coils . .
—— Armature current of DC generator with broken coil

Fig. 9. Armature current recognition efficiency depending on the rotor speed
of DC generator
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Fig. 10. Recognition of test samples of armature current of DC generator with
3 shorted rotor coils with rotor speed 600 rpm

Armature current recognition efficiency of faultless generator
was 100%. 8 of 8 test samples were classified as faultless generator.
The samples were prepared on the basis of measurements and authors
knew that these 8 test samples were generated by faultless generator.
Armature current recognition efficiency of generator with 3 shorted
rotor coils was 62.5-100%. Armature current recognition efficiency
of generator with 6 shorted rotor coils was 100%. Armature current
recognition efficiency of generator with broken coil was 100%. Re-
sults for the two-element vectors were good. If the system selects the
number of common amplitudes of frequency equal 1-8, then LDA will
process 1-8 element vectors.

4. Conclusion

In this paper authors proposed technique and a system of recogni-
tion of armature current of DC generator. Researches involving the
application of signal processing methods to armature current recogni-
tion has been carried out for faultless DC generator and faulty DC
generator.

The experiments proved that the methods such as MSAF-1, FFT,
and LDA were sufticient enough for diagnostics of DC generator. Ar-
mature current recognition efficiency of DC generator was 100% for
rotor speed 400 rpm, 600 rpm, 700 rpm. When the rotor speed was
equal 500, then armature current recognition efficiency of DC genera-
tor was 62.5-100%.

Advantage of this method over acoustic signal recognition is that
the armature current is easier to process. Further researches will focus
on implementations of new processing methods and cooperation of
various diagnostic signals.
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AN INTEGRATED MODEL OF PRODUCTION SCHEDULING AND MAINTENANCE
PLANNING UNDER IMPERFECT PREVENTIVE MAINTENANCE

MODEL ZINTEGROWANY HARMONOGRAMOWANIA PRODUKCJI 1 PLANOWANIA
OBStUGI TECHNICZNEJ W RAMACH NIEPELNEJ KONSERWACJI ZAPOBIEGAWCZE)

For a successful company, machines are always required to work continuously to make more profit in a certain period. However,
machines can be unavailable due to the scheduled maintenance activities or unexpected failures. Hence, a model connected pro-
duction scheduling with maintenance planning for a production line which is composed of multiple machines is developed. Sup-
pose preventive maintenance is imperfect and cannot renew all the machines. Age reduction factor and hazard rate increase factor
are introduced to illustrate the imperfect character. Aperiodic preventive maintenance policy is adopted. Replacement as perfect
maintenance could restore the machine “as good as new”. When and whether to perform replacement is based on a cost-time rate
function which is defined to judge whether or not the preventive maintenance is economical. The objective of the joint model is
to maximize the total profit which is composed of production value, production cost, maintenance cost (including the preventive
maintenance cost and replacement cost), and tardiness cost (which is related to the job sequence and maintenance activities). To
optimize the objective, immune clonal selection algorithm is utilized. The proposed model is validated by a numerical example.

Keywords: aperiodic imperfect preventive maintenance; production scheduling; maintenance planning; im-
mune clonal selection algorithm, total profit.

Aby firma mogla dziala¢ z powodzeniem i przynosic wigksze zyski w danym okresie czasu, zainstalowane w niej maszyny muszq
pracowac w sposob nieprzerwany. Niestety, z powodu planowych dzialan obstugowych lub nieoczekiwanych awarii, maszyny sq
czasami wylgczane z produkcji. Dlatego tez w niniejszym artykule opracowano model lgczqcy harmonogramowanie produkcji
z planowaniem obstugi technicznej dla linii produkcyjnej zlozonej z wielu maszyn. W pracy zatozono, ze konserwacja zapobie-
gawcza jest niepelna i nie prowadzi do odnowy wszystkich maszyn. Aby zilustrowa¢ jej niepelny charakter, wprowadzono pojecia
czynnika redukcji wieku oraz czynnika wzrostu wskaznika zagrozenia. Przyjeto polityke nieokresowej konserwacji zapobiegaw-
czej. Wymiana jako forma pelnej konserwacji pozwala na przywrocenie maszyny do stanu "fabrycznej nowosci”. Kiedy i czy
nalezy przeprowadzi¢ wymiane zalezy od funkcji wskaznika kosztu w stosunku do czasu, ktory pozwala ocenié, czy konserwacja
zapobiegawcza jest oplacalna. Model zintegrowany ma na celu maksymalizacje catkowitego zysku, ktory jest wypadkowg warto-
Sci produkcji, kosztow produkcji, kosztow obstugi (w tym kosztow konserwacji zapobiegawczej oraz kosztow wymiany) i kosztow
nieterminowego zakonczenia zadania (ang. lateness, zwigzanych z kolejnoscig wykonywanych zadan i czynnosci obstugowych,).
Aby zoptymalizowa¢ opisany cel, wykorzystano algorytm odpornosciowej selekcji klonalnej Proponowany model zweryfikowano
na przyktadzie liczbowym.

Stowa kluczowe: nieokresowa niepelna konserwacja zapobiegawcza,; harmonogramowanie produkcji; plano-
wanie konserwacji; algorytm odpornosciowej selekcji klonalnej; catkowity zysk.

1. Introduction

In manufacturing industry, machines’ high availability and re-
liability is the key factor to make companies competitive in fierce
business competition. With the increased machine’s usage and age,
the machine’s reliability and performance could decline and result in
failure. The unexpected failures could result in not only catastrophic
losses but also security event. Preventive maintenance is an effective
way to avoid unexpected failures and keep machine in good condi-
tion. It is a bridge connected machine’s degradation with production
process. The machine’s degradation can be described and predicted
[26]. But in some cases, a machine may become unavailable because
of scheduled maintenance activities or unexpected failures [13]. A
good production scheduling makes the company complete more order

forms in a certain period. This is critical for company to obtain high
profit. In addition, high reliability and short breakdown is the goal
for managers.So there is a time-conflict problem between production
scheduling and maintenance planning. In addition, in some real manu-
facturing context, the two activities are employed separately [15]. So
how to optimize the two activities simultaneously is a problem.

The integrated problem has aroused researchers’ interest for many
decades. And many works have been published on this issue. Among
the existing works, most of them focus on a single machine [24, 4, 8].
Because the single machine problems could be interpreted as funda-
mental basis for more complex problems [10, 23]. While in practise,
many products should be processed on different machines, so, it is
more difficult to build the integrated model of production schedul-
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ing and maintenance planning for multi-machine system. Hence, this
study develops the jointed model in a multi-machine context.

According to the condition of a machine after maintenance in a
repairable system, maintenance can be classified into three types [19,
12]. (1) Perfect maintenance. It can renew the machine. (2) Minimal
maintenance. It just restores the machine to its prior state before fail-
ure. (3) Imperfect maintenance. It just makes the machine less dete-
riorated. Most of the current models based on the assumption that the
preventive maintenance is perfect [9, 18, 5]. Pham and Wang [19]
pointed out not all the machines or systems can be restored to “as
good as new” status after maintenance, some actions just make them
younger. Moreover, not all the damage is thoroughly recovered [1,16].
Therefore, imperfect preventive maintenance should be considered.
Wong et al. [25] stressed preventive maintenance tasks included lu-
brication, cleaning, inspection, adjustment, alignment and/or replace-
ment. In this study, we redefine replacement and preventive mainte-
nance as two different activities. Replacement is replacing the failed
system by a brand new one. It makes the machine “as good as new”.
Preventive maintenance is imperfect and just undertaken to the key
components in a system.

Although many papers optimized preventive maintenance and re-
placement simultaneously [6, 14, 3], few works considered preventive
maintenance, production scheduling and replacement together. Roux
et al. [21] considered bloc replacement policy when optimizing pre-
ventive maintenance and production scheduling. Ruiz et al. [22] men-
tioned replacement should be undertaken for longer maintenance, but
they didn’t illustrate when to implement concretely. Different with the
aforementioned works, in this study, we defined a cost-time function
which is used to illustrate when to perform replacement. Meanwhile,
the function could evaluate whether or not the preventive maintenance
is economical.

The objective of the integrated problem is to maximize the total
profit. To construct the objective, production value and production
cost of each job, tardiness cost which is impacted by job sequence and
maintenance cost including preventive maintenance cost and replace-
ment cost, all the factors should be considered. As proved by Qi et al.
[20] the joint optimization of production scheduling and preventive
maintenance planning is a NP-hard problem. So one issue appears
that how to optimize the objective. Traditionally, enumeration method
is used to solve the joint problem [2]. However, when the number of
jobs is large, it takes much time and space to calculate and get the
optima. Therefore, artificial intelligent research algorithm should be
utilized. Hence, in this study, immune clonal selection algorithm is
used to optimize the integrated problem.

Overall the analysis above, we focus on the joint problem of pro-
duction scheduling and maintenance planning in a production line
composed of multiple machines. We suppose the preventive main-
tenance is imperfect and the degradation is accelerated after each
preventive maintenance. While replacement can renew the machine.
When to implement replacement is based on a cost-time rate func-
tion which is also used to evaluate the economy of preventive mainte-
nance. The objective of the integrated model is to maximize the total
profit which is impacted by job sequence, production cost, produc-
tion value, tardiness cost and the cost for preventive maintenance and
replacement. To solve the complex problem and obtain the optimal,
immune clonal selection algorithm is used.

The rest of the paper is organized as follows: Section 2 describes
the development of the integrated model. In Section 3, the optimiza-
tion methodology based on immune clonal selection algorithm is il-
lustrated. Section 4 reports the validation of a numerical example and
the results. Finally, Section 5 concludes the paper and proposes the
future research.

2. Development of the integrated model

2.1. Assumption, acronyms and notations

Al: Suppose there are many jobs to be processed on different
machines. All jobs are predetermined at the beginning of the
production horizon and pre-empting one job for another is not
allowed.

A2: Suppose, all the machines are new at the beginning of production
horizon. For each machine, there is a key system, if the key
system failed, the machine cannot work. If the system is renewed,
the machine is renewed. If the system is not “as good as new”,
the machine is not “as good as new”. Namely, the machine’s
degradation is exactly equal to the corresponding key system’s
degradation.

A3: Even though each systemss failure is stochastic, the system’s failure
rate function can be described. And after preventive maintenance,
the machine begins a new degradation process.

A4: Minimal repair is undertaken upon failure and restores the system
“as bad as old”. The time and cost for minimal repair is negligible.
Preventive maintenance is imperfect and just makes the system
less deteriorated. Replacement is perfect maintenance.

AS5: The unplanned failure can be inspected once it occurs.

A6: Time for the machine’s setup and transition is negligible.

A7: The continuum between two sequential preventive maintenance
activities is called preventive maintenance cycle.

PM: preventive maintenance cr: cost-time rate

PMC: the preventive maintenance

RC: replacement cost
cost

T;: the i preventive maintenance PMT: the preventive maintenance
cycle time

Ry reliability threshold Aqfailureratein T;

t: time variable in each T; a;: age reduction factor in T;

b;: failure rate increase factor in T; RT: replacement time

AlS: artificial immune system CS: clonal selection

ICSA: immune clonal selection

GA: genetic algorithm algorithm

ST: start time of each job ET: end time of each job

MTs: the times of maintenance

2.2. Problem description

Suppose there will be many jobs to be processed on a production line
which contains multiple different machines. Usually, once the machine’s
reliability is lower than the predetermined reliability threshold, then
periodic preventive maintenance (PM) is implemented.One issue
is how to determine the periodic interval. Traditionally, the periodic
interval is determined according to experts’ experience. While this kind
of periodic PM is irrational especially under imperfect maintenance
system. Because “over maintenance” or “less maintenance” would
happen and it is uneconomic and high hazardous.

0 30 100 150 200 250 300
time

| [ Preventive mainenance activites [l Joo1 [l Joo2 W Joo3 O Job-‘l

Fig. 1. Information of machine's service and maintenance with considering
production and PM simultaneously
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Under the imperfect PM policy, machine’s reliability could be
restored to a better status, but not to the new status. To illustrate the
imperfect character, age reduction factor (Malik [11]) and failure rate
increase factor (Nakagawa [17]) is introduced. Hence, machine’s fail-
ure rate is bigger than the former PM cycle. Figure 2 describes the
machine’s reliability during the production horizon.

Machine's reliability
1

Production horizon

B production [p i i [ repl

Fig. 2. The illustration of the system's reliability during the production hori-
zon

Suppose preventive maintenance is just undertaken to key com-
ponents of the key system. Due to the introduction of age reduction
factor and failure rate increase factor, the system’s failure rate is big-
ger than in the former PM cycle. So, with the increased machine’s
usage and maintenance times, the maintenance cost becomes rather
high, and the machine’s operational time is much less than before
preventive maintenance cycle. Thus, when involved in this situation,
replacing the key system by a brand new one will be reasonable and
economical after certain number of preventive maintenance. How-
ever, a new problem is raised that is how to determine the number of
preventive maintenance. Namely, how to determine the upper bound
of preventive maintenance, because after the certain number of pre-
ventive maintenance, it is uneconomical to perform preventive main-
tenance. This study defines a cost-time rate (cr) function to evaluate
the economy of preventive maintenance for a new machine.

N x PMC + RC
or=a——— (1)
ST + N x PMT
i=1

The cost-time rate (¢r) means maintenance cost per unit time. With
the increased number of preventive maintenance, cr decreases. Af-
ter certain number of preventive maintenance, cr will increase. The
inflection point of ¢r is the most economical number of preventive
maintenance. It means in the same unit time, the maintenance cost is
lowest at the inflection point. Hence, the inflection point is chosen to
regard as the best time to implement replacement. The variation of
cr with the increased number of preventive maintenance is shown in
Figure 3.

A
cr .
(8 per unit time)

Number of P.\;

Fig. 3. The variation of cr with the increased number of preventive mainte-
nance

Therefore, the machine’s usage with considering preventive main-
tenance and replacement is described in Figure 4.
Step 1. Making a job sequence and organizing production.

Step 2. Predicting the machine’s reliability.

Step 3. Comparing the current reliability R,(f) and reliability thresh-
old Ry If R,(?) is bigger than Rj; go to Step 4, otherwise, go to
Step 1.

Step 4. Calculating c¢r and judging whether or not the preventive
maintenance is economical. If the preventive maintenance is
uneconomical, go to Step 5. Otherwise, go to Step 6.

Step 5. Replacement. Replacing the system by a new brand one. Af-
ter replacement, the machine’s status is “as good as new”.
Then go to Step 1 until the all the jobs are finished.

Step 6. Preventive maintenance. Preventive maintenance is just un-
dertaken to the key components of the key system. After pre-
ventive maintenance, go to Step 1 until the all the jobs are
finished.

————————* ganizing production -—

Predicting reliability

Preventive maintenance
1s economical?

Fig. 4. Usage of a machine

Preventive maintenance

2.3. Model forimplementing aperiodic imperfect preventive
maintenance

It is obvious that the machine’s failure rate will increase with in-
creased usage and age. Age reduction factor and failure rate increase
factor is introduced to describe the imperfect character. The age reduc-
tion factor is used to illustrate the machine cannot be renewal. Failure
rate increase factor is used to represent the failure rate is increased.
Therefore, the failure rate function is defined as follows:

D (1) = b2 (1 + a;T;) ()

Where, q; is the age reduction factor and b; is the failure rate
increase factor in 7; respectively. 0<a;<1<b, and 1<b;<b,<---<b;.

According to the theoretical relationship between the failure
rate function and reliability, the machine’s reliability is shown as
Equation 3:

R (t) = exp{—jbﬂi (t'+ aiTi)dt} 3)

0

It is supposed that machine’s reliability reaches the reliability
threshold (R)), so the machine’s reliability at the end of the current
preventive maintenance cycle can be inferred as:

Ry = exp[—.[oTi+1 by x 2 (t' +a; x T})dt':l 4)
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Rewritten as:

InR; :—.[OT”I b; xli(t' +a xY})dtv (5)

So, the preventive maintenance cycle (7}, ;) can be calculated ac-
cording to the reliability threshold (R)), age reduction factor (g,), fail-
ure rate increase factor (b;) and the failure rate function of the machine
(4/(?)) in the current preventive maintenance cycle (7}).

The current processing job is can be interrupted due to scheduled
maintenance even though it is unfinished. Therefore, the machine’s
service time is related to the status of Job m in the current maintenance
cycle.

% i—1+it
T (©)
wt j-1 +it,

Where, wt j-1 is the service time before the jth processing, wt ! is
the service time after the jth processing. it,, means Job m could be just

finished in this maintenance cycle. it,, isthe finished part of Job m in
this maintenance cycle if the machine is disrupted due to the mainte-
nance. Suppose that the machine is maintained for & times (including
PM and replacement) before completing Job m. The calculated com-
pletion time of Job m in calendar (#,,,) could be got by Equation (7):

k m
lem = z Lt Z ity (M
k'=0 m'=1

Where, ¢, is the maintenance time including preventive main-
tenance time (PMT) and replacement time (RT). it,, is the processing
time of Job m. Therefore tardiness of Job m (6,,) is as follows:

0,, =max(0,tcm —dtm) (8)

Where, dt,, denotes the delivery time of Job m. Suppose the ma-
chine is maintained for K times (including PM and replacement) be-
fore completing all jobs, so the total profit /,,, of the task should
consist four parts: (1) production value of all the jobs, (2) production
cost of all the jobs, (3) maintenance cost (including PMC and RC) and
(4) total tardiness cost:

n

K n
Itotal = Z itm ><(pvm _pcm)_ Z Py — Z em ><dcm (9)
m=1 k=0 m=1

Where, pv,,, pc,, and dc,, are production value, production cost
and tardiness cost of Job m respectively. cp; denotes the cost of the
kth maintenance activity including PMC or RC. From Equation (9),
maintenance planning and production scheduling is jointed and could
be optimized simultaneously.

2.4. Model forimplementing periodic perfect preventive
maintenance

In other current works, periodic PM activities are generally
considered. And another basic assumption is that preventive
maintenance could renew the machines. Suppose a machine is always

implemented periodic PM without replacement, therefore the calcu-
lated completion time of Job m in calendar (#,,,) is Equation (10):

kp m
tc[';n = Z tP,k' + Z ity (10)
k'=0 m'=1
Where, t, - represents the time for each periodic PM. Thereby,

the tardiness of Job m is Equation (11):

or =max(0,tfm—dtm) (11)
Subsequently, the total profit is as follows:

n K,

n
1£tal = z itm X(me - pCm)— Z Pk — z 9)5 ><dcm (12)
m=1 k=0 m=1

Noting that, different from Equation (9), the third monomial in
the Equation (12) just includes preventive maintenance cost without
replacement cost.

3. Optimization methodology

The joint optimization of production scheduling and preventive
maintenance planning has been proved as a NP-hard problem [20].
Artificial immune system (AIS) as a kind of random researching algo-
rithm is usually used to solve optimization problem. Compared with
deterministic optimization methods, there are two main characteristics
and advantages for AIS. (1) The optimum is searched from a series of
points simultaneously in the solution sets rather than from one single
point. (2) The objective is used in the iteration process rather than the
derivative or other additional information. Clonal selection (CS) is
one of the most important theory in AIS. Different from genetic al-
gorithm (GA), CS performs selection based on the rate of affinity be-
tween antibodies and antigens. Besides, CS constructs memory cells
which contain a group of optima. Moreover, CS could diversify the
population by replacing the old antibodies. The basic steps of the im-
mune clonal selection algorithm (ICSA) are illustrated in Figure 5.
Step 1: Problem recognition. The fitness function for ICSA is the

objective which is to maximize the total profit. Each chro-
mosome is encoded to represent one job sequence and each
gene presents one unique job. For example, chromosome{1,
5,6,9,4,3,7,2,8,10} represents the sequence of all the jobs
processed on one certain machine.

Step 2: Initializing parameters. The parameters contain the number
of population (popsize), the number of antibodies for re-
placement (4r), the number of iteration (iteration), the clonal
selection probability (Ps), the initial clone number (Cn), the
clonal inhibited radius (Cir), the inspiration parameter (/p),
the clonal recombination probability (Pre), the gene change
probability (Pc), the gene shift probability (Psh), the inverse
probability (Pi), and density selection probability (Pd).

Step 3: Calculating initial solution sets. Each chromosome’s value is
calculated based on the objective.

Step 4: Judging whether the terminal condition is met. Here, the ter-
minal condition is the optimum beyond certain value. If met,
go to Step 11, otherwise, go to Step 5.

Step 5: Sorting the solution set in descending order.

Step 6: Immune clone. This step contains clonal selection and im-
mune clone. First, the affinity should be calculated, which is
as follows:
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Problem recognition
Initializing parameters

Calculating initial solution sets

Meeting the terminal condition?

Sorting the optimum sets in descending order

Clonal recombination
Recalculation and mutation

Making the population various and recalculation

Meeting the terminal condition?

Outputting the optimum solution

Fig. 5. Process of immune clonal selection algorithm

p—minp

aff = ;
max p —min p

(13)

Where, p is the total profit of each chromosome, min p is
the minimum among p, and max p is the maximum. In this
way, aff is in the interval (0,1) which is convenient to be
compared. Before calculating similarity of every two chro-
mosomes, a whole zero matrix is set, if the genes from two
chromosomes represent the same meaning, the correspond-
ing value is changed into 2, if the selected genes are different,
then the value in the zero matrix should be transformed into
1, the unselected genes are still 0. Then the matrix is divided
by 2 and named it 4k. If the value in the matrix is bigger than
0, the calculation should follow Equation (14), otherwise, it
is still 0:

HK =—hk x In(hk) (14)

Then the similarity and antibodies density is calculated re-
spectively:

1
ayy = 15
Y 1+ HK (15)
density = M (16)
popsize

Where, cumsum means the cumulative sum of all the genes
from each chromosome which similarity is bigger than the
given Cir.

Step 7:

Chromosomes with higher affinity can be regarded as Cell
B. To determine the number of clone for each Cell B (Cnt),
Equation (17) is developed:

Cnt = round (Cn X %]

affy

(17)

Where, the aff, and aff,, is the affinity of each Cell B and

the cumulative sum affinity of each Cell B respectively.
Clonal recombination. Before clonal recombination, all the
clones are separated into two parts, the ahead-ranked part and
the latter-ranked part. The ahead-ranked part contains the first
half of all the clones, and the latter-ranked part includes the
rest clones. Recombinants are from the two parts named the
first chromosome and the second chromosome respectively.
Firstly, the initial cross position is determined according to
two random numbers which are between two adjacent jobs.
Then cross operation is followed. For the first chromosome,
all genes are compared with genes from the second chromo-
some which are locates the initial cross position. If they are
different, the gene from the first chromosome replaces the
gene next to the initial cross position from the second chro-
mosome. Next time, the next position is replaced.

el ]3]

s [8]s[6][3]w0]2]9]7]1]4]

_____________ B
2[1

recombining ———
[8]s]6]3]10
[2]{1]7]4]8]5]6[3]10]9]

offprings e Ts5Te 3 [10]2[1]7]4]9]

Step 8:

Step 9:

Fig. 6. lllustration of clonal recombination

Recalculation and mutation. After clonal recombination, the
affinity and the objective should be recalculated. If the af-
finity of the offspring is smaller than the parents’, the off-
spring are replaced by the parents. Then mutation operation
is followed including genetic exchange, genetic inverse and
genetic shift. After each operation of mutation operation, the
objective and affinity should be recalculated.

Population diversification and recalculation. According to
Pd, the clones with high similarity should be wiped out. The
remaining chromosomes and the initial population are com-
bined to form a new matrix named matrix £. The formula for
inspiration of matrix £ is Equation (18):

-density E

act=aff Exe P (18)

Where, aff E and density E is the affinity and density of ma-
trix E respectively.

The chromosomes with high incentive degree are selected to
construct a new matrix named F. Matrix F is sorted accord-
ing to affinity by descend. To vary samples, 4 chromosomes
are generated to replace the chromosomes with small inspi-
ration in matrix F. Then the new matrix is named matrix P
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and calculated the objective, the affinity, the similarity and
density.
Step 10:Judging whether the terminal condition is met. Here the ter-
minal condition is whether the iteration reaches the maxi-
mum step. If met, go to Step 11, otherwise, go to Step 5.
Step 11: Outputting the optimum solution.

4. A Numerical example

In this section, a numerical example is designed to validate the
integrated model which is proposed in Section 2. Suppose there are 10
jobs to be processed on a production line which is composed of 5 dif-
ferent machines. The jobs’ processing time on each machine and the
maintenance information for each machine is listed in Table 1.

Table 1.

The jobs’ processing time and maintenance information on each machine

J1 represents the first job, M1 is the first machine, by such anal-
ogy. For each machine, its failure is subject to Weibull distribution.
Because, Weibull distribution has been widely used to illustrate
system’s failure rate, and also usually adopted to study the problem
of maintenance policy and production scheduling. The corresponding
parameters are listed in Table 2.

Each machine’s reliability threshold according to expertise and
total operation time (707) is calculated according Table 1.

Besides, the factors which are important to influence the objective
are given including each job’s delivery time in calendar (df), production
cost (pc), production value (pv) and tardiness cost (dc) in Table 4.

4.1. Validation and results

As analysed, age reduction factor and failure rate increase factor

Operation Time

Machines PMT PMC RT RC
J1 J2 J3 J4 J5 J6 J7 J8 J9 J10
M1 25 17 41 74 37 72 11 31 32 27 2 180 4 2000
M2 15 41 155 12 95 34 77 39 92 114 5 230 8 4000
M3 12 22 83 24 72 62 31 141 42 21 4 170 6 3600
M4 40 36 121 48 52 32 26 56 74 920 3 200 5 2700
M5 60 58 160 78 153 162 32 79 102 52 5 500 7 2000
Table 2. Shape parameter and scale parameter of each machine Table 3.  Machines’ reliability threshold and total operation time
M1 M2 M3 M4 M5 M1 M2 M3 M4 M5
Shape Parameter 2 2.2 1.8 1.8 1.2 R¢ 0.6 0.6. 0.7 0.7 0.75
Scale Parameter 175 225 184 236 318 TOT 367 674 510 575 936
Table 4. The basic information about each job is used to illustrate PM is imperfect and degradation is increased. In
Jobs dt pe pv de order to simplify the. calculati.on, age reduction'facto.r is assume.d asa
constant, a;=0.1. Failure rate increase factor b, is variant according to
S 322 27 98 121 number of preventive maintenance (i):
J2 286 40 133 184
J3 1050 39 143 193 {bo =1 (19)
Ja 645 23 89 127 by =by +0.1x(i-1)
J5 821 21 920 127
16 577 34 115 128 Meantime, .to simplify the calculation, the calculated 7 is proc-
essed by Equation (20):
17 446 49 148 190
J8 788 29 118 168 T, :ﬁx(z) (20)
J9 515 37 129 138
110 751 25 08 152 Some essential parameters for ICSA are set, which is used to opti-
mize the joint problem.
Table 5. Parameters for ICSA
Popsize Ar iteration Ps Cn Cir Ip Pre Pc Psh Pi Pd
50 30 150 0.7 80 0.7 100 0.6 0.3 0.3 0.3 0.7
Table 6. MTs and revised Ti for aperiodic imperfect PM
Machines MTs Ti
M1 3 125 113 108 103
M2 4 165 149 144 138 133
M3 5 103 94 89 85 81 78
M4 4 133 120 115 109 105
M5 10 112 107 98 92 86 80 76 72 68 112 107
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Table 7. ST and ET under aperiodic imperfect PM
(a) Job sequenceis {1,2,6,7,9,4,10,8,5,3}

| J2 J6 J7 J9 Ja J10 J8 J5 J3
ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET
M1 0 25 25 42 42 114 114 125 127 159 159 233 233 262 262 293 293 330 330 373
M2 25 40 42 83 114 148 148 230 230 322 322 334 334 453 453 492 492 592 592 752
M3 40 52 83 105 148 210 230 265 322 364 364 388 453 478 492 637 637 713 752 839
M4 52 92 105 141 210 242 265 294 364 438 438 489 489 579 637 696 713 765 839 963
M5 92 152 152 215 242 409 409 441 441 553 553 631 631 688 696 780 780 943 963 1135
(b) Job sequence is {2,1,6,7,9,4,10,8,5,3}
J2 n J6 J7 J9 J4 J10 J8 J5 3
ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET
M1 0 17 17 42 42 114 114 125 127 159 159 233 233 262 262 293 293 330 330 373
M2 17 58 58 73 114 148 148 230 230 322 322 334 334 453 453 492 492 592 592 752
M3 58 80 80 92 148 210 230 265 322 364 364 388 453 478 492 637 637 713 752 839
M4 80 116 116 156 210 242 265 294 364 438 438 489 489 579 637 696 713 765 839 963
M5 116 174 174 239 242 409 409 441 441 553 553 631 631 688 696 780 780 943 963 1135
Table 8(a)The tardiness for the job sequence {1,2,6,7,9,4,10,8,5,3} Table 9. Reliability at the end of each maintenance cycleunder aperiodic PM
J1 J2 J6 J7 Jo J4 J10 J8 J5 J3 Machines Reliability (at the end of each maintenance cycle)
Tardiness 0 0 0 0 38 0 0 0 122 85 M1 0.6004 0.6010 0.6025
M2 0.6032 0.6031 0.6011 0.6026
Table 8(b)The tardiness for the job sequence {2,1,6,7,9,4,10,8,5,3} M3 07033 07016 07037 07030 0.7046
J2 J1 J6 J7 J9 J4 J10 J8 J5 J3 M4 0.7003 0.7033 0.7009 0.7028
Tardiness 0 0 0 0 38 0 0 0 122 85 M5 0.7514 0.7506 0.7523 0.7502 0.7503 0.7530 0.7516 0.7517 0.7533 0.7514 0.7506
Table 11. ST and ET of job sequence {2,1,7.6,9,4,10,8,5,3} under periodic perfect PM.
J2 | J7 J6 J9 J4 J10 J8 J5 J3
ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET ST ET
M1 0 17 17 42 42 53 53 125 127 159 159 233 233 262 262 293 293 330 330 371
M2 17 58 58 73 73 150 150 189 189 281 281 293 293 412 412 451 451 551 551 711
M3 58 80 80 92 150 181 189 255 281 323 323 347 412 437 451 596 596 672 711 794
M4 80 116 116 156 181 207 255 290 323 397 397 445 445 538 596 655 672 724 794 918
M5 116 174 174 239 239 271 290 457 457 564 564 647 647 699 699 783 783 941 941 111
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job sequences are {1,2,6,7,9,4,10,8,5,3} and
{2,1,6,7,9,4,10,8,5,3}. The start time (ST) and
end time (ET) is given as follows.

In Figure 7, some jobs are separated into 2
parts by yellow or red lines. The yellow lines
mean PM and the red line is replacement.
The corresponding tardiness of the two job

a
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(a) {1,2,6,7,9,4,10,8,5,3}

sequences for each job is listed in Table 8.

At the end of each maintenance cycle, the
machines’ reliability is listed in Table 9.

To show the better performance of the
proposed aperiodic imperfect PM, the peri-
odic perfect PM is implemented. Because the
age reduction factor and failure rate increase
factor is unintroduced, the failure rate in each
preventive maintenance is same [7]. Therefore,
each preventive maintenance cycle is same. The

950 1000 1050 00 U0 time

w lwlalsalalsalalalalalalalalalslalalal
50 100 150 200 250 300 350 400 450 500 S50 600 €50 00 TS0 800 850 900

(b) {2,1,6,7,9,4,10,8,5,3}

Fig. 7. The machine's service time and maintenance information under aperiodic imperfect PM

L . O ) e

number of preventive maintenance and PM cy-
cle is listed in Table 10.

By calculating, the total profit is 219517
and the corresponding total tardiness is 232. The
proper job sequence is {2,1,7,6,9,4,10,8,5,3}.

The tardiness for each job of best job se-
quence is given in Table 12.

The machines’ reliability at the end of each
PM cycle is listed in Table 13.

950 1000 1050 1100 1150 time

4.2, Results from ICSA and GA.

To validate the algorithm proposed in Sec-

50 100 |50 200 3250 300 350 400 450 500 550 600 650 O TS0 00 850 900

Fig. 8. The machines service time and maintenance information of job sequence
der periodic perfect PM

4.1.1. Scenario 1: Aperiodic imperfect preventive maintenance

For the imperfect preventive maintenance system, the number of
maintenance (M75) and PM cycle of each machine is listed in Table 6.

Noting that in Table 6, there is a replacement on M5. Using ICSA,
the optimized total profit is 213553 with total tardiness 245. The best

Table 10. MTs and revised T; for periodic perfect PM

tion 3, the traditional GA is used to compare.
950 1000 1030 1100 1150 time

The compared GA just contains selection op-
eration, crossover operation, and mutation
operation. Selection probability is decided by
roulette, crossover probability and mutation
probability is set as 0.6 and 0.05 respectively.
The number of population (popsize) and the number of iteration (iz-
eration) is same with ICSA’s. Considering the random of the initial
solution, we test 5 times for each algorithm, the results are listed in
Table 14.

{2,1,6,7,9,4,10,8,5,3} un-

4.3. Results discussion

Machines MTs Ti This study tries to optimize produc-
M1 2 125 125 125 tion scheduling and preventive mainte-
M2 4 165 165 165 165 165 nance s1multan§ously. By comparing with

the two scenarios and the results from
M3 4 103 103 103 103 103 ICSA and GA, the better performance of
M4 4 133 133 133 133 133 the proposed model is validated by com-
M5 8 112 112 112 112 112 112 112 112 112 paring with periodic perfect PM. In addi-
tion, some conclusions can be gotten:
Table 12. The tardiness for each job under the periodic perfect PM (1.) The prop eT job sequc?ncc?s
with consideration of periodic
J2 il J7 J6 J9 Ja J10 J8 J5 )3 perfect PM and aperiodic imperfect
Tardiness 0 0 0 0 49 2 0 0 120 61 PM may be the same.However,
the correspondingtotal profit is
different. Although the aperiodic
Table 13. Reliability at the end of each PM cyclefor periodic perfect PM.
Machines Reliability (at the end of each PM cycle)
M1 0.6004 0.5421
M2 0.6032 0.5379 0.5055 0.4751
M3 0.7033 0.6622 0.6355 0.6098
M4 0.7003 0.6589 0.6320 0.6061
M5 0.7514 0.7390 0.7170 0.6956 0.6749 0.6548 0.6353 0.6164
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Table 14. Results compared ICSA and GA
(a) Results from aperiodic imperfect PM

ICSA could get more profit with less average iteration
steps (compared the overalls in Table 14). Even though,

Aperiodic imperfect PM

sometimes the optima could be gotten from GA which is
in less iteration than from ICSA, the results from GA are

No. The first step to ) Total tardiness not stable. For example, sometimes the iteration has met
: Total profit . .. . .
get the optima the terminal condition (for example the terminal condi-
1 42 213553 245 tion is maximum step), GA still cannot get the optima.
(Table 14).
2 77 213553 245 4) More factors which impact the objective (to max-
3 75 213553 245 imize the total profit) are helpful to get the optimum job
ICSA sequence. Because the more influence of each job is tak-
4 57 213553 245 . . . . . .
en into consideration, the difference of jobs is concerned.
5 18 213553 245 Some jobs may stress the delivery time and the tardiness
Overall 53.8 213553 245 cost is high. And some jobs may not be needed in urgent
] 313 time, therefore, it could be processed later. Therefore,
150 204257 more information about each job should be considered
2 150 204257 313 when optimizing the joint scheduling problem.
3 23 213553 245 )
GA 5. Conclusions and future work
4 96 213553 245
5 49 213553 245 Rroductlon scheduling is l{sgall.y cons1dereq to meet
certain demands, such as, to minimize total tardiness, the
Overall 93.6 209830 2722 total cost or to maximize total profit etc. Preventive main-
tenance is an effective way to keep the machine in high
(b) Results from periodic perfect PM availability and reliability. But when maintenance opera-
Periodic perfect PM FIOH is 1mplemente4, the machlpe is dlsrupted. Moreover,
) _ in practice, production scheduling and maintenance plan-
No. ThiIIP:St StiP  Total profit Total tardiness ning are optimized and performed separately. Based on
getthe optima this scheme, this study proposed an integrated model to
1 41 219517 232 joint production scheduling and maintenance planning in
5 61 219517 532 a multi-machine system. In this model, the PM is imper-
fect. Furthermore, at each end of PM cycle, the cost-time
ICSA 3 64 219517 232 rate function is used to judge the economy of PM. The
4 32 219517 232 jointed model aims at maximizing the total profit with
considering the factors which could impact the total profit.
5 55 219517 232 . . .
The proposed model is validated by a numerical example
Overall 50.6 219517 232 through comparing two scenarios, the results show that
1 86 219517 932 the aperiodic irpperfect preventive. maintenagc.e copld en-
sure the machines in good operational condition in each
2 90 219517 232 PM cycle. Meanwhile, the reliability is guaranteed.
3 39 219517 232 In the future, we will focus on more practical situation
GA -
4 150 218886 229 and take advantages of adva'nced techno{ogy. For exam
ple, sensors are used to monitor machine’s condition and
5 40 219517 232 develop real-time health evaluation model jointed with
Overall 81 219398 2314 the production scheduling. To avoid sudden breakdown,

imperfect PM can get less profit and more tardiness, the machine’s
reliability at each end of the maintenance cycle is always higher than
the machine’s reliability under periodic perfect PM. (Compared Table
9 and Table 13). More important, the machine’s reliability which is
under aperiodic imperfect PM policy is always higher than the re-
liability threshold. While, the assumed periodic perfect PM policy
cannot guarantee the machine’s reliability is always higher than the
reliability threshold.

2) The best job sequence may not be unique. For some jobs,
when the tardiness is sufficient, the job’s sequence can be interchanged
before the deadline of these jobs which has sufficient tardiness.

3) Compared with GA, ICSA could get the solution in less it-
erations for both the aperiodic imperfect PM and periodic perfect PM.
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ZASTOSOWANIE ANALIZY SKUPIEN DO OCENY ZAGROZEN ZAWODOWYCH

CLUSTER ANALYSIS OF KNOWLEDGE WORKERS ASSESSMENT

OF OCCUPATIONAL THREATS AND ATTITUDES TO CHARACTER OF WORK

PRACOWNIKOW WIEDZY | ICH POSTAW WOBEC CHARAKTERU PRACY*

The goal of the paper was to discover, if knowledge workers’ occupational threats can be linked to some logical constructs and if
knowledge workers can be grouped into some logical items concerning their assessment of these threats and attitudes to character
of work. On a basis of literature studies peculiarity of knowledge-based work and specific occupational threats were identified.
They were examined as observable variables with the use of a questionnaire method on a sample of 500 knowledge workers. Then,
variables were classified using multidimensional exploratory technique - cluster analysis. As a research implication, the structure
of perception of knowledge workers’ occupational threats and their attitudes to character of work were revealed. As a practical
implication, a proposed classification of variables allows to measure perception of occupational threats and use the results e. g.
when designing trainings on occupational health and safety and to better fit them to this specific group of employees. Thus, job
safety can be effectively improved by raising awareness of certain threats. The paper s contribution is a novel way of measuring
and classifying knowledge workers’ occupational threats and attitudes to character of work.

Keywords: knowledge workers, occupational threats, character of work, assessment, cluster analysis.

Celem artykutu byto zbadanie, czy zagrozenia zawodowe pracownikow wiedzy mogq by¢ pogrupowane w logiczne konstrukty i czy
pracownicy wiedzy mogq by¢ logicznie pogrupowani biorgc pod uwage ich oceng zagrozen i postawy wobec pracy. Na podstawie
studiow literaturowych zdefiniowano szczegolny charakter pracy opartej na wiedzy i zagrozen zwigzanych z jej wykonywaniem.
Zbadano je empirycznie jako zmienne obserwowalne z wykorzystaniem metody ankietowej na probie 500 pracownikow wiedzy.
Nastepnie przeprowadzono klasyfikacje zmiennych z wykorzystaniem wielowymiarowej techniki eksploracyjnej — analizy skupien.
Jako wniosek badawczy odkryto strukture postrzeganych przez pracownikow wiedzy zagrozen zawodowych. Jako wniosek prak-
tyczny, proponowana klasyfikacja zmiennych pozwala mierzy¢ postrzeganie zagrozen zawodowych przez pracownikow wiedzy i
wykorzysta¢ wyniki np. podczas projektowania szkolen z zakresu bezpieczenstwa i higieny pracy, aby lepiej dopasowac je do tej
szczegolnej grupy pracownikow. Dlatego bezpieczenstwo pracy moze by¢ wyraznie poprawione poprzez podniesienie swiadomo-
Sci okreslonych zagrozen. Wkladem artykutu jest nowatorski sposob pomiaru i klasyfikacji zagrozen zawodowych przez pracow-
nikow wiedzy i ich postaw wobec pracy.

Stowa kluczowe: pracownicy wiedzy, zagrozenia zawodowe, charakter pracy, ocena, analiza skupien.

1. Introduction

Knowledge is the source of competences, improvement of ef-
ficiency and effectiveness of management and productivity [10, 21,
54]. Knowledge workers deal with creating, processing, applying and
disseminating knowledge and information. They constitute a group
educated in a formal way, however they understand the wide con-
text of work, creative thinking, creativity, openness to changes and
challenges as well as exercise treatment of work. They are respon-
sible for creation and implementation of new ideas thanks to which
organizations can better adapt to the rapid changes taking place in the
surrounding environment. In contemporary economy, this particular
group is becoming even more numerous. Still, specification of work
based on knowledge triggers new occupational threats. Advantage of
psycho-sociological threats over physical threats is a characteristic
phenomenon [35].

Proper relations in the human-technique-environment system
constitute a necessary condition to provide safety and well-being of a
worker in the working process. Performance of every work is strictly
connected with the occurrence of various type of threats. Occupational
threats constitute potential events which by virtue of their appearance,

i.e. occurrence in practice, exert a negative impact on the working
environment or psychophysical condition of the workers. Such events
may cause accidents at work or occupational diseases. Every factor
and/or situation which may cause such accident or disease constitutes
a threat in the working environment.

