Vol. 18.No 3, 2016 ISSN 1507-2711
Cena: 25 zt (w tym 5% VAT)

EKSPLOATACJA I NIEZAWODNOSC
MAINTENANCE AND RELIABILITY

Polskie Naukowo Techniczne Towarzystwo Eksploatacyjne
Warszawa

Polish Maintenance Society
Warsaw



SciENTIFIC BOARD

Professor Andrzej Niewczas, PhD, DSc (Eng)

Chair of Scientific Board
President of the Board of the Polish Maintenance Society

Professor Holm Altenbach, PhD, DSc (Eng) Professor Vaclav Legat, PhD, DSc (Eng)
Otto-von-Guericke-Universitdt, Magdeburg, Germany Czech University of Agriculture, Prague, Czech Republic
Professor Karol Andrzejczak, PhD, DSc Professor Jerzy Merkisz, PhD, DSc (Eng)

Poznan University of Technology, Poznan Poznan University of Technology, Poznan

Professor Gintautas Bureika, PhD, DSc (Eng) Professor Gilbert De Mey, PhD, DSc (Eng)

Vilnius Gediminas Technical University, Vilnius, Lithuania University of Ghent, Belgium

Professor Zdzistaw Chlopek, PhD, DSc (Eng) Professor Maria Francesca Milazzo, PhD, DSc, (Eng)
Warsaw University of Technology, Warsaw University of Messina, Italy

Dr Alireza Daneshkhah Professor Tomasz Nowakowski, PhD, DSc (Eng)

Warwick Centre for Predictive Modelling Wroctaw University of Technology, Wroclaw

University of Warwick, UK

Professor Marek Orkisz, PhD, DSc (Eng)

Professor Jan Dabrowski, PhD, DSc (Eng) Rzeszow University of Technology, Rzeszow

Bialystok Technical University, Bialystok

Professor Stanistaw Radkowski, PhD, DSc (Eng)

Professor Stawczo Denczew, PhD, DSc (Eng) Warsaw University of Technology, Warsaw

The Main School of Fire Service, Warsaw

Professor Jan Szybka, PhD, DSc (Eng)

Professor Mitra Fouladirad, PhD, DSc AGH University of Science and Technology, Cracow
Troyes University of Technology, France

Dr Ilia Frenkel

Professor Katsumi Tanaka, PhD, DSc (Eng)
Kyoto University, Kyoto, Japan

Shamoon College of Engineering, Beer Sheva, Israel

Professor David Vali$, PhD, DSc (Eng)

Professor Olgierd Hryniewicz, PhD, DSc (Eng) University of Defence, Brno, Czech Republic
Systems Research Institute of the Polish Academy of Science, Warsaw

Professor Hong-Zhong Huang, PhD, DSc

Professor Min Xie
City University of Hong Kong, Hong Kong

University of Electronic Science and Technology of China,

Chengdu, Sichuan, China

Professor Irina Yatskiv, PhD, DSc (Eng)
Riga Transport and Telecommunication Institute, Latvia

Professor Krzysztof Kolowrocki, PhD, DSc

Gdynia Maritime University

Co-financed by the Minister of Science and Higher Education

The Journal is indexed and abstracted in the Journal Citation Reports (JCR Science Edition), Scopus,
Science Citation Index Expanded (SciSearch®) and Index Copernicus International.

The Quarterly appears on the list of journals credited with a high impact factor by the Polish Ministry of Science
and Higher Education and is indexed in the Polish Technical Journal Contents database - BAZTECH

and the database of the Digital Library Federation.

All the scientific articles have received two positive reviews from independent reviewers.