The goal of the paper was to discover, if knowledge workers can
be grouped into some logical items concerning their assessment of
occupational threats and character of work.

From such defined a goal, the following research hypotheses were
drawn:

HI1: occupational threats posed to knowledge workers can be
grouped into few logical items.

H2: knowledge workers can be grouped into clusters according to
their perception of occupational threats.

H3: there are between cluster differences according to demo-
graphical variables.

H4: there are between cluster differences according to the depart-
ment and role in organization.

HS: there are between cluster differences according to the assess-

ment of the character of knowledge-based work.

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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The aim was reached and the hypotheses were verified on the ba-
sis of the results of empirical research with the use of multidimen-
sional exploratory techniques.

2. Professions and knowledge workers - the state of the
art

Issues concerning knowledge workers are mainly discussed by
the following foreign authors: T. Davenport [8], P. Drucker [11],
W. Cortada [4], D. Jemielniak [27], J. Patalas-Maliszewska [48], J.
Evetts [13], M. Roell [51], M. Granitzer and S. Linsteadt [18], D.
Kleinmann and S. Vallas [30], and in Poland: E. Skrzypek [54, 53],
M. Morawski [44, 42], G. Filipowicz [15], T. Kawka [28], D. Ma-
kowski [38], D. Jemielniak [26], M. Staniewski [57] and K. Lysik
[37]. Authors conducting research in this topic define the term of
knowledge workers (W. Cortada, D. Jemielniak, D. Makowski, T.
Kawka), they also present the results of research concerning their
creativity (E. Skrzypek), productivity (M. Granitzer and S. Linsteadt;
E. Matson and L. Prusak [39]) and effectiveness (G. Filipowicz), as
well as group work (K. Lewis [33]), motivation [27], communicating
(D. Straub and E. Karahanna [60]) acquisition (B. Mikuta [41]) and
sharing knowledge (M. Roell, K. Czop and D. Mietlicka [6]), speci-
fication of work based on knowledge (D. Jemielniak [26]) as well as
methods of managing knowledge workers (T. Davenport, J. Patalas-
Maliszewska, M. Morawski, M. Staniewski), management models (J.
Patalas-Maliszewska) and challenges (K. Lysik) in this area. However
there are no analyses available concerning self-awareness and self-
assessment of work’s character conducted by particular knowledge
workers. Consequently we can observe a research gap which we tried
to eliminate at least partly by means of this study.

Complexity of the management of knowledge in organizations
and the lack of applicable definition of the knowledge worker result
in the establishment of a number of various classification schedules
connected with the processing of knowledge. Thus Ch. Handy divides
workers into three categories [21]:

« routine workers — employed in order to operate shop cash
desks or to enter data on floppy disks,

« suppliers of external services,

« analytics who work with numbers, ideas and words — journal-
ists, financial analytics, consultants, architects, managers, etc.

M. Morawski claims that a knowledge worker is perceived in
the context of formal education often exceeding the average level, he
combines knowledge with different disciplines and at the same time
he possesses deepened specialist knowledge and particular solid and
practical skills based on the specialist knowledge, which are very often
beyond the access of others [43]. Whereas T. Davenport acknowledges
that knowledge workers are distinct from office workers as they not
only process data by means of process of thinking but they also analyse
them, understand them and create new knowledge in terms of its qual-
ity [8]. At the same time “they do not like to receive instructions, the
mode of their work is difficult to be organized and foreseen, the best
results are achieved when working with others in the contact nets”.

A good example of knowledge workers constitute representatives
of independent professions such as: doctors, attorneys, chartered ac-
countants or architects [37]. E. Skrzypek maintains that knowledge
workers are professionals processing symbols, paid for the effective-
ness [53]. They have professional skills, interpersonal competences
and unique competences the use of which creates an added value in-
cluded in modern products and technologies”; they create, keep, apply
and disseminate knowledge. According to C. Sikorski [52] the most
important workers existing in modern economy, are psychologically
ready for frequent changes at work, are not afraid of these changes,
are flexible and they eagerly take risk, are not focused on a long-
lasting career in one organization and are oriented towards the result
— they have a strong need for achievements supported by a pursuit of

continuous learning and a will to exert impact on the environment be-
ing subject to a minimalized control.

An interesting and wide review of definitions and features of
knowledge workers are among other discussed by: T. Davenport [8],
P. Drucker [10], A. Kidd [29], D. Kleinmann and S. Vallas [30], M.
Strojny [61], T. Kowalski [31], A Fazlagi¢ [14] or J. Szaban [62].

3. Threats to knowledge workers - the state of the art

Contemporary environmental and professional threats require a
wider and deeper study [19, 16, 1]. The World Health Organization
(WHO) promotes the strategy of health and safety at work [64], and
the International Labour Organization (ILO) promotes the safety of
work in the ,,green economy” of sustained development, which brings
new and unknown threats to the workers [25]. Attention is also paid to
the specific nature of occupational threats in the information society
[34]. A threat is a potential source of a damage i.e. of an injury or other
kind of deterioration of health [49]. A dangerous situation is a situa-
tion in which a given person is exposed to at least one danger. Such
exposure may cause damage immediately or after some time.

The interest of the empirical part of this study is the assessment of
occupational threats of the knowledge workers. The author discussed
this issue in her previous works [36, 35, 34]. The awareness within
the scope of occupational threats is particularly significant as the most
frequent cause of accidents at work constitute the consequences of im-
proper conduct of a worker [3]. On the other hand studies in the way
the workers perceive their organization, concentrate on three different
aspects of its functioning and culture: as the environment to solve
problems and as the environment of self-development [5]. Within the
first of the aspects mentioned above, one of the stress-causing fac-
tors constitutes the role served by a worker in a given organization.
This threat mainly relates to the problems connected with the con-
flict of the roles in organization and responsibility for other people as
well as to the possibility to receive support from the management and
co-workers [32]. Uncertainty connected with the development of the
professional career of a knowledge worker and uncertainty regard-
ing the employment are both perceived as a serious threat. Threats
resulting from the work itself include working environment, project of
the task, pace of work and work schedule. Monotonous repeatability
of tasks, insufficient use of worker’s skills, incompatibility of duties
and capabilities of a worker and a high level of uncertainty, these are
the kind of stress-causing threats connected with a particular type of
work performed by a knowledge worker. Significant threats resulting
from the work itself include work schedule and pace of work lead-
ing to overwork [24, 9]. Threats listed above have a psychological
background.

Another group of threats are threats resulting from improper or-
ganization of work. Factors limiting occupational threats of organi-
zational character include breaks during work, possibility to perform
various tasks, freedom of decisions concerning the manner of per-
formance of the entrusted work, attainable deadlines for the perform-
ance of duties [3].

When considering technical threats we should take into account
the peculiarity of a given workplace. Workers perform the majority of
their duties using office electronic equipment. Work stations should
have an access to the day light and electric light. Work with a compu-
ter monitor, minimisation of personal computers including the moni-
tors results in sight disorders. Moderate temperature and quietness are
important elements for conceptual work. On the other hand non-ergo-
nomic position at work results in disorders of musculoskeletal system
and spine injuries. Seemingly not dangerous, but the effect of such
disorders and injuries is cumulating for years what causes chronic ill-
nesses which very often require a long-term treatment [36].

The last group of threats to the working environment of knowl-
edge workers includes safety threats concerning the ,,material” of
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which the knowledge is made of, i.e. data and information processed
in an organization, especially in the environment of computer net-
works. Basic attributes defining safety of information are confidenti-
ality, integrity and accessibility [50]. Threats to these attributes are of
psycho-sociological and stress-causing character.

4, Research methodology

Sampling was purposive — among working students of the Uni-
versity of Technology and Humanities in Radom 500 persons were
selected, who specified the nature of their work as a “knowledge
worker”. The adopted methodology provided the veracity of one of
the qualification criteria of the knowledge workers concerning the
possession of formally documented specialist knowledge — they had
at least a bachelor or engineer title.

A questionnaire method was applied to collect statistical material
whereas the author designed a special tool, i.e. a questionnaire form.
Examined knowledge workers filled in the questionnaire composed of
28 questions. The first five questions were in the form of a certificate,
the next 7 questions evaluated the self-awareness of the knowledge
workers and the last 16 concerned the assessment of occupational
threats (placed in table no. 3). Observable variables concerning the
self-assessment of worker’s knowledge and the assessment of occu-
pational threats was described on the five-point Likert scales which
measure the compatibility degree of a given respondent with a par-
ticular statement. For the purpose of the study of statistical material, a
questionnaire method was used, whereas the author designed a special
tool in the form of a questionnaire. Because of the assumed scales,
where each item is described by a positive statement, low value of
a variable means perceiving threat as a weak one, as high value of a
variable means perceiving threat as a strong one. Such an approach
allowed to treat occupational threats as “hidden” ones, not expressed
in an explicit manner, hence not dictated to the surveyed employees.

Cluster analysis was used during this study. The term cluster anal-
ysis was introduced by R. Tryon [63] and then developed by R. Cat-
tell [2]. The use of cluster methods has increased dramatically in the
last 30 years [17]. Cluster analysis encompasses a number of differ-
ent algorithms and methods for grouping objects of similar kind into
respective categories. A general question facing researchers in many
areas of inquiry is how to organize observed data into meaningful
structures, that is, to develop taxonomies. In other words cluster anal-
ysis is an exploratory data analysis tool which aims at sorting different
objects into groups in a way that the degree of association between
two objects is maximal if they belong to the same group and minimal
otherwise [58]. Cluster analysis is a term used to describe a family of
statistical procedures specifically designed to discover classifications
within complex data sets. The objective of cluster analysis is to group
objects into clusters such that objects within one cluster share more
in common with one another than they do with the objects of other
clusters. Thus, the purpose of the analysis is to arrange objects into
relatively homogeneous groups based on multivariate observations.
cluster methods are used to group people (or other objects) together
based on their scores across a set of variables [17].

Cluster analysis can be used to discover structures in data without
providing an explanation and interpretation. In other words, cluster
analysis simply discovers structures in data without explaining why
they exist [58]. This method is unsupervised, which means that all the
relationships are found only on a basis of input variables. It should be
added, that cluster analysis is not as much a typical statistical test as it
is a collection of different algorithms that put objects into clusters ac-
cording to well defined similarity rules. The point here is that, unlike
many other statistical procedures, cluster analysis methods are mostly
used when we do not have any a priori hypotheses, but are still in the
exploratory phase of our research.

Cluster methods lend themselves to use by investigators consid-
ering a wide range of empirical questions. Investigators in the life
sciences, for example, are often interested in creating classifications
for life forms, chemicals, or cells. They may be interested in devel-
oping complete taxonomies or in delimiting classifications based on
their particular research interests. Medical scientists rely on clinical
diagnoses and may use cluster methods to identify groups of people
who share common symptoms or disease processes. The use of clus-
ter methods in the behavioral sciences is as varied as the fields that
constitute this branch of inquiry. A psychologist might be interested in
exploring the possible relations among types of counseling interven-
tions. In contrast, the economist may be charged with identifying eco-
nomic similarities among developing countries. Clustering methods
are useful whenever the researcher is interested in grouping together
objects based on multivariate similarity [17].

D. Speece [56] encourages researchers to consider the purpose
for their classification during this stage of the study. Cluster analysis
may be used to develop a typology or classification system, as a test
of existing classification systems, or simply to explore possible un-
discovered patterns and similarities among objects. This author notes
that classification systems may be used either to promote communica-
tion with practitioners or to enhance prediction.

Clustering techniques have been applied to a wide variety of re-
search problems. Whenever it is needed to classify a large amount of
information into manageable meaningful piles, cluster analysis is of
great utility. The methods used in cluster analysis encompass [58]:

* joining (tree clustering),

* k-means clustering,

* two-way joining,

* expectation maximization clustering.

Two types of clustering algorithms can be distinguished: hierar-
chical and non-hierarchical. Hierarchical methods lead to creating a
hierarchical tree-like structure of the elements of the analyzed set,
which in its horizontal version is called a tree plot, and in its vertical
version - an icicle plot. So, the effects of the algorithm can be pre-
sented as a tree, which shows the next steps of the performed analyses
[40]. This way a final segmentation can be obtained, which means an
orderly combination of a breakdown into segments. Different meth-
ods can be used here. Owing to the efficiency of reproducing the real
data structure, the Ward method is recommendable. It uses the rule of
minimizing variation [40]. These methods do not require an earlier
assumption on the number of clusters — a plot can be “cut off” on a
proper height in the end of an analysis and then interpreted. As a cri-
terion for specifying an optimal number of segments, the first distinct
growth of the distance, implying from the analyses of the distance
graph for the next stages of bonding can be acknowledged. However,
for the large data sets they require high computing power. The most
popular method here is joining (tree clustering). In turn, non-hierar-
chical methods are quick to calculate, but they require to declare the
assumed number of clusters in advance, which strongly influences
the quality of obtained segmentation. Here, a method of k-means is
very popular.

The joining or tree clustering method uses the dissimilarities
(similarities) or distances between objects when forming the clusters.
Similarities are a set of rules that serve as criteria for grouping or
separating items. The most straightforward way of computing dis-
tances between objects in a multi-dimensional space is to compute
Euclidean distances. This is probably the most commonly chosen type
of distance. It simply is the geometric distance in the multidimen-
sional space [58].

Summing up, a concise and relevant review of the development,
applications, methods and problems of cluster analysis is provided
by P. Gore [17]. Interesting and classical examples of cluster analysis
applications are discussed by T. Hastie, R. Tibshirani and J. Friedman
[23] as well as P. Guidici and S. Figini [20]. Also, an excellent sum-

82 ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015




SCIENCE AND TECHNOLOGY

mary of the many published studies reporting the results of cluster
analyses is provided by J. Hartigan [22].

It the paper, the clustering methods were used twice:

1. Firstly, to check if the latent variables can be grouped into
some clusters describing knowledge workers occupational
threats posed to knowledge workers. The analysis was per-
formed by clustering variables (by columns).

2. Secondly, to check if knowledge workers can be grouped into
clusters according to their assessment of occupational threats.
The analysis was performed by clustering cases (by rows),
firstly using Ward method to identify the number of clusters,
then using a k-means method to group cases and interpret them
on a basis of a mean value of each variable in each cluster.

5. Discussion on the results of the study

Firstly, grouping variables by columns was performed. The aim
was to examine the research hypothesis H1 stating that occupational
threats posed to knowledge workers can be grouped into few logical
items. A vertical tree graph (icicle plot) drawn in Figure 1 shows clus-
ters for occupational threats obtained in another steps, while graph in
Figure 2 shows the growth of linkage distance in another steps (itera-
tions).
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Fig. 1. Icicle plot for occupational threats cluster analysis. Source. authors’
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Fig. 2. Linkage distance in another steps for occupational threats cluster
analysis. Source: authors’ own study

From Figure 1 it can be seen that cutting a plot off at a standard-
ized linkage distance e. g. 62, 4 clusters are obtained. Then, Figure 2
shows that the distinct increase in linkage distance appear in 7th and
14th of 15 steps of analysis. Interpretation of the obtained clusters is
as follows (the order of linking variables was preserved, hence they
are not sorted):

1. Cluster 1 - “physiology” (P), links variables 13, 12, 5, link-
ing mainly physiological threats (threats to sight and muscu-
loskeletal system) and the pressure of time.

2. Cluster 2 — “physical conditions” (F), links variables 11, 10,
linking physical conditions at a workplace (temperature, noise,
ability to concentrate).

3. Cluster 3 — “psycho-sociology” (S), links variables 7, 6, 4, 3,
2, linking psycho-sociological threats — ability to decide about
the way of performing work, ability to relax, proper use of
worker’s abilities, estimation of the future and salary satisfac-
tion.

4. Cluster 4 — “data and autonomy” (D), links 15, 14, 8, 16, 9,
1, linking threats posed to data security (confidentiality, in-
tegrity, availability), illumination of a workplace, diversity of
tasks at work and support in performing them.

Analysis shows, that it is hard to logically interpret joining vari-
ables to clusters in 2 cases: variable 5 (pressure of time) to the cluster
1 and variable 9 (illumination of a workplace) to the cluster 4. Map-
ping variables describing occupational threats to clusters is given in
Table 1.

Table 1. Mapping observable variables to clusters

Mapping
Var. Statement toa
cluster
1 I can count for the support in solving problems en- D1
countered at work.
2 | lam satisfied with the remuneration that | receive. S1
3 | I perceive the future of my career optimistically. S2
4 | My skills are properly used in organization. S3
5 | lwork under time pressure. P1
6 | Breaks at work allow me to relax. S4
| make the decisions concerning the manner in which |
7 S5
perform the work by myself.
8 | Performed tasks are diversified. D2
9 | My work station has appropriate lighting. D3
10 At my work station, the temperature is at a comfort- 1
able level.
1 Surrounding of my work station allows for concentra- o
tion.
12 | During the work my eyesight can rest. P2
13 During the work | have comfortable and ergonomic P3
position.
Data and information used at work are at the disposal
14 . D4
of authorised persons only.
Data and information used at work are protected from
15 - e D5
unauthorised modification.
16 Data and information used at work are available when D6
necessary.

Source: authors’ own study

Although this is a bit different classification than the one obtained
with the use of factor analysis, where 5 factors (dimensions) were
discovered [34], the hypothesis HI was verified.
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Because of the assumed scales, where each item is described by a
positive statement, low value of a variable means perceiving threat as
a weak one, as high value of a variable means perceiving threat as a
strong one. Such an approach allowed to treat occupational threats as
“hidden” ones, not expressed in an explicit manner, hence not dictated
to the surveyed employees. Having the clusters linking occupational
threats defined, it is now possible to measure the value of each of the
groups of threats. The profile of occupational threats assessment is
shown in Figure 3.
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Fig. 3. Assessment of occupational threats clusters (mean values), Source:
authors’ own study

From Figure 3 it can be read that knowledge workers’ perception
covers mostly threats coming from physiology and psycho-sociolo-
gy (there are low values of positive statements). Threats concerning
physical conditions and threats to data security and lack of autonomy
are perceived as relatively weak.

Then, grouping variables by rows (cases) was performed. The aim
was to examine the research hypothesis H2 stating that knowledge
workers can be grouped into clusters according to their perception
of occupational threats. A vertical tree graph (icicle plot) in Figure 4
shows clusters for cases obtained in another steps, and graph in Figure
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Fig. 5. Linkage distance in another steps cases cluster analysis. Source: au-
thors’ own study

From Figure 4 it can be concluded, that cutting the plot off at a
standardized distance e. g. 30 allowed to identify 5 clusters. Then,
Figure 5 shows that a substantial increase in a standardized linkage
distance indeed took place in the last few iterations.

From Table 2 it can seen that there are considerable between clus-
ter Euclidean distances — all of them are above 0,78. So it can be taken
for granted that the clusters really reflect different groups of workers.

In Table 3 mean values of variables measuring assessment of oc-
cupational threats are given broken down into clusters and overall.
These values are shown in Figure 6.

Table 3.  Mean values of variables measuring assessment of occupational
threats: in clusters and overall
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5 shows the growth of linkage distance in another steps (iterations). Variable | Cluster 1 | Cluster 2 | Cluster 3 | Cluster 4 | Cluster 5 | Overall

1 4,43 4,36 4,35 3,20 4,25 4,19

2 3,88 2,09 3,35 1,95 2,52 2,93

3 4,20 3,31 3,68 2,26 3,09 3,46

4 4,29 3,57 4,00 2,71 3,83 3,80

5 3,01 3,10 2,91 3,68 3,99 3,32

6 4,24 3,68 3,83 2,59 2,41 3,46

7 4,16 2,16 3,28 2,14 3,66 3,29

8 4,24 3,48 3,95 3,00 4,24 3,89

9 4,62 4,61 3,95 2,68 4,09 4,13

10 4,30 4,23 3,66 2,09 3,07 3,61

1 4,29 3,71 3,92 2,26 2,84 3,54

12 3,12 3,12 2,77 2,82 4,52 3,32

il 2 e e et
Fig. 4. Icicle plot for cases cluster analysis. Source: authors’ own study 15 4,39 4,35 2,12 2,39 4,69 3,83
16 4,45 4,47 3,25 317 4,51 4,10

Table 2. Distances between clusters

Distance Cluster 1 | Cluster2 | Cluster3 | Cluster4 | Cluster5
Cluster 1 0,000000

Cluster 2 0,785190 | 0,000000

Cluster 3 0,931778 | 0,957400 | 0,000000

Cluster 4 1,623008 | 1,220837 | 1,071241 | 0,000000

Cluster 5 1,005950 | 0,907696 | 1,246267 | 1,289286 | 0,000000

Source: authors’ own study

Source: authors’ own study

From Table 3 and Figure 6 it can be seen that the analysis of clas-
sifying cases into each of the 5 clusters, done with the use of a k-
means method, allows to generalize the following conclusions regard-
ing characteristic of each of the clusters according to the perception of
occupational threats (because of the assumed scales, where each item
is described by a positive statement, low value of a variable means
perceiving threat as a weak one, as high value of a variable means
perceiving threat as a strong one):

84 ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015




SCIENCE AND TECHNOLOGY

45+ L g,
- —
—N oy TN :
4 = .t > —
v }\. / B /’ \\; /M/
35 %
\// R T \ ; ]
L) Yo 0 & x
e 3 T ~ ra — yai tee e
=] x c [T B R - ~ /
§ X & " s = Fy = &
25 = = * = =
8 \ ~ g My il
2 2 s o ® -
15
1
05
0

1 2 3 4 5 [ 7 8 9 0 11 12 13 14 15 16
Variable no.

#— Cluster 1 Cluster 2 Cluster 3 = - =- = Cluster 4 —- o= Cluster 5 ———0Onerall

Fig. 6. Mean values of variables measuring assessment of occupational
threats: in clusters and overall

1. Cluster 1 (linking 146 cases) ,,perceiving physiological threats”
— most of variables are assessed rather highly, so this group of
workers rather does not perceive occupational threats. Within
this cluster variables 5, 12 and 13 have low values, what means
that these workers are aware mainly of threats to an eyesight
and implying from an uncomfortable position at work. These
threats are of physiological character.

2. Cluster 2 (linking 77 cases) ,,perceiving psycho-sociological
threats” — the assessment of threats is rather average for most
of variables, highly assessed values are 1, 9 and 16, still the
lowly assessed ones are 7, 8 and 11. Hence this group of
workers perceives occupational threats mostly in psycho-
sociological categories: lack of autonomy in choosing a way
of realizing tasks, low diversity of tasks and difficulties with
concentration at work.

3. Cluster 3 (linking 66 cases) ,,perceiving threats to informa-
tion” — most of variables are have values near to average, low
assessment accords to variables 14 and 15, so this group of
workers perceives mostly threats posed to information, ex-
actly to data confidentiality and integrity.

4. Cluster 4 (linking 67 cases) ,,lacking motivation, under es-
teemed and perceiving physical threats” — here many variables
are of low values, especially 2, 3, 4, 8, 9, 10, 11, 12. These
workers lack motivation and feels psycho-sociologically
threaten. The main threats observed here are dissatisfaction
from salary, pessimistic estimation of the future, improper use
of a worker’s skills and competencies, low diversity of tasks,
but also the ones of a physical character: improper lighting,
temperature and inability to concentrate (noise).

5. Cluster 5 (linking 95 cases) ,,perceiving bad organization of
work process and physical conditions at work” — many vari-
ables are highly esteemed, nevertheless variables number 6,
10 and 11 have low values, so this group of workers perceives
mainly threats implying from an organization of work process
and physical conditions at a workplace (difficulties with relax,
temperature, difficulties with concentration).

This way hypothesis H2 was verified.

Then, the research hypotheses H3 and H4 were examined, stating
that there are between cluster differences according to demographical
variables and that there are between cluster differences according to
the department and role in organization accordingly. Table 4 includes
the percentage of knowledge workers’ sex broken down into clusters
and overall.

Table 5 includes the percentage of knowledge workers’ age
grouped into ranges and broken down into clusters and overall.

Table 4. Percentage of sex: in clusters and overall

Sex | Cluster 1| Cluster 2 | Cluster 3 | Cluster 4 | Cluster 5 | Overall
Man 48,98 64,00 36,92 45,45 71,13 53,88
Woman | 51,02 36,00 63,08 54,55 28,87 46,12

Source: authors’ own study

Table 5. Percentage of age: in clusters and overall

Overall
<=27 42,18 56,00 56,92 40,91 38,14 45,45
28-37 29,93 24,00 10,77 21,21 21,65 23,06
38-47 12,24 10,67 9,23 21,21 17,53 14,19
48-57 8,16 4,00 18,46 15,15 17,53 11,97
>=58 7,48 533 4,62 1,52 5,15 5,32

Source: authors’ own study

Age | Cluster 1 | Cluster 2 | Cluster 3 | Cluster 4 | Cluster 5

Table 6 includes the percentage of employees working in certain
organizational divisions broken down into clusters and overall.

Table 6. Percentage of organizational divisions: in clusters and overall

Division | Cluster 1 | Cluster 2 | Cluster 3 | Cluster 4 | Cluster 5| Overall

Office 44,90 46,67 21,54 21,21 48,45 38,14

Produc- | 4156 | 1867 | 3077 | 3788 | 1031 | 1907
tion

M?r:zet' 6,12 6,67 4,62 7,58 412 5,76

Finance | 10,88 | 267 3,08 7,58 8,25 7,32
Cus-

tomer 19,73 17,33 21,54 15,15 22,68 19,73
service

R&D 4,76 4,00 15,38 4,55 4,12 5,99
IT 2,04 4,00 3,08 6,06 2,06 3,99

Source: authors’ own study

The classification of roles of knowledge workers was based on the
one proposed by I. Nonaka and H. Takeuchi [47] and covers:
1. Knowledge practitioners: ordinary employees or lower man-
agement:

a) Knowledge operators (operational management, employ-
ees interacting with customers, direct control employees).

b) Knowledge specialists (R&D employees, planners, mar-
ket researchers).
2. Knowledge constructors (tactical management, designers,
programmers, engineers, marketers).
3. Knowledge leaders — higher management.

Table 7 includes the percentage of roles in organization broken
down into clusters and overall.

Table 7. Percentage of roles in organization: in clusters and overall

Role Cluster | Cluster | Cluster | Cluster | Cluster overall
1 2 3 4 5
Knowledge 60,54 | 69,33 70,77 65,15 76,29 67,63
operator
Know!ec':lge 19,05 16,00 15,38 15,15 10,31 15,52
specialist
Knowledge 10,88 12,00 6,15 13,64 9,28 10,44
constructor
Knowledge 6,80 1,33 7,69 4,55 4,12 5,11
leader

Source: authors’ own study
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In Tables 4-7 it is visible that each of the cluster is characterized
by four features: two demographic (sex and age, shown in Tables 4 and
Table 5 accordingly) and two organizational (division and role, shown
in Table 6 and Table 7 accordingly). The results are given below:

1. Cluster 1 — the split between men and women is nearly equal.

The highest percentage of employees in the age range 28-37
years belongs here. High percentage of office and financial di-
vision workers belongs here, still the percentage of production
workers is small. These employees describe their role in or-
ganization mot often as knowledge specialists and knowledge
leaders. So, according to discussed variables, cluster 1 can be
named “young office leaders”.

2. Cluster 2 — nearly 2/3 of these employees are men. Very high
percentage of the young employees (27 or younger) belongs
here. These are mostly office workers, the smallest percent-
age of financial division employees qualified to this cluster.
Very few of this group are knowledge leaders, and proportion
between knowledge operators, specialists and constructors is
very similar to overall average. So, according to discussed
variables, cluster 2 can be named “young not managing gen-
tlemen”.

3. Cluster 3 — this group is visibly “feminized”. The structure of
age is rather towards young personnel, still there is the highest
percentage of employees aged 48-57 among all clusters. Only
a few office workers are joined here, with a huge advantage of
production and research & development workers. These em-
ployees define themselves as knowledge operators, but also
knowledge leaders more than overall average. So, according
to discussed variables, cluster 3 can be named “R&D ladies”.

4. Cluster 4 — within this group a proportion of sex is close to
equal. The structure of age is moved towards middle-aged
employees. Very few office workers are joined to this cluster
and the organizational divisions appearing meaningfully more
often than overall average are production and IT. As to a role
in organization, there is a highest percentage employees of all
clusters defining it as “knowledge leader”. So, according to
discussed variables, cluster 4 can be named “middle-aged IT
or production leaders”.

5. Cluster 5 — this cluster is the most “masculine” of all, as nearly
3/4 of employees in this group are men. Also, there is a visible
advantage of middle-aged and older employees, aged in the
range 38—57. Nearly half of them are office workers and this
is the highest percentage of all clusters. In this cluster there
is the highest percentage of employees working in customer
service as well. These workers clearly identify themselves
mostly (over 3/4 of them) as knowledge operators (the highest
percentage of all clusters). So, according to discussed vari-
ables, cluster 5 can be named “middle-aged office or customer
service operators”.

This way each of the clusters is characterized in terms of demog-
raphy and organizational roles. So the research hypotheses H3 and H4
were verified.

At last, the research hypothesis H5 stating that there are between
cluster differences according to the assessment of the character of
knowledge-based work was examined. Variables describing a knowl-
edge-based work character, also measured on a 5-point Likert scales,
were as follows:

1. My work requires proper education.

2. In my work intellectual capital (experiences, thoughts, intel-

lectual effectiveness) is of substantial meaning.

3. In my work I make use of unique specific and general com-
petencies.

4. In my work I freely use telecommunication and information
technologies.

5. In my work I am self-reliant, I solve tasks and problems by

myself.

6. My work is results in creating innovations — new products or
services.

7. My work requires permanent education, gathering new knowl-
edge.

Table 8 includes mean values for variables measuring assessment
of knowledge-based work character broken down into clusters and
overall. These results are also shown in Figure 7.

Table 8. Mean values of variables measuring assessment of knowledge-based
work character: in clusters and overall

Variable | Cluster 1 | Cluster 2 | Cluster 3 | Cluster 4 | Cluster 5 | Overall
1 4,20 3,96 3,77 3,28 4,20 3,96
2 4,50 4,16 4,23 3,64 4,62 4,30
3 3,97 3,69 3,40 3,14 3,58 3,63
4 4,35 4,27 3,83 3,61 4,56 4,20
5 4,29 3,69 3,82 3,44 4,30 4,00
6 2,65 2,55 2,88 2,36 2,42 2,58
7 4,03 3,92 3,74 3,35 4,00 3,86

Source: authors’ own study
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Fig. 7. Mean values of variables measuring assessment of knowledge-based
work character: in clusters and overall

From the data in Table 8 and graph in Figure 7 it implies that in
overall knowledge workers describe the character of their work as de-
manding high input of an intellectual capital (experiences, thoughts,
intellectual effectiveness) (variable 2), requiring free usage of ad-
vanced telecommunication and information technologies (variable 4)
and independency, autonomy, solving tasks and problems on one’s
own hand. These three variables have the highest mean value overall.
What is interesting, the variable describing creating innovations —
new products or services (variable 6) was assessed visibly on a lowest
level. This means that knowledge workers perceive this feature rather
as not a proper attribute for describing the character of their work.
Further, from breaking the analysis down into clusters, the following
facts imply:

1. Knowledge workers joined to cluster 1 highly assess all of the
variables, especially the ones concerning having proper edu-
cation (variable 1), using unique general and specific compe-
tencies (variable 3), self-reliance (variable 5) and permanent
education together with gathering knowledge (variable 7). So
employees linked to this cluster can be called “education seek-
ing and self-reliant”.
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2. Knowledge workers joined to cluster 2 assess the examined
variables the average for most variables, still highly assessing
the need of using unique general and specific competencies
(variable 3) and a free use of information and telecommuni-
cation technologies. Hence they can be named “intensive 1T-
users”.

3. Knowledge workers joined to cluster 3 estimate most of the
determinants of the knowledge-based work character below
the overall mean value, with one exception for the fact that
their work results in creating innovations — new products or
services (variable 6). So this cluster can be called “innova-
tors”.

4. Knowledge workers joined to cluster 4 assessed all of the vari-
ables well below the overall mean value. Hence this group can
be named “noticing no special features of work” they do.

5. At last, knowledge workers joined to cluster 5 ascribed high
values to most of the examined variables. Especially high val-
ues are given to variables describing the role of intellectual
capital (experiences, thoughts, intellectual effectiveness) in
the knowledge-based work (variable 2), a use telecommunica-
tion and information technologies (variable 4) and permanent
education, gathering new knowledge (variable 7). So employ-
ees linked to this cluster can be called “intellectualists”.

So the research hypothesis H5 was verified.

6. Putting together the results of the so far study

Putting together demographical and organizational characteristics
of the identified clusters of knowledge workers and the perception of
character of work within each cluster the statements shown in Table
9 can be generated.

The results in table 9 seem sensible and easy to interpret. Each of
the 5 statements in this table reflects the character of work defined by
each cluster of knowledge workers.

Finally, putting together demographical and organizational char-
acteristics of the identified clusters of knowledge workers and the

Table 9. Knowledge workers clusters in terms of demography and organization versus perception

perception of occupational threats within each cluster, the statements
shown in Table 10 can be generated.

Again, each of the 5 statements shown in this table reflects the
perception of occupational threats by each cluster of knowledge
workers.

7. Conclusion

Conduct of empirical studies of the self-assessment of occupa-
tional threats and the character of work by the knowledge workers by
means of observable variables and application of one of the multidi-
mensional exploratory techniques, cluster analysis, allowed to estab-
lish the following:

1. Occupational threats posed to knowledge workers were
grouped into 4 logical items (clusters): “physiology” (P),
“physical conditions” (F), “psycho-sociology” (S) and “data
and autonomy” (D). Knowledge workers’ perception covers
mostly threats coming from physiology and psycho-sociology.
Threats concerning physical conditions and threats to data se-
curity and lack of autonomy are perceived as relatively weak.

2. Knowledge workers were grouped into 5 clusters according
to their perception of occupational threats. Cluster 1 covers
employees ,,perceiving physiological threats”, cluster 2 - ,,per-
ceiving psycho-sociological threats”, cluster 3 - ,perceiving
threats to information”, cluster 4 - ,,lacking motivation, under
esteemed and perceiving physical threats” and cluster 5 ,,per-
ceiving bad organization of work process and physical condi-
tions at work”.

3. There are between cluster differences according to demo-
graphical variables and to the department and role in organi-
zation. Taking these characteristics into consideration cluster
1 can be defined as “young office leaders”, cluster 2 — “young
not managing gentlemen”, cluster 3 - “R&D ladies”, cluster
4 — “middle-aged IT or production leaders” and cluster 5 —
“middle-aged office or customer service operators”.

4. There are between cluster differences according to the assess-

ment of the character of knowledge-based work. Tak-
ing this criterion into consideration, cluster 1 covers

employees “education seeking and self-reliant”, clus-
ter 2 - “intensive IT-users”, cluster 3 — “innovators”,
cluster 4 - “noticing no special features of work” they
do and cluster 5 — “intellectualists”.

Putting together results of study covering all of

the research hypothesis and according to the clusters

built to classify variables within the presented universe

of discourse, it can be stated that:

a) According to the demographical and organiza-

of character of work
Cluster | Cluster in terms of demography Verb Cluster in terms of perceiving
No. and organization character of work

1 Young office leaders education seeking and self-reliant 5.

2 Young not managing gentlemen intensive IT-users

3 R&D ladies innovators

4 Middle-aged IT or production are noticing no special features of

leaders work
5 Mlddle-agef:l office or customer intellectualists
service operators

tional variables versus the perception of the character
of the knowledge based work: (1) young office leaders
are education seeking and self-reliant, (2) young not

Source: authors’ own study

Table 10. Knowledge workers clusters in terms of demography and organization versus perception

managing gentlemen are intensive [T-users, (3) R&D
ladies are innovators, (4) middle-aged IT or production
leaders are noticing no special features of work and (5)
middle-aged office or customer service operators are

intellectualists.

b) According to the demographical and organiza-

tional variables versus the perception of occupational

threats: (1) young office leaders perceive physiologi-

cal threats, (2) young not managing gentlemen perceive
psycho-sociological threats, (3) R&D ladies perceive

threats to information, (4) middle-aged IT or produc-

of occupational threats
Cluster | Cluster in terms of demography and | Cluster in terms of perceiving occupa-
No. organization tional threats
1 Young office leaders perceive physiological threats
2 Young not managing gentlemen perceive psycho-sociological threats
3 R&D ladies perceive threats to information
) ! lack motivation, are under esteemed
4 Middle-aged IT or production leaders A -
and perceive physical threats
5 Middle-aged office or customer service | perceive bad organization of work pro-
operators cess and physical conditions at work

tion leaders lack motivation, are under esteemed and
perceive physical threats and (5) middle-aged office or
customer service operators perceive bad organization

Source: authors’ own study

of work process and physical conditions at work.
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The conclusions are of both cognitive and utilitarian character. In In the future research, a comparison of classification of variables
first case — the analysis revealed and explained the structure of per- with the use of different multidimensional exploratory techniques
ception of knowledge workers’ occupational threats and the character could bring interesting results.

of knowledge-based work, in second — the classification of variables
allows to measure perception of occupational threats and use the re-
sults e. g. when designing trainings on occupational health and safety
and to better fit them to this group of employees.
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RESEARCH ON RESISTANCE TO CORROSIVE WEAR OF DENTAL CoCrMo ALLOY
CONTAINING POST-PRODUCTION SCRAP

BADANIE ODPORNOSCI NA ZUZYCIE KOROZYJNE STOMATOLOGICZNEGO
STOPU CoCrMo ZAWIERAJACEGO ZtOM POPRODUKCYIJNY*

Use of metal base dental prostheses is accompanied by not only wear due to biomechanical loads that occur during the process
of chewing, but also by corrosive wear occurring in aggressive oral environment. Corrosive wear of metal elements of prosthesis
may result in excluding it from further use by the occurrence of allergic or even carcinogenic reactions in patient, resulting from
the release of toxic metal ions into the body. A common practice in prosthetic laboratories used in order to reduce production costs
of dental prostheses is using so-called post-production scrap to subsequent castings. This scrap constitute the elements of casting
channels, defectively made skeletons of prostheses or metal residues after prosthetic treatment. Use of post-production scrap to
manufacture components to fulfill such high performance criteria (presence of complex biomechanical loads), and in particular
taking into account the evaluation of biocompatibility, is the subject of discussion not only in the environment of scientists, but
also the producers of dental alloys. The aim of the study was to investigate resistance to corrosive wear of dental cobalt alloy con-
taining post-production scrap. The commercial dental alloy Wironit extra-hard with cobalt matrix has been used in this research.
The study was based on a conducted polarity by means of potentiodynamic method in a solution of artificial saliva. Tested alloy
samples, containing different percentage intake of post-production scrap, were cast by two casting methods - centrifugal and
vacuum-pressure. Average values of parameters of Wironit extra — hard alloy resistance to corrosive wear: corrosion potential
= E, corrosion current Icor, polarisation resistance R,,, and pitting potential — E,,;, were determined. In order to assess alloy
surface after corrosion microscopic observation was made. The results of research confirm high resistance of alloy to corrosive
wear in environment of artificial saliva. Castings made using centrifugal methods provide lower current density in the passive state
than those carried out by vacuum — pressure method, which suggests greater durability of passive layer confirmed by analysis of
microstructure of samples after corrosion. Determination of correlation between content of post-production scrap and resistance
to corrosion is ambiguous.

Keywords: corrosive wear, cobalt alloys, post-production scrap.

Eksploatacji stomatologicznych protez na podbudowie metalowej towarzyszy nie tylko zuzycie wskutek obcigzen biomechanicz-
nych, wystepujqcych podczas procesu zucia, ale rowniez zuzycie korozyjne majqce miejsce w agresywnym srodowisku jamy ustnej.
Zuzycie korozyjne metalowych elementow protezy skutkowac moze wylgczeniem jej z dalszego uzytkowania wskutek wystgpienia
u pacjenta reakcji alergicznych lub nawet kancerogennych, bedgcych rezultatem uwalniania do organizmu toksycznych jonow
metali. Czestq praktykq w laboratoriach protetycznych stosowang w celu obnizania kosztow produkcji protez jest stosowanie tzw.
zlomu poprodukcyjnego do kolejnych odlewow. Ziom ten stanowiq elementy kanatow odlewniczych, wadliwie wykonane szkielety
protez badz metalowe pozostalosci po obrobce protetycznej. Zastosowanie ztomu poprodukcyjnego do wytwarzania elementow
majgcych spetniac tak wysokie kryteria eksploatacyjne (wystgpowanie ztozonego stanu obcigzen biomechanicznych), a zwlaszcza
biorgc pod uwage oceng biokompatybilnosci otrzymanych wyrobow, jest tematem dyskusyjnym nie tylko w srodowisku naukow-
cow, ale rowniez i samych producentow stopow stomatologicznych. Celem pracy bylo zbadanie odpornosci na zuzycie korozyjne
stomatologicznego stopu kobaltu zawierajgcego ztom poprodukcyjny. Do badan zastosowano komercyjny stop stomatologiczny
Wironit extra — hard na osnowie kobaltu. Badanie polegalo na przeprowadzeniu polaryzacji metodq potencjodynamiczng w sro-
dowisku roztworu sztucznej sliny. Probki stopu poddane badaniu, zawierajgce rézny udzial procentowy ztomu poprodukcyjnego,
odlane zostaly dwiema metodami odlewniczymi - odsrodkowaq i prézniowo-cisnieniowq. Wyznaczono srednie parametrow okresla-
Jjacych odpornosé¢ stopu Wironit extra — hard na zuzycie korozyjne: potencjat korozji — E,,,, prad korozji I, opor polaryzacyjny
R, i potencjat przebicia — E,;. W celu oceny powierzchni stopu po korozji dokonano obserwacji mikroskopowych. Wyniki badar
potwierdzajq duzq odpornosé stopu na zuzycie korozyjne w srodowisku sztucznej Sliny. Odlewy wykonane za pomocq metody od-
Srodkowej cechujg sie nizszq gestoSciq pradu w stanie pasywnym niz te wykonane metodg prozniowo — cisnieniowq, co sugeruje
wigkszq trwatos¢ warstwy pasywnej potwierdzonq analizq mikrostruktury probek po korozji. Wyznaczenie zaleznosci pomiedzy
zawartoscig zlomu poprodukcyjnego a odpornoscig na korozje jest niejednoznaczne.

Stowa kluczowe: zuzycie korozyjne, stopy kobaltu, ztom poprodukcyjny.

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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1. Introduction

CoCrMo alloys are some of the most popular alloys used in medi-
cal implants [8], and skeletal dentures but due to a combination of
good mechanical properties, corrosion resistance and biocompatibil-
ity and favorable price and easy-to-treatment [3, 19].

Metal base skeletal dentures properties and their design would
have a significant impact on their durability during their maintenance
in the oral cavity [2]. Use of metal skeletons of dentures is accom-
panied not only by wear of fixing elements of prosthesis due to bio-
mechanical loads that occur during the process of chewing, but also
corrosive wear occurring in aggressive oral environment. Corrosive
wear of prosthesis may result in excluding it from further use

primed with refractory ceramic material (the so-called covering) with
trade name Wirovest by Bego. After drying wax was melt in an oven
at temperature of 523 K, then a form was heated to a temperature of
1223 K to sinter the form, to burn rests of wax and remove gases. The
inductively melt inserts were cast by two methods: vacuum - pressure
in Nautilius Bego device (samples marked with PC) and centrifugal
in Rotocast casting machine by Roco Dental Equipment (samples
marked with W). Ceramic crucibles were used. The casting tempera-
ture was in line with the alloy manufacturer’s recommendations. For
both methods it was 1693 K. Made casts contained respectively 0, 50
and 100% of factory alloy, supplemented with a sufficient amount of
post-production scrap. The marking of samples is given in Table 1.

by the occurrence of allergic or even carcinogenic reactions
in patient, resulting from the release of toxic metal ions into
the body.

A common practice in prosthetic laboratories, allowing

for a substantial reduction in the manufacturing cost of den-
tures, is the use of metals or their alloys, which has already 1.
been used in casting process [20, 21]. In the production proc-

ess of metal skeletons of prostheses is produced a signifi- | 5
cant amount of post-production scrap constituting very often

badly made castings, casting channels or which is residues
after dental treatment. Use of post-production scrap to manu-

Table 1. The marking of samples for testing
Casting method Casting method Sample determination /
No.| -vacuum -pres- .
sure - centrifugal the content of factory alloy
ini 0, -
0.PC oW A sample contaln.lng 100% of post
production scrap
A sample containing 50% of factory al-
>0_PC S0W loy and 50% of post-production scrap
. 5

3 100_PC 100.W A sample contalg;lr:)g);lwo % of factory

facture components to fulfill such high performance criteria

of mechanical resistance (presence of state of complex bio-
mechanical loads), and in particular taking into account the
evaluation of biocompatibility, is the subject of discussion not only in
the environment of scientists, but also the producers of dental alloys.
Literature data indicate that performance characteristics of alloys con-
taining post-production scrap may vary from factory alloys [1, 4, 6,
7, 11, 18]. Authors of research sometimes observe a change in chemi-
cal composition of alloy [4, 6] after use of secondary casting. These
changes may affect connection strength of alloy with dental porcelain
[11, 18], as well as affecting the growth of cytotoxicity of alloys [1]
and affect the corrosion resistance [7].

Many manufacturers of dental alloys permit implementation of

recasting, but with not less than 50% of intake of new material, pro-
vided that all the material must be from the same batch. Also, there
is a manufacturer group, who does not allow recasting materials, or
gives no information on the use of such dental alloys.
Corrosive wear of cobalt alloys as biomaterials was already the sub-
ject of many scientific studies, but mostly in the context of alloys in-
tended for knee and hip joints implants, e.g. [5, 8, 17]. There is also
a considerable group of research dealing with corrosive resistance of
dental cobalt alloys, e.g. [12, 16].

Negligible number of research concerns the impact of addition of
post-production scrap or secondary casting of metal on the resistance
to corrosive wear [7, 9]. Furthermore, the views of authors of research
on the prevalence of potential changes in resistance to corrosion, after
applying in castings recasted materials, are contradictory.

The aim of the study was to investigate resistance to corrosive
wear of dental cobalt alloy containing post-production scrap and iden-
tifying the impact of casting method on this type of wear.

2. Materials and methods

The surface of the samples before the test has been subjected to
a treatment consisting of grinding with abrasive papers of gradation
equal to 220-1200 on rotary grinders and then mechanical polishing
on diamond discs by Buehler with use of dedicated diamond suspen-
sions MetaDi one by one (9 pm and 3 pm) and colloidal silica ~ 0.05-
mm MasterMet), cleaning in ultrasonic washer in ethanol and dried
with compressed air.

An assessment of resistance to corrosive wear was conducted by
electrochemical method supported with quality observations of sur-
face. For corrosive measurements was used electrochemical test-kit
ATLAS 0531, consisted of potentiostat — galvanostat controlled by
a computer and trielectrode electrochemical vessel placed in a Fara-
day cage. Trielectrode electrochemical vessel consisted of the tested
electrode, which was consecutive samples of Wironit extra — hard al-
loy, a platinum auxiliary electrode and saturated calomel reference
electrode with electrolytic bridged finished with a Luggin’s capillary.
In addition, this kit was equipped with a heater with thermostat and
electromagnetic stirrer allowing to maintain temperature of measur-
ing environment at a constant level of 310K (37°C) with a measuring
accuracy of +0,5 °C.

Measurement was taken in a solution environment of artificial sa-
liva [14], the composition of which is given in Table 2.

During the tests current-voltage characteristics were recorded. Po-
larization was carried out with a speed change of potential equal tol
mV/s in respect of the value of potential from —1000 to +1200mV.
To determine characteristic values of E¢,y, Lo, Rpor and Eyy was used
Atlas Lab software. It can be used to calculate the polarisation resist-
ance from a sector of a curve along with corrosion potential, Tafel
constants b, and b corrosion potential E,, and corrosion current I,

Table 2. The composition of artificial saliva solution per 1 dm? of solution

For research was applied commercial dental alloy — Wi-

ronit extra — hard from Bego Co. with the following chemical | The composition of artificial saliva solution: | The amount in the solution [g]:
composition (by mass) — specified by the manufacturer: Co— | Ny 04
63 %, Cr—30,01 %, Mo —5.0 %, Si— 1.1 %, Mn, C<I.
From the alloy were cast samples in form of cylinders Ka 04
with a diameter of 5 mm. Precision casting technique by | NaH,PO,xH,0 1,35
method of melt models was implemented. The silicone wax | NaH,P 0,78
model primed with acrylic resin was placed in metal ring and Na,5 x 9 H,0 0,005
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and plotting Tafel curves. In addition, from polarisation curves, us-
ing ,,extrapolation” option was determined pitting potential E ;. The
average values for series of measurements were calculated using a
modulus for mathematical analysis.

In addition, in order to compare the state of surface of the samples
before and after corrosive was conducted microscopic observation us-
ing metallographic optical microscope Nikon MA100.

3. The results of research and discussion

The results of research (Figure 1 and 2, Table 3) show that Wironit
extra-hard alloy has a very good ability to passivation expressed by
broad passive area and low density of passivation current. In Figures
1 and 2 are presented the representative polarisation curves of Wironit
extra — hard alloy samples carried out without the addition of post-
production scrap. A similar shape of curves was also registered for
samples containing post-production scrap.

Table 3 shows the results of the tests containing average values of
the corrosion potential E,, , corrosion current I, polarisation resist-
ance R, and potential, above which were formed corrosion pits (of
pitting potential) E .

Ny 406+
> 0.000% j
\l H-00004
s oco00r v

L, 001
Lol

000000004

leor [AJom?]

0000000001
Ecer [mV]
Fig. 1. The example of polarisation curve for sample 100_PC
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Fig. 2. The example of polarisation curve for sample 100 _W

Table 3. The results of the tests of electrochemical corrosion of Wironit extra - hard alloy

Data in Table 3 and in Figures 3 and 4 indicate the existence of
differences in corrosive resistant of Wironit extra — hard alloy sam-
ples cast using two methods: vacuum-pressure and centrifugal, con-
taining varying amounts of post-production scrap. Castings made by
centrifugal method are characterized with greater durability of pas-
sive layer expressed by the lower current density in the passive state.
These results do not confirm observation [13, 15], that the marginal
impact on dental alloys corrosion resistance has the casting method
used, and only chemical composition of these alloys decide on their
resistance to corrosive wear. Comprehensive research of macro- and
microstructure of castings described by the author in earlier publica-
tions [3, 20] indicate, however, the observed dependence of corrosion
liability from a macro- and microstructure of alloys.

However, determining the best resistance of Wironit extra - hard
alloy to corrosive wear due to the content of manufacturing alloy and
post-production alloy is not clear.

Due to the corrosion potential the best parameters (the highest
value of E,, ) show castings containing 50% of factory alloy with
corrosion potential E . equal to —486 mV for 50 PC and —406 mV
for 50 W. The next in order are castings made of factory alloys, the
smallest values of the corrosion potential has been reported for sam-
ples from both methods performed fully from post-production scrap.
However, taking into account the value of the corrosion current I,
most favourable properties indicate successively castings 100_W,
where I, 18 5.92 * 107 A/em 2, 50 W (I, = 6,19 * 10~ 7A/cm 2
) and 0_PC (6,29 * 10~ 7A/cm?). Polarization resistance of vacuum-
pressure and centrifugal method showed the highest value for samples
containing 50% of factory alloy, while average the greatest pitting
potential E; for vacuum-pressure method for samples 100_PC —
603 mV, and for centrifugal method for samples 0 W — 623mV.

Vacuum pressure casting method m Centrifugal casting method
-300

-350

400 - -
S -450
E.Gl
l_?;-550 ! ;
-600 | 1 .
-650 2
700 ™ | |
0 50 100

Content of factory alloy [%]

Fig. 3. The value of mean corrosion potential for samples with different con-
tent of factory alloy made by vacuum — pressure and centrifugal meth-
od

Figure 5 shows dendritic microstructure of samples without ad-
dition of post-production scrap cast by vacuum — pressure and cen-
trifugal method. In the structure have been
found casting defects (5a and b) in form of po-

rosity. Microstructures of the same casts after
The content of corrosive research are shown in Figure 6. The
manufacturing _ jmr R ol E it dendritic structure of samples after the test has
alloy Ecor [mV] [A/cm?] [Q*€:r12] [mp\l/] been more highlighted. Present passive layer,
[ %] particularly clearly visible in Figure 6a, is not
continuous.

0_PC 673 6,294107 57667 442 The gasting defects occurring in the struc-
ture contribute to the development of surface,
50_PC _486 13,8%107 152 850 593 ingression of aggressive environment and make
difficult uniform deposition of passive layer
100_PC -561 8,38*107 90125 603 being a cause of increased corrosion, what is
0w 674 1444107 56 000 623 knp_wn from the litf-:rature [10]. Also intergien-
dritic segregations in block form are described
50 W -406 6,19*107 196 000 620 in greater detail in [20], not covered with oxide
layer due to difference of potentials, may initia-

100_W -583 5,92%107 141000 600 te the occurrence of corrosion pits.
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Fig. 4. The value of mean corrosion current for samples with different content
of factory alloy made by vacuum — pressure and centrifugal method

ISOpnul

Fig. 5. The microstructure of Wironit extra — hard alloy before the test: a) the
sample 100_PC; b) the sample 100 W

Observations of samples indicate the occurrence of corrosion pits
and damage to the surface in form of intergranular corrosion (the dark-
est areas in the figures). These pits, created after a pitting of passive
layer, occur on the borders of block precipitates (Figure 6a and b), in
these precipitates (6b) and in the interdendritic areas along continuous
precipitates (Figure 6b). This is most likely related to chromium zone
segregation in the samples. This element, responsible for corrosion
resistance in Co-Cr -Mo alloys, in accordance with the results [12],
dominates in the block precipitates, as shown by previous research of
the authors [20], while the boundaries between precipitates and matrix
are depleted in this element. Greater number of pits was observed for
vacuum-pressure method, which is consistent with the results of elec-
trochemical measurements.

Fig. 6. The microstructure of Wironit extra-hard alloy after the test on electro-
chemical corrosion: a) the sample 100_PC; b) the sample 100 W

The presented results confirm that problem of resistance changes
to corrosive wear of dental CoCrMo alloys after applying of post-pro-
duction scrap is a complex issue and worth further research in order
to obtain convincing proof whether implementation of recastings has
actually a significant effect on dental alloys corrosion resistance, as
pointed out [7] or rather marginal [9].

4. Conclusions:

Research on resistance to corrosive wear of Wironit extra - hard
alloy showed high resistance of alloy to electrochemical corrosion in
artificial saliva solution. This alloy has a very good passivation abil-
ity, and broad passive area, and low current density in the passive
state. Castings made using the centrifugal method demonstrate higher
durability of passive layer expressed by lower passivation current than
castings made by vacuum pressure method. However, determination
of dependence of resistance of Wironit extra - hard alloy to corrosive
wear from manufacturing alloy content and post-production scrap is
not possible without taking into account other factors (changes of
chemical composition, microstructure, macrostructure).
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FUEL IMPACT ON EMISSIONS OF HARMFUL COMPONENTS
OF THE EXHAUST GAS FROM THE Cl ENGINE DURING COLD START-UP

WPLYW PALIWA NA EMISJE SZKODLIWYCH SKLADNIKOW SPALIN
SILNIKA O ZAPLONIE SAMOCZYNNYM PODCZAS ZIMNEGO ROZRUCHU*

The paper presents the results of tests on the compression ignition PEUGEOT 2.0 HDI engine. It was fitelled by commercial diesel
oil, B50 blend (50 % diesel oil and 50 % rapeseed oil fatty acid methyl esters), and blend of diesel oil and 5% EKO-V fuel additive
manufactured by the INWEX company. The tests were conducted for cold and hot engine. When the engine started up from cold,
the temperature of the coolant and lubricating oil was equal to the ambient temperature. In hot engine start-up, the temperature
of the engine oil and the coolant was 90 °C. The values of concentrations of the exhaust gas harmful components were measured
before the catalytic converter:

Keywords: diesel engine, engine start-up, biofuel, exhaust emission.

W artykule przedstawiono wyniki badan silnika o zaptonie samoczynnym PEUGEOT 2.0 HDI zasilanego handlowym olejem na-
pedowym, mieszaning B50 (50 % oleju napedowego i 50 % estrow metylowych kwasow tuszczowych oleju rzepakowego) i oleju
napedowego z dodatkiem 5% preparatu EKO-V firmy INWEX. Badania wykonano dla zimnego i rozgrzanego silnika. Podczas
rozruchu zimnego silnika temperatura cieczy chlodzqcej i oleju smarnego byla rowna temperaturze otoczenia, natomiast podczas
rozruchu silnika cieplego temperatura oleju silnikowego i cieczy chltodzqcej wynosita 90°C. Wartosci stezen szkodliwych sktadni-

kow spalin zmierzono przed katalizatorem utleniajqcym zainstalowanym w ukladzie wydechowym silnika.

Stowa kluczowe: silnik o zaptonie samoczynnym, rozruch silnika, biopaliwo, emisja spalin.

1. Introduction

Rapid development of the motor industry, observed in recent
years, has led to search for new fuels to power internal combustion
piston engines. Many national research centres have conducted tests
on engines running on biofuels derived from different plants [1, 2, 3,
12, 13, 14, 17, 26, 27]. Engine fuelling by biofuels has many advan-
tages. Biofuels are completely biodegradable, they allow reduction in
the exhaust emissions of carbon monoxide, hydrocarbons and particu-
late matter [12, 25]. The research has also concerned the effect pro-
duced by adding plant oil fatty acid methyl and ethyl esters to diesel
oils on the emissions of the exhaust gas harmful components during
the CI engine cold start-up [8, 16, 19, 23, 28, 29]. In papers [4, 5, 7,
9, 15,20, 21], it is stated that in the first stage of the cold engine start-
up, the emissions of carbon monoxide, hydrocarbons and particulate
matter are higher than those for the warm engine start-up. In addition
to increased emissions of the exhaust gas harmful components, other
negative phenomena may occur in the cold start-up. Those will be
related to a higher level of vibration, noise, and the engine uneven
running [9, 10]. The phenomena can be attributed to unfavourable
conditions in the cylinder during the ignition of air-fuel mixture, e.g.
worse fuel spray and vaporization of the injected fuel droplets. Auto-
ignition delay period is affected by many factors, including, among
others, the working medium temperature, fuel physical and chemical
properties, fuel injection and cylinder air-filling profiles. In the regu-
lar engine operation, combustion is more complete when compared
with cold engine.

The paper presents problems related to the cold start-up of inter-
nal combustion piston engine with compression ignition. The engine
was fuelled by commercial diesel oil, diesel oil/ rapeseed oil fatty acid
methyl esters blend B50 (50% of commercial diesel oil and 50% of
rapeseed oil fatty acid methyl esters), and also by commercial diesel
oil with EKO-V additive developed by the INVEX company (95% of
commercial diesel oil + 5% of EKO-V additive). The tests were in-
tended to assess the impact of the fuels listed above on the emissions
of the exhaust gas toxic components. In the compression ignition en-
gine, the combustion is preceded by auto-ignition delay period. It is a
very important time interval, in which fuel injection occurs and fuel
undergoes physical and chemical changes that constitute the so-called
pre-flame reactions.

The properties of the fuel injected into the cylinder considerably
affect the start-up duration and reliability, and also the engine reach-
ing thermal balance. Fuel surface tension is of major importance as it
influences the quality of the fuel spray. Other physical and chemical
fuel properties also affect the fuel spray quality. The ignition delay
period also depends on the temperature of the working medium in
the cylinder. For a cold start-up, auto-ignition delay is longer, which
results primarily from a longer time of fuel vaporisation, leading to
an extension of the physical part of auto-ignition delay. Chemical part
of ignition delay also has a significant effect on auto-ignition delay.
According to [18, 22], at a lower temperature of the working medium,
the chemical part of ignition delay is prolonged because the speed of
chemical reactions decreases much faster than the speed of physical
transformations occurring during that time. At high temperatures in

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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the cylinder, the speed of chemical reactions is high. Consequently,
the auto-ignition delay period is determined by physical processes,
such as speed of injection, fuel vaporization and air/fuel vapour mix-
ing. Fuels with higher cetane number have better auto-ignition proper-
ties and are characterised by shorter auto-ignition delay periods.

Cold engine start-up and emissions of the exhaust gas toxic com-
ponents depend on physical and chemical properties of fuels. Those
include the following: cetene number, distillation point of a specified
fuel portion, viscosity, density, surface tension, cold filter plugging
point and freezing temperature. Fuel for compression ignition engines
should have high vaporization capacity. Fuels characterised by lower
distillation point of a fuel fraction allow easier engine start-up, espe-
cially at low ambient temperatures. Fuels with a higher cetane number
provide for easier engine start-up.

When the engine starts from cold, the exhaust gas contains more
unburnt hydrocarbons, fuel vapours and incomplete combustion
products [5, 6]. One of interesting solutions aimed at lowering the
concentrations of the exhaust gas toxic components during the start
of the cold engine is a short start-up without
delivering fuel to the engine, which causes the

The test stand was equipped with the KTS 540 diagnostic tester,
the fuel flow meter made by the AUTOMEX company and the AVL
exhaust gas analyser which allows measurements of nitrogen oxide,
hydrocarbon, carbon monoxide and carbon dioxide concentrations.
After the cold and warm start-up, the engine operated at idle speed
for 120 s. In accordance with [30], the cold engine start-up was as-
sumed to occur when the engine temperature was equal to the ambi-
ent temperature, i.e. 15°C. The warm engine start-up was assumed to
be that when the temperature of the lubricating oil was 90°C. In the
tests, the engine ran on commercial diesel oil, B50 blend and diesel oil
with 5% eco-friendly, multi-purpose EKO-V additive developed by
the INVEX company. The additive characteristics were given in study
[24]. According to the manufacturer’s info, the additive facilitates the
engine start-up and reduces the fuel consumption.

Investigations into physical and chemical properties of fuels on
which the engine ran were performed using used the ERASPEC-FTIR
oil analyser by Eeralytics company. The results of investigations are
presented in Table 2.

Table 2.  Physico-chemical properties of the examined fuels

pre-heathg of the combustion chamber dug to Parameter Ekodiesel Ultra D B50 fuel Diesel oil with 5%
compression. As a result, lower concentrations diesel oil EKO-V content
of carbon monoxide, hydrocarbons and particu- Cetane number 4 508 55
lates are obtained [15]. During the cold start- ’ ’ !

up of the engine equipped with the exhaust gas | Cetane index 5238 514 58.2
recirculation system, some of the gas returns | Density at 15°C, kg/m3 0.832 0.8535 0.8341

to the engine and can shorteq the auto-ignition Amount of aromatic hydrocarbons, % (V/V) 24.2 23.0 20.7
delay period [11]. Due to stricter standards on

concentrations in the exhaust gas from internal | FAME content, % (V/V) 7.28 534 6.02
combustion piston engines, it is necessary to | Distillation point, T10, °C 2143 246.5 221.4
use alternative fuels that produce lower nega- | 'niciiiavion point, T50, °C 280.4 3362 286.2
tive environmental impact. Following those

trends, the paper investigated the effect of using | Distillation point, T90, °C 3427 369.7 336.3
FAME and eco-friendly EKO-V additive, man- Distillation point, T95, °C 355.1 3713 346.2
ufactured by the INVEX company, in diesel 0il | g4 boiling point, °C 3722 384.9 392.0

blends. The tests were aimed at measuring con-
centrations of the exhaust gas basic components
during the start-up of cold and warm engine.

2. The test object and the measurement stand

The test object was four-cylinder High Pressure Direct Injection
(HDI) engine with the Common Rail system and the exhaust gas recir-
culation system. The specifications of the engine developed by PSA
Peugeot Citroén are presented in Table 1.

Table 1. The engine specifications

PEUGEOT compression ignition engine, engine code: DW10TD
Parameter Unit Value
Cylinder arrangement - in-line
Number of cylinders - 4
Injection type - direct
Compression ratio - 17.6
Cylinder bore mm 85
Piston travel mm 88
Engine cubic capacity dm3 1997
Maximum engine power kw 66
Rotational speed at maximum power rpm 4000
Maximum engine torque Nm 209
Rotational speed at maximum torque rpm 1900
Engine idling speed rpm 800

Taking into account a significant effect of fractional composition
of the fuel on its vaporization capacity, thus on its start-up properties,
the measurements of 10, 50, 90 and 95% (V/V) distillation points of
the fuels were taken. The results presented in Table 2 indicate that 50%
content of rapeseed oil fatty acid methyl esters in diesel oil/ FAME
blends produces an unfavourable effect the fuel start-up properties as
T10, T50, T90 and T95 distillation points are higher when compared
with those for neat diesel oil. It should be noted that the lowest T10
distillation point, equal to 214.3°C, was obtained for diesel oil. The
lowest values of T90 and T95 distillation points were found for diesel
oil with 5% EKO-V additive.

3. Experimental results

The experimental investigations into the PEUGEOT 2.0 HDI
engine involved measurements of crankshaft rotational speed dur-
ing cold and warm engine start-up. The measurements also included
concentrations of: nitrogen oxides (NOy), hydrocarbons (HC), carbon
monoxide (CO) and carbon dioxide (CO,). In the tests, the engine
operated at the factory settings and was fuelled by the following: com-
mercial diesel oil, B50 rapeseed oil fatty acid methyl esters (50%) /
diesel oil (50%) blend, and diesel oil with 5% EKO-V fuel additive
developed by the INWEX company.

The graph shown in Fig. 1 indicates that during the first stage of
the start-up, the crankshaft rotational speed increased rapidly to ap-
prox. 870 rpm, which was followed by a decrease to approx. 730 rpm.
Then after about 10 s, the crankshaft rotational speed stabilised at
roughly 800 rpm, which corresponds to the engine idling speed.
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Fig. 1. Profile of crankshaft rotational speed during the cold start-up for Peu-
geot 2.0 HDI engine fuelled by diesel oil
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400—] —— 95% ON + 5% EKO-V
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when compared with two other fuels. During the warm start-up of the
engine fuelled by B50 blend and by diesel oil with 5% eco-friendly
EKO-V additive, after approx. 30 s from the start-up, values of nitro-
gen oxide concentrations stabilised at the level of 90+110 ppm.

The analysis of the exhaust nitrogen oxide concentrations during
the cold start-up, within the first operation stage of approx. 60 s fol-
lowing the start-up, demonstrates that for the engine fuelled by com-
mercial diesel oil and by diesel oil with 5% EKO-V additive, concen-
trations of nitrogen oxides are twice higher when compared with the
values measured 100 s after the engine start-up. Higher concentrations
of nitrogen oxides during the cold start-up of the engine fuelled by
B50 and by diesel oil with 5% EKO-V additive in comparison with
neat diesel oil fuelling are found. That is caused by greater intensity
of the combustion process, thus by higher in-cylinder temperature, re-
sulting in a higher rate of nitrogen oxide formation. Greater intensity
of the combustion process in the engine fuelled by B5S0 and by diesel
oil with 5% EKO-V additive facilitates the engine reaching thermal
balance, at which the emissions of nitrogen oxides stabilise. This sta-
bilisation is primarily linked to the rate of the combustion of fuels on
which the engine runs.

Fig. 3 shows the graphs of hydrocarbon concentrations during the
cold and warm engine start-up for the Peugeot 2.0 HDI engine running
on three different fuels mentioned above.

The analysis of graphs in Fig. 3 shows
that during the initial stage of the cold
engine start-up, hydrocarbon concentra-
tions are lower than during the warm en-
gine start-up. The reason may be a lower
temperature of the combustion chamber
walls, resulting in reduced vaporization

:_— intensity and vapour diffusion into air

4 during the combustible mixture forma-
0] tion. Therefore, a greater amount of fuel
0 mixes with the lubricating oil in the near-
200 wall layer and flows to the engine crank-
160 case. During the cold engine start-up, the
120 i oN lowest hydrocarbon concentrations were
o] 40 —— 95% ON + 5% EKO-V found when the engine was fuelled by

———— 50% ON+ 50% FAME

B50. For the warm engine start-up, the
highest hydrocarbon concentrations were

T T T T T observed for the engine fuelled by diesel
ts oil with 5% EKO-V additive. A small
increase in hydrocarbon concentrations

Fig. 2. Profile of nitrogen oxide concentrations in the exhaust gas from the Peugeot 2.0 HDI engine running on  during the warm start-up of the engine

three fuels during: a) cold engine start-up; b) warm engine start-up

In Fig. 2, one can see graphs of ni- @)
trogen oxides concentrations during the e pom
cold and warm engine start-up for the
engine running on three different fuels
mentioned above.

The graphs presented in Fig. 2 indi-
cate that during the initial stage of both 6
the cold and warm engine start-ups, con- -
centrations of nitrogen oxides increased 12
rapidly. During the cold engine start-up,
the maximum concentrations of nitrogen
oxides were almost twice as high as those
during the warm engine start-up. For cold
and warm start-ups of the engine fuelled -
by B50 blend, the maximum values of ni- -
trogen oxide concentrations were found to o

fuelled by commercial diesel oil with 5%

ON

ON
95% ON + 5% EKO-V ——— 95% ON + 5% EKO-V
50% ON + 50% FAME | ———— 50% ON + 50% FAME

be lower. During the cold start-up of the 0 20 40
engine fuelled by B50 blend, nitrogen ox-
ide concentrations decreased more slowly 78 3. Profile of hydrocarbon

LA L B R o — T T T T T~ T T T 1
a0 100 120 o 20 40 =) 80 100 120
ts

concentrations in the exhaust gas from the Peugeot 2.0 HDI engine running on

three fuels during: a) cold engine start-up; b) warm engine start-up
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ide concentrations were found. The graphs
a) b) shown in Fig. 4b indicate that during the
co, % co.% warm start-up of the engine fuelled by die-
018 sel oil and by B50 blend, combustion was
. incomplete at the first stage of the engine
1 SalON + 5% EKOLY 015 — operation (up to approx. 10 s), which led to

50% ON + 50 % FAME ] increased emissions of carbon monoxide.
oN Fig. 5 presents carbon dioxide concen-
o e trations during cold and warm start-ups
when the Peugeot 2.0 HDI engine was

fuelled by the three fuels of concern.

Carbon dioxide concentrations stabilised
o ~ within approx. 10 s after the cold and warm
4 engine start-ups. Higher concentrations of
] carbon dioxide, which ranged 5.0-5.6 %,
w 0 100 120 were noted during the cold engine start-up.

N During the warm engine start-up, carbon
Fig. 4. Profile of carbon monoxide concentrations in the exhaust gas from the Peugeot 2.0 HDI engine running on  Jioxide concentrations ranged 3.8+4.6

three fuels during a) cold engine start-up; b) warm engine start-up % after 10 s. For the cold start-up of the

EKO-V additive and by B50 may be caused by the lowering of the _ ) engine fuelled by commercial diesel oil,
temperature of the engine operating at idle speed. Increase in hydro- higher concentrations of cgrbon dioxide re§ulted frqm the combustion
carbon concentrations during the cold engine start-up may be related of a larger fuel charge delivered to the cylinder during the start-up.

to the incomplete combustion of the fuel injected into the cylinder.

During the combustion process, the fuel-air mixture is not homogene- 4. Conclusions

ous and the mixture zones with different values of excess air coef-
ficient are found.

The graphs illustrating carbon monoxide concentrations in the
exhaust gas from the Peugeot 2.0 HDI engine running on the fuels
selected for the tests can be seen in Fig. 4.

Carbon monoxide concentrations grew rapidly at the initial stage
of the engine start-up. That referred both to the cold and warm engine
start-ups for the engine fuelled by diesel oil and by B50 blend. For all
fuels of concern, during the cold engine start-up, carbon monoxide
concentrations stabilised after approx. 30 s. For the engine fuelled
by commercial diesel oil with the EKO-V additive, during the cold
start-up, the lowest carbon monoxide concentrations were observed
after approx. 30 s of the engine operation. During the warm start-up of
the engine running on diesel oil with the EKO-V additive, at the first
stage of the start-up (up to approx. 15 s), the lowest carbon monox-

0.1 —

o T T T T T T T LI T T T ° ! | ! !
o 20 40 &0 80 100 120 o 0 40
ts

On the basis of the analysis of the experimental results, the fol-

lowing conclusions can be drawn:

— the period of the cold engine start-up is characterised by high
concentrations of nitrogen oxides,

— the use of rapeseed oil fatty acid methyl esters in blends with
diesel oil results in lower concentrations of nitrogen oxides and
hydrocarbons in the exhaust gas at the first stage of the cold
engine start-up (up to 40 s after the start),

— concentrations of carbon monoxide and carbon dioxide during
the cold engine start-up are higher when compared with the en-
gine that is heated at the start-up,

— during the cold engine start-up, at the initial stage of the engine
operation, a rapid increase in carbon monoxide and carbon di-
oxide concentrations in the exhaust gas is found,

— carbon monoxide and carbon dioxide
concentrations in the exhaust gas during

a) b) the engine start-up were comparable for
€O, % €O, % the three fuels of concern,
55— — during the warm engine start-up, after

] approx. 20 s, the lowest concentrations of
nitrogen oxides were noted for the engine
fuelled by diesel oil with 5% eco-friendly
EKO-V additive,
— during the warm engine start-up, the
3 ON highest concentrations of hydrocarbons
3 ON . i
i 95 ON + 5% EKO-V . 95 ON + 5% EKO-V were observed for the engine fuelled by
25+ ' 50% ON + 50 % FAME 1 3 H 0 H
] 50% ON + 50 % FAME E diesel oil with 5% eco-friendly EKO-V
2 27 additive.
15— 15 Summing up, it can be stated that the
4] 1 amounts of the exhaust gas toxic compo-
b nents during the cold engine start-up are
4 b much higher in comparison with those dur-
0 — T T T 1 1 "1 T T T ing the start-up of the pre-heated engine.
0 20 40 60 &0 100 120 0 0 40 60 80 100 120
ts

Fig. 5. Profile of carbon dioxide concentrations in the exhaust gas from the Peugeot 2.0 HDI engine running on
three fuels during: a) cold engine start-up; b) warm engine start-up
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A NOVEL LOGIC-BASED APPROACH FOR FAILURE MODES
MITIGATION CONTROL AND QUANTITATIVE SYSTEM RELIABILITY ANALYSES

ORYGINALNA, OPARTA NA LOGICE METODA KONTROLI OGRANICZANIA
PRZYCZYN USZKODZEN I ILOSCIOWEJ ANALIZY NIEZAWODNOSCI SYSTEMU

The core idea of reliability design is to mitigate the products failure modes. However, for the cross-links among potential failure
modes of a complex product, it is very difficult to establish the mapping relationship between failure modes mitigation and quanti-
tative values of reliability, and the decision of failure modes mitigation have to be performed by virtue of experience, which always
increase design period. In order to solve these problems, a novel logic-based approach for failure modes mitigation control and
quantitative system reliability analyses is provided. Firstly, a hybrid of active and passive control process of reliability design is
proposed. Secondly, a novel concept of failure modes correlation set (FMCS) and a determination approach based on deductive
theory are presented. According to the changes in failure modes probabilities of occurrence, the reliability formulas of the compo-
nents and assemblies are provided to depict the effects of failure mode mitigation on reliability of components and assemblies. And
then the FMCS mitigation sequence is decided to determine reliability design activities. Thirdly, a closed control process of FMCS
mitigation is provided integrated with logic decision method. By exposing the design of a helicopter fuel system, the present study
demonstrates that all approaches are feasible, and the relationship between reliability parameters and qualitative design exists.
Hence the failure modes mitigation could be controlled for the achievement of quantitative reliability requirements.

Keywords: failure, reliability, failure mitigation control, quantitative reliability analyses.

Podstawowym problemem w procesie projektowania niezawodnosci jest ograniczenie przyczyn uszkodzen produktu. Jednakze, w
przypadku sieci polgczen pomiedzy mozliwymi przyczynami uszkodzen ztozonego produktu, trudno jest ustalic mape zaleznosci
pomigdzy ograniczaniem przyczyn uszkodzen i ilosciowymi wartosciami niezawodnosci, a decyzje wzgledem ograniczania przy-
czyn uszkodzen muszq bazowa¢ na wtasnym doswiadczeniu, co znacznie wydluza okres projektowania. W celu rozwigzania po-
wyzszych problemow, zaproponowano oryginalng, opartq na logice, metode kontroli ograniczania przyczyn uszkodzen i ilosciowej
analizy niezawodnosci systemu. Na wstepie, zaproponowano mieszany proces aktywnej i pasywnej kontroli niezawodnosci pro-
Jjektu. Nastegpnie, zaprezentowano oryginalng koncepcje zbioru korelacji przyczyn uszkodzen (FMCS) i metode oznaczania opartq
o teorig dedukcji. Na podstawie zmian dotyczgcych prawdopodobienstwa wystepowania przyczyn uszkodzen, okreslono wzory
niezawodnosci czesci i ukladow w celu pokazania wplywu ograniczania przyczyn uszkodzen na niezawodnos¢ czesci i uktadow.
Okreslono nastgpnie ograniczajgcq sekwencje FMCS, azeby ustali¢ zalozenia dla projektowania niezawodnosci. Na koniec za-
prezentowano zamknigty proces kontroli ograniczania FMCS w powiqzaniu z logiczng metodg podejmowania decyzji. Analizujgc
pod tym kqtem projekt systemu paliwowego helikoptera, wykazano w niniejszej pracy przydatnosé wszystkich powyzszych metod,
Jjak rowniez zwiqzek pomiedzy parametrami niezawodnosci a projektowaniem jakosciowym. Dlatego tez ograniczanie przyczyn
uszkodzen powinno by¢ kontrolowane w celu osiggnigcia wymaganej niezawodnosci ilosciowej.

Stowa kluczowe: uszkodzenie, niezawodnos¢, kontrola ograniczania uszkodzen, ilosciowe analizy niezawodnosci.

1. Introduction

Reliability plays an essential role as a major driver of life-cycle
costs and has considerable influence on product performance, but its
achievement is gradually, a well-defined program for the process is
very important. In traditional reliability design process, the design
activities are not parameter achieving oriented, they are mainly per-
formed by virtue of experience. By using cybernetics, its process can
be expressed as Fig. 1. In such way, the quantitative reliability were
obtained, and the deviation could be determined by comparing them
with reliability requirements by sensor unit, and then the failures
could be pinpointed by execution unit. Simultaneously, designers give

the improvements and apply them on product. Reliability engineers
evaluate product’s reliability after completing the functional design
through reliability analysis [6, 12, 19], simulation [9, 18], test [2, 4]
etc. The achievement of the requirements would be ensured according
to the process. However, this process put the designers in a passive
position as in order to meet the requirements. The development cycle
is difficult to control, and designers may have to go through several
iterations which may lead to enormous waste of time and money.
The newest reliability program standard GEIA-STD-0009 [8]
proposes a new systematic process to include reliability in product
design. The core idea is to progressively understand the loads and
stresses of products at each level, to gradually recognize the failure

100

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015




SCIENCE AND TECHNOLOGY

Uncertain

 product cognition

* loads

« material properties
* geometric parameters

Quantitative ~ (Sensor unit)
requirements of

reliability

(Execution unit)

Reliability design apply on

Y

means are employed to eliminate the failure modes or reduce
the failure modes’ probabilities of occurrence according to their
causes and severity. Furthermore, efficiency of the improve-
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This process is applicable to the product with sufficient
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or redesign by

deviation d experience

performance ¢
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(analysis/simulation/test)

(Measurement feedback unit)

Fig. 1. The traditional reliability design process

modes and mechanism, and to actively mitigate the exposed failure
modes. Therefore, mitigating the potential failure modes is the central
task of reliability design. For a product with simple structure, de-
signers should mitigate all the failure modes identified as pos-
sible. For a complex product, there are thousandths of poten-
tial failure modes. It is unrealistic to mitigate all the identified
failure modes. Furthermore, cross-links exist among potential
failure modes, the mitigation of a failure mode may cause oc-
currence of other failure modes, which make it very difficult to
decide the sequence of mitigation, and have high risk to repeat
the design cycle for many times. In order to control the failure
modes mitigation to achieve reliability requirements quickly, it
is necessary to construct a reliability design process.

In the literature about failure mode mitigation, current re-
search mainly focused on the improvements for specific fail-
ure modes, such as run-time error mitigation in software [10],
structural damage mitigation [3, 13], signal jamming [1, 14],
sensor bias, drift, scaling, and dropout [5, 7]. Although these
literatures show the idea of failure modes mitigation, they did
not provide the control approach for failure modes mitigation

Legend: —> Active control

prior knowledge. From the perspective of the achievement of
quantitative reliability requirements, it is a problem to deter-
mine which failure modes to be mitigated. And then it is also
a problem to control the achievement process of quantitative
reliability requirements.

reliability

2.2. The Hybrid Control Process of Reliability Design

Integrating with the traditional process (shown in Fig. 1)
and the active process (shown in Fig. 2), the paper proposes a
new control process with the hybrid of active and passive one, shown

in Fig. 3.
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Fig. 2. The active process of reliability design
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failure modes were often neglected when mitigating failure
modes, which is unfavourable for optimized design [17].
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The main purpose of this paper is to present a novel logic-
based approach for failure modes mitigation control and quan-
titative system reliability analyses. This paper is organized as
follows. Section 2 introduces the hybrid of active and passive
control process based on the traditional passive reliability de-
sign process. In Section 3, an approach to determine the cross-
links among failure modes and the mapping relationship be-
tween failure modes mitigation and quantitative requirements
of reliability is presented in detail. The proposed approach is illus-
trated with the help of a fuel system example. Section 4 provides the
control process of failure mode mitigation. Concluding remarks and
future work are given in Section 5.

2. The hybrid of active and passive control process of
reliability design

Aiming to shorten the development cycle and reduce the cost, re-
liability design should be carried out actively in the early stage of
design. And then reliability and performance requirements could be
achieved simultaneously.

2.1. The Active Process of Reliability Design

The active process of reliability design can be characterized as
failure modes mitigation.

Definition 1: Failure modes mitigation [8] should be an active
process, shown in Fig. 2. In this process, designers are active to iden-
tify potential failure modes of the product systematically. And then
the improvements, operational compensatory provisions, diagnosis

Quantitative
requirements of
reliability

Legend:

Weakness analysis

S

+ reliability

evaluation
results ¢

(Controlled unit)

Reliability evaluation
(analysis/simulation/test)

(Measurement feedback unit)

—> Activecontrol  — Passive control  —e factors

Fig. 3. The hybrid of active and passive control process of reliability design

Due to the complexity of products, failure modes would be una-
voidably introduced with the design development. Therefore, design-
ers should identify all possible failure modes through methods such
as failure modes and effects analysis (FMEA), reliability simulation
test. However, while designers recognize a specific failure mode, they
should not take improvements to mitigate it immediately. Because dif-
ferent failure modes are not mutually independent - the mitigation of
a failure mode may cause some others to be mitigated too, or/and may
introduce some new failure modes simultaneously. And the effects of
failure modes mitigation on reliability are also different. Therefore,
designers must analyse the cross-links among different failure modes
and determine the mitigation sequence at the outset.

Designers should be sure that the improvements are reasonable
through simulation, principle analysis etc. before applying the im-
provements on product. After that, designers could implement the
improvements on product in the order given by mitigation sequence,
to eliminate the critical failure modes or reduce their probabilities of
occurrence and severity.