Our 2015 Impact Factor is 1.248

Editorial staff:

Publisher:
Scientific patronage:

Circulation:

Dariusz Mazurkiewicz, PhD, DSc (Eng), Associate Professor (Editor-in-Chief, Secretary of the Scientific Board)
Tomasz Klepka, PhD, DSc (Eng), Associate Professor (Deputy Editor-in-Chief)

Teresa Btachnio-Krolopp, MSc (Eng) (Editorial secretary)

Andrzej Koma (Typesetting and text makeup)

Krzysztof Olszewski, PhD (Eng) (Webmaster)

Polish Maintenance Society, Warsaw

Polish Academy of Sciences Branch in Lublin

Address for correspondence: “Eksploatacja i Niezawodnos¢” — Editorial Office

ul. Nadbystrzycka 36, 20-618 Lublin, Poland
e-mail: office@ein.org.pl
http://www.ein.org.pl/

550 copies




Spis TRESCI — CONTENTS

Science and Technology
ADSEFACES ..ottt es e e e e 8 e8 £ 84 £ 8RR 8484 E R R Il

Marek HAWRYLUK, Marcin KASZUBA, Zbigniew GRONOSTAJSKI, Przemystaw SADOWSKI

Systems of supervision and analysis of industrial forging processes
Systemy nadzoru i analizy przemystowych proceséw kucia 315

Bolestaw KARWAT, Marek NOCUN, Ryszard MACHNIK, Jerzy NIEDZWIEDZKI

Modelling and study the effect of selected design features for the operating parameters of industrial electrostatic precipitators
Modelowanie i badania wptywu wybranych cech konstrukcyjnych na parametry eksploatacyjne elektrofiltrow przemystowych...........ccceueueucne. 325

Jacek MUCHA, Jan JAWORSKI

The tool surface wear during the silicon steel sheets blanking process
Zuzycie powierzchni narzedzi podczas eksploatacji w procesie wykrawania blachy krzemowej 333

Stanistaw KRUCZYNSKI, Marcin SLEZAK, Wojciech GIS, Piotr ORLINSKI
Evaluation of the impact of combustion hydrogen addition on operating properties of self-ignition engine

Ocena wptywu spalania dodatku wodoru na wiasnosci eksploatacyjne silnika o zaptonie samoczynnym 343
Tadeusz DZIUBAK

The effects of dust extraction on multi-cyclone and non-woven fabric panel filter performance in the air filters used in special vehides

Wptyw odsysania pytu na charakterystyki multicyklonu i widkninowej przegrody filtracyjnej filtru powietrza pojazdu specjalnego .................... 348

Mirostaw KARCZEWSKI, Leszek SZCZECH

Influence of the F-34 unified battlefield fuel with bio components on usable parameters of the IC engine

Wptyw mieszanin jednolitego paliwa pola walki F-34 z biokomponentami na parametry uzyteczne silnika 358
Gokhan GOKDERE, Mehmet GURCAN

New reliability score for component strength using kullback-leibler divergence

Nowa metoda oceny niezawodnosci na podstawie wytrzymatosci elementow z zastosowaniem dywergengji Kullbacka-Leiblera..............cccuveee. 367
Joanna RYMARZ, Andrzej NIEWCZAS, Aneta KRZYZAK

Comparison of operational availability of public city buses by analysis of variance

Poréwnanie gotowosci autobusow komunikacji miejskiej z zastosowaniem metody analizy wariangji 373
Hao-Wei WANG, Ke-Nan TENG

Residual life prediction for highly reliable products with prior accelerated degradation data

Prognozowanie trwatosci resztkowej wysoce niezawodnych produktéw na podstawie danych historycznych z przyspieszonych badan degradagji 379
Andrzej KOSUCKI, Piotr MALENTA

The possibilities of reducing the operational load of hoisting mechanisms in case of dynamic hoisting

Mozliwosci zmniejszenia obciazen eksploatacyjnych mechanizméw dzwignic dla przypadku dynamicznego podnoszenia fadunku...................... 390
Zhihua WANG, Junxing LI, Yongbo ZHANG, Huimin FU, Chengrui LIU, Sridhar KRISHNASWAMY

A novel Wiener process model with measurement errors for degradation analysis

Analiza degradacji z zastosowaniem nowego modelu procesu Wienera uwzgledniajacego btedy pomiarowe 396
tukasz STAWINSKI

Experimental and modeling studies of hydrostatic systems with the counterbalance valves which are used in hydraulic lifting systems with passive
and active load

Eksperymentalne i modelowe badania uktadu hydraulicznego z zaworami hamujacymi typu counterbalance stosowanymi w uktadach dzwigowych
z obcigzeniem biernym i czynnym 406