Designers should further evaluate the product through reliability
analyses, simulation, and tests. The purpose of those evaluations or
revaluations is to determine the deviation between reliability achieve-
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ments and its requirements under the current product configuration.
If the deviation is positive (i.e., the evaluation result is greater than
the required one), designers maintain the configuration, otherwise de-
signers need to do further analysis to find out weaknesses, determine
improvements and apply them on the product. In addition, there may
be other disturbance factors, such as the uncertainty of product rec-
ognition, loads, material properties and geometric parameters. These
factors may lead to the instability of the product. Therefore, designers
should monitor the development, evaluate the product and feedback
the results to the “sensor unit” in real-time.

For the hybrid process, the active process guarantees that critical
failure modes will be identified timely, and the passive process can
improve the product scheme exactly. Therefore, the design objective
can be achieved with minimal resources and the design period would
be shortened. The approaches for reliability design on the basis of the
passive process have been presented. Restricted to the length, we do
not give the details. The paper will focus on the active control process
orienting to quantify achievement of reliability requirements.

3. Failure Modes Mitigation Sequence Decision

The determination procedure of failure modes mitigation se-
quence for the quick achievement of quantitative reliability require-
ments is as follows.

1. Identify the failure modes of the component and consider the
new failure modes introduced by system integration, and the
interrelationship among different failure modes, namely, to
determine the failure modes correlation sets (FMCS).

2. Construct quantitative effect models of failure modes mitiga-
tion on reliability and calculate the effect of FMCS mitigation
on reliability.

3. Determine the mitigating sequence of the failure modes ac-
cording to the importance of reliability effect.

3.1. Determine FMCS based on Deductive Theory

To definite FMCS of f; (the failure mode has been mitigated) pro-
posed, we take the follows into consideration only.

1. The failure modes which are eliminated with f; simultane-

ously

2. The failure modes that their probabilities of occurrence are

reduced with f; simultaneously

3. The failure modes which are introduced while f; is mitigated

On the basis of constrains given above, the definition of FMCS
can be achieved.

Definition 2: Hypothesize that there is a failure mode set
f= {fl,fz,m,fn} for a product. Given one of the failure modes
/i€ f(l' e{l, --,n}) has been mitigated by some improvements, such
that f; ¢ f' (where f' is the new failure modes set for the product after
failure modes mitigation) or its probability of occurrence is reduced.
If 3{. l-l,fl-z,---,fl-m}c f (m is the number of failure modes which
are mitigated simultaneously with f; ), El{fj1 Sy Sy, et (bis
the number of failure modes which are introduced with mitigation of
f; ), and they satisfy following conditions:

1 g #i(t=1---,m)

2. f;, ef’ or their probabilities of occurrence are reduced for
Viedl,--,m}

3. 1y, #t(h=1000)

Then the coupling set {ﬁ,ﬁl,fiz,---,ﬁm,fj],sz,---,fjb} is re-

ferred to as failure modes correlation set corresponding to f; , denot-

ed as FMCS;. Unambiguously, it can be referred to as failure modes
correlation set abbreviation, denoted as FMCS.

3.1.1. The types of failure modes interrelationship

Assume that all the failure modes mitigation actions are reason-
able and effective, the condition that one eliminated failure mode in-
creasing some other failure modes’ probabilities of occurrence are not
under consideration. Based on this assumption, the interrelationship
among different failure modes could be divided into the following
types:

1. Type I (a failure mode is eliminated with another introduced):

Although the failure mode f; is eliminated, some new failure

modes £V, /5N .-, £V are introduced, and the correspond-

" s Jte
ing probabilities of occurrence are denoted by

ZeN zeN | meN
BBy B -

Let type I FMCS be denoted as

FMCSI = {fiaﬁeNafzeNa"'v tiN} :

2. Type II (concurrently eliminated): The failure mode f; is elim-
inated, and the failure modes f*, f5¢,---, f5° are eliminated
simultaneously. Denote type 1I FMCS as

FMCS); = { SR gg} , and the corresponding prob-

abilities of occurrence are denoted by B¢, B5¢,---, Bz . Note
that the failure modes mitigated not necessarily belong to the
same product (hereinafter the same, will not go into details).
3. Type I (one eliminated with another reduced): The failure
mode f; is eliminated, and the failure modes probabilities of

occurrence f;4, f54 ..., f5d are reduced from the original

B, BS -, Bl to Bt Bs? .- BAL respectively. Let type

I11 FMCS be denoted as FMCSyy; = {ﬁ,ﬁed,fed,~--,f5”el} .

4. Type IV (one reduced with another introduced): Although the
failure mode probability of occurrence f is reduced, some

new failure modes fldN R deN TN fth are introduced, and the
corresponding probabilities of occurrence are denoted by

BN BN ... BAN | Let type IV FMCS be denoted as

dN ,dN dN
FMCSI\,:{fl,fl S s S }

5. Type V (concurrently reduced): The failure mode probabil-
ity of occurrence f| is reduced, and meantime one of failure

modes £, £ ..., f34 is also reduced from the original
dd g ... B to B B ... B respectively. Let type
V FMCS be denoted as FMCSy = { fi f pdd . pdd } :

6. Type VI (one integrated with another introduced): Consider-
ing the interface failure modes, and the failure modes with
high severity rank introduced by system integration, the cor-
responding probabilities of occurrence are denoted by

BN BIN ... BIN | Let type VI FMCS be denoted as
IN (IN IN
FMCSVI:{fl o S }

Since the interrelationships among failure modes are not
identical, the FMCS is the union of Type I, II and III FMCS,
namely  FMCS=FMCS; UFMCS;; UFMCSy;;,  denoted by
FMCSE, or the union of Type IV and Type V FMCS, namely
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FMCS = FMCSyy UFMCSy; , denoted by FMCSP. The Type VI
FMCS is introduced by system integration, denoted by FMCS!, which
is independent of Type I and Type V. It should be noted that designers
should deeply analyze the mitigation of FMCS!. Therefore it could be
further divided into two subsets: FMCSE and FMCSP.

3.1.2. The determination of FMCS

In practical projects, it is very difficult to determine FMCS. The
determination should be made according to the products working
principles and fault propagation etc. The paper proposes an approach
based on deductive theory [16] to determine the FMCS. It consists of
two steps:

Step 1: Construct a logic tree of failure mode mitigation to deter-
mine the FMCS of a specific failure mode. In this step, a logic tree of
the specific failure mode mitigation will be achieved. An example is
shown in Fig. 4. It contains four layers, as follows:

1. Layer 1 (the mitigation object layer): specify mitigation ob-

ject, namely choose the specific failure mode for mitigation.

2. Layer 2 (the mitigation procedures layer): according to Defini-
tion 1, classify the procedure of failure modes mitigation into
two categories: the eliminated failure mode; and the reduced
failure mode. Therefore, construct the layer by the logic “OR”
between elimination of the failure mode and reduction of its
occurrence probability.

3. Layer 3 (the improvements layer): according to the detailed
failure mitigation procedures, including the reasons that lead
to the occurrence of failure mode, determine the procedures
and methods to construct the third layer. Namely, this layer is
the relationship of AND, OR, CONDITION et al.

4. Layer 4 (failure modes correlation layer): according to the
procedures and methods to improve the product, integrating
product’s functional principle and interrelationship, analyze
all possible associated failure modes at the forth layer. In the
logic tree, the paper adds a logic gate “failure modes correla-

tion gate”, denoted by “”. It not only denotes the AND
logical relationship, but also shows the mitigation sequence of
failure modes, namely from left to right.
Step 2: Determine FMCS. Identify the FMCS through descend-
ing method or ascending method according to the logic relationship
implicated in the figure:

Failure mode f;
Layer 1: mitigation object layer
Layer 2: mitigation procedures layer A

Layer 3: improvements layer

The common reliability parameters for complex products can be
summarized as shown in Table 1.

Table 1. The common reliability parameters for complex products

Applicable scope
Name
assembly | component
failure rate v N
mean time between failures (MTBF) V N
mean time to failure (MTTF) v
mean time between critical failures (MTBCF) v
mission reliability v

Notation: \ represents “applicable”.

Considering the interrelationship types of failure modes, the im-
pact models can be divided into two categories:

1. The impact models of the component-level reliability

2. The impact models of assembly-level reliability

3.2.1. The impact models of the component-level reliability

Let ¢ denote a component. Assume its life is subjected to expo-
nential distribution, namely its failure rate is a constant, and the fail-

ure mode probability of occurrence f; is ;. If f; was mitigated, let

= 1
I I =
g l( ' {0 f; was eliminated
probability of occurrence. Then the failure rate of product ¢ is given
by:

/; probability of occurrence was reduced
denote the

/Tz =4 —(ﬁi _Bili)
te meN E D d _ ped
- (T B -2 e -2 (B B
td  7dN Dd ( pdd _ mdd
+1,-(Z,-=1Bj _z]’:l(ﬁj —Bj ))
If there are some failure modes contributing to other products,
it should be calculated in accordance with the products respectively.

The same is to the following equations.
MTBEF of the product t is given by:

- MTBE, =1/2, ()

3.2.2. The impact models of the assembly-level reliability

[ I

Increase the
redundancy

Replace some

Increase
hardware ine

derating
design

of components, raw

‘ Adopt

margine

Improve the reliability Adopt high
temperature
materials resistant materials

Suppose that the product P is comprised of H devices and
does not take failure modes introduced by system integration

Layerd: failure modes
correlation layer

Fig. 4. An example of logic tree

3.2. Construct quantitative impact models of failure modes
mitigation on reliability

The impact model shows the mapping relationship between failure
modes mitigation and reliability parameter. It indicates the product’s
reliability after mitigation of a specific failure mode. According to the
characteristic of Type II and Type III FMCS, they will be considered
as the same type when constructing the impact models.

into consideration, then the model of the assembly-level reli-
ability influenced by component-level failure modes mitigation
should be established first.

Then, combined with reliability theory, the expression of
the P’s failure rate is as follows:

H 7 'l 5
A= L+ 20 B~ 3)

In general, the assembly-level products are repairable. Corre-
spondingly, the MTBF is given by:

MTBEF, =1/, “4)

The MTBCF is given by:

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015 103




SCIENCE AND TECHNOLOGY

MTBCE, = k# x MTBE (3)
i1 Bcri
Ag .. .
where ———— denotes critical failure factor. Bcp; de-
1 Beri

notes the occurrence probability of the critical failure
mode 7 after mitigation. k denotes the total number of crit-
ical failure modes.

If the lifetime of the complex product follows an expo-
nential distribution, then its mission reliability is given by

R, = e—T/MTBCFS (6)
where T denotes the mission duration.

In fact, new failure modes will be introduced by sys-
tem integration, which could be mitigated by the design-

Table 3. The results of fuel system’s FMEA (section)

ers. The impact models of reliability could be established
according to the approach applied in components.

3.3. Order the FMCS mitigation sequence

Combining the impact models established above, de-
signers can calculate the impact on reliability of different

8 After miti-
Components Failure modes S (10/h) gation
B (10%/h)

f11: fuel tank wall leakage v 0.15 0.08
fuel tank

f;,: fuel leakage after crash I 0.07 0.04

f5: fuel bposter pump not I 012 0.08

working

fuel boost pump f1: no flow Il 0.15 0

f,3: pressure pulsation Il 0.18 0
suction port f31: blocking Il 0.12 0
components f3,: leakage Il 0.13 0
fireproof fuel supply | f4;: fuel leakage at inter

| 0.45 0
hose components faces
fuel supply hose fs1: fuel leakage at inter
I 0.18 0

components faces

fe1: blocking Il 0.15 0
one-way valve fey: leakage 11l 0.18 0.18

fe3: seepage Il 0.12 0

f;1: cannot open I 0.12 0.08
drain valve

f;,: cannot turned off \% 0.12 0.08

FMCS. According to the principle of maximization, de-
signers can determine the failure modes mitigation se-
quence.

Theoretically, we should take all relevant reliability
parameters into consideration. However, it can be seen from the equa-
tion (1) to (6) that reliability parameters are mutually dependent on
each other. All other reliability parameters could be directly obtained
from failure rate. Based on the attribution simplification rule [11], the
mitigation sequence could be directly determined by failure rate. It is
given by:

{fl’fleNrflee’ffe}>{f25f16d5f2€d}>"" (7)

where > denotes order relation, namely { T i 1, fzee} should

be mitigated prior to { fas fled,. fzed} .
3.4. lllustrative example

Here, a fuel system of a native helicopter was taken as an example

Table 2. The failure rates of components of fuel system (section)

Failure .
Failure rate
Components rate Components (10¢/h)
(10°%/h)
5 fuel supply
1 fuel tank 0.22 hose assem- 0.18
blies
2 fuel boost pump 0.45 6 one-way valve 0.45
3 suction port as- 0.25 7 drain valve 0.24
sembly
4 fireproof fuel sup- 045
ply hose assemblies

to verify the feasibility of the approaches and models. The failure rate
of the fuel system is 0.00000224(10°%/h), and the failure rates of its
components under current configuration are shown in Table 2.

Notation: S denotes severity rank. B denotes a failure mode probability of occurrence.

By using FMEA, all possible failure modes can be identified,
some of which are shown in Table 3. If a failure mode was mitigated,
then its probability of occurrence (shown in column 5) could be pre-
dicted on the basis of NPRD 2011 [15] and experiment data.

1. Determine FMCS based on the deductive method

Since the severity rank of “f55: fuel boost pump pressure pulsa-
tion” is Il as in Table 3, and the correctness “optimization of inlet filter
pore diameter” is feasible in technology and economy, so take it to be
eliminated. According to the functional model of fuel system, failure
modes “f5,: the fuel boost pump no flow”, “f3;: suction port compo-
nents blocking” and “f;: one-way valve blocking” were eliminated
simultaneously. According to the steps in section 3.1.2, the mitigation
logic tree was achieved, as shown in Fig. 5. Furthermore, FMCS of
f>3 was then deduced. It was {f33, /55, /31, f61 } - Similarly, other FMCSs

were {f30, fars f515. fe3)> Vi S12} Va1 S 723 -

2. Calculate the fuel system’s failure rate after mitigation

After mitigation of FMCS, the failure rate of the fuel system was
arrived according to Equation (1) and the data shown in Table 2 and
3, shown as follows:

D) 53, /22, /515 fe1 1+ 0.00000164

2) 2. Ja1. 515 fe3}+ 0.0000013

3)  {fi1.f12}: 0.00000202

4) b1 fr1,/725: 0.00000212

According to the failure rates above, the failure modes mitigation
sequence was determined as follows:

{f325.ﬂ¥1>f51’.f63} > {fi3’f22=‘f51’f61} > {fll’fIZ} > {fZl’f71’f72}

By adopting the proposed process to control the failure modes
mitigation of the fuel system, the reliability objective was achieved
through iterations, and the development cycle was greatly shortened.

4. The control process of failure modes mitigation

In line with the mitigation sequence, designers can mitigate the
failure modes. A specific logic-based control process is proposed to
guide the mitigation of FMCS, as shown in Fig. 6.

104

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015




SCIENCE AND TECHNOLOGY

Jas
fuel boost pump pressure
pulsation

The mode was
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Optimization of nlet
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fuel supply
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maintenance scheme

)

21
fuel boost
pump no
working

Fig. 5. The logic tree of fuel boost pump pressure pulsation mitigation

Failure modes Failure

|'-m'llnj|.: modes
dentification

tions including supervision department and executors. If the answer is
“No”, designers should take the mitigating improvements, and track
the process to make sure the failure modes are mitigated.

For the FMCSP, designers should further determine whether
the failure modes can be detected. If the answer is “Yes”, designers
should give the detection methods. Then, designers should determine
whether there have been any compensating provisions. If the answer
is “Yes”, designers should also provide the compensating provisions.

Furthermore, designers should verify the efficiency of the mitiga-
tion improvements, detection methods and compensating provisions
through reliability tests, simulation etc. Certainly, designers should
also verify their final efficiency during operation stage, and make it
guidance of the similar products design.

5. Conclusions

Failure modes mitigation is the core of reliability design proc-
ess and should be well programmed. The pilot study had proposed a
novel logic-based approach for failure modes mitigation control, the
failure modes correlation sets (FMCS) had been defined and the links
between qualitative and quantitative realization of reliability had been

established. The approach takes the cross-links among failure
modes into consideration and makes the novel hybrid control
process, which constructs a bridge between the quantitative re-

liability parameters and the design and redesign activities, and
would shorten the development cycle time. Hence, the provided
approach is efficient for solving the decision problem of failure

modes mitigation sequence.
The failure modes mitigation was illustrated for a fuel boost

mitigation sequénce !1|.u&|.\:.s validation
dmﬁl_um ﬂj% JL
Failed to pa:
Hardware FMCS
. have bee the measures Verify the efficiency
Product —— ave been : of mexsures
development FMECA b L. reliability test
1) method
Y 2) profile
¥ ; 3) supervision
department
plementmg s FMCSE 8
1. supervision dep
2. execulors 5) results
2, simulation
Determine failure 1} tool
modes mitigation F 2) models and
SeqUEn< e orienting to — parameters
quantitative . Give '_I'" 3) supervision
iabely detection
relisbility department
requirenents 4) executors
achievement 5) results

pump pressure pulsation, focusing on its typical failure modes.
The study revealed that the proposed approach is efficient in
this typical condition. In the future, more examples should be
considered. Also, it is reasonable to develop correlation sets of
coupled failure modes and impact model of its mitigation. And
it is necessary for the authors to apply the approach repeatedly
in more practical projects to provide sufficient evidence. The
assumption that life of product is subjected to exponential distri-
bution makes it easy to calculate the effect of failure mitigation

Provide the
Y compensatin f—|
provisions

on reliability. Nevertheless, the assumption may not reasonable,
and the failure rates of the components of fuel system are not
constant in fact. More work will be done to optimize the ap-
proach in the future.

Fig. 6. The hardware FMCS mitigation process based on logic decision

For the FMCS, designers determine whether the improvements
taken to mitigate the failure modes have been implemented. If the
answer is “Yes”, designers should record the implementing situa-
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EVALUATION MEASURES OF MACHINE OPERATION EFFECTIVENESS
IN LARGE ENTERPRISES: STUDY RESULTS

MIERNIKI OCENY EFEKTYWNOSCI FUNKCJONOWANIA MASZYN
W DUZYCH PRZEDSIEBIORSTWACH: WYNIKI BADAN*

Maintaining a proper productivity and efficiency level of a technical infrastructure of an enterprise requires, above all, the use of
appropriate managing methods and tools as well as an appropriate organization of services responsible for their management.
Using a variety of measures is indispensable to evaluate the effectiveness of these practices as well as of the machine performance
in any enterprise. The data obtained from measuring 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 evalu-
ation because of a large number of machines and a vast range of their technical maintenance. Different indicators presented in
the references are said to be efficient and willingly used by enterprises. The aim of the study, of which the results are presented
in this article, was to identify the real actions taken by the surveyed enterprises concerning the use of the machine effectiveness
evaluation metrics. Apart from that, the study also intended to obtain the information on which indicators are actually applied by
enterprises. The study was carried out in large production enterprises of different industries on a specified area.

Keywords: technical infrastructure, machine effectiveness, evaluation indicators, maintenance.

Utrzymanie infrastruktury technicznej przedsigbiorstwa na odpowiednim poziomie produktywnosci i wydajnosci wymaga przede
wszystkim stosowania wlasciwych metod i narzedzi zarzgdzania oraz wlasciwej organizacji stuzb odpowiedzialnych za jego re-
alizacje. Nieodlgcznym elementem oceny efektywnosci tych dzialan oraz funkcjonowania maszyn w przedsigbiorstwie jest stoso-
wanie réznorodnych miernikow. Dane uzyskiwane z pomiarow okreslonych wskaznikéw sq podstawowym zrodlem informacji o
koniecznosci podejmowania dziatan okreslonego rodzaju. Szczegolnie duze firmy sq chetne, aby wdrozy¢ odpowiednie wskazniki
oceny efektywnosci maszyn ze wzgledu na duzq liczbe maszyn i duzy zakres prac zwigzanych z ich obstugq techniczng. W literatu-
rze przedmiotu prezentowane sq rozne wskazniki wskazywane, jako skuteczne i chetnie stosowane przez przedsigbiorstwa. Celem
badan, ktorych wyniki przedstawiono w niniejszej pracy, bylo zidentyfikowanie rzeczywistych dziatan realizowanych przez badane
przedsigbiorstwa w zakresie stosowania miernikow oceny skutecznosci maszyn oraz pozyskanie informacji o tym, jakie wskazniki
sq przez firmy stosowane w praktyce. Badania przeprowadzono w duzych przedsigbiorstwach produkcyjnych funkcjonujgcych w
roznych branzach przemystu na okreslonym obszarze.

Stowa kluczowe: infrastruktura techniczna, efektywnos¢ maszyn, wskazniki oceny, utrzy-manie maszyn.

Introduction

One of the main components of the properly organized process of
the machine and equipment supervision in any enterprise is the choice
and the use of a proper management strategy. The literature widely
describes kinds of management strategies and the actions within them
[5,9, 10, 14, 17, 40]. The implementation of the particular methods
of machine and equipment supervision in an enterprise requires, how-
ever, periodic evaluation of the action effectiveness as well as of the
state of the owned technical infrastructure. The degree of reliability
of the information obtained is a basic condition for receiving positive
final reports, and it facilitates taking proper decisions concerning pre-
ventive actions. There are many ways of obtaining information on the
operation of particular machines and technological equipment. How-
ever, establishing what will be measured is the most important.

Thus, the choice of the appropriate evaluation measures is cru-
cial. These measuring metrics help to evaluate the key actions realized
within machines maintenance and they indicate the efficiency of the
actions taken in relation to the goals of an organization [6, 10].

The references define different measures of the machine supervi-
sion evaluation [22], among them e.g. OEE [8, 18] or MTTR [7, 11,
21]. The references have also been reviewed for the measures used
for the machine effectiveness evaluation in an industrial sector [24,
33]. The correlation of the selected indicators with other evaluation
methods was assessed as well [2, 24].

Moreover, the analysis of the references showed that there were
also studies conducted concerning maintenance activities based on the
MTTF values obtained [22]. The study, that was carried out, also re-
garded the evaluation of the OEE measure values obtained [2, 18], the
possibilities of its improvement [31, 39] as well as its computer based
(automated) calculation [30]. Different models of optimization of the
machine maintenance were also presented [32].

According to the authors, the analysed references lack a compre-
hensive comparative analysis of the machine evaluation measures
practically applied that would take into account e.g. enterprise’s size,
industry, capital type, or production type. Additionally, in the articles
analyzed, it is difficult to find any information on the problems of
the enterprises regarding the application of the machine evaluation
measures.

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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This article indicates the basic measures of machine operation,
and the ways of their calculating. Next, it was checked if these meas-
ures were being actually applied.

1. Measures of the machine operation effectiveness
evaluation

Effectiveness is one of the characteristics determining the proper-
ties in a set of items or systems. It is commonly understood as a prop-
erty of an item (or system) which conditions the achievement level
of the goals of an item or a system in the specified conditions of use
and in the specified time period [14].Exploitation effectiveness can
be defined as the quotient of the results obtained in a given period of
the duration of a certain state concerning the operation object to the
expenditures incurred to achieve these effects. System effectiveness
is conditioned by both pre-exploitation factors such as the required
activities and initial inputs related to the required system features and
the features of the system environment, as well as by exploitation fac-
tors identified in the exploitation process (external factors e.g. cooper-
ating systems or exploitation properties of a system such as reliability,
durability, reparability) [40]. However, in case of an item exploitation
(a machine, an appliance) we can talk about technical effectiveness of
an item defined as a relation between its unreliability and its potential
task capability in a system. In its classical approach, in order to de-
scribe machine operation, the literature e.g. [12, 20, 26] distinguishes
two reliability states, which are fault and up states. Nevertheless, in
some other articles e.g. [13, 35], the authors introduce multi-state
classifications what results from the complexity and multitasking of
some machines.

The machine up state requires defining two basic notions: task
operability and functional operability [5].

Task operability is the ability to accomplish the task 7 in a chosen
period of time At or any other figure.

Functional operability is the ability to accomplish a task in a cho-
sen moment of time ¢ for each task out of the set of tasks which are
possible to accomplish by a machine.

Modelling the two states of operability may take place at every
stage of a machine operation in a production system or at every stage

of the running technological machines system (of the technological
machines park). These stages are: organizing the system, its use and
liquidation or reorganisation with a particular maintenance strategy.
To evaluate the system effectiveness different evaluation criteria may
be used. In the articles [15, 16, 19, 23, 27, 29, 34, 36, 37, 42, 43] the
authors propose the criteria of a system evaluation. Different indicators
are used for each of the particular criterion. Table 1 presents the exam-
ples of indicators of the system according to the four criteria. The table
shows their characteristics and sample types.

Most of these indicators can also be used at different levels in
order to measure the quality of the production area, the selected line
or used equipment or technological machines. PN-EN 15341: 2007
also classifies KPIs service by three main criteria: economic, organi-
zational and technical. In addition, this standard defines the indica-
tors according to the specified criteria on three levels. What is more,
this standard [28] specifies the proper selection of indicators for as-
sessing effectiveness. The selection of indicators for the assessment
should take into account some relevant criteria such as: the efficiency
of maintenance of machines and equipment reliability. When search-
ing for the appropriate indicators, the standard recommends two ap-
proaches: — First, the selection of indicators from these available that
meet the requirements of the analysis; Second, begin with a method
that starts evaluating different machine maintenance processes cho-
sen through the functional analysis. 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
Repair) 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 mainte-
nance schedule. MTTR (Mean Time To Repair) 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 for the as-
sessment the repair tasks they carried out [11]. The ways of calculat-
ing these indicators are as follows:

— MTBF (Mean Time Between Failures) — denotes the average
time between failures or the failure rate. The indicator is under-
stood as the average time of operation between failures in the
specified time. It is calculated according to the formula (1).

Table 1. Criteria of the system evaluation. Source: own study based on [15, 16, 19, 23,27, 29, 34, 36, 37, 42, 43]
No. Criterion Characteristics Exemplary indicators
1. | Informational | Related to the organisation and course of main- | Indicator of technological advancement
and opera- tenance processes, as well as those concerning | Indicator of machine average age
tional the achievement of goals or certain needs, and Indicator of repair service rate
the impact of the control system on its opera- Indicator of repair requirements accomplishment
tion.
Indicator of maintenance staff employment
Indicator of timeliness of executing major, medium, current repairs and overhauls,
Indicator of maintainability
2. | Economic Related to plus (benefits) and minus (inputs) Indicator of profitability
value effects as well as to profitableness of Fixed and variable costs of machines maintenance
investment and finance activities in a system. Indicator of the costs of major and medium repairs, and current maintenance
Spare parts maintenance costs
3. | Technical and | Related to the system elements operability, par- | Indicator of performance
maintenance | ticularly to technical means, and expressing the | |ndicator of machine idle time
impact of technology on their operation; related | | dicator of machines damage and failures
to the operation of.the'elements and means Indicator of technical availability
for the system continuity, they also express the i .
influence on the system capability to remain in Indicator of machine use
an up state in the specified time. Indicator of a shift system
4. | Safety Related to the risk of losses (human - loss of A number of accidents at machine operation and use
life or damage to health, ecological, material), A number of hazards arisen during machine operation and use
which commonly relate fault states of the sys-
tem elements to the probability of loss caused
by them; the extent of the potential losses.
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MTBF =operating time/ number of failures in this time (1)

— MTTR (Mean Time To Repair) — the average time to complete-
of repair. It is understood as the average time of the actual repair
from the point of its being reported until the point it is finished.
It is calculated according to the formula (2).

MTTR = repair time / number of failures 2)

Another indicator, which importance in the production process
improvement has been emphasized in articles [1, 30, 31, 38], is OEE
indicator. OEE describes the three basic areas of business activity:
the 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 im-
plementation and the elimination of existing problems. It allows to
identify bottlenecks and main problems of a company.

— OEE — Overall Equipment Effectiveness. It is calculated as a
multiplier of other measuring metrics: availability, performance
and quality, which are its constituent elements. The OEE indi-
cator is calculated according to the formula (3). Its individual
parameters are calculated according to the formulae (4—7).

OEE = Availability x Performance * Quality x 100% 3)
Availability is calculated according to the formula:
A = production time — downtime/ production time @)
where:
downtime = maintenance + setups + failures + other 5)
Performance is calculated according to the formula:

P = parts produced (good and bad quality)/ production time x rated
performance (6)

Quality is calculated according to the formula:
QO = parts produced — losses/ parts produced (7

OEE considers a process. That means that it takes into account not
only the availability time but also performance (actual performance
/ nominal performance) and a quality factor (good parts/ parts pro-
duced). In fact, it compares the machine use to its ideal use, which
takes place when the production and its preparation follow the plan
[25, 39, 41].

2. The scope and methodology of the study

This paper shows the results of the study conducted in the selected
large enterprises located on a limited geographical area (Poland, pod-
karpackie voivodeship). The study regards the identification of real
activities performed by the surveyed enterprises within the applica-
tion of the machine effectiveness evaluation, as well as the indication
of which indicators are actually used by the companies.

The study was carried out in two stages. The first stage was car-
ried out in the following areas:

Analysis of the current state of knowledge.
Defining the scope and the area of research.
Developing a research sheet.

Selection of the study.

Conducting the research and the analysis of results.

M

The second stage of the research was carried out as follows:
testing, analysis of the results, the proposal of changes in the use of
machines assessment indicators. A detailed analysis of the results is
presented in this work afterward.

3. Study results
3.1. Thefirst stage of the study

3.1.1. Area and carrying out of research

The first stage of the study concerned identification of the mea-
sures for the evaluation of technological machines operation effec-
tiveness. The study involved production enterprises of different indus-
tries on the area of podkarpackie voivodeship (Poland). As a detailed
subject of the study the following areas were analyzed:

— the information gathered on the machine supervision,

— kinds of downtimes recorded in enterprises,

— the way of recording the information on machine failures,

— the average failure time,

— measuring parameters of quality, performance and availability,

— OEE indicator.

150 enterprises were invited to take part in the studies. Any enter-
prise, plant or its department that had its own strategy and accounted
of its accomplishments could be the object of the study. 46 question-
naires were obtained as a feedback.

The study took the form of interviews. The subjects of the study
were the representatives of a medium and top management as well as
the employees directly responsible for the process of the technologi-
cal machines and appliances supervision in a company, as well as the
chosen machine operators. The study was conducted in a conjunctive
multiple choice format, and included a list of prepared, provided in
advance options presented to a respondent with a multiple response
item in which more than one answer might be chosen. Additionally,
a respondent could give other answers if they were not among the
provided options.

3.1.2. The structure of the studied enterprises

During the study, the enterprises were classified according to the
following criteria: industry type, production type, ownership (type of
capital) and technical infrastructure organization. Table 2 shows the
structure of the studied enterprises.

Most companies, because as many as 42%, were aviation compa-
nies and 34% were automotive companies. The remaining industries
included, among others, metal processing, chemical, wood and paper,
and food industry. Among the studied enterprises most were the or-
ganizations with a big-batch production as a dominant type of produc-
tion — 27%. In the 6% of the studied companies, there are a few types
of production combined at the same time.

Most of the studied companies (91%) are privately owned, the rest
(9%) are state-owned. 68% of them possess foreign majority capital,
15% domestic majority capital, whereas 17% possess entirely Polish
capital. In most of the companies, CNC machines are mainly used.
In the majority of the studied enterprises, numerically controlled ma-
chines prevailed (74%). Among other technical machines, i.a. auto-
matic machines, were mentioned. Most of the studied enterprises, be-
cause 72%, describe their situation as developing, and 28% as stable.
None of the companies described their situation as difficult.

3.1.3. Study results

The effectiveness of the technical infrastructure management de-
pends largely on the kind and amount of information on machines.
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Table 2. The structure of the studied enterprises

Criterion The structure of the studied enterprises
nd Aviation Automotive Metal processing Wood and paper Food Chemical
ndustr
Y 42% 34% 13% 5% 3% 3%
Piece Small-batch Medium-batch Big-batch Mass A few types
Production type
20% 22% 18% 27% 12% 6%
Private State
Ownership type
91% 9%

Entirely Polish capital
Capital type

Polish majority capital

Foreign majority capital

17%

15% 68%

Mainly manually-controlled machines

Mainly numerically-controlled machines Other

Type of possessed machines

24%

74% 12%

If we are not aware of the problems and of where they occur, we can
neither eliminate nor prevent them.

Collecting the needed information, taking the right decisions in
the right time as well as providing intended actions and accurate re-
actions are a continuous challenge for the information system of an
organization.

One of the groups of information which should be recorded in
companies concerns the information on downtimes. The study shows
that the most commonly recorded types of downtimes are machine
failures, what was indicated by 93% of the surveyed enterprises
(Fig.1). 71% of the companies record downtimes caused by setups.

Failures
Setups

ccheduled - (overhauls, repairs, etc.

Lack of material

Lack of tooling

Operator's absence
Lack of technological documentatio
Other

0% 20% 40% 60% 80% 100%
Fig. 1. Types of downtimes recorded in enterprises

Different types of information concerning machines are gathered
in the enterprises. They consider both single workstations as well as
production lines or departments. They concern machine uptimes, the
waiting time for service or machine spare parts, as well as machine
performance and load. The conducted study shows that the informa-
tion, which is the most commonly gathered in the companies in order
to facilitate machine-related actions, concerns a number of failures
of particular machines (72%). Figure 2 also shows other information
gathered as well as the percentage of enterprises which record such
information.

A number of failures of particular machines
Repair time
Machine load
A number of failures on particular lines
Machines efficiency
A number of failures in particular departments
Uptime
A number of failures of all machines
Waiting time for spare parts

Waiting time for service

None

0% 20% 40% 60% 80%

Fig. 2. Types of machine-related information gathered in enterprises

An important element of the completeness and credibility of the
obtained data is to determine an appropriate and effective way of the
data collecting and recording. In most of the companies (81%) a main-
tenance worker is responsible for collecting information on machines.
At the same time, it is worth mentioning that in 52% of the companies,
a few people collect and record information. A question may arise if
the same kinds of information are recorded by different people and
if the data overlap in such a case. However, it wasn’t verified in the
conducted study. Among other people engaged in collecting informa-
tion, a continuous improvement specialist and a technologist were
also mentioned.

In 65% of the cases, the place of recording the information re-
garding machines is the maintenance department. In 42% of the com-
panies the information is directly entered into IT system e.g. via an
information kiosk located in a production hall.

The main aim of the study was to gather the information concern-
ing the types of measures used for the machine effectiveness evalua-
tion. The survey involved the questions on determining if the machine
quality, performance and availability were measured. The quality
metric was defined as a number of conformity products out of the
total products produced on the machine. The machine performance
was defined as a number of total parts produced on the machine to the
production rate of a machine. The machine availability was defined as
the actual amount of production time the machine is operating to the
production time the machine is available. The detailed results of these
studies are shown in the work [3].

The results are presented in Fig. 3. The study shows that 53% of
the enterprises do not analyze the quality metric of their machines.
This fact impedes the analysis and the possibilities of identifying the

I I I
Availability 63%
Performance 55%
Quality 47%
[ [ I

0% 10 20% 30% 40% 50% () 0% B a0 100%

OThe metric is calculated B The metric isn't calculated

Fig. 3. Percentage of the enterprises which calculate quality, performance
and availability parameters

potential causes of nonconformities occurrence in the production.

In case of the performance metric, as many as 55% of the en-
terprises calculate and analyze it. Collecting such information con-
siderably facilitates the process of production planning which allows
on-time processing of customers’ orders. It helps to identify machines
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Yes, for all machines . 1%
Yes, for particular departments I 2%
Yes, for particular production lines - 11%
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Yes, for particular machines _ 15%
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Fig. 4. Percentage of the companies calculating OEE indicator

of bigger or smaller production capacity and thus, indirectly, evaluate
the technical condition of the machines owned.

The availability metric is recorded and analyzed in 63% of the en-
terprises. The value of this metric indicates the actual operating time
of the production process. It helps to identify the production stations
at which machines often fail or their setup time is too long. Due to
this information the enterprise may take actions which result in mini-
mizing the risk of unplanned downtimes and failures. These actions
include TPM (Total Productive Maintenance) implementation or the
implementation of the methods which allow to reduce the setup times
such as SMED (Single Minute Exchange of Die).

One of the measures recommended in the references is OEE indi-
cator. While evaluating the effectiveness of the owned machines and
of TPM implementation this parameter is very important. The study
shows that it is not always used [4]. This indicator was also analyzed
in the conducted study. The obtained information proved that as many
as 65% of the enterprises did not use it, and only 15% of the compa-
nies calculate OEE for the chosen machines (Fig. 4). Merely 7% of
the analyzed companies calculate it for all the machines owned.

Analyzing closely the companies on the production type (Fig. 5)

Yes, for all machines .

=

Yes, for particular departments \‘x‘.§

N

12%

Yes, for particular production lines 12%

Yes, for particular machines

0% 10% 20% 30% a40% 509
DOPiece @Small batch OMedium batch OBig batch ® Few types

Fig. 5. Percentage of the companies calculating the OEE indicator on the
basis of the production type

and industry (Fig. 6), it occurs that OEE is calculated in case of a big-
batch production. It mainly concerns the electric, metal processing
and automotive industries. For the particular departments, the indica-
tor is calculated only in case of a small batch production, in aviation
and automotive sectors. The analyzed enterprises predominantly cal-

Yes, for all machines

>

Yes, for particular departments SRR

SR

Yes, for particular production lines

Yes, for particular machines 12%

0% 10% 200% 309 40% 50%
OPiece @Smallbatch 0O Medium batch OBig batch mFew types

Fig. 6. Percentage of the companies calculating the OEE indicator on the
basis of the industry

once quater [NNNNEGEGE 3%
once aday [ 1:::
once aweek  [NNEEGGEEEE 15%
Once a monch T S RG] 319
Once ashift | e P e e 17

0% 5% 10% 15% 20% 25% 30% 35%
Fig. 7. The OEE calculation rate
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From 70% to 80% [ E e s D R e O 33
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Fig. 8. The average value of the OEE indicator in the enterprises
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17%

From 70% to 80% 17%

From 50% to 70% | 8%

From 30% to 50%

Under 30%

0% 10% 200 30% 4%
OAutomotive  ® Aviation @ Metal processing @ Electric O Furniture

Fig. 9. The values of the OEE indicator for particular industries

culate OEE for the particular, chosen machines in most of the produc-
tion types and industries.

Another significant issue was to obtain information which con-
cerned the OEE calculation rate. The rate of obtaining such informa-
tion is substantial because the values of OEE keep us informed about
the productivity of the machines owned. If the information is gathered
too sporadically we won’t be able to react promptly when there is any
decline in the machines use. The study showed that in 31%, the ana-
lyzed enterprises calculate shift and daily indicators (Fig.7). Only 8%
of the companies calculate the OEE indicator quarterly (Fig.8).

It was significant during the study to gather the information con-
cerning OEE values. Its value is important because it initially helps to
make a general analysis of the effectiveness of the machines owned.
World class standard for this indicator is over 85%. In the enterprises
such a standard is reached only by 25% of the analyzed enterprises
whereas 33% of the companies range between 70-80% of the OEE
value (Fig. 8).

Figure 9 presents the OEE values obtained in the particular indus-
tries. The highest value of the indicator is obtained in the automotive
industry for the metal processing machines, and in the furniture indus-
try. The lowest value of the indicator was reported in the aviation and
automotive industries.

3.1.4. Discussion and data analysis after the first stage of the
study

The study conducted in the first stage shows that many companies
collect many information concerning effectiveness of the technical
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infrastructure owned. The information on failures, unplanned down-
times as well as the data related to efficiency and quality of all and
particular machines are also collected. The study proves that almost
half of the surveyed companies do not evaluate the effectiveness of
the machines owned and do not use metrics for their evaluation. The
results show that this issue is worth studying and making the compa-
nies aware of the fact that monitoring the performance, quality and
availability of the technological machines park owned is important
for the timely production.

In the further analyses, the authors searched for the relations be-
tween:

— the capital type and the indicators of the machine effectiveness

evaluation indicators used,
— the industry type of the company and the indicators used,
— the production volume and the indicators used.

For the data presented, Chi? analyses were conducted to evaluate
if there is a statistically justified influence of the industry type, type of
the possessed capital, or the production volume on the actions under-
taken within the process of data collection as well asthe evaluation of
the value of the analyzed indicators in an enterprise. The results of the
analyses are presented in Table 3.

Table 3. Hypotheses made and P-values obtained

It.no. Hypothesis P-value
There is no difference betweenthe kinds of indica-
1 tors calculated by the enterprises with Polish capital 0,000

or Polish majority capital and the enterprises with
foreign capital

) There is no difference between the kinds of indicators 0.995
" | calculated by the enterprises of different industries !

There is no difference between the kinds of indicators
3. | calculated by the enterprises with different produc- 0,981
tion volumes

The analyses conducted show that both the collection and evalu-
ation of the value of the analyzed indicators are not conditioned by
the industry type, nor by the production volume of large enterprises.
However, they are dependent on the type of capital, what is confirmed
by P-value of 0,000 (<0,005).

Figure 10 shows the types of measuring metrics based on the capi-
tal type possessed by the enterprises.

As the figure 10 shows, the machine quality, performance as well
as availability metrics are predominantly calculated in the companies
with the foreign capital. The quality metric is calculated by 28%, per-
formance metric by 37% and availability metric by 43% of the ana-
lyzed companies with the foreign capital.

50% |
as% |
a% |
35% |
30% |

43%
37%
! 28%
25%
20% 17%
15% 1% 1% 13% 0% 9%
10% | T T
= B B B
o L1

Quality metric Performance metric  Availability metric OEE metric

DO Entirely Polish capital ~ m Polish majority capital ~ mForeign majority capital

Fig. 10. Types of the metrics collected based on the capital possessed by a
company

3.2, The second stage of the study

3.2.1. Study area and methodology

The second stage of the study concerned a detailed analysis of the
indicators of the technological machines effectiveness evaluation on
the basis of a randomly chosen enterprise. As a detailed subject the
following areas were analyzed:

— kinds of machine maintenance actions,

— kinds of the metrics of effectiveness evaluation used in the en-

terprise,

— the values of the metrics used,

— the manner of recording the information on machines

— the use of OEE and the values obtained.

The results of the analyses conducted at the first stage of the study
show that collecting and evaluating the values of the analyzed indica-
tors depend on the capital type. That is why, that was a main criterion
in choosing an enterprise. For the further study, out of the studied
group, one enterprise with the foreign majority capital was chosen.

This production enterprise operates in the aviation industry in
podkarpackie voivodeship. The data obtained during the own study as
well as the data from the article [44] were used for the analysis.

The analyzed enterprise operates in production, repair and main-
tenance, service as well as in design and research. The company busi-
ness is particularly involved in the production of aircraft components
and drive units.

3.2.2. Machine maintenance

The actions related to the machine maintenance in an enterprise
are performed by the maintenance services (MS) which are present
centrally as well as in particular departments. Preventive maintenance
is mainly used in the enterprise. The enterprise uses a modern strategy
of the technological machines management that is TPM. The size of
the technological machine park owned is about 2500 machines. These
machines are mainly numerically controlled machines.

Over 300 workers of different professions and at different posts
are employed in MS. Figure 11 presents the workers of the central and
departmental levels of maintenance.

Remaining staff Il 2%
Mechanics Il 3%
Electronic engineers NN 7%
Electrical fitters |GG 0%
Managersf supervisors |GGG 12%
Technologists  EER e e e 32%
Planners EEESenres s e 3558

0% 5% 10%  15%  20%  25%  30%  35% @ 40%

Fig. 11. Workers of the Maintenance Services

The largest number of workers are mechanics. The category of
‘remaining staft” includes auxiliary service workers such as the work-
ers of OSH, distribution and sharpening departments which function
within MS. They constitute 35% of the MS employees, and their duties
and the scope of their work are not related to this unit in any way.

The fundamental actions realized by MS of the analyzed enter-
prise include the actions realized in five basic areas. Table 4 presents
the areas and their characteristics.

Based on the working time, the percentage of maintenance ser-
vices in particular actions was identified (Fig.12).

The largest share of the MS tasks (74%) is constituted by the area
related to the current maintenance of the machines and equipment.
The remaining actions cover merely 26% of the available time.
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Fig. 12. Percentage of MS in particular areas

B Current maintenance of the machines and equipment

745

800
700 |
X 600 |
B Construction and assembly work 500 |
400 |
OProduction, fitting and reorganization of the 300 |
: 200 |
production plant 100 |
1]
B Overhauls and calibration of the test and measuring E
instruments §
OStorage and administration of spare parts and g
materials indispensable for M5 E
Fig.

Table 4. Areas of MS operating in the analyzed enterprise.

It. No. Area Characteristics
. Failure removal, periodical overhauls of machines
Current machine and . ) )
- - and equipment, actions related to TPM implemen-
1. appliances mainte- - . . ; ]
tation, preventive maintenance, machine repairs
nance A
and modernization.
Actions related to maintaining the technical condi-
5 Construction and as- tion of buildings and building structures, removing
’ sembly work defects of the equipment in production halls, con-
struction of steel structures and sanitary systems.
. . Repair and regeneration of tooling, service and
Production, fitting and p - 9 . 9 R
N supervision of pressure instruments, machine tool
3. reorganization of the . A .
. setups, production hall reorganization - relocation
production hall ) )
of machines and equipment.
Overhauls and calibra- | Actions related to calibration and overhauls of the
4, tion of the test and equipment such as manometers, thermocouples,
measuring instruments | dispersed systems, electrical measures, etc.
Storage and adminis- I
ag Identification of the spare parts needed, resupply-
tration of spare parts . R
5. R ing the stock, management of the materials indis-
and materials indispen- ensable for MS operation
sable for MS P P ’

3.2.3. Measures of machine effectiveness evaluation

To evaluate the effectiveness of the machine system operation,
the enterprise applies a few measures of machine effectiveness evalu-
ation. Table 5 shows their characteristics.
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13. The most damageable machines in a chosen period of time

monthly. This measure allows to monitor on ongoing basis
the most damageable machines in a given production area.
It results in the increase of preventive actions on such ma-
chines. A trend graph in figure 14 shows the data concerning
machine downtimes in a chosen period of time.

The compiled data, as shown in figure 14, allow to mon-
itor machine downtimes as well as their types in a given
period of time. Downtimes are classified as follows: failure,
certification, defect, overhaul, actions targeted at TPM im-
plementation and other. Such compilation allows a detailed
analysis of the most frequent downtime and its duration.
Completing the further periods with e.g. the data concerning
scheduled overhauls, TPM related actions or modernization,
additionally enables a more effective production planning
process. The measure allows to optimize the actions related
to machine maintenance, both in particular production areas
as well as in the entire enterprise.

Figure 15 presents the percentage of preventive actions
and failures in a chosen period of time. The maintenance
services of the enterprise use the 80:20 rule to analyze this
measure, where 80% of the MS working time devoted to
preventive maintenance is supposed to result in reducing the
failure duration to the level of 20% of the total available

working time. The presented data show that during twelve months

Table 5. Measures of the machine system effectiveness evaluation in the studied enterprise.

It. no. Measure name Characteristics
Downtime is a total equipment stoppage time
Machine downtime that is counted since re'por'tlng the failure tl.|| itis
1. repaired and the machine is restarted, for different
kinds of downtimes, e.g. a breakdown, moderniza-
tion, overhaul, etc.
The comparison between the actual time of an
overhaul and a period of time determined for the
3 Timeliness of the service, i.e. the time is counted according to the
’ overhauls performed scheduled date based on the service schedule +14
days (Note: it is possible to consider a different
period of time).
3 Failure rate graph - The graph of the 10 most prone to failure machines
’ Top 10 in a specified analyzed time.
Percentage measure of | Percentage of the time devoted to maintenance ac-
4, preventive actions to tions to the failure time (according to 80:20 rule)
failures ratio

Figures 13—-16 present the
measures and their values in a
graph of the most damageable machines — TOP 10 in a chosen pe-
riod of time. Such a graph is developed for both particular production

way of the representation of some
chosen time. Figure 13 presents the

lines as well as for particular departments. It is prepared weekly and

the failure indicator decreased considerably from the highest value
of 77,8% to 51,9%. The change of the value of this indicator was
caused by the significant increase and improvement of preventive

maintenance performed in the enterprise. The indicator’s
value increased from 22,2% to 58,1%. To improve the pre-
ventive maintenance in the enterprise, the company applied
chosen methods and tools of Lean Manufacturing such as
a process approach, Value Stream Mapping (VSM), TPM
implementation for the most of machines. In addition, the
company entirely changed the organization of maintenance
services work.

The evaluation of the overhauls timeliness is significant in
machine maintenance effectiveness evaluation (table 6). The
record allows current monitoring of the scheduled overhauls
progress. It allows to analyze the timeliness of overhauls in
particular departments what makes it possible to send more
workers to the areas where machine overhauls need speeding
up. The available data are used for different analyses which
help to identify machines awaiting for an overhaul, those af-
ter overhauls or the ones with delayed overhauls in a quick
and easy manner. Table 6 shows on-time overhauls marked
red and the delayed overhauls grey. Electronic reporting and
ordering of overhauls help to eliminate laborious manual
records, and they facilitate the data analysis.

Unfortunately, the studied company doesn’t use the OEE indica-
tor for the effectiveness analysis. The company has tried to apply this
indicator, however with no effect. As the explanation of the failure,
the company gives the following reasons:
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Fig. 14. Machine downtimes in a chosen period of time
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Fig. 15. Percentage of the prevention and failure rate in a chosen period of
time

— too much information needed what requires engaging many
people from several organizational units to collect it,

— too much effort at the manual system of its calculation, in par-
ticular because it is a large enterprise with lots of machines and
equipment,

— automated data collection should be introduced as the data collect-
ed manually are often encumbered with a big measuring error,

— emerging problems with the regular collection of data in dif-
ferent areas,

— electronic and automatic system of data collection is also indis-
pensable to analyze the data systematically because only that
could help to implement the OEE indicator effectively, however
it occurred to be too expensive to implement,

— the implementation of the OEE indicator requires the standardi-
zation of procedures and of the type of the information gathered
in all departments of the enterprise, what unfortunately turned
out to be too difficult and time-consuming.

The company has plans for another attempt to implement the OEE
indicator. The first step to achieve this is the standardization of the
machine supervision processes as well as of the collection of the in-
formation on their performance in a production process in particular
departments.

3.2.4. Discussion after the second stage of the study

The study conducted in a chosen enterprise showed that not only
the proper organization of the services responsible for the machine
performance but, above all, the right choice of the measures applied
are important for the machine effectiveness evaluation. The analyzed
enterprise uses very simple measures of the machine effectiveness
evaluation. However, they are, according to the enterprise, sufficient
and they provide a lot of information helpful for the effective proc-
ess of technological machine and equipment supervision. The study
shows that some of the elements of the appropriate process of the
machine effectiveness monitoring are completeness, availability and
reliability of the obtained information. Unfortunately, obtaining the
above requires electronic and automatic system of support.

4. Conclusions and suggestions on indicators to use in
enterprises

An effective process of machine and equipment supervision in
an enterprise requires not only the choice of the right strategy for the
technical infrastructure management but, above all, reliable indicators
of its performance evaluation. The conducted study determined that
almost the half of the studied companies don’t evaluate the effective-
ness of the owned machines or they use only some indicators for its
evaluation.

The study shows that only 35% of the enterprises apply the rec-
ommended OEE indicator. In the second stage of the study, the ma-
chine evaluation indicators used in a chosen enterprise were analyzed
in detail. The analysis proved that the enterprise do not use most of
the indicators recommended by the references such as OEE, MTTR
or MTBEF, despite the fact that it is a large enterprise with the foreign
majority capital. The company has developed and used its own simple
measures which don’t require the workers to be involved in an exces-
sive and additional task of collecting the needed data.

The enterprise, while evaluating the effectiveness of its machines,
requires simple, concise and useful information on the machines and
their effectiveness. Additionally, it also needs the information on sup-
port services responsible for the machines supervision. Based on the
information obtained from the conducted study, the authors suggested
a set of indicators which the enterprises may use for the evaluation of

Table 6. The database of the timeliness of machine and equipment overhauls in a chosen period of time

Position Scheduled date of cozagleetion Location Difference Timeliness/ status
Universal lathe 1 2010-01-01 2010-01-08 Prod. Dep. 7 On-time
Universal lathe 2 2010-01-01 2010-01-19 Prod. Dep. 18 Overdue time
Universal lathe 3 2010-01-02 2010-02-08 Prod. Dep. 27 Overdue time
Universal lathe 4 2010-01-02 2010-01-02 Prod. Dep. 0 On-time
Universal lathe 5 2010-01-02 2010-01-19 Prod. Dep. 17 Overdue time
Universal lathe 6 2010-01-02 2009-12-28 Prod. Dep. -5 On-time
Universal lathe 7 2010-01-02 2010-01-12 Prod. Dep. 10 On-time
Universal lathe 8 2010-01-02 2010-02-01 Prod. Dep. 31 Overdue time
Universal lathe 9 2010-01-03 2010-03-01 Prod. Dep. 58 Overdue time
Universal lathe 10 2010-01-03 2010-01-11 Prod. Dep. 8 On-time
Universal lathe 11 2010-01-03 2010-01-08 Prod. Dep. 5 On-time
Universal lathe 12 2010-01-03 2010-01-19 Prod. Dep. 16 Overdue time
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Table 7. The indicators suggested for the evaluation of machines and support services.

The indicator sug-

Information necessary for the indica-

number of hazards
emerged at machine
operation and use

operation and use

It. no. Criterion , . Manner of its calculation
gested tor’s evaluation
m
ZTDPm
DP =-1——*100%
- type of tasks done by support T,
percentage of preven- ype y supp z Dn
. . services 1
tive maintenance .
+ tasks duration where:
DP - Preventive maintenance
Topm — actual time devoted to preventive maintenance (h)
Tpn — available operating time (h)
Informational | o Tp =T, +7day.
and operational indicator of timeliness
of work completion — « work due dates where:
mainly of scheduled « schedule of works Tp— scheduled due date of overhaul
overhauls and repairs T, actual due date of overhaul
(Note: Instead of +7days other period is possible)
n
wrrr =2
mean time to repair « repair duration K4
(MTTR) + anumber of failures where:
Twen — repair time (h)
K, — number of failures
n
i Kpp = ZKPn
indicator of task com- ) 1
. « particular tasks costs
pletion costsrelated to .
; A - type of particular tasks where:
machine maintenance
Krp — implementation costs
Kp, — particular tasks completion costs
2. Economic n m
Kcz =2 K + 2 Kum
. 1 1
Total and unit cost of .
PR « costs related to the maintenance
maintaining and ex- where:
- and exchange of spare parts
changing spare parts Kcz - costs of spare parts
Kyy,— Total cost of spare parts exchange
Kym — totalcost of spare parts maintenance
n
W= Z]PWn
Tp xW,
indicator of machine where:
performance W - performance
+ types of machine downtimes Py, — parts produced (good +bad) (parts)
« information concerning the number Ty - available run time (h)
and duration of both planlned as W, - nominalperformance(u/h)
Technical and well as unplanned downtimes
3. maintenance » machine operating time in a pro- Do Tp —Tpry
duction process - T
Note: Information can be collected P
and analyzed for individual worksta- where:
indicator of machine tions or a group of machines D - availability; Tp - available run time (h)
availability Tprz =Ty + Tp+Ts+ ... +N
Tprz — downtime duration (h)
Ty — maintenance duration (h)
T, - failure duration (h)
Ts - setup duration (h); N - other
number of accidents
at machine operation of " ina the level Ky — number of accidents
and use - information concerning the leve K. — number of hazards
4. Safety of safety in the process of machine z-nu z

(Note: values of these indicators may be analyzed on a
daily, quarterly or monthly basis)
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the machine performance and support services, and which usage is
not related to excessive workload (Table 7). Table 7 presents a set of
indicators, the criteria of their choice, the sort of information needed
for setting the value of each of the indicators and the manner of their
determining. The authors propose to use both the indicators which
were most frequently used by the studied enterprises as well as the
indicators which according to the authors’ assessment are useful and
should be used.

The indicators which have been suggested will allow to obtain
the information that will be the basis for taking actions aiming at the
improvement of technological machine park operation in a company.
What is more, it will result in the quality of machine performance
improvement, costs reduction as well as in the work safety improve-
ment.

5. The need for further studies

It is worth to extend such studies to small and medium enterprises
which, as a rule, possess smaller financial means that could be spent
on the technical infrastructure improvement as well as on the process
of the machine effectiveness monitoring.

It would also be advisable to examine the relation of the technical
infrastructure management strategy to the measures of the machine
park effectiveness evaluation used in an enterprise, taking into consid-
eration both the type of capital as well as the type of production.

The obtained results could indicate the course of action that should
be taken in order to motivate companies to improve the methods of
supervision and to make them aware of the benefits and the impact
of the proper machine supervision on rising the competitiveness of

enterprises on an increasingly harder global market.
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EKSPERYMENTALNE | MODELOWE BADANIA WPLYWU USZKODZENIA OPON RUN
FLAT NA DYNAMIKE HAMOWANIA WIELOOSIOWEGO POJAZDU SPECJALNEGO*

EXPERIMENTAL AND MODEL STUDIES ON THE INFLUENCE
OF THE RUN FLAT TIRE DAMAGE ON BRAKING DYNAMICS
OF THE MULTI-AXIAL SPECIAL PURPOSE VEHICLE

Tire damage, that occurs quite often during operation of special purpose vehicles (building, forest, military, agricultural heavy-
duty vehicles), affects a vehicle motion also during sudden braking. Motion of a four-axial vehicle has been analysed in order to
evaluate the influence of tire damage (cracking, tearing) on its behaviour during sudden braking and based on that to evaluate
the possibilities of driver s reactions to motion disorders resulting from that emergency condition. Using the PC-Crash software,
a vehicle model was designed allowing for simulation of special-purpose vehicle motion. The vehicle model includes a possibility
of occurring of sudden tire damage when in motion. In such situation a model of cooperation of a tire and a surface is of crucial
significance. A semi-empirical, non-linear TMeasy tire model was used. Its parameters were obtained on the basis of the results
of the tests performed on 14.00R20 tires with run flat inserts. A vehicle model parameterization was based on the results of the
vehicle measurements, however the validation was based on the results of experimental road tests of braking with damaged tires.
Performed calculations and simulations indicated that when braking is started a process of vehicle deviation and related motion
track modification is initialized. The motion track deviation increases as the initial braking speed is increased.

Keywords: tire use, special purpose vehicle operation, active safety, tire damage, run flat tives, driver training.

Uszkodzenie opony, ktore dos¢ czesto pojawia sig podczas eksploatacji pojazdow specjalnych (budowlane, lesne, militarne, rolni-
cze), wplywa na ruch pojazdu, rowniez podczas gwaltownego hamowania. Analizie poddano ruch czteroosiowego pojazdu w celu
dokonania oceny wplywu uszkodzenia opon (peknigcie, rozerwanie) na jego zachowanie si¢ podczas gwaltownego hamowania, a
na tej podstawie oceny mozliwosci reakcji kierowcy na zaburzenia ruchu wynikajqgce z takiego stanu awaryjnego. Korzystajgc z
programu PC-Crash opracowano model pojazdu umozliwiajqcy symulacje ruchu pojazdu specjalnego. Model pojazdu uwzgled-
nia mozliwoS¢ powstania naglego uszkodzenia opony w czasie jazdy. W takiej sytuacji decydujgce znaczenie ma model wspolpracy
opon z nawierzchniq. Zastosowano nieliniowy semi-empiryczcny model opony TMeasy, ktorego parametry uzyskano na podstawie
wynikow badan opon 14.00R20 z wkiadkami run flat. Parametryzacja modelu pojazdu zostala oparta na wynikach pomiarow
pojazdu, natomiast walidacja na wynikach eksperymentalnych badan drogowych hamowania z uszkodzonym ogumieniem. Prze-
prowadzone obliczenia i symulacje pokazaty, Ze po rozpoczeciu hamowania nastgpuje proces odchylania pojazdu i zwigzana z tym
zmiana toru jazdy. Odchylenie toru jazdy rosnie wraz ze wzrostem predkosci poczgtkowej hamowania.

Stowa kluczowe: eksploatacja opon, eksploatacja pojazdow specjalnych, bezpieczenstwo czynne, uszkodzenia
opon, opony run flat, szkolenie kierowcow.

1. Introduction

Difficult conditions of special purpose vehicle operation result
in high tire damage risk. The nature of damage varies but it always
affects the vehicle traction properties and causes increased driver’s
effort and driving safety threat. A vehicle with damaged tires (if it is
still able to continue a drive, even a short-distance one) has increased
motion resistance and it is hard to keep an intended track of motion.

The analyses being carried out further on refer to the braking proc-
ess of a vehicle equipped with run flat tires. The wheels with that type
of equipment can be driven for a short distance after tire damage.

The goal of this paper is to analyse the behaviour of a special pur-
pose vehicle after tire damage (cracking, tearing resulting in complete
loss of internal pressure) when driving. A process of sudden braking

after tire damage as a basis for evaluation of driver’s abilities to react
to that type of motion disorders is being considered. The purpose of
performed calculations is a detailed evaluation of the influence of lo-
cation (position) of damaged tires on the behaviour of a vehicle during
sudden braking and most of all on a vehicle motion track and a course
of variations of parameters that characterize that motion. Braking from
the initial speed of 40 and 80 km/h is considered. The essential atten-
tion was paid to a process of validation of a multi-axial vehicle with
damaged run flat type tires. There are few available papers including
that type of a problem [1, 4, 7, 15, 17]. There are papers concerning
the influence of a tire pressure on a vehicle driving properties [2, 10],
however there are no works that discuss the influence of tire damage
on a process of sudden braking of a multi-axial vehicle.

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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Identification of the influence of tire damage on the safety of fur-
ther vehicle motion can be a source of many indications for vehicle
structure improvement and for practical driver training.

2. A model of dynamics of the braking process with
damaged tires

Using the PC-Crash software [11], a model of a special purpose
vehicle and a driver model were built. The vehicle model includes
possibility of simulation of sudden tire damage when driving. The
driver model allows for reaction to such situation.

The vehicle model includes a rigid body and 8 wheels with inde-
pendent suspension and it has 14 degrees of freedom:

T
q=[%0.2.0.0.0.09 Q0 Q0 Q52 2, O | > (1)

where: x, y, z — the coordinates of the vector r describing the position

of the centre of gravity (CG) of the vehicle body C and
the origin of local system of coordinates at the same time
in the global system {O}; the local system {C} of coor-
dinates is related to a vehicle and fixed to the vehicle’s
CG,

@, 0, y — quasi-Euler’s angles of system orientation {C} in
relation to the system {O}, that is:

@ — roll angle (angle of the body rotation around longitudinal
axis x’ of the system {C}),

6 — pitch angle (angle of the body rotation around the trans-
verse axis )’ of the system {C}),

w — yaw angle, i.e. angle of body rotation around the vertical
axis parallel to the axis z’ of the system{O},

Q,, k=1,.., 8 —the k-th wheel rotation angle.

Fig. 1. Vehicle and systems of coordinates, section of a tire with a run flat
insert

Vehicle motion equations are expressed with vector dependencies,
respectively:

n

m(v+oxv)=YF, )
i=1
n

To+oxTo=) M; 3)

i=l1

where: m — vehicle mass,
v =T — velocity of the CG expressed in the global system

{0},
v =T — change of the CG velocity in {O},

r — vector from the origin of the inertial system {O} to the
vehicle’s CG in {O},

F; and M; — respective external forces and moments acting on
the vehicle body in {C},

T — tensor of inertia of the vehicle in relation to the centre of
mass {C},

o — angular body velocity vector in {C}.

Mass deviation moments were neglected so tensor T looks as fol-
lows:

I, 0 0
T=|0 [, 0/, 4)
0 0 I.
where: 1.1 ol —main central moments of inertia of the vehicle.

Interaction between a wheel and a road was described by means
of non-linear TMeasy tire model [14, 16]. It allows for determination
of forces and moments generated by a tire (affecting the suspension
and the vehicle) on the basis of the results of experimental tests. The
results of the tests performed on 14.00R20 tires with run flat inserts
[12] were used, as the analysed vehicle is equipped with that type of
tires. The TMeasy model needs to include on each wheel the longitu-
dinal and lateral force depending on the longitudinal and lateral slip
respectively:

Fy(syt)=wux(sx) F) Q)]
Fy(spt)=pwpy(sy) FA0) (6)

where: u — coefficient of friction;
F(f) — current value of the vertical reaction of the road on the
wheel,
Normalized longitudinal and lateral forces depending on longitu-
dinal and lateral slip respectively

ty (sx) = %{j’” (7)
ty (sy)= %{:” ®)

are determined during the tire tests, while Zx means vertical reaction
during the study. Examples of characteristics Xx(sy) and Yi(sy) and
notation applied are shown in figure 2.

Fig. 2. Tangential reactions of the road on the wheel [13], K — centre of the
tire-road contact

Braking force Fy, applied by a driver, is used for calculation of
longitudinal force F'y considering the properties of applied tire model.
At the same time, the resultant tangential force W (compare fig. 2)
cannot exceed the following value:
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W=puFyg(0) )

During simulation of the vehicle motion, the values, required at
each moment of the time, of longitudinal force F'y and lateral force
Fy of the k-th wheel are calculated considering the local coefficient of
friction and current reaction of the road on the whe F. It allows for
considering variation of traction at the moment of tire damage. In the
modelling process it is assumed that damage of a tire with a run flat
insert results in:

— decrease of radial tire stiffness;

— change in the cornering stiffness characteristics and most of all

decrease of resistance to the side slip;

— rolling resistance increase.

Properties of a tire after damage were modelled by modifications
of its characteristic — an example is shown in figures 3 and 4.

0.6

05 | Ao

0.4 -
& 03 /
0.2

0.1 +

0.0 t t t
0.0 0.2 0.4 0.6 0.8 1.0

z=a,/g
Fig. 5. Braking force limiter characteristics

q,0— characteristic of the braking force limiter according to
fig. 5.

The main determination of model parameters and

Lx Hx

05 05

025 02s
Sx

characteristics was made on the basis of vehicle meas-
urements described in [8, 12]. Then the vehicle was
used for the braking tests with damaged tires. Some
input data was supplemented on the basis of values
generated in PC-Crash for that vehicle category. Col-

Sx

0 0
0 0.1 02 03 04 05 o 01 02

lected data made an exit point in the model param-

Fig. 3. Normalized longitudinal force as a function of longitudinal slip iy =f(sy) : a) good tire, b)  eterization process. Figure 6 shows adopted vehicle

damaged tire

wheel numbering.
The driver model executes a set function of the

My | My

Sy

steering angle of steered wheels as an input affecting
the vehicle model. A PID (Proportional- Integral- De-
rivative) regulator was used for that purpose.

0 0.1 02 03 04 0.5 ] 01 02

Fig. 3. Normalized lateral force as a function of lateral slip jty=f(Sy): a) good tire, b) damaged = =

tire

3. Determining vehicle model parameters and charac-
teristics

A model of vehicle dynamics and driver’s actions was developed
by using PC-Crash 9.2 software. It was assumed that the mass is
evenly distributed around the axis x” of the vehicle body. The vehi-
cle model has 4 steering wheels turning around vertical axes, going
through their centres and parallel to axis z".

When the suspension deflects the wheels are moving parallel to
the vertical vehicle axis z’. Tire characteristics are non-linear. A mo-
ment of wheel inertia in relations to the rotation axis was included.
The wheels are suspended independently by means of springing and
damping elements of characteristics reduced to the wheel centres. The
force in the suspension is a sum of the springing and damping forces
and it is described by the sectional linear characteristic.

Braking is executed by individual force values of each wheel (in
order to simulate the damages) and considering the tire model and a
braking force limiter. The characteristic of the braking force limiter
has a significant influence on the course of braking. A limiter with
characteristic presented in figure 5, was installed on the vehicle model
axes 3 and 4. Its influence on the longitudinal rear axles forces values
during braking Fy, results from the following dependency:

F
a-D<q, (10)

where: O — vehicle weight,
z=ay/g, ay— braking deceleration,

Sy L —
D 1] & ||z
3 JD 4

5| | 1%

A1 s

1 i

Fig. 6. Wheel numbering

4. Validation process

4.1. |Initial calculations and their results

The validation process is an action performed in order to evaluate
in what degree a developed calculation software and applied models
have properties in accordance with a tested vehicle in the aspect of
a course of sudden braking process with damaged tires. A described
process leads to obtaining simulation results that successfully reflect
behaviour of a tested vehicle including the results of tire damage.
Three stages of the validation process were carried out. The first stage
includes initial calculations where the process of vehicle braking with
good tires was analysed. The second stage includes braking with one
damaged tire and in the third stage analysed was the braking with two
damaged tires. Corrections of values of some model parameters were
made at the next stage in order to decrease the difference between the
model response and the object. The tuning of model parameter values
was limited to its uncertainty ranges.

The initial calculations analysed the process of braking from the
initial speed of 80 km/h. Figure 7 shows time history of three com-
ponents of the vector of acceleration of the vehicle’s CG in the local
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system {C}. The effect of the body pitch during braking, resulting in
tire and suspension deflection, confirm the values of the vertical body
acceleration, presented in figure 7. Typical longitudinal vehicle body
vibrations are visible at the moment of stopping the vehicle.

4 - >
v =80 km/h

— X
— Y

— T

Fig. 7. Time history of three components of vehicle's CG acceleration

v=280km/h | —F7]  — 72
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Fig. 8. Time histories of vertical reaction of the road on the tires F(t) (a)
and longitudinal tire forces Fy; (b); wheel numbering according to

Figure 6
10
8 v=62km/h
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Figure 8 shows a time history of the tire vertical F,(¢) and longi-
tudinal forces F'y,(f). Because of the symmetry of longitudinal forces
on the right side and left side wheels of the vehicle (roadworthy vehi-
cle), time histories of vertical forces of both wheels of each axle are the
same, i.e. they overlap. When braking, a significant body pitch occurs
and as a result the wheels 7 and 8 lost the contact with the road. Due to
that tilt, braking forces of further wheels are more and more lower. The
loss of contact between the wheels and the road, shown in fig. 8, results
in decrease of the value F'y (fig. 8b) to zero on the wheels 7 and 8.

The results of the roadworthy vehicle braking simulation correctly
reflect the properties of the vehicle braking process.

4.2. Model validation on the basis of braking simulation for
a vehicle with one damaged tire

The braking tests of a vehicle with damaged tire were carried out
in a fixed control mode. However, small modifications of the steering
wheel angle, which could have been caused by the driver unwillingly
at asymmetrical braking, were found in recorded time histories. It was
used as a kinematic input in the simulation process, while the meas-
ured history of braking deceleration made a basis for braking force
generation in the model.

In figures from 9 to 11, a dotted line shows the measurement re-
sults obtained during braking from v = 62 km/h of the vehicle with a
damaged tire no. 2. Accelerations were digitally filtrated by the CFC
100 filter. It is a low-pass Butterworth’s filter made according to the
SAE J211 standard. The analysed figures also show the results of sim-
ulations, marked with a bold continuous line. Bold lines in fig. 9 can
be treated as an input affecting the vehicle model.

It was stated that the model properly reacts to the tire damage.
Observed differences (vehicle — model) of the pitch angle values 0(7)
can result from the variability of wheel suspension characteristics
(hydropneumatic suspension) and presence of dry friction. Obtained
results of simulation calculations properly reflect the measurements
that were obtained during the vehicle tests. Results of transverse dis-
placement of the vehicle’s CG during braking ()(¢) in fig. 11) are the
significant factor of the quality evaluation for assumed tire model.
After driving for over 40 m on the road and in the presence of various
wheel steer angles, the difference between the values of transverse
displacement of the model and the vehicle is lower than 0.2 m.

4.3. Model validation on the basis of braking of the vehicle
with two damaged wheels (wheels no. 2 and 4)

At this stage of calculations the measurement results obtained
during vehicle braking with two damaged tires were used. They are
compared with respective model calculation results in figures 12—14.

During braking test from 61 km/h a modification of the steering
wheel angle by over 18° was observed, which is related to the previ-
ously described reasons. So the responses of the vehicle model to the
same input (presented in fig. 12) are compared in figures 13 and 14
with responses of the real object.

a, [m/s?]
e

3
t[s]

Fig. 9. Steering wheel rotation angle 6y =f(t) and longitudinal acceleration ax(t); dotted line — vehicle, bold line — model
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Fig. 10. Velocity of the vehicle’s CG v(t) and the body pitch angle 0(¢); line description as under figure 9
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Fig. 11. Longitudinal x(t) and lateral y(t) displacement of the CG (braking path); line description as under fig. 9
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Fig. 12. Steering wheel angle oy(t) and longitudinal acceleration ay(t); dotted line — vehicle, bold line — model
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Fig. 13. Velocity of the vehicle'’s CG v(t) and longitudinal displacement x(t); line description as under fig. 12

Previously described effects (unintended driver’s reactions) and presence of freeplay and friction in the Steering system and suspen-
effects caused by damaged tires result in low values of yaw rate (be- sion have a significant influence on the vehicle trajectory. Despite
low 0.05 rad/s, compare fig. 14) and lateral acceleration, which does the model does not include these factors, its reaction to the defined
not exceed 0.6 m/s%. ObViously at such low lateral interactions, the inputs is very similar to the real behaviour of the vehicle with dam-
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Fig. 14. Yaw rate of the vehicle v (t) and lateral acceleration;line description as under fig. 12

aged tires. In both simulations (p. 4.2 and 4.3) a low deviation of the
vehicle trajectory from the rectilinear track was found, which results
not only from the presence of damaged tires but also from the action
of the driver who made a correcting turn of the steering wheel. Values
of lateral displacement of the vehicle’s CG notably depend on a time
history of the steering wheel angle.

In the applied results of both braking tests, the time history of that
angle was definitely different. Due to a fast tire destroying and wear
process, the braking tests with damaged tires were not repeated (high
tire cost).

Validation calculations confirm a proper model reaction to tire
damage and vehicle braking. So it can be assumed that the model
properly reflects the vehicle properties in the area significant for the
purpose of this paper.

5. Essential calculations

5.1. Preparation of calculations

16 braking tests were prepared for the execution of the calcula-
tion goal, where the location of the wheels with damaged tires was
changed. Braking in the first seven tests was started from the speed of
40 km/h, and in the following seven ones it was started from 80 km/h.
In the next two test calculations (T0/40 and T0/80) a simulation of the
model braking with roadworthy tires was carried out. Arrangement of
wheels with damaged tires is shown in figure 15.

Selection of speed values for test calculations was based on the
following reasons:

— at v = 60 km/h braking process disruptions are small (compare

the vehicle test results in p. 4.2 and 4.3);

— maximum speed with damaged tires should not exceed

80km/h.

Considering the initial calculation results and the above reasons,
the following plan of the test calculation execution has been pre-
pared:

1. The initial drive at constant speed of 40 or 80 km/h for 0.5 s.

Tires are fully operational at that stage of the test. The driving
torque on the wheels balances the motion resistance.

[a A [ [a) [ [A) [

SEIIRL 12!

v=40km/:  Test1 Test 2 Test 3 Test4 Test5 Test6 Test 7
v=80km/h: Test8 Test9 Test 10 Test 11 Test 12 Test 13 Test 14

Fig. 15. Arrangement of wheels with damaged tires (darken wheels) and des-
ignation of individual tests

2. There is a sudden damage of tire(s) in 0.5 s and for a short
period of time surprised driver is preparing a reaction, and
at the same time the model motion parameters are stabilized,
and rolling resistance of a damaged wheel(s) increases from
/;=0.01 to 0.05. On the basis of [6, 9] it was assumed that the
length of time when a driver works out a reaction to analysed
incident related to tire damage amounts to 1.5 s.

3. After t = 0.5 + 1.5 = 2.0 s the driver models begins sudden
braking that would last until the vehicle is stopped. Decelera-
tion increases linearly for #, = 0.4 s, until reaching a value of
a,=5-6 m/s2. All wheels were not blocked in order to avoid
vehicle drifting but trends resulting from the operation of
damaged wheels appeared.

4. The example of the time history of braking is shown in fig-
ure 16.

All calculation tests were conducted out at fixed steering wheel
(fixed control). It made the result analysis easier in the aspect of the
influence of damaged tires on the motion trajectory.

5.2. Results of calculations for braking with one damaged
wheelno.20r4,6,8

Figures 16 and 17 show time histories of the CG acceleration and
vehicle body pitch angle during rectilinear braking from the speed of
40 km/h and 80 km/h with all roadworthy tires (T0/40 and T0/80).

Time histories in these figures are in accordance with a generally
known histories of braking process of a roadworthy vehicle. While the
majority of values analysed further on has zero values (side slip angle, yaw
angle , yaw rate) and therefore they are not shown in figures 16 — 17.

Results of simulations of the braking process of the vehicle with
one damaged tire is shown in table 1. In the consecutive tests T1-T4
and T8-T11 practically the same time history of longitudinal accelera-
tion ay = ay= f(t) was obtained as during braking of the model with
roadwothy tires (fig. 16). Therefore these figures are not included in
Table 1.

Due to a presence of a damaged tire (compare calculation plan,
t > 0.5s) the CG trajectory deflection from the rectilinear one occurs
already when driving without breaking. Table 1 shows the increase
of side slip angle oG and body yaw angle y at constant yaw rate
0.1-0.2 °/s in time t = 0.5—2.0 s. After the beginning of breaking, the
process of body yawing and related change of the motion trajectory
(deflection to the right side, towards the position of a damaged tire)
becomes intensified.

During braking from the speed of 40 km/h observed motion tra-
jectory deflection from the straight track (transverse displacement y(¢)
and yaw angle w(¢)) are low (compare table 1 and 3). A driver can
correct the track of motion without any problem, irrespectively of a
location of a damaged wheel. The situation is different when braking

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015 123




SCIENCE AND TECHNOLOGY

1 - . o
0 - 0 , : : : . -—
. 9 5' 6 ] 1 3 4 5 6 7 8
":?_‘_2 3 i :‘::_2 e | e T e b s
- —ax E5 ] vesormmiloi ] e——
L —1y © ay
g <o
-5 4 -5 4
spedvanrniiamumeilenitia el s f 5 RSSO T, OSSN, [ SO (RN
t[s]
Fig. 16. Components of CG acceleration ay(t) and ay(t) in the local system {C}: a) v =40 km/h, b) v = 80 km/h
25 - _ 25 - - : :
- " —
15 4 — 515 -
= =3 : :
i v=40km/h & . _ _
0.5 - - - (1)L e R o e e
0.0 . . i i } . 0.0 i :
1 2 3 s Vs 6 1 2 3 3 5 8
-0.5 - - - 05 dweaass e e R LA
t [s] t[s]

Fig. 17. Roll ¢, pitch 6 and yaw vy, a) v = 40 km/h, b) v = 80 km/h

from the speed of 80 km/h. Values of deflection from the straight line
of motion in fact depend on the location of a damaged wheel and re-
sultant wheel load. The lowest deflection occurs in case of damaged
wheel no. 6, and the highest in case of a damaged wheel no. 8. Then
w (f) itreaches 17.6° at the end of braking T11, and the extreme value
of the yaw rate amounts to about 10°/s (Table 4). These are significant
values and clearly visible. Presence of one underinflated tire has a
small influence on the braking distance compared to the roadworthy
vehicle braking (table 3 and 4).

5.3. Results of braking calculations for two damaged wheels
no. 2-4,4-6,6-8

Table 2 shows results of simulation calculations of the braking
process of the model with two damaged wheels located in three dif-
ferent places at the right side of the vehicle. The values, previously
presented in table 1, were compared.

A time history of longitudinal acceleration ay(r) was added, be-
cause during braking from v = 80 km/h significantly differs from the
one presented in figure 16b. These differences result from high values
of the vehicle yaw angle and tire lateral slip drifting that caused trans-
verse position of the vehicle (compare fig. 18) and thereby reduction
of its longitudinal displacement.

Tables 3 and 4 compare the values of longitudinal displacement
x(#) of the vehicle’s CG in individual tests, from the moment of step-
ping on the brake pedal until stopping the vehicle. The specification
also includes results of calculations for the roadworthy vehicle. Pres-
ence of damaged tires has a small influence on the braking distance
at the speed of 40 km/h. While the influence of two damaged tires on
a braking time history at the speed of 80 km/h is high and results in a
significant vehicle yaw from a rectilinear motion track. Reduction of
longitudinal displacement x(#) in the tests no. T12-T14 compared to
T8-T11 results from drifting of the rear part of the vehicle at the final
stage of motion and thereby the use of the lateral components of the
tire reaction which was higher than the longitudinal components in
that situation.

Values of the vehicle yaw angle during braking at v =40 km/h are
low, while at braking from v = 80 km/h (the vehicle with two dam-
aged wheels) the vehicle rotates and drifts. So taking into account
that braking variant, the most dangerous location of damaged wheels
is respectively: 6 and 8 (test 14), 4 and 6 (test 13) as well as 2 and 4
(test 12).

Yaw rates in the braking tests from the speed of 40 km/h (TS5 to
T7) do not exceed 0.02 rad/s, while at the speed of 80 km/h (T11, 12
and 13) they are significant and almost 70 times higher than at the
speed of 40 km/h. Yaw rate increase results in high lateral acceleration
values. During braking at the speed of 40 km/h they do not exceed
0.13 m/s?, while at the speed of 80 km/h lateral acceleration exceeds
7 m/s? (table 4), i.e. it reaches the values that often result in the vehicle
rollover. It results from decrease in wheel loads of the axle 3 and 4
during braking and therefore also from the reduced potential of high
lateral reactions on these axes. Moreover, a potential of lateral reac-
tions decreases when damaged tires appear (compare fig. 4).

In the braking tests at the speed of v = 80 km/h with two damaged
wheels, i.e. T12—14 there is a temporary loss of contact between the
wheels 6 and 8 and the road during drifting of the rear part of the ve-
hicle as indicated calculations of wheel vertical forces.

6. Summary and conclusions

Built models, performed process of their validation and obtained
results of simulations, allowed for identification of the influence of
damaged tires and their location in a vehicle on the safety of the sud-
den braking process of a special purpose vehicle with run flat tires.
Calculations for 16 braking tests were carried out, changing the lo-
cation of the wheels with damaged tires. The analysis of calculation
results in the aspect of evaluation of a driver’s reaction abilities allows
for making the following statements:

— tire damage affects the movement of a special purpose vehicle;

— after damage of one tire a vehicle still has an ability to brake

effectively and its trajectory can be corrected by a driver;

— damage of one wheel practically does not affect the braking

distance;
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Table 1. The results of braking calculations for a vehicle with one damaged wheel from the speed of 40 km/h (tests T1- T4) and from the speed of 80km/h (tests T8-

T11):dy/dt - yaw rate, y — yaw angle, o - side slip angle of the CG
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— braking with one damaged wheel from the speed of 40 km/h
does not create a serious danger, but this danger gets higher as
the initial braking speed increases and the vehicle yaw from a
set track of motion towards a damaged tire increases;

— during braking with one damaged wheel, the strongest influ-
ence on the vehicle motion occurs in the tests T8 and T9, that
is when wheels 2 or 4 are damaged (steered wheels on the right
side of the vehicle);

— damage of two wheels significantly affects the vehicle brak-
ing process; observed reduction of the braking distance at high
driving speed (tests T12 — T14) is related with dangerous drift-
ing of the rear part of the vehicle;

— a significant factor of the movement safety threat includes a
vehicle yaw from the set track of motion; this yaw angle does
not exceed 2° (test TS) with two damaged wheels and low driv-

ing speed, but it increases rapidly as the initial braking speed
increases and at v = 80 km/h the yaw angle exceeds 90° (test
T13 and T14), and yaw rate amounts to 100°/s;

— when braking with two damaged wheels and v = 80 km/h there
are high lateral acceleration values 5.0-7.7 m/s; these are val-
ues that can result in vehicle rollover.