Grzegorz DOMBEK, Zbigniew NADOLNY

Liquid kind, temperature, moisture, and ageing as an operating parameters conditioning reliability of transformer cooling system
Rodzaj cieczy, temperatura, zawilgocenie oraz zestarzenie jako parametry eksploatacyjne warunkujace niezawodnos¢ uktadu chtodzenia transfor-
matora 413

Ji-Min LU, Fares INNAL, Xiao-Yue WU, ,Yiliu LIU, Mary Ann LUNDTEIGEN

Two-terminal reliability analysis for multi-phase communication networks
Analiza niezawodnosci par terminali w wielofazowych sieciach komunikacyjnych 418

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND REeLIABILITY VOL.18, No. 3, 2016 [




Spis TRESCI — CONTENTS

Witold PAWLOWSKI, Lukasz KACZMAREK, Petr LOUDA
Theoretical and experimental modal analysis of the cylinder unit filled with PUR foam

Teoretyczna i eksperymentalna analiza modalna zespotu bebna wciggarki wypetnionego pianka poliuretanowa 428
Andrzej ZUCHOWSKI

Analysis of the influence of the impact speed on the risk of injury of the driver and front passenger of a passenger car

Ocena wptywu predkosci zderzenia na ryzyko obrazen kierowcy i pasazera samochodu osobowego 436

Yi-Chao YIN, Hong-Zhong HUANG, Weiwen PENG, Yan-Feng LI, Jinhua Ml

An E-Bayesian method for reliability analysis of exponentially distributed products with zero-failure data
Metoda bayesowskiej estymacji wartosci oczekiwanej dla produktéw o rozktadzie wyktadniczym wykorzystujaca dane o niezaistniatych uszkodze-
niach 445

Michael MUTINGI, Charles MBOHWA, Venkata P. KOMMULA

Multi-criteria reliability optimization for a complex system with a bridge structure in a fuzzy environment: A fuzzy multi-criteria genetic algorithm
approach

Wielokryterialna optymalizacja niezawodnosci ztozonego systemu o strukturze mostkowej w srodowisku rozmytym. Metoda rozmytego wielokry-
terialnego algorytmu genetycznego 450

Zhiao ZHAQ, Jing QIU, Guanjun LIU, Yong ZHANG

Research on time-varying characteristics of testability index based on renewal process
Badanie zmiennych w czasie wtasnosci wskaznika testowalnosci na podstawie procesu odnowy 457

Pawet OSTAPKOWICZ, Andrzej BRATEK

Possible leakage detection level in transmission pipelines using improved simplified methods
Weryfikacja mozliwego poziomu wykrywalnosci wyciekow w zakresie zastosowania zmodyfikowanych uproszczonych metod diagnostycznych .. 469

Il ExspLOATACIA I NIEZAWODNOSC — MAINTENANCE AND REeLIABILITY VOL.18, No. 3, 2016




W skrROCIE — ABSTRACTS

HAWRYLUK M, KASZUBA M, GRONOSTAJSKI Z, SADOWSKI P.
Systems of supervision and analysis of industrial forging processes.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3):
315-324, http://dx.doi.org/10.17531/ein.2016.3.1.

The work presents the concept of a multifunctional automatized forging station with
a supervisory system of the process and the production management, with the option
of application mainly at forging shops (with somewhat outdated machines) equip-
ped with older-generation devices and forging units. The concept of such a station,
which applies the, already partially, implemented construction and technological
solutions, is a result of an extensive analysis of the current needs of forging plants
and it has been supported by the acquired knowledge and experience of the authors,
who specialize in the construction of measurement systems and other devices for
the forging industry. The systems built by the authors makes it possible to measure
and archive as well as fully monitor the most important technological parameters of
the process, such as: the course of the forging forces in the function of time/shift,
correlated with a measurement of the temperature of the preforms and dies as well as
the number of the produced forgings. The elaborated systems, owing to their inclusion
in the general production management system (which plays a supervisory role over
the whole process), also allow for an analysis of the occurring changes during the
process, including the proceeding wear of the forging tools as well as an analysis
of the parameters determined throughout a long period of time, management of the
machines and equipment (the work of the machines, their breakdowns, repairs etc.),
and the human resources, as well as adaptation of the production organization to the
increasing market demands. The presented concept of a complex approach to the issue
of automatization of the forging line is a reply to the constantly developing forging
technology, caused by market competitiveness, which requires automatization of
the production, with the purpose to produce forgings of a higher quality, and, at the
same time, reduce the costs.

KARWAT B, NOCUN M, MACHNIK R, NIEDZWIEDZKI J. Modelling and
study the effect of selected design features for the operating parameters
of industrial electrostatic precipitators. Eksploatacja i Niezawodnosc — Ma-
intenance and Reliability 2016; 18 (3): 325-332, http://dx.doi.org/10.17531/
ein.2016.3.2.

Electrostatic precipitators are currently most commonly used in industrial processes
equipment to reduce dust emissions into the atmosphere. A significant impact on
the process of extraction of two-phase gas/dust medium has the shape and confi-
guration of the discharge electrodes, affecting the shape of the electric field in the
chamber electrostatic precipitator. Geometric parameters of discharge electrodes
and their arrangement in the chamber electrostatic should provide uniform current
density distribution at the surface of the collecting electrodes. The article presents
an analysis of the impact of geometry and configuration of industrial - blade type
discharge electrodes on the distribution of current density on the collecting electrode.
On the basis of the measurement results mathematical model was worked out which
allows simulation of the current density distribution depending on the shape of the
electrodes. The model allows to specify the most appropriate parameters of distance
between the emission elements of discharge electrode and the distance between the
electrodes. Preferred geometric parameters and configuration of discharge electro-
des was determined by analyzing power spectral density magnitude (PSD) and the
mean square value (RMS) of current density. The results indicate the possibility of
reducing the number of elements of emission corona electrodes without worsening
of the operating parameters of electrostatic precipitator.

MUCHA J, JAWORSKI J. The tool surface wear during the silicon steel
sheets blanking process. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2016; 18 (3): 332-342, http://dx.doi.org/10.17531/ein.2016.3.3.
The surface wear mechanism of punches for the silicon sheets blanking was presented.
In the studies the differences in the wear of high-speed tool (produced by casting and
sintering), where observed. The influence of additional TiN coating on the punches
flank degradation intensity was obtained. The strengthening zone changes of the
sheared blank material close to cutting line were observed. The punch wear influence
on the M530-50A silicon sheet material hardness changes was described.

KRUCZYNSKI S, SLEZAK M, GIS W, ORLINSKI P. Evaluation of the
impact of combustion hydrogen addition on operating properties of self-
ignition engine. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2016; 18 (3): 343-347, http://dx.doi.org/10.17531/ein.2016.3.4.

The work presents the results of effect of the addition of hydrogen in an amount up
to 9% of mass of diesel oil into the intake system of Perkins1104C-E44TA engine.
The impact of hydrogen addition on process heat release in the combustion chamber
and the concentration of CO, THC, NOX and PM in the exhaust at predetermined
engine operating conditions. It was summarised that the analysis of the results does
not justify the use of hydrogen as a fuel additive in self-ignition engines.

HAWRYLUK M, KASZUBA M, GRONOSTAIJSKI Z, SADOWSKI P. Systemy
nadzoru i analizy przemyslowych proceséw kucia. Eksploatacja i Niezawodnosc
— Maintenance and Reliability 2016; 18 (3): 315-324, http://dx.doi.org/10.17531/
ein.2016.3.1.