When braking from the speed of 40 km/h, a properly trained driver
can correct the motion trajectory, irrespective of the location of a dam-
aged wheel. Extreme yaw rate values at v=40 km/h occurin 1.1-1.2 s
from the beginning of braking with one and two damaged wheels.

The tests indicate [3, 5] that a driver can identify and feel hori-
zontal accelerations exceeding 0.02 m/s? and yaw rate of over 0.001
rad/s. So already when a vehicle with one damaged wheel brakes from
v = 40 km/h, the physical interactions on a driver (compare table 3)
amounts to the values that can “signal” him undergoing changes of the
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Table 2.

The results of braking calculations for a vehicle with two damaged wheels from the speed of 40 km/h (tests T5- T7) and from the speed of 80km/h (tests T12-

T14): a, - longitudinal acceleration, dy/dt - yaw rate, y — yaw angle, a - side slip angle of the CG
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Fig. 18. Road lane and consecutive vehicle positions at 1.0 s time interval, test T12; a) plan view, b) spatial view

Table 3. Extreme values (WE) and final values (WK) of the vehicle body motion parameters depending on a location of

damaged tires; braking from v = 40km/h

Specification T0/40 T T2 T3 T4 T5 T6 T7
(L)‘f”t‘lf’;t\‘/‘g;’:cal'ecl'scﬂaf;’]"e”t 1285 | 1271 | 1271 | 1285 | 12.87 | 1245 | 1258 | 12.68
Transverse acceleration, WE; [m/s?] 0 0.06 0.06 0.01 0.10 0.10 0.04 0.13
Yaw rate, WE; [rad/s] 0 —0.014 | -0.014 | -0.002 | -0.01 -0.02 | -0.005 | -0.01
Yaw, WK; [°] 0 -1.16 | -1.16 | -0.21 | -0.91 -162 | -0.88 | —1.32
Side slip, WE; [°] 0 0.02 0.03 0.01 0.22 0.28 0.11 0.27
Lateral displacement, WK ; [m] 0 -0.10 | -0.09 | -0.05 | —-0.07 | -0.16 | —0.12 | —0.13

Table 4. Extreme values (WE) and final values (WK) of the vehicle body motion parameters depending on a location of
damaged tires; braking from v = 80km/h

Specification T0/80 T8 T9 T10 T T12 T13 T14
(';??ﬁ:;‘:}:’:;::'scrgaﬁ?e”t 4758 | 4743 | 4734 | 4749 | 4761 | 4563 | 4550 | 4495
Transverse acceleration, WE; [m/s?] 0 1.8 2.0 0.3 24 52 6.3 77
Yaw rate, WE; [rad/s] 0 -0.12 | -0.15 | -0.01 -0.18 | —0.77 | —-1.04 | -1.41
Yaw, WK; [°] 0 =123 | =149 | -1.23 | =176 | =776 | =989 | —-123.3
Side slip, WE; [°] 0 1.71 2.24 0.13 254 24.2 53.7 88.9
Lateral displacement, WK ; [m] 0 -2.71 -296 | —-0.62 | -333 | -6.15 | —=5.99 | -6.32

motion trajectory. It is important as in critical situations a driver reacts
not only to observed motion track deflection from a set track but also
to perceived physical signals.

The situation is different in case of braking at the speed of 80 km/h
with two damaged tires. Then the vehicle yaw rate amounts to 100°/s,
and lateral acceleration even to 7 m/s?. At the speed of v =80 km/h the
extreme values of yaw rate occur in 2.2-2.3 s from the beginning of
braking with one damaged tire and in 3.2-3.3 s in a vehicle with two
damaged wheels. The wheels on one side of the vehicle detach from
the road. So the critical situation in the vehicle behaviour occurs.

The results of the tests and analyses indicate that driver’s operation
after sudden tire damage is of crucial significance to the vehicle motion

safety [1, 17]. Practical driver training within that scope is expensive
and dangerous. Therefore there is a need to obtain knowledge on the
basis of reliable models of simulation of vehicle motion during braking.
The results of this article can be also used in the process of program-
ming of driving simulators for training the special purpose vehicle driv-
ers. A key role of tire inserts, that allowed for a limited time vehicle
motion in analysed situations, deserves a separate emphasis.
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EXHAUST EMISSION TEST PERFORMANCE WITH THE USE
OF THE SIGNAL FROM AIR FLOW METER

EKSPLOATACYJNE BADANIA EMISJI SPALIN
ZWYKORZYSTANIEM SYGNALU Z PRZEPLYWOMIERZA POWIETRZA*

The paper presents selected technical solutions in the area of exhaust emissions research conducted in real operational conditions
of a vehicle. The author describes his own road emissions research methodology with the use of information about the air flow
supplying an engine (OBD II) and the measured volumetric shares of particular fumes components (exhaust gas analyser). Test
results confirm the possibility of applying this measurement method, and their analysis shows the inadequacy of the type-approval

tests compared to the real operation of the vehicle.

Keywords: exhaust emission test, mobile systems, emissions of CO, driving tests.

W pracy omawiane sq wybrane rozwigzania techniczne w zakresie badan emisji spalin w warunkach rzeczywistej eksploatacji
pojazdu. Autor opisuje wltasng metodyke drogowych badan emisji spalin z wykorzystaniem informacji o wydatku powietrza zasi-
lajgcego silnik (OBD II) i zmierzonych udzialow objetosciowych poszczegolnych skladnikow (analizator spalin). Wyniki badan
potwierdzajq mozliwos¢ stosowania opisanej metody pomiarowej, a ich analiza wskazuje ponadto na nieadekwatnosé testow

homologacyjnych w odniesieniu do realnej eksploatacji pojazdu.

Stowa kluczowe: badania emisji spalin, mobilne systemy pomiarowe, emisja CO,, testy jezdne.

1. Introduction

The high pace of the development of motorization, apart from its
many advantages, creates ecological organic threats. The literature re-
ports emphasize the significance of the negative impact of motoriza-
tion on the environment, especially with regard to noise emission, the
risk of heavy metals, as well as the ambient air quality which is tre-
ated as a priority [5, 22, 23]. In the general European profile ca. 20%
of the anthropogenic emission of CO, come from transport sources.
The adverse effect of internal combustion engines on the environment
is determined, among others, by the estimation of harmful pollutants
emission levels in relation to the limits set in the applicable legal acts
[21]. For example, by 2012 the JRC (Joint Research Centre) had car-
ried out tests in real road traffic conditions for 16 new vehicles from
group of LDV (Light Duty Vehicle). The test results confirmed the
fulfilment of the Euro 5 and Euro 6 requirements in almost all cases.
The exception was the emission of NOx from vehicles equipped with
CI engines, which significantly exceeded the limits [21, 26]. Among
others, it is due to the problem of controlling the engine in a vehicle.
Indeed, it is difficult to achieve low fuel consumption and high power
output with low emissions of NOy and PM (Particle Matter).

New engines are initially tested at laboratory engine’s dynamom-
eter test-stands for exhaust emissions. Then the results are being ana-
lysed and then corrective control algorithm changes are introduced.
After that further trials and adjustments are conducted, and then the
following ones. So far such a procedure was satisfactory but the com-
plexity of modern combustion engines controlling systems makes
the optimization of engines more complicated [7, 12]. The examples
of such systems with a high reduction potential in the area of NOx
and PM emissions and fuel consumption are engines based on com-
pression ignition of homogeneous mixtures — HCCI (Homogeneous
Charge Compression Ignition). They require precise controlling of

the variable valve timing, variable compression ratio, and especially,
exhaust gas recirculation and direct fuel injection [7]. The interrela-
tionship between the variable parameters makes it difficult to develop
a coherent strategy.

The next step after the tests at an engine dynamometer is testing
of the vehicle mounted engine at a chassis dynamometer, and finally
testing it in real road traffic conditions. The latter tests provide a lot of
information about the true impact of the vehicle on the environment
the real emissions and fuel consumption. They, in fact, reflect the real
conditions of the vehicles use [15-17, 24-26].

Vehicle manufacturers, ensuring compliance with emission stand-
ards, base mainly on the official driving cycles. Necessarily, they ap-
ply conditions for the measurements which inherently were to provide
the base for vehicles evaluation. Unfortunately they differ from the
conditions of the vehicles later real operation. That can lead to a dis-
tortion of the market image of the product, particularly from the point
of view of its user.

An example of a very problematic research are tests of hybrid pro-
pulsion systems, whose parameters can be objectively verified only in
traffic conditions [15].

The review of the literature on the subject of emissions testing
in natural operation of vehicles [1, 12, 15-17] indicates that there
are highly specialized measuring instruments, generally referred to
PEMS (Portable Emission Measurement System), although they are
very expensive. Road tests with the use of PEMS have shown that
in the case of certain fumes ingredients their emissions are about a
couple of hundred percent greater than the values encountered in the
type-approval tests [13, 17].

The presented thesis led the author to conduct exhaust emissions
tests under the conditions of vehicle real operation, but with the use
of a simplified measuring method and commonly available equipment
instead of the type-approval tests. The methodology of the research

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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and the preparation of a set of results is quite laborious but it allows to
obtain information on emissions or fuel consumption. Additionally, it
points out the possibility of constructing simplified systems or sepa-
rate measuring devices that can be used in comparative studies.

2. Exploitation exhaust emission tests

Exhaust fumes tests with the use of a diagnostic gas analyser have
been for years the basic type of emission tests which are done during
the periodic technical inspection of a vehicle at a vehicle inspection
station or at a workshop installing gas supplying systems (LPG or
CNGQG). The so called four-compounds gas analysers are used for the
measurements. They enable the user to determine the content of the
exhaust gases: carbon monoxide (CO), carbon dioxide CO,, oxygen
0,, hydrocarbons HC (sometimes an additional option is the meas-
urement of nitric oxides NOx) [10]. The devices of this type are also
used in scientific research, examples of which are described in the
literature [8, 9, 18, 19].

The homologation approval tests are much more complicated.
They are conducted in laboratory chassis dynamometers and are based
on special driving cycles, forming the basis for vehicles comparisons,
as well as their assessment in relation to the adopted emission limits
[1, 3, 13, 20]. In this case, the measuring apparatus is more compli-
cated. Dilution tunnels are used for the exhaust gas sampling system
maintaining a constant volume of samples — CVS (Constant Volume
Sample), and heated measuring lines are applied to prevent the forma-
tion of condensate, while the detectors of gaseous components are
adapted to their physical-chemical properties [1, 20].

The tests carried out in conditions of road traffic are the most
desirable when we analyse the research for the information about the
real fumes emission to the environment.

The author’s own studies carried out during road trips, as well as
presented in the literature [4, 11, 28] have shown that the registration
of selected engine operating parameters via interface DLC (Data Link
Connector) can be very useful for the evaluation of an engine operat-
ing conditions, and, in the case described by the author, also to calcu-
late the quantity of emitted fumes and their harmful ingredients.

3. Research methodology

Due to the fact that the gas analyser measures the volumetric
shares of selected exhaust components without the possibility of de-
termining their rates of flow, there is a need to complete the system
under construction with an element enabling the definition of the flow.
Accordingly, DLC can be used to register the airflow passing through
the intake manifold.

To determine the mass flow of a particular exhaust component,
one must specify the volumetric shares of the major exhaust compo-
nents, designate the relationship between volumetric and mass shares
of the components, and make an assumption that the mass of the
fumes is the sum of the mass of air and the mass of combusted fuel.
In fact, the mass of the fumes is reduced by the mass of the (possible)
condensate.

The information on volumetric shares of some components has
been obtained as a result of the gas analyser measurement. However,
the shares of N,, H,O and Ar were needed, too. To obtain that purpose
the combustion reaction was examined (1).

3
2

a) & o 78
CpH o0, +l‘|:(ﬂ +zj—5:|'02 +l-|:(/3+zj—

—Ny+ A
21 2

(04
4

(v

)

where:
CpH, 0, —fuel,
p, @, € —molar ratio of carbon, hydrogen, oxygen to carbon
in the hypothetical fuel molecule CyH,O¢,
A — air excess coefficient,
0,, N,, Ar —selected air components,
CO,, H,0, O,, N,, Ar —selected exhaust components.

Literature data differ in indicating molecular composition of gaso-
line [7, 10, 20]. The substitute formula C,H; 9Oy 14 has been finally
accepted for the calculations [20]. It has been initially assumed that
the spark-ignition engine combustion is stoichiometric (A = 1), over-
all and total. Basing on the calculated coefficients at the combustion
process products (2) their volumetric shares were determined.

CiHy 3900 016 +1,4645 -0, +5,4396 - N, +0,0697 - Ar —
—1-CO, +0,945- H,0 +5,4396 - N, +0,0697 - Ar

2)

This way we obtained: 12,68% — H,0, 13,42% — CO,, 72,97%
— N, and 0,94% — Ar. These are the major components of the fumes
of the gasoline engine working on the stoichiometric mixture. Unfor-
tunately, there is no information about the emissions of other gases
arising from the defects of the real combustion process. Simplifying,
it can be assumed that their shares are relatively small and do not af-
fect the next calculations significantly.

For further analysis calculated values of the volumetric shares of
N, and Ar (2) were used, (a) and in the case of the other ingredients
the measured values were utilized. The share of H,O was treated as
consequential.

It should be noticed that for the stoichiometric mixture the mass
of emitted fumes is greater than the mass of utilized air by the mass
of the fuel which is 1/14.28 of the mass of air. Finally, also minor
changes of the air excess coefficient A were included with the use
of Brettschneider’s formula (3) [10,20] and the measured volumetric
shares of CO, CO,, HC, O, and NOx.

Cco CNO a 3,5 &
Cop t—L+cy + 24| — — 2 — o, +C
co, ", 0, ) 4 154 %0 B (c02 CO)
= €co, 3)
a €
[HZ_E}'(‘COz+CC0+K1"HC)
where:

A — air excess coefficient,
Cco Ccor Cre,Coar Cyox —Vvolumetric exhaust components
shares [%],
For the calculation it has been assumed:
a=1,89 —molar ratio of hydrogen/carbon for the fuel,
€ =0,016 —molar ratio of oxygen/carbon for the fuel
K1=6 —a conversion factor for the HC calculations from
FID method (Flame Ionisation Detector) to NDIR (Non-
Dispersive Infrared) [20].
Next, the formula determining the relationship between the fumes
outlay and the outlays of given components has been set (4).

1
9; = 4air '[l+m]'xmi 4)

a a) €] 78 a) ¢ 1 a) e q; —mass outlay of the i-th component
—>pB-CO,+—HO+ - +—|-=]-—Ny+4- +—|—-=|-—Ar+(@A-1)- +—|-=1-0 -
FrCO+ Hﬂ 4] 2} 212 Kﬂ 4) 2} ST )Hﬁ 4) 2} 2 lg-s'], .
n q.ir — mass outlay of the air [g-s],
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X,,; —mass share of the i-th
component [-].

To complement the formula
(5), the relationship between the
volumetric and mass shares of par-
ticular components was specified
with the use of their molar masses:

x =M (s

Table 3.  Toxic exhaust gas components emission limits for the tested vehicle [21]

Cgrb Engine Emission limits mg/km Validity
weight ¢ Fuel
kg ype CO | NMHC | HC NO,
below petro!, natyral type approval
2620 PI, MPI gas, liquefied 1000 68 100 60 from 01.09.2009.
petroleum gas

i Hi
mi j:1

ch-uj
Jj=n

where:

¢; — volumetric share of the i-th component [-]
u; — molar mass of the i-th component [g'mol]

1

~.
Il

Cj Hj=Hco Ccot Huc Cuc t Hco, Cco, t Ho, "o, T HNoy “CNOy T HN, "CNy T Har Car T+

n

~.
Il

0 '(1 —(Cco +cuc +<cco, +co, +Cnoy FEN, + cAr)) (6)

Table 1. Molar mass of selected fumes components expressed in [g-mol™']

Hco= 28,01 Hco= 44,009

Hoy= 31,999 Uppo= 18,015

U= 86,202 | piyo= 38,006 @

Uno= 28,013 Hia= 39,948

1 - data for hexane CgH14 2 - data for NOy in composition (NO =50% NO, —50%)

The presented dependences were used for further calculations
and, thanks to that, the emissions of selected fumes components were
obtained for urban driving conditions.

Table 2. Toyota Verso MPV Facelift 1.8 Valvematic 147 HP [29]

Fuel consumption

EU Directive 80/1268 to 1999/100

ment

EC
- average - combined 6,8 1/100km
- on the road (highway) 5,7 1/100km
- town 8,7 1/100km
CO2 emission 158 g/km
emission standard Euro 5
fuel petrol fuel 95
curb weight 1430-1525kg (1500kg)
engine 2ZR-FAE
number and cylinders arrange- 4, rzedowy

valves 16 v, DOHC, Valvematic
fuel injection system MPI
displacement 1798 cm?

maximum engine power

108 kW (147 HP) by 6400 rpm

maximum torque

180 Nm, by 4000 rpm

year model

2013

drive type, transmission axle

front axle drive, 6 gear, manual

maximum speed

190 km/h

acceleration (0 do 100km/h)

10,4 s

3.1. Object of research

The object used in tests was the new vehicle of Toyota make,
model Corolla Verso 2013 with a mileage of 16500 km, equipped with
a multipoint fuel injected gasoline engine 2ZR-FAE with a variable
valve timing system Valvematic [29] and a system EOBD (European
On Board Diagnosis) and DLC enabling the connection of an engine’s
performance data recorder.

Before the vehicle was introduced to
the market it had been subjected to the
type-approval tests, as a result of which,
the conformity with the requirements of
the emission standard Euro 5 had been proven. The limits for this
vehicle are presented in table 3.

Tab. 3. Toxic exhaust gas components emission limits for the te-
sted vehicle [21]

3.2. Measurement instruments

The main devices used in the research were: MGTS exhaust gas
analyser of MAHA make classified in class 0 according to OIML (Or-
ganisation Internationale de Métrologie Légale), an engine data recor-
der and a phone with a GPS receiver to record the data of the route
travelled.

Fig. 1. View of MGTS5 analyser prepared for tests
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Table 4.  Selected technical data of MGT5 analyser [10] loaded with its own mass, the mass of the measurement equip-
- ment, a driver and a passenger. Before the drive, the test object
Measured parameter | "eaurement Range Resolution | 4 been weighed les and the total mass of 1726 k

method indications ghed on a car scales and the total mass of g

carbon monoxide CO NDIR 0-15% vol. 0,001% had.been noted. At the beginning of the drive the engine of the
vehicle was warmed up.

carbon dioxide CO, NDIR 0-20 % vol. 0,01% Similar tests have been also carried out for suburban dri-

hydrocarbons HC NDIR 1). 0-4000 ppm 0,1 ppm ving. However, due to their more stable nature only the urban
hydrocarbons HC NDIR 2). 0-20000 ppm 1ppm test bas been presented.

oxygen 02 electrochemical 0-15 % vol. 0,01% 4. Results of research
electrochemical 4-25 % vol. 0,01% °
nitric oxides NOy electrochemical 0-5000 ppm 1 ppm Knowing the changes of the mass expenditure of the individ-
A computing 0,5-9,99 0,01 ual components of exhaust fumes as functions of time, as well as

the route length and the travel time, emissions can be expressed
in g/km, just like for the type-approval tests (Table 3). However,
to make it possible, it is necessary to measure and record the air
Vehicle interface EOBD, 16 pin socket flow and volumetric shares of the fumes components.
11850-41.6, J1850-10.4, Due.to 'the.length of the gas ana.lyser measuring pipe,'its
1509141-2 K/L, 15O 11898 current indications concern the previous status of the engine
from a few seconds before. For the accuracy of the emission

Table 5. Selected technical parameters of the recorder OBD Log [28]

Supported protocols EOBD

DLC connector OBD, calculations it is therefore significant to properly adjust the re-

Power USB from PC sults recorded by the analyser and the air flow data. After the

- synchronization of the data it can be assumed, due to the accu-

sampling frequency 1 second racy of the measurement equipment and sensors, that the error

Working time up to 90 hours of this method will not exceed a few percent and its value will
Operating temperature -40°/+85°C be decreasing as the speed of driving will stabilize.

Figure 3 illustrates the values of fumes shares
against the running speed and the mass air flow.
The relationship of the air flow and the running
speed is connected with the engine load and its
rotational speed. Changes in volumetric shares
also correlate with engine load. However, they
are not so strong as air flow changes which have
a significant impact on the emissions scale.

The effects of calculations based on the me-
thodology described in chapter 3 are presented in
Figure 4. In this case, the increase of exhausted
gaseous amounts accompanying the increase of
engine load, for example during acceleration, it
is clearly visible. It is especially clear in the case
of CO emission analysis, which is observed just
during acceleration. It is near zero while dri-
ving without acceleration, which is represented
by the flat nature of the CO emission curve (Fig.
4) observed in those periods.

The mass of the exhaust gases emitted in

4 . o e 0
_ i & g i
=] ENEE—.— - LY el

Fig. 2. The route plan for the urban driving measurement [27]

To read and record the selected parameters of the engine the device the test is presented in another bar chart (Fig. 5).
called OBD Log of Texa make was used whose basic data are listed in The results of the calculations show that during the test, the car’s en-
Table 5. gine emitted nearly 7,5 kg exhausts, in which 1,48 kg was carbon dio-

%0 CO [%] — N Ox ppm 180

3.3. Measurements in road condi-

160

tions i
Driving was carried out in a manner ada- 120
pted to other road users while driving in Lublin 100

on a route of 6.95 km length with the average
speed of v =25.8 km/h. The starting route point
(A) (Fig. 2) is located at an altitude of about 168
meters above sea level, and its end point (E) is
about 50 meters higher. The greatest gradient
of altitude changes is located in the middle part
of the route, between points C and D (approx.
30 m). Temperature, atmospheric pressure and
relative humidity average levels were 18°C,
981 hPa and 67% respectively. The vehicle was

80

+ 60

+ 40

20

Time [s]

Fig. 3. The volumetric shares of selected fumes components registered during the urban drive against the

running speed
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Fig. 4. The chart of cumulative emissions of selected fumes components obtained on the basis of the reg-

istered fumes composition
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Fig. 5. Mass emissions of selected components of exhaust gases during the test
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Fig. 6. The emissions of the selected components of exhausts during the test per kilometre
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Fig. 7. The speed runs in the performed test and in NEDC

1200

xide. Carbon monoxide emission was 623 mg,
hydrocarbons ca 273 mg and nitric oxides ca
109 mg. This information is not clear without
the reference to the distance travelled. Figure 6 is
the supplement which allows the reader further
evaluation. Therefore, it can be concluded that
213.6 g/km of carbon dioxide were issued in the
test and the value (Fig. 6) is 35% bigger than the
one obtained in the approval-test (Table. 2), whi-
le the emissions of toxic exhaust substances do
not exceed the allowable standard values [21].

CO, emission, higher by more than 35%, is
the result of a different than NEDC driving test.
The test has been executed in conditions diffe-
ring from the NEDC conditions due to the cha-
racter of driving in a given agglomeration.

In the described case there are different
vehicle properties and different moving resist-
ances associated with them. Larger values of
speed and its local fluctuations (Fig. 7) as well
as higher vehicle weight (1726 kg) and hill ro-
ute (average w = 0.7%) contribute to an increase
of the engine’s load and CO, emission. On the
other hand, it should be noted that the test was
implemented at the hot engine without the cold
phase which would certainly additionally incre-
ase the emissions of CO, and CO and HC.

5. Summary and conclusions

The research and its results described in the
paper confirm the possibility of the use of sim-
plified method to exam the emission in a normal
exploitation of a vehicle. However, the obtained
data show that the real operation of the vehicle in
an urban environment differs significantly from
the specific nature of the NEDC test. (Fig. 7).

Comparing vehicles on the basis of such a
test also seems to be an imperfect approach be-
cause it does not include full loads of an engine.
The driver who controls a dynamic engine will
surely try to use its power when fighting for a
better position at the lights.

Hence there is a need for tests which also
include situations where there occurs an accel-
eration with a maximum intensity, accompanied
by random disturbances and operating states of
an engine difficult to represent in a laboratory.
Therefore, it should be emphasized that the road
tests show the most accurately the real nature of
the work of an engine work and its impact on
the environment. The literature data confirm the
need for changes in that area and indicate their
tendencies [2, 6, 24].

Based on the analysis of the subject and the
presented results of the research, the following
conclusions can be made:

— the study described in the paper confirm that
the emission measurements are possible with
the use of a diagnostic gas analyser and signals
available from EOBD via DLC,

— exhaust emissions measured in actual road
conditions can significantly vary from the limits
specified for the type-approval test performed
in a laboratory (213 g/km vs 158 g/km),
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— the presented research methodology and the results preparation — the approval-tests such as NEDC can contribute misunderstand-
are quite laborious but they show the possibility of constructing ings, because vehicle users will nearly never reach the fuel con-
similar measurement systems that enable the user an automatic sumption (CO, emission) at such a low level that is stated for
calculation and results registration for the quantitative exhaust the approval-test.
emissions,
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LOCAL NONSYMMETRICAL POSTBUCKLING EQUILIBRIUM PATH
OF THETHIN FGM PLATE

NIESYMETRYCZNA LOKALNA SCIEZKA ROWNOWAGI POKRYTYCZNE)J
CIENKIEJ PLYTY Z MATERIALU FUNKCJONALNIE GRADIENTOWEGO

The influence of the imperfection sign (sense) on local postbuckling equilibrium path of plates made of functionally graded
materials (FGMs) has been analyzed. Koiter's theory has been used to explain this phenomenon. In the case of local buckling,
a nonsymmetrical stable equilibrium path has been obtained. The investigations focus on a comparison of the semi-analytical
method (SAM) and the finite element method (FEM) applied to the postbuckling nonlinear analysis of thin-walled complex FG

plated structures.

Keywords: FGM, FEM, Koiter s theory, semi-analytical method, postbuckling path.

W pracy przedstawiono analize wplywu znaku imperfekcji wstegpnej na charakterystyke lokalnej pokrytycznej Sciezki rownowagi
phty wykonanej z materiatu gradientowego. Do wyjasnienia tego efektu zastosowano teorie Koitera. W przypadku lokalnej utraty
statecznosci uzyskano niesymetryczne stateczne sciezki rownowagi. Prezentowane badania byly skoncentrowane na porownaniu
wynikow uzyskanych na podstawie wtasnej metody pot-analitycznej z wynikami uzyskanymi przy zastosowaniu metody elementow
skonczonych w nieliniowej analizie cienkosciennych konstrukcji ptytowych wykonanych z materiatow gradientowych.

Stowa kluczowe: materialy funkcjonalnie gradientowe, MES, teoria Koitera, metoda pol-analityczna, Sciezka

pokrytyczna.

1. Introduction

Since the mid 1980’s Functionally Graded Materials (FGMs)
have been a relatively new class of composite materials, which have
become a very popular research field and have been used in numerous
engineering applications. A standard functionally gradient material is
an inhomogeneous composite made up of two constituents — typically
of metallic and ceramic phases. Within FGMs, different microstruc-
tural phases have different functions, and the overall FGMs attain the
multistructural status from their property gradation. In most cases,
these phases content changes gradually along the thickness of the
plate or shell. This eliminates adverse effects between the layers (e.g.,
shear stress concentrations and/or thermal stress concentrations), typi-
cal for layered composites what generally improves material utility
properties. The combination of ceramic with a metal component im-
proves the characteristics of FGM structures i.e. a better resistance
to high temperature (ceramic) and good mechanical features (metal),
reducing further a fracture possibility of the whole gradient structure.
These features make high temperature environments the leading ap-
plication area of FGM structures.

The nonlinear analysis of plates and shells devoted to basic types
of'loads is covered in the monograph by Hui-Shen [4]. Author consid-
ers static bending and thermal bending as an introduction to buck-
ling and postbuckling behaviour of FGM plates and shells. The shear
deformation effect is employed in the framework of Reddy’s higher
order shear deformation theory (HSDT) [20].

In [19], alongside the HSDT for FGM plates, Reddy compares the
application of the first order shear deformation theory (FSDT) and the

classical laminated plate theory (CLPT) to functionally graded plate
analysis. According to the presented results for thin-walled plates, it
is obvious that an application of the FSDT gives practically the same
results as the HSDT. The discrepancy between both theories is of 2%
in the calculated deflections of the plates under analysis.

The buckling problem of functionally graded plates is discussed
in the frame of different approaches and for different loads: in [21]
- biaxial in-plane compression; thermal loads (constant temperature)
with axial compression in [24]; biaxial in-plane compression in [2]
and [16], and through the thickness temperature gradient in [23].

Birman and Byrd [1] give a wide review of theories employed for
a description of grading material properties and focus on the princi-
pal developments in functionally graded materials (FGMs) with an
emphasis on the recent works published since 2000 (up to 300 works
cited).

In some papers (e.g.,[14, 27]), the concept of ‘physical neutral
surface’ that allows one to uncouple the in-plane and out-of-plane de-
formations is introduced.

Due to the complexity of buckling problems of FG plates under
compound mechanical and thermal loads, the finite element method
(FEM) seams to be the only possible solution in many cases. There-
fore, in the literature one can find many papers which present results
of a solution to different problems of FG plate buckling, obtained with
an application of the FEM, for example [15, 17, 22].

In current paper in the finite element method solution, FG plates
were modelled as multilayered composite structures whose graded
material properties in the range of 1040 isotropic layers were de-
fined. After the convergence analysis the model with twenty layers
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was accepted. For meshing, a shell element with four nodes and six
degrees of freedom in each node was employed. The rotational DOF
in the plane of the element was constrained via the penalty function.

Conducting with the FEM the nonlinear buckling analysis of a
rectangular FGM plate, subjected to one-directional compression in its
plane, the authors of the present paper have observed some intriguing
influence of the imperfection sign (i.e., its direction) on postbuckling
equilibrium paths of investigated FGM plates. Therefore, this work is
aimed at an explanation of this phenomenon. The general asymptotic
Koiter’s theory of stability has been assumed as the basis of investi-
gation. Among all versions of the general nonlinear theory, Koiter’s
theory [6, 7, 25, 26] of conservative systems is the most popular one,
owing to its general character and development. Even more, so after
Byskov and Hutchinson [3] formulated it in a convenient way. The
theory is based on asymptotic expansions of the postbuckling path for
potential energy of the system.

The nonlinear stability of thin-walled multilayer structures in
the first order approximation of Koiter’s theory is solved with the
modified analytical-numerical method (ANM) presented in [8]. The
analytical-numerical method (ANM) should also consider the second
order approximation in the postbuckling analysis of elastic composite
structures. The second order postbuckling coefficients were estimated
with the semi-analytical method (SAM) [12], modified by the solution
method given in [11]. The investigation of stability of equilibrium
states requires an application of a nonlinear theory that enables us
to estimate an influence of different factors on the structure behav-
iour. The analysis of postbuckling behaviour of thin-walled composite
plate structures using the SAM will be by far faster and more thor-
ough than the FEM.

The initial imperfections were introduced by updating the finite
element mesh with the first mode shape of the eigen-buckling solu-
tion, with a given magnitude corresponding to the plate thickness
and assumed sign (direction). The eigen-buckling analysis, where the
critical load was determined despite the eigen-mode, preceded the
nonlinear buckling analysis.

2. Formulation of the problem

The square plate is supported at all their edges. It is assumed that
the FG plate obeys Hooke’s law. The material properties are assumed
to be temperature independent.

In strain-displacement relations - in order to enable the considera-
tion of both out-of-plane and in-plane bending of the plate, all nonlin-
ear terms are present [8, 9, 11]:

_ 1 2 2 2
Ex =y +5 (Wi+vi+ul)
_ 1 2 2 1
ey =vyty (W) +uy +v) (M
ngy =Ygy SU,FV W W U U Y Y
and
Key=—Wy  Ky=—W,  Kg=—2w, )

where: u, v, w — are components of the displacement vector of the
plate in the x, y, z axis direction, respectively, and the plane x—y
overlaps the midplane before its buckling.

It should be highlighted that in the majority of publications de-

voted to stability of structures, the terms (v,zx + u,zx) , (u,zy + v,zy) and

(.1, +v, V) in strain tensor components (1) are neglected. How-
ever, the main limitation of the assumed theory lies in an assumption
of linear relationships between curvatures (2) and second derivatives

of the displacement w . In such an approach, finite displacements and
small or moderate rotations are considered [11].

In thin-walled FG structures - plates or shells, usually the ceramic
volume fraction ¥, and metal fraction V,, distribution throughout the
structure thickness ¢ are described by a simple power law of:

z 1Y 3
Vi(z)=|—+— V(2)=1-V.(2) 3)
t 2
where: —t/2<z<t/2 and ¢>0 is the volume fraction exponent

(i.e., for g =0 — plate is full ceramic and for g = — plate is metal-
lic — see Fig. 1).

1.0

ceramic

—ua—=q=0
—eo—q=0.10
—h—q =020
—v—q=0.50
—+—q=1.00
—d—q=2.00
—pr—q=5.00
—es—q=10.00
—*—( =00

= 0.5 -

V (z)

[metal | 0.0 - . : : - .J, v
-0.50 -0.25 0.00 0.25 0.50
plate thicknes

Fig. 1. Volume fraction of ceramic along the FGM plate thickness
According to the rule of mixture, the properties of the functionally

graded material (£ — Young’s modulus, v — Poisson’s ratio etc.) can be
expressed as follows:

q
E(Z) = Em + (EC _Em)(iJrlj
t 2
q
v(z)=v, +(v, —vm)(f-s-lj 4)
t 2

In the present study, the classical plate theory is employed to ob-
tain the governing equations of the thin FG plate equilibrium. Using
the classical laminated plate theory (CLPT), the stress and moment

resultants (N, M ) are defined as [5, 8, 9]:

ol L o)t .

where: 4, B, D — are extensional, coupling and bending stiffness
matrices, respectively. For the FG plate their components are listed
below:

t/2
Al] :A22: J‘ 7E(Z) dz
2
_t/zl—v (Z)

t/2
E(z)v(z
Ap=dy = | EEWE) 4,

1A (62)
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Due to the presence of the nontrivial submatrix B, the coupling
between extensional and bending deformations exists as it is in the
case of unsymmetrical laminated plates [5, 8, 9]. An extensional force
results not only in extensional deformations, but also bending of the
FG plate. Moreover, such a plate cannot be subjected to the moment
without suffering simultaneously from extension of the middle sur-
face. Coupling between extension and bending is a result of a com-
bination of the geometry and FGM properties in the structures. The
stretching-bending coupling affects strongly the constitutive equa-
tions and the boundary conditions that have a complex form and the
solution procedures become difficult.

The equations of stability of thin-walled structures have been de-
rived using a variational method [8, 9, 11]. After expanding the fields
of displacements U and the fields of sectional forces N into a power
series with respect to the mode amplitudes ¢; (the dimensionless am-
plitude of the buckling mode), Koiter’s asymptotic theory has been
employed [3, 6,7, 8,9, 10, 13, 18, 25, 26]:

U=209 4500 +¢20P + .. )
N=aNO 1 NV 4 £ 2ND 4

where: A — load parameter, U (0 N _ prebuckling state fields
(the zero approximation), U OJ Ve buckling mode fields (the

first order approximation), and U (2), N - postbuckling fields
(the second order approximation) for the structure.
The postbuckling equilibrium path within an imperfect structure

with the amplitude ¢§ 1* for the single mode (i.e., an uncoupled mode),
buckling mode has the following form [3, 8, 9, 13, 26]:

o (e *
a|1-— Cl+a111§12+01111413+-~-:017§1 )
GCV

cr

where: o, — critical (bifurcational) value of o (instead of 2 ). The
coefficients in equilibrium equation (9) are given in papers [3, 8, 9,

13, 26]. It can be easily seen that the amplitude & 1* is a small quantity

(i.e., only linear terms with respect to ¢§ 1* have been accounted for)
and the linear pre-buckling state is assumed.

The corresponding expression for the total elastic potential energy
of the structure has the following form:

2 2 3 4
(o} o O *
M=-ay—+a|l-— SL +amil +a1111il —aqi—¢& ¢ (10)
2 G, ) 2 3 4 (o

2
where: I = g % is energy of the prebuckling linear state.

In the semi-analytical method (SAM), one postulates to determine
approximated values of the a;11; coefficients on the basis of the lin-
ear buckling problem. This approach allows the values of the a;1; co-
efficients - according to the applied nonlinear Byskov and Hutchinson
theory [3, 8, 9, 13, 26] — to be precisely determined.

The considerations performed in [12] and the results of [11] al-
low for concluding that the approximated values of the ;17 coeffi-
cients correspond to an application of the following simple supported
boundary conditions of the plate at both edges (i.e. x=0;¢)

b b

[N (x=0,)dy =[ N (x = ¢, y)dy = bN”

0 0

v(x=0,y)=v(x="1,y)=0 (11)

wx=0,y)=w(x=/(,y)=0
M (x=0,y)=M (x=10,y)=0

The first condition in (11) means that the external loading is not
subjected to any additional increment.
At the critical point, the dependence describing the relationship

for the ideal structure (i.e., without the imperfection 1* =0) is sub-
ject to bifurcation between the external loading and the displacement

amplitude ¢ . Equilibrium path equation (9) can be treated as the first

variation of the system potential energy, that is to say, as the condition
necessary for the system equilibrium. For the case when the postbuck-

ling coefficients a;;; =a;,;/a #0 and @, =ay;;/a; >0 (which
corresponds to the case of the FGM plate), in order to determine the
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equilibrium state, the second variation of energy was calculated Then
the intersection points of the equilibrium path and the structure stabil-
ity limit of the ideal structure were determined. Finally, the coordi-

nates of two points pl, p2 were arrived at:

(e
Cp=0 [] =1 (12)
cTCI” pl
ajq o an;
2= 2a \ow ) dam ()
1111 cr/Jpl 1111

A sample equilibrium path for the ideal square FGM plate is pre-
sented in Fig. 2. There it is visible that in the case of the FG plate,
an nonsymmetrical stable equilibrium path exists. The unstable con-
figuration corresponds to the postbifurcational equilibrium path of the
plate without imperfection in the range <¢ 1,5 >

1.002

1.001

c;: 1.000

b

q=0.5
0,999 4 —s— postbuckling path
—e—stability region

P,
0.998 4+————tf———

L

-0.10 -0.05 0.00 0.05 0.10 0.15

global deflection [mm]

Fig. 2. Postbuckling path of FGM plate

In the linear problem, the critical stress o, is the characteristic
quantity, whereas in the nonlinear first order problem, the magnitude
of the coefficient @, determining the sensitivity to imperfections
should be accounted for.

3. Analysis of the results

Detailed numerical computations were conducted only for a
square FGM plate. The plate is subjected to uniform compression in
the direction of x axis. All plate edges are assumed to be simply sup-
ported. Although, in the subsection devoted to determination of criti-
cal stress, some other boundary conditions along the unloaded edges
are considered as well.

The following geometrical dimensions of the square plate (Fig. 3)
and the material constants for Al-TiC are assumed:

{=b=100mm; r=1mm; E, =69 GPa;v,, =0.33; E, =480 GPa;v, =0.2.

P P

Fig. 3. Geometry and loading of FGM plate

where: indices m and c refer to the metal (Al) and ceramic material
(TiC), respectively.

In [8], an unbending, prebuckling state, i.e., a distribution field
of the zero state according to (A1) has been assumed. According to
assumed (A1) and (8) displacements, for the zero state (i.e., prebuck-
ling) the force and moment dependence (5) takes the form:

N©O 4 B[c©®
= (14)
MO B DJ|o

Then for the zero state, it results in an occurrence of nonzero in-

ner sectional forces (A2) N)(CO) , M )(CO) , M ;O) in the FG plate. Special
attention should be drawn to the fact that nonzero magnitudes of the

sectional moments M )(CO) and M §,0) appear as the effect of the middle
surface deformations (i.e., membrane deformations) and the nontriv-
ial coupling submatrix B but not due to an appearance of the middle
surface curvatures. These moments affect the values of critical loads
and the values of postbuckling coefficients.

In the subsequent three figures (Figs. 4 - 6), an effect of the vol-
ume fraction exponent g in Eq. (3), on the values of critical stresses
and the postbuckling coefficients @;;; and aj;y; for various con-
strain cases of unloaded longitudinal edges, i.e., y =0;b, is present-
ed. In legends to these figures the descriptions mean:

* F — free edges, for which the following has been assumed:

Ny=Ny=M,=0,=0;
* S1 — simply supported edges - N,=N, =w=M,=0;

* S2 — simply supported edges - v=N,, =w=M, =0;

* C—clamped edges - N, =N,, =w=0w/0y=0.

In the case of clamped longitudinal edges ( y=0;b), the same
results have been obtained as for two other possible conditions of the
edge support, i.e., when:

L V=N, =w=0w/dy=0
Lu=v=w=0ow/dy=0

The values of critical loads (Fig. 4) for the boundary conditions

under consideration increase with a decrease in the values of volume

fractions g — as can be expected. Differences in the values of critical

loads for cases S1 and S2 become visible for g >0.5. They are rela-
tively inconsiderable (below 10%) and larger for case S2.

350
300 5
boundary conditions
—— F
250 - —o— S
—h— 52
= 200+ = =it
c" B
=
— 150
o>
100 -
50 -
0 ——————ry ——

q exponent

Fig. 4. Dependence of critical stress on boundary conditions and q factor
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In the range 0.1< ¢ <10, the values of postbuckling coefficients

ayy; (Fig. 5) are negative for all considered cases of boundary condi-
tions. The lowest values occur for case F, whereas for clamped condi-
tions C, they are located between values for S1 and S2. The highest
values have been found for boundary conditions S2. The maximal
values of g;;, for the analyzed support conditions are reached for
2<¢g<3.