W pracy przedstawiono koncepcj¢ wielofunkcyjnego, zrobotyzowanego stanowiska
kuZniczego wraz z systemem nadzoru procesu i zarzadzania produkcja, z mozliwoscia
jego aplikacji przede wszystkim dla kuzni (z nie najnowszym parkiem maszynowym)
wyposazonych w starsze urzadzenia i agregaty kuznicze. Koncepcja takiego stanowiska,
wykorzystujaca czg$ciowo wdrozone juz autorskie rozwiagzania konstrukcyjno-techno-
logiczne, jest wynikiem szerokiej analizy aktualnych potrzeb zaktadow kuzniczych oraz
poparta zostata zdobyta wiedza i do§wiadczeniem autoréw zajmujacych si¢ budowa
systemOw pomiarowych i innych urzadzen dla przemystu kuzniczego. Budowane przez
autoréw systemy pozwalaja na pomiar i archiwizacj¢ oraz petny monitoring najwazniej-
szych parametrow technologicznych procesu, m.in.: przebiegow sit kucia w funkceji czasu/
przemieszczenia, skorelowanych z pomiarem temperatury wstepniakow i matryc oraz ilosci
wyprodukowanych odkuwek. Opracowane systemy, dzigki ich wlaczeniu w nadrzedny
system zarzadzania produkcja (pehiacy funkcje nadzoru nad catym procesem), pozwalaja
rowniez na analiz¢ zachodzacych zmian podczas procesu, w tym postepujacego zuzycia
narzedzi kuzniczych oraz analizg rejestrowanych parametrow w dhugim okresie czasu,
zarzadzania parkiem maszynowym i zasobami sprzgtowymi (praca maszyn, ich awaria-
mi, naprawami, itp.), zasobami ludzkimi oraz dostosowaniem organizacji produkcji do
rosnacych wymagan rynkowych. Przedstawiona przez autorow koncepcja kompleksowego
podejscia do zagadnienia robotyzacji linii kuzniczej jest odpowiedzia na nieustanny rozwaj
technologii kucia, spowodowany konkurencyjnoscia rynku, wymuszajacy na kuzniach
zautomatyzowanie swojej produkcji, w celu wytwarzania odkuwek o lepszej jakos$ci przy
jednoczesnym obnizeniu jej kosztow.

KARWAT B, NOCUN M, MACHNIK R, NIEDZWIEDZKI J. Modelowanie i ba-
dania wplywu wybranych cech konstrukcyjnych na parametry eksploatacyjne
elektrofiltrow przemystowych. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2016; 18 (3): 325-332, http://dx.doi.org/10.17531/ein.2016.3.2.
Elektrofiltry sa obecnie najczgsciej stosowanymi, w procesach przemystowych, urza-
dzeniami do redukeji emisji pytow do atmosfery. Znaczacy wplyw na przebieg procesu
odpylania o§rodka dwufazowego gaz/pyt ma ksztalt oraz konfiguracja elektrod emisyjnych,
wplywajace na uksztattowanie pola elektrycznego w komorze elektrofiltru. Parametry geo-
metryczne elektrod ulotowych oraz ich rozmieszczenie w komorze elektrofiltru powinny
zapewnia¢ rownomierny rozktad gestosci pradu na powierzchni jego elektrod zbiorczych.
W artykule przedstawiono analiz¢ wptywu geometrii oraz konfiguracji przemystowych
elektrod ulotowych typu ostrzowego na rozktad gestosci pradu na elektrodzie zbiorczej.
Na podstawie wynikow pomiaréw opracowano model matematyczny umozliwiajacy sy-
mulacje rozktadu gestoscei tego pradu w zaleznoscei od ksztattu elektrod. Model umozliwia
okreslenie korzystnych wartosci odlegto$ci pomigdzy elementami emisyjnymi elektrody
ulotowej oraz odleglosci pomigdzy tymi elektrodami. Korzystne parametry geometryczne
i konfiguracj¢ elektrod ulotowych okreslano na podstawie analizy magnitud gestosci
widmowej mocy (PSD) oraz warto$ci sredniokwadratowej (RMS) gestosci pradu. Uzy-
skane wyniki wskazuja na mozliwo$¢ zmniejszenia ilosci elementow emisyjnych elektrod
ulotowych bez pogorszenia parametrow eksploatacyjnych elektrofiltru.

MUCHA J, JAWORSKI J. Zuzycie powierzchni narzedzi podczas eksploatacji
w procesie wykrawania blachy krzemowej. Eksploatacja i Niezawodnosc —
Maintenance and Reliability 2016; 18 (3): 332-342, http://dx.doi.org/10.17531/
ein.2016.3.3.