0.00

boundary conditions
—e— 51
— 52
—— C

q exponent

Fig. 5. Coefficient d;;; value as a function of q and boundary conditions

0.25

0.20 -

0.15

boundary conditions
——F
—e— Sl
—tr— 52
—l— C

0.05 4

0.00 ———— ———
0.1 1 10

q exponent

Fig. 6. Coefficient a;;;; value as a function of q and boundary conditions

On the other hand, the values of postbuckling coefficients @,
(determined according to the SAM [11, 12]), shown in Fig. 6, are posi-

tive for the assumed boundary conditions F, S1, S2, C for 0.1<¢ <10.
The lowest values of @ ;;; have been obtained, as expected, for

case F. The values of a,;; for case C are by approximately 60%
lower than for conditions S1 and S2. For condition S2, the values of

@11, are higher than for S1, and these differences become visible for
q > 0.5 . However, they do not exceed 5% for the range of variability
0.1< ¢ <10 under consideration.

As it has been discussed in detail in [8], sectional moments of
the zero state M )(CO) and M )(,0) do not enter the first order equations
of equilibrium and boundary conditions. The nonzero values of post-
buckling three-index coefficients a;;; result from an occurrence of

the nonzero coupling submatrix B . The coefficient a;,, character-
izing the initial postbuckling behaviour belongs to surface integrals

of the type o LU @ ) (according to the notation introduced by
Byskov and Hutchinson [3, 26]). An appearance of first order inter-
nal forces (i.e., related to the forces N)(Cl),NS),NSy) ) causes that the
coefficients g, reach values other than zero. It should be noted yet

that the values of g, , in principle, are relatively small. Due to the
above-mentioned reasons, in the analysis of postbuckling equilibrium
paths of the FG plate they have been usually neglected. However,

when we take into account the nonzero values of &, , a phenom-
enon of occurrence various postbuckling equilibrium paths for dif-

ferent signs of imperfection (i.c.,

¢ 1* ‘ ) can be explained. Due to the
boundary conditions (11) assumed along the loaded edges (x =0;/()

and unloaded edges ( y = 0;b) - respectively for cases F, S1, S2, and
C; one obtains different distributions of inner forces of the first order,

ie., N)(cl),N}(,l),Ng,) ,M)(Cl),MS),MSV) . These inner forces values are
determined with accuracy up to a constant, as it takes place for eigen-
problems. The conditions on loaded edges (11a) enforce a generation

of a self-balancing system of forces N J(cl) . Below, few exemplary dia-
grams for S2 boundary conditions on longitudinal edges, for ¢ =0.5
are shown.

In Fig.7, distributions of first-order inner membrane forces

N. )(Cl),N)(,]),N g,) are shown, whereas the corresponding distributions
of bending moments M )(Cl),MS),M g,) along the plate width are ad-
ditionally presented in Fig. 8. As it can be easily noticed, the values
of inner forces are of the same order of magnitude. According to the
assumption, the distributions of inner forces N)(cl),NS) .M )El),M)(,l)
are symmetrical with respect to the plate axis of symmetry (i.e., for

y =0.5b ), whereas the distribution of N, g,) M )(Elv) forces is antisym-

metrical. The boundary conditions of unloaded edges cause a self-re-
setting of N S},M;l) . For edges y=0;b the value of moment M )(Cl)
is other than zero and results from the first-order nonzero membrane
deformations Sil),8§,l) and the nontrivial coupling matrix B. The
nonzero values of all first-order inner forces for the FGM plate cause
that nonzero values of the coefficients @, appear. These values are

relatively low but exert a significant effect on the sensitivity of the

system to values and signs of the imperfection & 1* .

first order in-plane forces

0.0 0.5 1.0

Fig. 7. First order in-plane force resultants distribution along the plate width

To verify the proposed SAM solution, finite element computa-
tions were performed for the FG plate under axial loading. The com-
mercial ANSYS software was applied for the numerical calculations.
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first order moment resultants

0.0 0.5 1.0

Fig. 8. First order moment resultants distribution along the plate width

The numerical model was created with an application of a shell finite
element. It was a multi-layered four-node element with six degrees
of freedom at each node (three translations in the directions of local
coordinate axes and three rotations around these axes). The rotational
DOF around the normal to the plate midplane was constrained via the
penalty function to relate this independent rotation with the in-plane
components of displacements. This element is dedicated for model-
ling multi-layered structures and is equipped with the section option
which allows for easy tailoring the lay-ups of the modelled plate. The
sensitivity to shear strains in this element is governed by the first-order
shear deformation theory, whereas the element formulation is based
on the logarithmic strain measure. According to the current analysis
requirements, the applied finite element was associated with linear
elastic material properties. To discretize the model, a uniform mesh
of elements was generated. The boundary conditions on loaded plate
edges, which followed from S1 type analytical simple support, were
introduced by displacement constrains in appropriate directions as well
as coupling of edge node displacements to keep the edges straight.

The initial imperfection was introduced by updating the finite
element mesh with the local mode shape of the eigen-buckling so-
lution, with a given magnitude corresponding to the plate thickness.
The eigen-buckling analysis, where the critical load was determined
despite the eigen-mode, preceded the nonlinear analysis. Therefore,
the numerical model employed large displacement formulation. The
load was applied to the plate edges in the form of uniformly distrib-
uted node forces.

For the square plate under analysis and for ¢ =0.5, the results of
calculations obtained from the SAM and the FEM were compared. A
comparison of the results is presented in Fig. 9. For an easier compari-

son of an influence of the imperfection ¢ 1* sign, a change in the ab-

solute values of total deflections ‘W,‘ = ‘Wo + W‘ = ‘Clt‘ t= ‘4’1* + Q‘ t

as a function of the load ratio N/N,. =o /o, has been shown.
The negative value of imperfection corresponds to a initial deflec-
tion along the direction of metal, whereas the positive one - along the
direction of ceramic.

The results obtained with the FEM are achieved for a full geo-
metrically nonlinear analysis. On the other hand, in the SAM, nonlin-
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Fig. 9. Sign of imperfection influence on the buckling and postbuckling path

ear terms related to the imperfection ¢ 1* were neglected, whereas the
values of the postbuckling coefficient a;,,; were determined approx-
imately. It is followed by visible differences in the results obtained
with both the methods (SAM and FEM) for the same value of imper-
fection. It can be seen that the sign of imperfection exerts an influence

on the postbuckling equilibrium path. The initial deflection & 1* along
ceramic yields higher values of total deflections for the given value of
load N/ N, than the initial deflection along the direction of metal.

In both cases the assumed absolute value of imperfection ‘C 1* ‘ was
equal.

Thus, as it was discussed above, the application of Koiter’s the-
ory through the semi-analytical method enables an explanation of
the phenomenon of various postbuckling equilibrium paths for the
functionally graded plate for different signs of imperfection with

the same absolute magnitude ‘C 1*‘ . In particular, it can be seen for
N/N,. =oc/0c, <13,

4. Conclusions

The analytical and numerical investigations on FGM — a relatively
novel material, applications in plate and shell structures are presented.
The effect of gradually varying volume fraction of constituent materi-
als leads to continuous change from one surface to another eliminat-
ing interface problems and gives smooth material properties of final
composite which is especially import in thermal environment applica-
tions.

An influence of imperfection values on various postbuckling equi-
librium paths of the FG plate has been analyzed. The basis to explain
the discussed behaviour is the nonlinear Koiter’s theory of conserva-
tive systems. In the case of the FG plate, nonzero first-order sectional
inner forces that cause an occurrence of nonzero postbuckling coef-
ficients are responsible for the system sensitivity to imperfection. It
results in the fact that postbuckling equilibrium paths of plate struc-
tures made of FGMs are unsymmetrically stable. This explains the
observed differences in plate response dependence on imperfections
sign (sense).
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Appendix

The prebuckling solution to the FG plate consisting of homog-
enous fields is assumed as (see Eq. (17) in [8]):

uO =(0/2-x)A
(AD)

v = yAdy, / Ay

w® =0

where A is the actual loading. This loading of the zero state is speci-
fied as a product of the unit loading and the scalar load factor.

Taking into account relationship (5), inner sectional forces of the
prebuckling (i.e., unbending) state for the assumed homogeneous
field of displacements (A1) are expressed by the following relation-
ships before the redistribution of forces in the plate due to plate de-
formations:

0 2
N =—(4y, - 4y | 4p)A

0) _
N =0
NO =0

"yo (A2)
MO = (B, - Biydyy | Ap)A

0

M =—~(Byy = Byydyy | 4py)A

u® -0

The assumed displacement field and the field of inner forces, cor-
responding to it for the prebuckling state, fulfil equilibrium equations
for the zero state as an identity.

The omission of the displacements of the fundamental state im-
plies that we ignore the difference between the configuration of the
non-deformed state and the fundamental state and we may conse-
quently regard the previously defined displacements u(O),v(O) as the

additional ones from the fundamental state to the adjacent state.

The first order approximation, being the linear problem of sta-
bility, allows for determination of values of critical loads, buckling
modes, and initial postbuckling equilibrium paths.

This publication is a result of the research works carried out within
the project subsidized over the years 2011-2014 by the state funds
designated for the National Science Centre (NCN UMO-2011/01/B/
ST8/07441).
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The reliability of machining accuracy is of great significance to performance evaluation and optimization design of the machine
tools. Different geometric errors have various influences on the machining accuracy of the machine tools. The main emphasis of
this paper is to propose a generalized method to distribute geometric accuracy of component for improving machining accuracy
reliability under certain design requirements. By applying MBS theory, a comprehensive volumetric model explaining how indi-
vidual errors in the components of a machine affect its volumetric accuracy (the coupling relationship) was established. In order
to reflect the ability to reach the required machining accuracy, the concept of machining accuracy reliability is proposed in this pa-
per. Based on advanced first order and second moment (AFOSM) theory, reliability and sensitivity with single failure modes were
obtained and the model of machining accuracy reliability and the model of machining accuracy sensitivity with multiple failure
modes were developed. By taking machining accuracy reliability as a measure of the ability of machine tool and taking machin-
ing accuracy sensitivity as a reference of optimizing the basic parameters of machine tools to design a machine tool, an accuracy
distribution method of machine tools for improving machining accuracy reliability with multiple failure modes was developed and
a case study example for a five-axis NC machine tool was used to demonstrate the effectiveness of this method. It is identified that
each improvement of the geometric errors leads to a decrease in the maximum values and mean values of possibility of failure,
and the gaps among reliability sensitivity of geometric parameter errors improved also decreased. This study suggests that it is
possible to obtain the relationships between geometric errors and specify the accuracy grades of main feeding components of
mechanical assemblies for improving machining accuracy reliability.

Keywords: Machine tool; Geometric error; Accuracy distribution; Machining accuracy reliability; Multi-body
system theory.

Niezawodnos¢ w zakresie dokladnosci obrobki ma wielkie znaczenie dla oceny funkcjonowania oraz projektowania optymaliza-
cyjnego obrabiarek. Rozne blgdy geometryczne majq rozny wplyw na doktadnosé obrabiarek. Glownym celem niniejszej pracy jest
zaproponowanie uogolnionej metody rozkladu dokltadnosci geometrycznej elementow skiadowych obrabiarki, pozwalajgcej na
poprawe niezawodnosci w zakresie dokladnosci obrébczej przy spetnieniu pewnych wymagan projektowych. Dzigki zastosowaniu
teorii uktadow wielomasowych MBS, opracowano kompleksowy model wolumetryczny, ktory wyjasnia, w jaki sposob pojedyncze
bledy wystepujgce w elementach skiadowych obrabiarki wplywajg na jej doktadnos¢ wolumetryczng (velacja sprzezen). Zapropo-
nowane w prezentowanym artykule pojecie niezawodnosci doktadnosci obrébki odnosi si¢ do mozliwosci uzyskania przez urzq-
dzenie wymaganej doktadnosci obrobki W oparciu o zaawansowang teorie estymacji momentow AFOSM (Advanced First Order
and Second Moment therory), obliczono niezawodnosé i czutosé dla przypadku wystgpienia pojedynczej przyczyny uszkodzenia
oraz opracowano model niezawodnosci doktadnosci obrobki oraz model czutosci dokladnosci obrobki dla przypadku wystgpienia
wielu przyczyn uszkodzen. Przyjmujgc niezawodnos¢ doktadnosci obrébki za miare poprawnego dziatania obrabiarki oraz przyj-
mujgc czutos¢ doktadnosci obrobki za punkt odniesienia dla optymalizacji projektowej podstawowych parametrow obrabiarek,
opracowano metode, opartq na rozkladzie dokladnosci obrabiarki, majqcg na celu poprawe niezawodnosci doktadnosci obrobki
dla przypadku wystgpienia wielu przyczyn uszkodzen. Skutecznos¢ metody wykazano na przykladzie pigcio-osiowej obrabiarki
NC. Stwierdzono, ze kazda korekta bledu geometrycznego prowadzi do spadku maksymalnych i srednich wartosci mozliwosci
wystgpienia uszkodzenia oraz zmniejsza rozstep miedzy poszczegolnymi czutosciami niezawodnosciowymi skorygowanych bledow
parametrow geometrycznych. Przedstawione badania wskazujg, ze mozliwe jest ustalenie zwigzku pomigdzy bledami geometrycz-
nymi oraz okreslenie stopni doktadnosci glownych elementow skiadowych zespotow mechanicznych odpowiedzialnych za ruch
posuwowy obrabiarki w celu poprawy niezawodnosci dokladnosci obrobki.

Stowa kluczowe: Obrabiarka; Blqd geometryczny; Rozklad doktadnosci; niezawodnosé doktadnosci obrobki;
Teoria uktadow wielomasowych.
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1. Introduction

Machining accuracy is critical for the quality and performance
of a mechanical product and is an important consideration for any
manufacturer. It is influenced by machining errors belonging to sev-
eral categories, e.g. geometric errors caused by mechanical-geometric
imperfections, misalignments, wear of the linkages and elements of
the machine tool structure, by the non-uniform thermal expansion
of the machine structure, and static/dynamic load induced errors [8].
Geometric errors include pitch errors of the lead screws, straightness
errors of the guide ways, angular errors of machine slides, and or-
thogonal error among machine axis [3]. Because its contribution to
30% of the total error so it is given special consideration through the
configuration and allocation of appropriate dimensional errors in the
design of machine tools with satisfactory machining accuracy [19].
Machine tools are usually made by several assembling parts, and the
dimensional and geometric variations of each part have to be specified
by tolerances which guarantee a certain level of quality in terms of
satisfying functional requirements [20]. A as a result, the distribution
of accuracy of machine tools is a problem of distribution of tolerances
of these geometric errors. However, this practice of allocation has not
been developed and applied in any systematic manner to the design
of machine tools.

To enhance the machining accuracy of CNC machine tools, there
are two steps included in the accuracy design. The first is accuracy
prediction, which refers to forecasting volumetric errors of machine
tools based upon the known accuracy for updated and maintained
parts, and then predict the machining accuracy of work piece. The
other is accuracy allocation, which is to obtain the accuracy of up-
dated and maintained parts from the preset total accuracy of machine
tools, and let the accuracy of parts reach optimal scheme [15]. Be-
fore accuracy distribution, a error modeling is crucial to maximize
the performance of machine tools, and robust and accurate volumetric
error modeling is also the first step to correct and compensate these
errors [5], therefore, a model explaining how individual error of the
components of a machine affect its volumetric accuracy is crucial to
the accuracy distribution approach and it is one aspect of importance
of this paper.

Geometric errors for each of the assembled parts and components
are random variables; the machining errors caused by such errors are
also random [40]. As a result, the dimensional and geometric varia-
tions for each error source are random and have to be specified by
variance (or standard deviation) and the probabilistic nature of the
errors produced on the dimensions of a manufactured part is taken
into consideration in this paper. Uncertainty in parameters such as
material, loading, geometry and the model exist in the process of
structural design and optimization, and it results from data shortage,
model simplification and human error [18]. Some of these errors can
be reduced by collecting more data, with a better understanding of the
problem and by implementing strict quality control; however, others
such as deviations due to random events cannot be reduced by the
above means [6]. To solve this problem, two main philosophies deal-
ing with the uncertain deviations exist: ‘Deterministic Structural Op-
timization’ (DSO) uses safety-factors to accomplish the safety, while
‘Reliability-Based Structural Optimization’ (RBSO) takes the random
character of the variables into consideration [27]. Reliability-based
design optimization simulates all the uncertain variables to the ran-
dom variables or random process and minimizes an objective function
under probabilistic constraints. The reliability of machine tool reflects
the ability to perform its specified functions under the stated condi-
tions for a given period of time and it is often studied by possibility
of failure [26], so accuracy distribution based on the reliability theory
can maintain and improve the level of quality in terms of satisfying
functional requirements while keeping the maximum tolerances of
these geometric errors. As a result, the development of a systematic

method to realize accuracy distribution of machine tool based on reli-
ability theory according to failure modes for improving machining
accuracy reliability is the second very important aspect of this paper.

The rest of this study is organized as follows: In Section 2, the
review of accuracy design of machine tool is given. Section 3 explains
the process of modeling machining tool geometric errors. Section 4
presents the proposed method to realize accuracy distribution of ma-
chine tool. A case study is accomplished as an example in Section 5.
The conclusions are presented in the last Section.

2. Accuracy Design of NC Machine Tool

2.1. Accuracy prediction

Up to present, there are many researches on the error modeling
technique to show the difference between the actual response of a
machine to a command issued according to the accepted protocol of
that machine’s operation and the response to that command antici-
pated by that protocol [9]. The development of modeling methods has
been experienced many years and it turns out to be various kinds such
as matrix translation method, error matrix method, rigid body kin-
ematic, D-H method, model methods based on the multi-body system
kinematics theory and so on. In 1973 Love and Scarr obtained the
combined effects of the elemental errors in the machine tool and then
developed the volumetric errors of a multi-axis machine by using the
trigonometric technique [25]. In 1977 a matrix translation method was
reported and a calibration technique using three-dimensional metrol-
ogy on a coordinate measuring machine (CMM) was presented by
Hocken et al. [13]. In 1981 Dufour and Groppetti reported the “error
matrix” method to obtain error predictions by interpolation between
the stored values [10]. In 1982 Portman used rigid body kinematics
to evolve an expression for the geometric error of a mechanism [30].
In 1991, Kiriden developed a general model to understand the effects
of component geometric errors on the kinematic chain of a machine
and the volumetric errors in the work space [21]. In 1993, they used
the D-H convention to develop kinematic models for three types of
machine. In 1995 a method based on direct consideration of the shape
and joint transformations was put forward by Srivastava et al. [33]. In
2007 Bohez et al. presented a new method to identify and compensate
the systematic errors in a multi-axis machine tool [1]. In recent years,
multi-body system (MBS) theory is used to generalize and provide
a unique systematic approach for its advantages such as stylization,
normalization, versatility, and ease for computer modeling [36]. There
are many investigators have carried out error modeling research for
complicated machinery system using MBS [41, 23, 44, 39], mainly
focus on designing and constructing a model to determine geomet-
ric error of machine tool and developing the key technique for com-
pensation-identifying geometric error parameters.[43, 17, 4, 7, 22, 2,
11] introduce the methods of geometric error compensation, thermal
error modeling, position error compensation, position-independent
geometric errors modeling, volumetric error modeling and sensitivity
analysis and establishing a product of exponential(POE) model for
geometric error integration.

2.2. Accuracy allocation

In earlier years, many researches focused their attention to obtain
the tolerance allocation on structural design. In 2005 Prabhaharan et
al. introduced a kind of metaheuristic approach as an optimization tool
for minimizing the critical dimension deviation and allocating the cost-
based optimal tolerances [29]. In 2006 Huang and Shiau obtained the
optimized tolerance allocation of a sliding vane rotary compressor’s
components for the required reliability with the minimum cost and
quality loss [16]. In 2007 Huang and Zhong established the sequential
linear optimization models based on the process capabilities to release
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the working tolerances, reduce manufacturing costs [14]. Siva Kumar
and Stalin [31] used Lagrange multiplier method to simultaneously
allocate both design and manufacturing tolerances based on mini-
mum total manufacturing cost. Isabel Gonzalez et al. [12] developed
a methodology to allow an automatic tolerance allocation capable of
minimizing manufacturing costs based on statistical approach. Muthu
et al. [28] used metaheuristic method to balance the manufacturing
cost and quality loss to achieve near optimal design and process tol-
erances simultaneously for minimum combined manufacturing cost
and quality loss over the life of the product. In 2010 K. Sivakumar, et
al proposed a novel multi-objective optimization method to enhance
the operations of the non-traditional algorithms and Multi-Objective
Particle Swarm Optimization and systematically distribute the toler-
ances among various the components of mechanical assemblies [32].
From the above literature, the previous researches on tolerance al-
location mainly focus on structural design taking manufacturing cost
or manufacturing process into consideration, besides, there are many
of accuracy allocation in the field of hull construction, robotics, mili-
tary application, and instruments [35, 24, 37, 42, 34]. However, works
on accuracy allocation of multi-axis machine tools are few. Reliabil-
ity is a specification to measure the ability of
machine tool to overcome a certain functions
and reliability sensitivity reflects the influence
of basic parameters to the possibility of failure,
so reliability theory plays an important role
in accuracy allocation of NC machine tools
by determining the levels for these geometric
parameter errors, what’s more, multi-axis NC
machine tools composed of various parts are
complex structures and so they have multiple
failure modes. In 1994 Dorndorf U proposed
an error allocation approach to optimize alloca-
tion of manufacturing and assembly tolerances
along with specifying the operating conditions
to determine the optimal level for these errors
so that the cost is minimized [9], it is regardless
of reliability sensitivity and the model is a two-
axis machine. In 2013 Yu proposed a geometric
error propagation model and reliability approx-
imately model to by response surface method
with error samples and improved the functions
of machine tools by optimization of the sensi-
tivity [40] with single failure model. As a result,
the continuous effort lies on accuracy allocation
of NC machine tools taking machining accuracy reliability and sensi-
tivity with multiple failure modes into consideration.

3. Error modeling of NC machine tool

There are two important aspects in this study: the first is the devel-
opment of a systematic approach to obtain geometric/kinematic errors
on the kinematic chain of a machine tool. Another aspect, considered
more important, is the proposing of the concept of machining accu-
racy reliability and the addressing a reliability and sensitivity analysis
method in the multiple failure modes to realize the distribution of the
standard deviation for the geometric errors.

A method called MBS is used to establish a machine tool geomet-
ric/kinematic error model showing the relation between the individual
error of the components of a machine, and its volumetric accuracy is
crucial to the allocation of standard deviation for the geometric pa-
rameter errors. In this paper, a 5-axis machine tool is used to analyze
geometric errors and the geometric/kinematic error model is devel-
oped. This XKH1600 five-axis machining center is designed for leaf
blade machining, configured as three linear axes X, Y, Z axes and two
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Fig. 1. The 3-dimension digital structure model of the NC machine tool
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Fig. 2. The coordinate system structure diagram

Table 1 Lower body array of five-axis NC machine tool

Jggiycj 2 3 4 5 6 7
L9) 1 2 3 4 5 6 7
L) 0 1 2 3 0 5 6
L2(j) 0 0 1 2 0 0 0
L3()) 0 0 0 1 0 0 0
L4(j) 0 0 0 0 0 0 0
15() 0 0 0 0 0 0 0
L5() 0 0 0 0 0 0 0

rotary axes A, B axis. The 3-dimension digital structure model of the
machine tool is shown in Figure 1.

Taking the error factors and coupling relations of the various parts
into consideration, based on the MBS theory, the five-axis machine
tool can be abstracted into a multi-body system. The coordinate sys-
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tem structure diagram is shown in Figure 2. The error model between
By and B revealed, when the displacement and the displacement
error are zero, O and O coincide, ¢y refers to the initial position
vector between O, ( B, ’s origin) and Oy ( B ’s origin), and e is the
position error vector, including load error and thermal error. Sy, is the
displacement vector between By and B;, and Sy, is the displacement
error vector, including geometric error and dynamic error. When there
is a displacement in one part or component of a machine tool, this
displacement is the position increment. The lower body array is listed
in Table 1.
T
Pt:[Ptx By Ptz 1j| (1)
The work-piece forming point in the work-piece coordinate system
coordinate is:

Pw:[wa Pwy B, 1:|T )

When the machine tool moves in ideal form, that means the ma-
chine tool is without error, the ideal forming function of tool forming
point in work-piece coordinate system is:

u=1

k=1
[k—n,gl(t):o TZ; (! (t)Tl:S,; () (t)} k= [u_n’}:{w)co TLIZ (wyr! (W)T LS (! (w)] Py
3)

In this paper, the ideal forming function of tool forming point of
this five-axis machine tool is:

-1
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Machining accuracy is determined by relative displacement error
between the tool forming point of machine and work-piece. During
the actual machining process, the actual position of cutting tool point
will inevitably deviate from the ideal location, which results in volu-
metric error. Table 2 lists the characteristic matrices of this 5-axis
CNC machining center, including body ideal static, motion character-

)’ Lk(t)Lk §0)

ror characteristic matrix (AT "k (k1 ATk k-1, )-As a result,
LOL @) rOr ()

istic matrix (T4 il ) and body static, kinematic er-

the comprehensive volumetric error caused by the gap between actual
point and ideal point in this paper can be written as:

u=>5

_ P N
E= 1 TL“(7)L“*‘(7)ATL“(7)L“*‘(7)TL“(7)L“*‘(7)A

S
Ty
u=n,[" (7)=O

P, -

In the above equation, the values and means of the expressions

such as Ty , ATgs , Tgs ATg% and so on can be obtained from Ta-
ble 2.

4. Accuracy allocation based on Reliability Theory

In Section 3, the development of a systematic approach to obtain
geometric/kinematic errors on the kinematic chain of a machine tool
has been finished. As a result, the concept of machining accuracy reli-
ability should be proposed, besides, a reliability and sensitivity analy-
sis method with multiple failure modes for improving machining ac-
curacy reliability to realize the geometric errors allocation should be
addressed.

4.1. The concept of Machining Accuracy Reliability and
AFOSM Theory

The reliability of structure reflects the ability to perform its speci-
fied functions under the stated conditions for a given period of time
and it is often studied by possibility of failure. In order to reflect the
ability of machine tools to reach the required machining accuracy,
machining accuracy reliability is proposed in this paper and can be
defined as possibility of fulfilling the specified machining accuracy,
expressed by the possibility of failure of machine accuracy. Besides,
the probabilistic nature of the errors produced on the dimensions of
a manufactured part is taken into consideration in this paper. In order
to develop an approach to obtain the machining accuracy reliability
and sensitivity of this five-axis machine tool, there is an assumption
that the errors produced on a dimension are drawn from a Gaussian
distribution. Our task of error allocation is therefore to determine the
optimal levels for these geometric parameter errors according to the
machining accuracy reliability. In order to overcome this task, Ad-
vanced First Order and Second Moment (AFOSM) theory is intro-
duced at first.

Supposing that there is a performance function Z = g(x,x,,...,%,)
, with some uncorrelated parameters x; ~ V' (“x,- Nej x[) , which are sub-
ject to random variation about their nominal values, let the functional
requirements be of the form Z=0 (limit state equation) which divides
the parameter space into two regions, one a failure domain can be
expressed as F ={T : g(x) < 0} and the other is the safe domain.

Supposing that there is a design point (the most possibility failure

point) P (x; ,x;, x*) in the failure domain, then g(xl* ,x;,...,x:) =0

is obtained and G; = g(xl,xz, . ,,) Z(—) x (0 — x:) can be de-

lla

veloped to represent the linear part as to Z = g(x,x,,...,x,) by Tay-

noo
lor, so the performance equation is Z(ﬁ)p* (x; — x;) =0.
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Table 2. Characteristic matrices of the 5-axis NC machining center

Body ideal static, motion characteristic matrix Body static, kinematic error characteristic matrix

adjacent P S P S
body Ty T ) AT ey M o @)
To1p = 14xa
* 1 _AYx ABx Axx
1 00 x
0-1 0100 AT = Ay, 1 -Ao, Ay,
. 0ls —
X axis Tots = Totsa) = 001 0 -AB, Ao, 1 Az,
0 0 0 1
00 0 1
1 0 AB. O
0 1 -Ao. 0
Tiop =1 ATy, = "
12P = {4x4 27 AR Aa, 10
1 1000 o 0 0 1
Z axis T~ =T = 0100
2=l = o 1 Al *Ale AABZ Ax,
- A
000 1 ATy, =| ¥ o O
S| -AB,  Aa, I Az
0 0 0 1
1 Ay, 00
A 1 —Ao 0
Ty3p = luxa ATy, = T ”
_ 0 Aay 10
cosB 0 sinB 0 g
2-3 0 | 0 0 0 0 0 1
B axis Tyro =
BT _sinB 0 cosB 0 b —Avp ABp A
0o 0 0 1 ATy, —| M8 1 A% Ay
My Aoy 1 Az
0 0 0 1
100 x4 1 Ay ABy Avy
01 0 yyu Ay, 1 -Ada,, Ay,
T. _ ATey = td td td
3-4 #7001 Z1d 34]) “MBy Aoy 1 Azyq
Tool 000 1 0 0 0 1
TEMS :[4><4 T34P :14><4
1 =Ay, 00
A 1 00
0 10
0-5 (1) (1) g 0 0 0 01
; y
Y axis Tysp = Lasa Tosy = 001 0 1 —A“{y Aﬁy A)Cy
A 1 —A Ay,
000 1 ATy, =| "1 %
-AB, Ao, 1 Az,
0 0 0 1
1 My By 0
Ay, 1 0 o
Tsep =1, ATsgp=|
156P0 4><40 ) "7l ap,, 0 1 o
5.6 A 0 0 0 1
A axis Te = 0 cosd —sind 0O 1 _A AB Ax
%5710 sind cosd 0 Va 4 ¢
0 0 0 1 AT565 _ AYa 1 7A0(a Aya
AB, Ao, 1 Az
0 0 0 1
10 0 xy L Ay ABuy  Axy
- 0 1 0 yy A 1 A0,y Ay,
67‘ T67p: 0 0 1 T67P:]4><4 AT67p_ Ywd wd Vivd
Work piece Zwd “AByg A0y 1 Az,
000 1 0 0 0 1

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VOL.17, No. 1, 2015 147




SCIENCE AND TECHNOLOGY

tivity coefficient, reflecting the influence of the random parameter x;

. 0} S
acting on the 9-,s0 o, = (a—g)p* 0,0 s and then the reliability in-
Xi

dex and the possibility of failure are obtained as follows[26]:

3 g
& _ E(,uxi i )(aX_i )p* (6)
o, o
(o
=D(-p) (7

Compare with machining accuracy reliability as a specification to
measure the ability of machine tool to overcome a certain functions,
machining accuracy sensitivity reflects the influence of basic param-
eters to the possibility of failure, which can be used for improving and
optimizing the basic parameters of machine tool. As a result, machin-
ing accuracy sensitivity plays an important role in determining the
levels for these geometric parameter errors. Based on the AFOSM
theory, the performance function Z = g(x;,x,,...,X,) can be changed:

4.2. An AFOSM Reliability and Sensitivity Analysis Method
with Multiple Failure Modes

Failure mode is critical to the reliability of any structure. The
number of limit state equations divides failure mode into two parts:
single failure mode and multiple failure modes. Single failure mode
which means that there is only one limit state equation in the whole
system or structure, in contract, multiple failure modes refers to mul-
tiple limit state equations in the system and its complexes lies in the
logical relationship, correlation coefficient and joint probability den-
sity of a system or a structure with multiple failure modes[38]. Ac-
cording to the logical relationship with the failure modes of a machine
tool, this machine tool has multiple failure modes and so it is a serial
system. As a result, this paper aims to the reliability and sensitivity
analysis of such serial system.

4.2.1.The Narrow Bounds Method

The narrow bounds is the main method used for the reliability
and sensitivity analysis of a serial system though it fails to obtain the
certain valves of reliability and sensitivity, as a result, it is used for
verification of the method introduced in this paper.

Supposing that there are “m” failure modes, the reliability P {F}

OP{F
and the reliability sensitivity {F
expressed as follows [9]: O

based on AFOSM Theory are

P{F}C[P{Fl}+2max[P{F} ZP{F ﬂF} 0], ZP{F} Zmax(j<z)P{F ﬂF 1]

Jj=1

cal ﬁ[f(ﬂ - (ﬁ J
O

X; Jj=2k=1

into the following equation at the design point P*(xl* ,x;,,..,x:) ,

* % * 1 6g *
g= g(xl ’x27'--axn)+2(67)p* (xi _xi)
i=1 i

Xi

n) 2(7)*)613 l:(ai)*a

Suppose ¢ = g(xik,x;,

i=1 a 6xi p
Then,
n
2(x) = G(x)=co+ 2 cx;
i=l
n
u o + ZC,-,UX[
p=Cd-__ =L
%¢ - 22
2 Py = ()
In this way, i=1 and ~/ are ob-
tained.

From the following equations, the reliability sensitivity can be
obtained as follows:

ory 0Py op cfo ﬁ,ugexp[
do,, 0P do,

\/277:ch

(“G) 18)

( D]+ z Z[(S)T k[(l)T ((4),[ s (4)C

i=l1 i=2 (9)

+ Oy gy 4 Py O, ) (10)

) ) F. . .
In the above expressions, £ and 7 are the events of failing with

: Z; .- .
respect to the Zi and '/ condition respectively.

P(F) = d)(—ﬁ,-)q)(—ﬁj_ipi"fi) , P(F)= (I)(—ﬂj)q)(_Lpijfj)’
~Pi 1= pj

_ 4;9,Cov(g;,8;)
pij = M W B; and B; are the reliability indices with

respect to the ith and jth failure conditions respectively, and p;; is
the correlation between the two failure conditions, ¢; is positive when
7Z>0 and is negative when Z<0.

2 4 5
¢ )Z.»IO'X_ :( )é;ax_ +( )gcrx ’

o =9(-B)=— (ﬂ,)CD( i)+ (- ) j (1 )P(=P;)

O =B (CPODE,0+ ()=~ (v )OO f)
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cot+ D cu
9B, :( E X] .
do,, [z 2o P2
17X
i=l

_Bi- ﬁ,py

\/1 p,j

_ﬁ B;pij

\/1 pu’

Tk Vo tp <0’
@, _J0 =0
Tjk 1 T/»k < 0 bl
1 2
O+ @, =1
G, - 1 if‘Pfjk =max(k < /)P
s 0 otherwise
(O L if OE)D(-u ) 2 (L)@ (—v )
s 0  otherwise
©, )1 PERIPEY) > PER D)
s 0  otherwise
e+ (S)Tjk =1

4.2.2. A Method for Reliability and Sensitivity Analysis with Multi-
ple Failure Modes

For the failure to obtain the certain valves of the reliability and
sensitivity by the narrow bounds, a method used for reliability and
sensitivity analysis with multiple failure modes was introduced in this
paper and the solution procedure roughly follows the approach devel-
oped by[38].

Given that there are multiple failure modes in a system, the
calculation of its possibility of failure is to obtain the integration of a
multidimensional normal joint distribution. As a result, the possibil-
ity of failure of a serial structure with multiple failure modes is given
by:

“m”

Py =P F; <0=1-0Bip)=1-[ [P [ g, (1 pXmy...dm,,

i=1

(11

As to a general serial system, the possibility of failure can be
expressed as follows:

P{F} = P{(F <O J(F <0U.. U@, <0)} (12)

In order to calculate the equation (12), the correlation coef-
ficient is proposed to show the correlation with multiple failure
modes. If there are two failure modes, the possibility of failure can
be expressed as follows:

P{F,} =(RJF,) = P(R)+ P(F)) - P(F(\F,) = P(F) + P(Fy) — P(FFy)

(13)

the correla-

As a result,

Supposing  P(FiF,)=a;,P(F), @ s

tion coefficient of these two failure modes.

P{Fy} = P(R) + P(Fy) —oya P(F) = P(F) + (1 -app) P(F;) and the
possibility of failure with three failure modes can be given by:

P(Fp3) = P(RURUF) = P(R,UFR)

14
= P(Fp) + P(F3) — oy p3P(F3) = P(Fpp) + (1 — ay3) P(F3) o

In a similar way, the possibility of failure with “m” multiple fail-
ure modes in a serial system can be obtained by:

P(F)=P(Fy_ )+ =y n)P(F,)

15
= P(F) + (- o) P(Fy) + (1 - o13) P(F3) + ...+ (1 — gy ) P(F,) (9
“B.+p. Y,
In the equation (15), aij:q)( fz+plj J ).
Vi=pir B+ )
o o(=B;)
So-p)

Up to now, the possibility of failure with “m” multiple failure
modes is obtained and the next work is to focus attention on the cal-
culation of reliability sensitivity. For lack of space, a description of
the complete theoretical analysis is avoided and only a conceptual
description and important results are given.

) DD (1) LD (22 11— )22
O . O . x; X; X;

M 1 1 1 1 (16)
(- P(F3))aa123 S m)a ) +(=P(F, ))a"‘12 m

In the equation (16), ag(Fi) can be obtain by equation(8) and
;
oa; oB;; '
7. PB5s ! E =YER ),
0 oY ; B+ p; Y 0= ;
'Bti, 1 aﬁ’+pi, Iyy Bi p!/] 220,
\/1 _sz o, do,, 2 do,,
2(1_P1] ])

Establish the machining accuracy reliability limit state equations of
machining accuracy of machine tool in the multiple failure modes

parameter errors according to design requirements

v

“m"” points in the machine coordinate system |

v

| Determine the initial values of &, the whole geometric ‘

| Choose

Caleulate the reliability index f,(ffand the probability of failure £, (fof
every limit state equation according to equation (6),(7) aim to every point t

'

Calculate the reliability index #(r)and the probability of failure F, (1) with
multiple failure modes according to equation (15) aim to this poeint t

Improve the geometric parameter
error which has the maximum
reliability sensitivity

Conduct the reliability sensitivity analysis as
to this point according to the equation(8),(16

3 B0 ,max P,(r) ,min S(6) ?
LT Select the point which has the
i maximum probability of failure
_— -‘]_'_‘:.—‘-—-..__‘____ T
——max P,()< P,_ and =¥ P (t)<Pp_———
— m o —

. 1 1
Lalculatem Z A, =

No

Yes
| Over |

Fig. 3. The flowchart of method for geometric accuracy allocation of multi-axis ma-

chine tool for improving machining accuracy reliability
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ar;  —d(-B)BH(-B;)+d (-B;) B
ao—x,- - ‘Dz(*ﬂj) ao—x,- '

O ; oY ; op
L oYy, -pg)—L vy .=2F2
Yy =B) s

E=[Ey,Ey,E,] (17)

In this paper, the machining accuracy reliability limit state equa-
tions of the machine tool are subject to the expression as follows:

do,, J do,,
In order to develop an approach to distribute this five-axis ma- hy<Ec¢<hy
chine tool on machining accuracy, the method used for the machin- l)1 SEy <l (18)
ing accuracy reliability and sensitivity with multiple failure modes is Ly <E; <l

introduced in this paper and the calculation of the reliability and reli-
ability sensitivity is developed in MatLab software. Besides, the proc-
ess of this accuracy distribution method in this paper can be shown
in Figure 3.

5. Case Study

In the preceding section, a method of geometric accuracy design
of multi-axis machine tool for improving machining accuracy reli-
ability was introduced and a machining accuracy reliability model
and a sensitivity model with multiple failure modes based on AFOSM
theory were established. Previous to it, a method for relating the volu-
metric accuracy of a machine to the errors on individual links and

From the equation (18), it is not difficult to notice that this ma-
chine tool has 26 failure modes in total, including 6 single failure
modes, 12 double failure modes and 8 triple failure modes.

One of important aspect of the design requirements of such ma-
chine tool is that the probability of failure of position error less than
0.03mm should be no more than 5%. According to “Test code for
machine tools- Part 1: Geometric accuracy of machines operating
under no-load or finishing conditions” and “Test code for machine
tools-Part 2: Determination of accuracy and repeatability of position-
ing numerically controlled axes”, the values of geometric parameter
errors of five-axis NC machine tool were set initially and were shown

joints in its kinematic chain was described and the error model can be in Table 3.

expressed by the form:

Table 3. Initial values of geometric parameter errors of five-axis NC machine tool (mm)

Number i 1 2 3 4 5 6 7 8
Parameter Ax, Ay, Az, Ao, AB, AYy Ax, Ayy,
0.0037/ 0.0037/ 0.0037/

Value 0.0065 0.0065 0.0065 1000 1000 1000 0.007 0.007
Number i 9 10 11 12 13 14 15 16
Parameter Az, Ao, AB,, Ay, Ax, Ay, Ax, Ax,

0.0028/ 0.0028/ 0.0028/ 0.0028/

Value 0.007 1000 1000 1000 0.007 0.007 0.007 1000
Number i 17 18 19 20 21 22 23 24
Parameter AR Ay, Axy Ayy Az, Aoy ABy Ay 4

0.0028/ 0.0028/ 0.0061/ 0.0061/ 0.0061/

Value 1000 1000 0.0058 0.0058 0.0058 1000 1000 1000
Number i 25 26 27 28 29 30 31 32
Parameter Axp Ayp Azp Aoy ABg Avp AV AB,.

0.0049/ 0.0049/ 0.0049/ 0.0037/ 0.0037/

Value 0.0068 0.0068 0.0068 1000 1000 1000 500 500
Number i 33 34 35 36 37
Parameter Ao, AY AB, AYyp Ay,

Value 0.0037/ 0.011/ 0.011/ 0.011/ 0.011/

500 300 300 300 300
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In order to improve the machining accuracy reliability of this five-
axis NC machine tool, the models based on AFOSM theory addressed
in section 4 was used. The process was divided into two steps: one
was to determine some points by orthogonal sampling method in the
X-, Y- plane of this machine tool to obtain the reliability, and the other
was to realize accuracy allocation of all the geometric parameter er-
rors of this machine tool. Five points 50, 225, 275, 325, 500 were
chosen in X-axis and —225, —50, 0, 50, 225 were selected in Y-axis, as
a result, there were 25 points in X-,Y- plane. The machining accuracy
reliability model for accuracy allocation of machine tool addressed in
this paper used to optimize errors was given by the expression (15),
and its process of calculation was operated in the MatLab environ-
ment. According to the constraint conditions, if max P () > 5% or

m
iZPf (¢) > 3% , max P, (¢) was obtained and chosen to calculate
my—
omax Pr(?)
oo

Xi

to determine the geometric parameter error to be im-

proved. This process was over until maxPr(f) < Pgma and
1 m
;Z‘ipf(t) < Plmean. In this expression, /11, li5. 13, by, by, 3 were

obtained though putting the vector of each point into the equation (5)
and o, should be no more than the initial valves shown in Table 3. In
order to verify the effectiveness of the method introduced in this pa-
per, the possibility of failure of this machine tool based on the narrow
bounds method was also calculated. The values of the possibility of
failure of machining accuracy before improvement were acquired and
shown in Table 4.

M : max Pr(r), max M
X
S. t. T ZWSE <y
by <Ey<lyp
L <E; <y

0<o,, <initial values

Table 4. Values of the possibility of failure of machining accuracy before
improvement

Narrow bounds The method in this paper

Vector of point i

method Reliability Possibility of
index failure
(50, 225) [0.0961,0.1132] 1.236 0.1079
(50,50) [0.0689,0.0821] 1.427 0.0766
(50.0) [0.0531,0.0598] 1.578 0.0572
(50,-50) [0.0689,0.0821] 1.427 0.0766
(50,-225) [0.0961,0.1132] 1.236 0.1079
(225, 225) [0.0997,0.1124] 1.234 0.1083
(225,50) [0.0689,0.0821] 1.426 0.0766
(225,0) [0.0531,0.0598] 1.578 0.0572
(225,-50) [0.0689,0.0821] 1.426 0.0766
(225, -225) [0.0997,0.1124] 1.234 0.1083
(275, 225) [0.0997,0.1124] 1.233 0.1083
(275,50) [0.0689,0.0821] 1.426 0.0766
(275,0) [0.0556,0.0606] 1.576 0.0575
(275,-50) [0.0689,0.0821] 1.426 0.0766
(275,-225) [0.0997,0.1124] 1.233 0.1083
(325, 225) [0.1042,0.1134] 1.231 0.1088
(325,50) [0.0689,0.0821] 1.421 0.0772
(325,0) [0.0556,0.0606] 1.576 0.0575
(325,-50) [0.0689,0.0821] 1.421 0.0772
(325, -225) [0.1042,0.1134] 1.231 0.1088
(500, 225) [0.1042,0.1134] 1.231 0.1088
(500,50) [0.0668,0.0792] 1.421 0.0772
(500,0) [0.0567,0.0605] 1.564 0.0584
(500,-50) [0.0668,0.0792] 1.421 0.0772
(500, -225) [0.1042,0.1134] 1.231 0.1088
Mean value 1.378 0.0856

1 m
—> Pr()<3%
M1
max Pr(1) <5% 10
8 4
It is not difficult to notice that there are two 6 |

important points in Table 4: one is that the meth-
od developed in this paper is verified because
the values of possibility of failure calculated by
such method are in the intervals obtained ac-
cording to the narrow bounds method, and the

P ST & R = A P
ey gt

other is that the initial values of the reliability
of this machine tool failed to satisfy the design
requirement (no more than 5% and 3% respec-
tively). As a result, it is necessary to reallocate
the initial values of geometric parameter errors
in Table 3 according to the sensitivities of such
errors shown in Figure 4. In order to satisfy the
design requirement five times improvements have been developed.
From the Figure 4 to Figure 8 we can learn that geometric parameter
errors AB,., Aa,., Aa, Ay, AB, have the largest values of reli-
ability sensitivity and have been improved as the changing objects in
turn as a result, besides, the machine accuracy reliability (expressed
by possibility of failure) with these five improvements have been cal-

Reliability sensitivity/#1000

T 9 11 13 15 17 19 21 23 25 27 29 131

Point No.

Fig. 4. Initial values of the reliability sensitivity of geometric parameter errors

culated as shown in Table 5. It suggests that the whole process of ac-
curacy distribution have been finished after the forth improvements.
Figure 9 illustrates the relation between the probability of fail-
ure and each improvement, it is clear that each improvement leads
to a decrease in the maximum values and mean values of possibility
of failure and such decrease becomes very tight after a certain im-
provement. Figure 10 illustrates the relation between the reliability
sensitivity of geometric parameter errors improved and each improve-
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Reliability

sensitivity/#1000
= (8- —_— {=2] =] E

Reliability

sensitivity/#1000
(=] [ X} . =] (= -]

Reliability

sensitivity/#1000
(=3 b . =] (= -]

Reliability
sensitivity/®1000

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

Point No.

Fig. 5. Reliability sensitivity of geometric parameter errors after the first improvement

1. & & T+ @ 1

13 15 A7 19 21 23 26 27 29 31 33 &8b &7
Point No.

Fig. 6. Reliability sensitivity of geometric parameter errors after the second improvement

10

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 &7

Point No.

Fig. 7. Reliability sensitivity of geometric parameter errors after the third improvement

10

1 3 5 7 9 11 13 15 17 18 21 23 25 27 29 31 33 35 37

Point No.

Fig. 8. Reliability sensitivity of geometric parameter errors after the fourth improvement

cause the aim of each improvement is to reduce
or eliminate the largest reliability sensitivity of
geometric parameter errors. Figure 11 illustrates
that the values of reliability sensitivity of geo-
metric parameter errors unimproved change in a
small scope, which means that these errors have
smaller sensitivity to the reliability of machine
tool in this machining case.

Conclusions

Different geometric errors have varying in-
fluence on accuracy of the machine tools. The
main emphasis of this research is to develop a
generalized method to obtain an optimal o; of
each geometric error under certain machine ac-
curacy design requirements. For machine accu-
racy reliability can be as a specification to meas-
ure the ability of machine tools to overcome a
certain functions and reliability sensitivity can
reflect the influence of basic parameters to the
possibility of failure, which can be used for im-
proving and optimizing the basic parameters of
machine tools, the accuracy distribution of ma-
chine tools for improving the machine accuracy
reliability was a process of optimizing or real-
locating o; of each geometric error by taking
reliability as a measure of the ability of machine
tool and taking reliability sensitivity as a refer-
ence of optimizing the basic parameters of ma-
chine tools to design a machine tool.

In order to realize the distribution of o, of
each geometric error, a generalized machine ac-
curacy reliability model and a sensitivity model
for accuracy distribution of machine tools with
multiple failure modes are developed here.
Based on such models, the optimal o; of each
geometric error can be obtained for improving
accuracy of machine tools. This study contains:

(1) A comprehensive volumetric model ex-
plains how individual errors in the components
of a machine affect its volumetric accuracy (the
coupling relationship). This was established by
MBS theory, which shows the geometric struc-
ture, the change of comparative position and
orientation, and the geometric errors.

(2) The definition of machine accuracy re-
liability of machine tool was given .Because
it can reflect the ability to perform its speci-
fied functions and machine accuracy sensitivity
can be used for optimizing the basic parameters
of machine tools, accuracy distribution based on
the reliability theory can improve the level of
machining accuracy in terms of satisfying de-
sign requirements such as machining accuracy
reliability while keeping the maximum toler-
ances of these geometric errors. As a result, the
development of a systematic method to realize
accuracy distribution of machine tool based on
reliability theory according to failure modes is
the second very important aspect of this paper.

(3) In order to use the systematic method to
realize accuracy distribution of machine tool, a

ment. As expected, with each improvement, the gaps among reliabil-
ity sensitivity of geometric parameter errors improved decreased be-

reliability theory called advanced first order and
second moment (AFOSM) theory was introduced to obtain the reli-
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Table 5. Improved values of errors and possibility of failure in different improvements

. The second The third The forth The fifth
The first im- . . X .
Improve— Improve— Improve— Improve—
provement
ment ment ment ment
Improved object AB,. Aay, Ao, AYy AB
i/':ltl'f; 0.0037/500 | 0.0037/500 | 0.0037/1000 | 0.0028/1000 | 0.0037/1000
Parameter
errors | d
m\ZrI‘;‘;e 0.003/500 | 0.003/500 | 0.003/1000 | 0.002/1000 | 0.003/1000
mf/’glr::m 8.96% 7.32% 5.89% 457% 3.95%
Possibility
of failure M
ean 7.36% 5.53% 4.25% 2.79% 2.43%
value

3, 00%

7
6
5, 00%
1
3
2, 00%

Possibility of failure

4, 00% -

2 3

Twprovement ith

3]

BMaxinum value
Bjjean value

Fig. 9. Tendency of the maximum values and mean values of possibility of failure with different improve-

ments

—

Reliability
sensitivity/*1000

O R WE OIS =000 o

Reliability
sensitivity/#1000

Fig. 11.

2 3

Before improvement ith

o

2 3

Iwprovement ith

BError32
BError33
OError10
BErrort

BEryors

. Tendency of the reliability sensitivity of geometric parameter errors improved

BErrorl

BErrorld
DErrorl?
DError2d
BErrord7

Tendency of the reliability sensitivity of geometric parameter errors unimproved

ability and sensitivity with single failure mode.
Besides, the multiple failure modes based on
AFOSM theory were studied and the model of
reliability and the model of sensitivity of a se-
rial system with multiple failure modes were
established.

(4) Based on the previous theoretical re-
search, a case study example for a five-axis
machine tool was used to demonstrate the ef-
fectiveness of this method. Each geometric er-
ror under certain accuracy design requirements
was optimized. Accuracy grades of main feed-
ing components of mechanical assemblies were
also specified.

Despite the progress, a number of issues
need to be further investigated to improve the
method proposed here: the proposed method is
developed on the premise that the volumetric
machining accuracy is influenced only geomet-
ric errors, however, thermal errors and dynamic
errors as other main errors can arise as a result
of joint interface deformation between machine
tool structural components and contribute to
volumetric machining accuracy. As a result, the
development of a method of accuracy allocation
of machine tool for improving machining ac-
curacy reliability while considering such errors
would be a focus of future research.
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Appendix Nomenclature

Ayp = Y direction run-out error
Ax, = Positioning error Azp = Z direction run-out error
Ay, = Y direction of straightness error Aoz = Around the X axis turning error
Az, = Z direction of straightness error ABz = Turning error
Ao, = Rolling error . .
* ) J Ayp = Around the Z axis turning error
AB, = Britain swing error o
Ax, = Xdirection run-out error
Ay, = Yaw error
. . . Ay, = Y direction run-out error
Ax, =X direction of straightness error
_ s Az, = Z direction run-out error
Ay, = Positioning error
Az, = Zdirection of straightness error Ao,y = Turning error
Ao, = Rolling error AB, = Around the Y axis turning error
AB, = Britain swing error Ay, = Around the 7 axis turning error
Ay, = Yaw error Ay,, = X, Y -axis perpendicularity error
Ax, = Xdirection of straightness error AB,. = X.Z -axis perpendicularity error
A = Y direction of straightness error . . .
)z & Ao, =Y, Z -axis perpendicularity error
Az = Positioning error . . .
z & Ay,, = B,X-axis parallelism error in XY plane
Ao, = Rolling error . . .
: £ Aoy, = B, Z-axis parallelism error in ZY plane
A = Britain swing error . . .
B g AY., = A, Y-axis perpendicularity error
Ay, = Yaw error AB,, = A, Z-axis perpendicularity error
Axp = Xdirection run-out error
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RELIABILITY ANALYSIS METHOD OF SAFETY-CRITICAL AVIONICS SYSTEM
BASED ON DYNAMIC FAULT TREE UNDER FUZZY UNCERTAINTY

SPOSOB ANALIZY NIEZAWODNOSCI KRYTYCZNYCH DLA BEZPIECZENSTWA
SYSTEMOW ELEKTRONIKI LOTNICZEJ OPARTY NA METODZIE DYNAMICZNEGO

DRZEWA BLEDOW W WARUNKACH ROZMYTEJ NIEPEWNOSCI

A safety-critical avionics system has to qualify the performance related requirements and the safety-related requirements simulta-
neously. This paper presents a comprehensive study on the reliability analysis method for safety-critical avionics system by using
dynamic fault tree approach based on Markov chain. The reliability models were constructed applying dynamic fault tree (DFT)
modeling method according to deeply analysis of the typical failure modes, causes and influence of the safety-critical avionics
system by considering the aspect of repairable feature and redundancy. Taking into account the both failure phenomenon of safety-
critical avionics system and many uncertainties exist in the fault status and fault reasons, fuzzy sets theory is introduced into dy-
namic fault tree method. Specifically, it adopts expert elicitation and fuzzy set theory to evaluate the failure rates of the basic events
for safety-critical avionics system. Furthermore, the fuzzy dynamic fault tree analysis method for safety-critical avionics system
based on the consecutive parameter Markov chain is proposed. The modularization design was utilized to divide the dynamic fault
trees into static and dynamic sub-trees. The static tree was solved by binary decision diagram (BDD) and the dynamic tree was
solved by Markov chain method. The results show that the proposed method is more flexible and adaptive than conventional fault
tree analysis for fault diagnosis and reliability estimation of safety-critical avionics system.

Keywords: safety-critical avionics system, dynamic fault tree, Markov chain, Fuzzy Uncertainty.

Krytyczne dla bezpieczenstwa ukiady elektroniki lotniczej (awioniki) muszq jednoczesnie spelniac zarowno wymogi eksploatacyj-
ne jak i wymagania zwigzane z bezpieczenstwem. W niniejszej pracy przedstawiono kompleksowe opracowanie dotyczgce metody
analizy niezawodnosci krytycznych dla bezpieczenstwa systemow awioniki wykorzystujgcej opartg na tancuchu Markowa meto-
de dynamicznego drzewa bledow. Modele niezawodnosci konstruowano z zastosowaniem metody dynamicznego drzewa bledow
zgodnie z przeprowadzong doktadng analizq typowych przyczyn uszkodzen oraz czynnikow wphwajgcych na systemy elektroniki
lotniczej, z uwzglednieniem aspektu naprawialnosci i nadmiarowosci. Biorgc pod uwage, ze zarowno ze zjawiskiem uszkodzenia
krytycznego dla bezpieczenstwa systemu awioniki jak i ze stanem awarii i przyczynami bledow wigze sie wiele niepewnosci, meto-
de dynamicznego drzewa bledow poszerzono o teorig zbiorow rozmytych. W szczegolnosci, zaproponowana metoda wykorzystuje
oceng eksperckq oraz teorig zbiorow rozmytych do oceny intensywnosci uszkodzen dla podstawowych zdarzen zachodzqcych w
krytycznych dla bezpieczenstwa systemach elektroniki lotniczej. Ponadto zaproponowano metode analizy krytycznych dla bezpie-
czenstwa systemow awioniki wykorzystujqcq teorie rozmytych dynamicznych drzew bledow opartq na markowowskim tarncuchu
nastepujgcych po sobie parametrow. Budowe modutowq wykorzystano do podziatu dynamicznych drzew bledow na poddrzewa
statyczne i dynamiczne. Drzewa statyczne rozwigzywano za pomocq binarnego schematu decyzyjnego (BDD) a drzewa dynamicz-
ne —metodq tancuchow Markowa. Wyniki pokazujq, Ze proponowana metoda diagnozowania bledow i oceny niezawodnosci kry-
tycznych dla bezpieczenstwa systemow elektroniki lotniczej jest bardziej elastyczna i tatwiejsza do adaptacji niz konwencjonalna
analiza drzewa bledow.

Stowa kluczowe: krytyczne dla bezpieczenstwa uklady elektroniki lotniczej, dynamiczne drzewo bledow, tan-
cuch Markowa, niepewnos¢ rozmyta.

1. Introduction

Over the past several decades, reliability has been a critical issue
in many embedded applications in aerospace, aircraft, road vehicles,
railways, nuclear systems, and implanted devices because the failure
of a safety-critical system may cause catastrophic damage or loss of
life [19].With the increased concerns on reliability in safety-critical
system, the requirements to improve system efficiency and reliability
have become even more stringent. Modern safety-critical systems for
avionics(SCAS) utilize not only an increasing amount of sophisticated
software but also a software embedded hardware to process the large

amount of data needed to control avionic systems and monitor their
current status [4, 15]. Avionics safety is considered at the system level
and has no important implications when considered separately with
regard to software and hardware [14]. For fast technology innovation,
the performance of key equipment in the safety-critical systems for
avionics has been greatly improved with the wide application of high
technology on one hand, but, on the other hand, its complexity of
technology and structure increasing significantly raise challenges in
system reliability analysis and evaluation. These challenges are dis-
played as follows [6, 16, 22]. (1) Lack of sufficient fault data: Obtain-
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ing enough failure data is time-consuming, and may be impossible
for highly reliable systems. Some component state of safety-critical
systems for avionics is get worsening rather than instantaneous failure
in the early life cycle, so it is very difficult to obtain mass original pa-
rameters (such as the failure rate, repair rate) of the equipment which
need lots of case studies in practice due to some reasons. One reason
is the imprecise knowledge in an early stage of new product design.
The other factor is the changes of the environmental conditions which
may cause that the historical fault data can not represent the future
failure behaviors. (2) Failure dependency of components: safety-
critical systems for avionics adopts many redundancy units and fault
tolerance techniques to improve its reliability, the failure or malfunc-
tion of software can be due to interactions with hardware. Addition-
ally, software and hardware domains have mutual influence on each
other during aviation system development and the system equipment
can not carry out the necessary maintenance during operation. So, the
behaviors of components in the system and their interactions, such as
failure priority, sequentially dependent failures, functional dependent
failures, and dynamic redundancy management, should be taken into
consideration. (3) High levels of fuzzy uncertainty: it is usually oper-
ated in the harsh environment for a long-term and is greatly affected
by the measurement error, human, and operational malfunctions that
may lead to hazardous incidents of safety-critical systems for avion-
ics. It is difficult to give a precise estimation of reliability character-
istic values, especially for the system with very low failure rates or
new parts, For example, it is common for experts to say that ‘there
is a low possibility that the component A fails’ rather than the prob-
ability of failure of the component A is ‘1.2E—5".These terms can be
quantified with the use of membership functions of the corresponding
fuzzy sets.

Fault tree analysis (FTA) is a systematic approach to estimate
safety and reliability of a complex system, qualitatively as well as
quantitatively. It is a logical and diagrammatic method for evaluating
the possibility of an accident resulting from combinations of failure
events. However, in traditional FTA, the failure probabilities of the
basic events (BEs) are expressed by exact values, has been found to be
inadequate to deal with these challenges mentioned above. And this
makes quantitative analysis of a fault tree of a system questionable by
conventional methods [3]. In order to handle subjective factors and
nonlinear characteristics, inherent in the importance identification for
a fault tree in the reliability analysis, many conscientious researchers
have taken the fuzzy uncertain situations into consideration. Fuzzy
set theory has been proven to be effective on solving problems where
there are no sharp boundaries and precise values, while it is also ef-
ficient. The pioneering work on fuzzy fault tree analysis (fuzzy FTA)
belongs to Tanaka et al. [4-5], who treated imprecise probabilities
of basic events as trapezoidal fuzzy numbers and defined an index
function analogous to the importance measure for ranking the effec-
tiveness of each basic event. Since then, there have been a number of
approaches where the technology of fuzzy sets was used to evaluate
system reliability. For example, Ding et al. proposed a membership
function of fuzzy numbers to represent a sub-system state to assess
the reliability of multi-state weighted k-out-of-n systems [22].In Gar-
gama and Chaturvedi, the membership functions of fuzzy numbers are
used to represent linguistic variables and a defuzzification technique
has been used to generate a crisp score for prioritize failure modes
to overcome the limitation of the traditional FMEA[5,15].However,
these approaches use the static fault tree to model the system fault
behaviors and cannot cope with challenge (2). Dynamic fault tree
analysis has been introduced [1, 6, 7, 13], which takes into account
not only the combination of failure events but also the order in which
they occur. Rongxing Duan [17] analysed the dependability of data
communication systems with on-demand and active failure modes us-
ing dynamic fault tree and solved it to get some reliability results by
equivalent Bayesian network (BN) model. However, this is an ap-

proximate solution and requires huge memory resources to obtain the
joint probability distribution accurately. Furthermore, the reliability
parameters by dynamic fault tree are mapped into equivalent BN cal-
culation is complex. Some innovative algorithm has been introduced
to reduce the dimension of conditional probability tables by an order
of magnitude. However, this method cannot perform probability up-
dating. Montaniet et al. proposed a translation of the dynamic fault
tree into a dynamic Bayesian network (DBN) [16]. The DBN model
is essentially applicable to Markov processes and the result of the cal-
culation gives the approximated probabilities, but the method can not
solve the differential equation. In order to solve a larger dynamic fault
tree, a Markov state transition method was proposed for the reliability
analysis of dynamic fault tree in [18]. They converted dynamic logic
gates to Markov chain and calculated the reliability results by a stand-
ard formula of DFT based on the consecutive parameter Markov chain
[21]. Markov state transition method can clearly describe the dynamic
characteristics of system reliability and describe each state change
process in reliability analysis under fault condition [2].

On the basis of the discussed notions, we attempted to conceptual-
ize and articulate the design process of safety-Critical avionics system
for achieving both performance-and reliability-related requirements
by utilizing the fuzzy set and dynamic fault tree. A reliability analysis
method is proposed in this paper, it pays special attention to meet
the above three challenges. We adopt expert elicitation and fuzzy
set theory to deal with insufficient fault data and uncertainty prob-
lem by treating the failure rates as fuzzy numbers without the need
to engage basic event failure probability distribution. The reliability
models were constructed applying dynamic fault tree (DFT) modeling
method according to deeply analysis the typical failure modes, causes
and influence of the safety-Critical avionics system. In addition, the
modularization design was utilized to divide the dynamic fault trees
into static and dynamic sub-trees. The dynamic fault tree model can
capture the dynamic behaviors of safety-Critical avionics system
failure mechanisms. The static tree was solved with binary decision
diagram (BDD) and the dynamic tree was solved with Markov chain
method in order to avoid the aforementioned problems.

The purpose of this study is to involve dynamic analysis into the
traditional static methods using fuzzy set and dynamic fault tree for
the SCAS reliability analysis, as well make Markov models more ef-
ficient for the users. After the introduction, the rest of the paper is
organized as follows. Section 2 provides a brief introduction on SCAS
and its dynamic fault tree model. Section 3 describes estimation of
failure rates for the basic events. Section 4 presents a novel dynamic
fault tree solution in which the modularization design was utilized to
divide the dynamic fault trees into static and dynamic sub-trees. The
outcomes of the research and future research recommendations are
presented in the final section.

2. Construction of SCAS Dynamic fault tree

SCAS is a complex system consists of many key components,
such as Vehicle Management system (VMS), Crew Station (CS),
Mission&System Management (MSM), Local Path Generation (LPG),
Scene & Obstacle Following (SOF), Among them VMS are responsible
for the aircraft fuselage control. In addition, it also performs the most
important task such as common System management& control. CS
can provide necessary flight information for pilot, MSM implements
resource sharing by the users of a real-time computer system. In order
to improve the reliability of SCAS, it adopts redundancy technique
to ensure higher reliability. For example, the hardware redundancy
technique is adopted in designing VMS, CS, MSM, LPG and SOF.
High coupling degree together with complicated logic relationships
exists between these modules. So, the behaviors of components in
these modules and their interactions, such as failure priority, sequen-
tially dependent failures, functional-dependent failures, and dynamic
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System failure

failure data collected from avionic system oper-
ating experiences. In this paper, the component
failure rate is defined by seven linguistic val-
ues, that is, very high(VH), high(H), reasonably
high(RH),moderate(M), reasonably low(RL),

MSM failure

low(L), and very low(VL).For example, very
low failure possibility can be used to represent

‘ WS fee | ‘ Shihee | ‘ _ | _ e ‘ components which are rigid and very unlikely
| | | to be failure even once. This set of qualitative

‘ SEQ ‘ HP | ‘ L'HP_‘ ' P."L\']:} } FDEP ‘ linguistic values(UH) can be expressed as[8]:

[ | e UH ={h|i=1,2,..,7} ={VL,L,RL,M ,RH ,H ,VH }

| :_\.-b 3 | CPU1 ‘ CPU2 The fuzzy sets represent qualitative basic

failure

failure event failure possibilities defined in the [0, 1]

universe of discourse. Seven membership func-

csp ‘ tions of triangular fuzzy numbers have been
I

Fig. 1. DFT of SCAS

redundancy management, should be taken into consideration. Obvi-
ously, traditional static fault tree is unsuitable to model these dynamic
fault behaviors. So, we use the dynamic fault tree model to capture the
dynamic behavior of system failure mechanisms such as sequence-
dependent events, spares and dynamic redundancy management, and
priorities of failure events. A DFT is a stochastic technique for the
reliability analysis, suitable to model systems characterized by time-
dependent logics. By adding new gates to static (regular) Fault Trees,
Dynamic Fault Trees aim to take into account dependencies among
events (which typically exist in systems with spare components).

By analysis on the structure and principle of avionics system, we
can found that (1) SCAS consists of five function modules, shown as
“or” gate, for each module, when a hardware failure or a main soft-
ware and backup software fault, then the system fault is announced.
(2) There are two processing unit in the VMS and MSM subsystem,
especially , in the VMS , H1 is a master component, another group of
H2 as a spare unit, each set of equipment containing 3 monomer, if
3 channel main system components in the 2 failure, the main system
fault is announced; in MSM subsystem, It simply detects the failure
order and fails just in one case (failure occurs if CPUI1 fails before
CPU2,but CPU2 may fail before CPU1 without producing a failure).
(3)The CS is 2:1 Parallel structure subsystem and SOF is 3:1 cold
spare module, Only after all the equipment failure, then announced
the subsystem fault;(4) in the LPG module, b19 is the path interface
unit, b16 and bl7 delegate 2 channel in path generation subsystem,
only b19 or b16,b17 all failure, the LPG subsystem become failure.
Based on the above analysis, the control failure of avionic system
is adopt as the top event, then the DFT of SCAS is established in
Figure 1.

3. A Basic event failure possibility evaluation

The motivation of this section is how to obtain basic event failure
probabilities of SCAS when basic events do not have probability dis-
tributions of their lifetime to failures. Therefore, we develop a fuzzy
reliability algorithm to assess basic event failure probabilities through
qualitative linguistic value processing without the need to engage ba-
sic event failure probability distribution.

3.1. Linguistic value and membership function

A basic event failure possibility distribution is a set of qualita-
tive linguistic terms used to scale the failure likelihood of the basic
events of fault trees of SCAS. Based on the range of the component

developed in Purba et al. [9] to represent those
seven basic event failure possibilities, the shapes
of the membership functions to mathematically
represent linguistic variables are shown in Fig-
ure 2. These membership functions are math-
ematically given in follows:

1y () = (0.00,0.04,0.08), 117 (x) = (0.07,0.13,0.19), 15, (x) = (0.17,0.27,0.37),
13 (%) = (0.35,0.50,0.65), 1y (x) = (0.63,0.73,0.83), 157 (x) = (0.81,0.87,0.93),
Ly (x) = (0.92,0.96,1.00)

@

>
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Fig. 2. The event membership functions

3.2. Fuzzification module and defuzzification module

In real-world applications, the avionic experts may have differ-
ent levels of expertise, background and working experience. Hence,
they may demonstrate different perceptions about the same events and
subjectively provide different assessment. To eliminate bias coming
from an expert and reflect their differences of assessment, different
justification weights from 0 to 1 may be assigned to every expert. So,
it is necessary to combine or aggregate these opinions into a single
one. There are many methods to aggregate fuzzy numbers. In this pa-
per, we adopt simple linear weighting as formula (1), which consider
the weight of individual value, can be implemented in this method as
well [9].

11T o (O, gy (2 gy (O [Ty
FY LS LG N I T € RN TG R o € i | Y
" ) M
b, b b
Her () Hur (x)(el ”»#UH()C)(E2 1),A...,HUH (x)(e" D | [ Wa

where 14,(x) is the final membership function for basic event b,

Moy (x)(eibj ) is the ith membership function given by expert ¢; to
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basic event b i
of experts, and [ is the number of basic events.

A failure possibility score (FPS) is a single numerical value, which
is decoded from a membership function, to represent the experts’ be-
lief of the most likely score indicating that an event may occur. This
step is usually called defuzzification. There are several defuzzifica-
tion techniques [10]: area defuzzification technique, the left and right
fuzzy ranking defuzzification technique, the centroid defuzzification
technique, the area between the centroid point and the original point
defuzzification technique, and the centroid based Euclidean distance
defuzzification technique. Among the diversity of the methods, an
area defuzzification technique(ADT) is used to map the fuzzy num-
bers into FPS because it has the lowest relative errors and has the
closest match with the real data. More specifically, the method returns
a numeric value computed as follows [10]:

w; is the weight given to expert ¢;, n is the number

FPS = d(uyy () = 3170 + [ £ af () @)

where y, is the centroid point of the real fuzzy number 1, (x) on the
vertical axis, x1 is the intersection point between the line y,and the

left membership function ,ubLl (x) on the horizontal axis, and x2 is the

intersection point between the line y, and the right membership func-

tion ,u,f,(x) on the horizontal axis. If it is a triangular fuzzy number

Wy (x) = (a,b,c), then its FPS is calculated using formula (3):

FPS=%(4a+b+c) (3)

3.3. Basic event failure probability generation

The event fuzzy possibility score is then converted into the corre-
sponding fuzzy failure rate, which is similar to the failure rate. Based
on the logarithmic function proposed by Onisawa [19], which utilizes

Table 1. Basic events’ FPS and FFR

Basic events | Final membership functions FPS FFR
b1 (0.43,0.57,0.70) 0.165952 1.14E-4
b2 (0.43,0.57,0.70) 0.165952 1.14E-4
b3 (0.47,0.60, 0.73) 0.178095 1.48E—4
b4 (0.43,0.57,0.70) 0.165952 1.14E-4
b5 (0.43,0.57,0.70) 0.165952 1.14E-4
b6 (0.43,0.57,0.70) 0.165952 1.14E-4
b7 (0.92,0.96, 1.00) 0.313333 1.03E-03
b8 (0.92,0.96, 1.00) 0.313333 1.03E-03
b9 (0.94,0.97,1.00) 0.318333 1.24 E-03
b10 (0.94,0.97,1.00) 0.318333 1.24 E-03
b11 (0.92,0.96, 1.00) 0.313333 1.03E-03
b12 (0.55,0.66, 0.78) 0.20238 2.32E-4
b13 (0.58,0.68,0.79) 0.2106 2.6E-4
b14 (0.43,0.57,0.70) 0.165952 1.14E-4
b15 (0.47,0.60, 0.73) 0.178095 1.48E-4
b16 (0.22,0.34,0.45) 0.092857 1.21E-5
b17 (0.18,0.28,0.38) 0.077381 5.54E-6
b18 (0.32,0.47,0.61) 0.131905 4.87E-5
b19 (0.14,0.23,0.32) 0.061905 2.02E-6

the concept of error possibility and likely fault rate, the fuzzy failure
rate(FFR) can be obtained by (4):

1
- - FPS %0
FFR = 10230M(1-FPS)/FPS) )
0, FPS =0

Table 1 shows the fuzzy failure rates of the basic events for the
SCAS.

4. Reliability analysis method for SCAS

With the help of dynamic gates, sequence-dependent failure be-
havior of SCAS can be specified using dynamic FTs that are compact
and easily understood. With the increase in the number of basic ele-
ments, there is problem state space explosion [12]. To reduce state
space and minimize the computational time, an improved modulariza-
tion method was utilized to divide the dynamic fault trees into static
and dynamic sub-trees in this paper [11]. The static tree was solved
with binary decision diagram (BDD) and the dynamic tree was solved
with Markov chain method, the reliability parameters of the global
integrated system is calculated at last.

4.1. Analysis of static fault tree based on BDD

In the Figure 1, SCAS is comprised of five components. It is ob-
viously that the relation five subsystem is OR gates which also com-
bine input events, but any one is sufficient to cause the output, so we
can calculate the reliability degree by use the BDD (binary decision
diagram) method. BDD is a kind of simplified Boolean expression
method in which has two types of endpoints, respectively is 0 and 1.
In BDD, 0 represented no failure state, 1 representative failure state.
Figure 3 shows the conversion of Static fault tree of SCAS into BDD,
among them, S1 denote VMS subsystem, S2 denote CS subsystem, S3
denote SOF subsystem, S4 denote MSM, S5 denote LPG subsystem.

Fig. 3. BDD decomposition process of SCAS

So the structure function of fault tree for the SCAS failure acci-
dent can be obtained as follows:

O(S) =5, US, 8 US38,8US,858,5 USsS,858,8 = US, US;US, USs
(5)

When @©(S)=1, it is denote the system failed , when ®(S)=0 that
the system failure did not occur. The system product of structure func-
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tion is disjoint after BDD decomposition, so the FTA probability cal-
culation is very simple. The probability of system failure is:

P(X,) = P(D(S =1) = P(S)) + P(S,5)) + P(S35,5)) + P(S4 535, S) + P(S554,535, )

(©)

4.2. Analysis of dynamic fault tree based on Markov chain

Dynamic fault tree (DFT) of SCAS main introduces four basic
(dynamic) gates: the priority AND (PAND), the sequence enforcing
(SEQ), the standby or spare (SPARE), and the functional depend-
ency (FDEP). SPARE gates are dynamic gates modeling one or more
principal components that can be substituted by one or more backups
(spares) varing with the state of spare gate, it can divide into cool
spare gate, hot spare gate, warm spare gate. The following example
illustrates how the five functions of this system subsystem is trans-
formed into a Markov chain, the detailed algorithm of converting a
fault tree into a Markov model was proposed in [2].

4.2.1. Mapping Dynamic Fault Tree into Markov chain

In subsystem of VMS, A SEQ gate forces its inputs to fail in a
particular order: when a SEQ gate is found, it never happens that the
failure sequence takes place in different orders. While the SEQ gate
allows the events to occur only by pre-assigned order and states that
a different failure sequence can never take place. Suppose the failure
rate of H1 is Ay, H2 is A,, b18 is Ay g, the Markov state transfer
chain of VMS subsystem is shown in Figure 4. It is assumed that each
device failure events is independent in this paper, the failure probabil-
ity of VMS subsystem is P(VMS) = P(H,)P(b3)P(H,) .

) _\\ SN OHL 7\ bIB T ™ H2 .r/ﬁ\.
= | 000 f—{ 010 —p{ 110 W Fa |
AN NS N4 N

Fig. 4. The Markov chain of SEQ gate

In subsystem of CS, spare gate will have one active component
(say b7) and remaining spare components (say b8). When there is no
demand, it will be in standby state or may be in failed state due to
on-shelf failure. It can also be unavailable due to test or maintenance
state as per the scheduled activity when there is a demand for it. On
the princple of hot spare gate, we can get the Markov chain of CS
subsystem in Figure 5. The Failure probability of VMS subsystem is:
P(CS) = 2P(by) P(by) .

b8 W b7
HSP -

( hT: ) (b8) A

Fig. 5. The Markov chain of HSP gate

In subsystem of SOF, the process of analysis is similar to subsys-
tem VSM. In Figure 6,but because of the failure rate of cold spare gate
is 0, and each section of chain transfer in Markov state points on the
self transition probability is different. The failure probability of SOF
subsystem is P(SOF) = P(by)P(by)P(b;) -

b9 B 1 LU 1 1

CsP —
: 000} 100! 110} B Fa )

(b9) (b10) (b11)
Fig. 6. The Markov chain of CSP gate

In subsystem of MSM, consider PAND gate having two active
components, CPUland CPU2. Active component is the one which is
in working condition during normal operation of the system. Active
components can be either in success state or failure state. The PAND
gate reaches a failure state if all of its input components have failed in
a pre-assigned order (usually from left to right). When the first com-
ponent failed followed by the second component, it is identified as
failure and simultaneous downtime is taken into account. Especially,
both the components have failed simultaneously but second compo-
nent has failed first hence it is not considered as failure. The Markov
chain of MSM As shown in Figure 7.The failure probability of SOF
subsystem is:

P(MSM) = 3P(by2)P(b13)P(b14) P(bis)

In subsystem of LPG, The FDEP gate’s output is a ‘dummy’
output as it is not taken into account during the calculation of the
system’s failure probability. When the trigger event (b19) occurs, it
will lead to the occurrence of the dependent event (say b16 and b17)
associated with the gate. During the down time of the trigger event,
the dependent events will be virtually in failed state though they are
functioning. we can get the markov chain of LPG subsystem in Figure
8. The failure probability of VMS subsystem can be derived as:

P(LPG) = P(byg) + 2P(by5)P(by7) + P(b16) P(byg) + P(by7)P(byg)

In the above diagram, 0 represents the bottom events is normal,
and 1 represents the bottom event failure. Fa represent the system
failure state, the circles represent the state of a system.

4.2.2. Reliability calculation of n order Markov chain

For the complicated system state more, can imagine will transfer
graph is decomposed into a plurality of state transfer chain state, ac-
cording to the different chain length, respectively, deduces the formu-
la. In the application of these formulas only apply, and then integrated
for each chain results, we can get the reliability index of the whole
system. The nth order Markov chain transfer process is illustrated as
Figure 9.

The core of Markov method is to decide the state transferring
probability matrix. Suppose each equipment state transfer rate obeys
exponential distribution. If the process is a random continuous state
space, then state i and state j fixed on arbitrary, so the transfer rate
from state i to state j as follows:

(AD) = pis(0 (D=5 Lizj
Py (A0~ py( ): lim Py (AN =3y 76i/:1impi/(t):{ l. ]4 (7
At At—0 At =0"" 0,i# j

q;; = p(0) = AltiTO

Then the transfer rate matrix A which the chain length with N with
respect to the state transfer process as follows:
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P is the Column vector of each state prob-

ability, P' is the Derivatives of the Column
vector P.

For solving the matrix equation, Laplace
solution is be used in this paper. Suppose

L[P ()] = L[P(t)A4] ,then sP(s) — P(0) = P(s)A4 ,
P(s)=P(O)[sE — AT ' =[sE — A]"" . Both sides
of equation to take the inverse transform and
according to the Heaviside expansion, then the

failure probability P(t) of the chain can derived
as:

/1

i-1,il

1 n
P(t) = H&l, Hl—fZ P
= i=1 -1 IIA’IIIH(A’/I/ /1’7

Jj=1
J#i

1,i)

®)

According to the dynamic fault tree shown
in Figure 1 and the basic failure data shown in
Table 1, we can map the dynamic fault tree into
a Markov chain with different chain length us-
ing the proposed method in this paper. Once the
structure of DFT is known and all the probabil-
ity tables are filled, it is straight forward to com-
pute the failure probability of each subsystem
in SCAS using the formula 8 during the work
time. Then the dynamic fault tree failure prob-
ability can be obtained by adding each chain
probability. Table 2 shows the unreliability of
each subsystem for SCAS in the 1000 hours
time using proposed methods for the dynamic
fault tree solution.

According to Table 2, the LPG subsystem
has the maximum Failure probability, which
means that they are the most unreliable compo-
nents. So, when SCAS fails, we should diagnose
them firstly to locate the failure of SCAS Fur-
thermore, proper measures should be allocated
for these components to improve their reliabil-
ity at the stage of product design in order to
decrease the failure probability of SCAS. For
example, high reliability components or redun-

dancy structure could be adopted.

Table 2. Failure probability of different subsystem and the whole system

“oi=40p oy 0 0 0 Ao
0 r) _/ll,Op a0 0 A‘I,Op
A=
0 0 0 0 P R Iy S/ S R S o
0 0 0 0o .. 0 0 0
0 0 0 0o .. 0 0 0

According to theory of Markov processes, the state transition

probability matrix equation is defined as:

P =4P
PO)=E

Subsystem name Failure probability
VMS 8.7482E-10
cs 3.743e-8
SOF 9.4364e-13
MSM 7.5324E-5
LPG 0.1229
SCAS 0.12298

5. Conclusions

This paper introduces a method for reliability assessment of com-
plex avionics system. In order to simplify the complex reliability
problems, conventional approaches make many assumptions to make
it to a simple mathematical model. In real-world applications, when
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quantitative historical failure data are scarce or are not available at all,
linguistic values are often used by decision makers to assess system
reliability. This study has proposed a fuzzy reliability algorithm to
handle qualitative data in order to assess basic events of fault trees
through qualitative data processing. Those data are described in terms
of failure possibilities and represented by fuzzy numbers, to charac-
terize basic event failure likelihood. In terms of the challenge of fail-
ure dependency, we use a dynamic fault tree to describe the dynamical
behavior of avionic wireless communication system failure mecha-
nisms. Furthermore, the modularization design was utilized to divide
the dynamic fault trees into static and dynamic sub-tree in order to
avoid the state space explosion problem and huge memory resources.
In this work all the basic dynamic gates (PAND, SEQ, SPARE, and
FDEP) have been implemented with Markov chain approach. By us-
ing the formula of dynamic reliability of fault tree is given in this
paper, the process can avoid directly solving differential equations,
the convenience brought to the engineering application of dynamic
fault tree.

As it can be seen from the result, the LPG sub-system has the most
contribution to the top event probability. So, we should improve their
reliability at the stage of product design in order to decrease the fail-

ure probability of SCAS by several approaches. The proposed method
makes use of the advantages of the dynamic fault tree for model, fuzzy
set theory for handling uncertainty, and Markov chain for state clearly
ability, which is especially suitable for reliability evaluation and fault
diagnosis of the Safety-Critical avionics System.

In the future work, we will focus on the common cause failures
to optimize the dynamic fault tree model, more experimentation using
various uncertainly data sets coming from other fault tree analysis
would be advantageous to gain a better assessment of the performance
of the model and the linguistic analysis. Furthermore, the underly-
ing model can be further refined and enriched by admitting various
classes of fuzzy sets (membership functions).
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