W niniejszym artykule przedstawiono opis mechanizmu zuzycia powierzchni roboczych
stempli wykrawajacych elementy z blachy krzemowej. Badania wykazaly roznice w
zuzyciu narzedzi dla stali szybkotnacej w przypadku dwoch proceséw jej wytwarzania
(odlewania i spiekania). Wykazano wptyw dodatkowej powloki z TiN na intensywno$¢
degradacji powierzchni przytozenia stempli wykrawajacych. Obserwacji poddano zmiany
obszaru umocnienia materialu wykrawanego w poblizu linii cigcia. Okreslono wpltyw
zuzycia stempli na zasi¢g zmian twardosci materiatu blachy krzemowej M530-50A.

KRUCZYNSKI S, SLEZAK M, GIS W, ORLINSKI P. Ocena wplywu spalania
dodatku wodoru na wlasnosci eksploatacyjne silnika o zaplonie samoczynnym.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 343-347,
http://dx.doi.org/10.17531/ein.2016.3.4.

W pracy przedstawiono wyniki badan wptywu dodatku wodoru w ilosci do 9% masy
oleju napgdowego do uktadu dolotowego silnika Perkins1104C-E44T. Oceniono wptyw
dodatku na proces wydzielania ciepta w komorze spalanie i st¢zenia CO, THC, NOX i
PM w spalinach w ustalonych warunkach pracy silnika. W podsumowaniu stwierdzono
iz analiza wynikéw badan nie uzasadnia stosowania wodoru jako dodatku do paliwa w
silnikach o zaptonie samoczynnym.
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DZIUBAK T. The effects of dust extraction on multi-cyclone and non-
woven fabric panel filter performance in the air filters used in special
vehicles. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016;
18 (3): 348-357, http://dx.doi.org/10.17531/ein.2016.3.5.

Common impurities found in the inlet air to the internal combustion engine of motor
vehicles are characterized. Dust concentrations in the air were analysed for different
operating conditions of a motor vehicle. It is shown that the most common and the
most harmful air impurity for the technical machinery is a mineral dust from roads.
The benefits of using the inertial filter (multi-cyclone) as a first stage of air filtration,
including extended engine life are presented. The methods of dust extraction from a
dust collector of the air filter multi-cyclone are shown. The necessity of regular ejection
dust extraction from the multi-cyclone dust collector is shown. A dust extraction rate
m0 is defined and its effects on the cyclone separation efficiency and flow resistance are
shown. The test method and the test conditions for a two-stage filter in multi-cyclone
- non-woven fabric filter element configuration are developed. The characteristics of
the separation efficiency and flow resistance of the cyclone and the non-woven fabric
filter were determined as a function of dust mass supplied with the inlet air to the
two-stage filter for three different extraction rates and without dust extraction from
the multi-cyclone dust collector. The separation efficiency and flow resistance were
determined for a multi-cyclone and a non-woven fabric filter without dust extraction
from the multi-cyclone dust collector and with or without periodical maintenance.
The benefits of periodical cleaning of the dust collector were shown.

KARCZEWSKI M, SZCZECH L. Influence of the F-34 unified battlefield
fuel with bio components on usable parameters of the IC engine. Eksplo-
atacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 358-366,
http://dx.doi.org/10.17531/ein.2016.3.6.

The problem of the military vehicles engines fuelling increases with the growth of the
amount of vehicles in the armies. At the same time, another problem with fuel supply
in modern engines is the use of bio component additives, which changes characteristics
(quality) of the used fuels. Therefore, it is important to take actions to adapt engines
to powering with fuels coming from renewable sources. The aim of the research was
to define the influence of an engine supplying fuel on work parameters and exhaust
gases composition in the G9T Renault diesel engine. The tests were conducted during
fuelling of the engine with six kinds of fuels: basic fuel (diesel oil), NATO code F-34
fuel, as well as fuel mixtures: F-34 and RME with different ratio. In the result of the
research it was concluded that the parameters of the G9T Renault engine with the
common rail fuel system in terms of F-34 and RME consumption (using) decreased
in comparison to diesel oil basic fuel.

GOKDERE G, GURCAN M. New reliability score for component strength
using Kullback-Leibler divergence. Eksploatacja i Niezawodnosc — Main-
tenance and Reliability 2016; 18 (3): 367-372, http://dx.doi.org/10.17531/
ein.2016.3.7.

The reliability of technical systems is one of the most important research subjects in
the point reached by modern science. In many recent studies, this problem is solved
by evaluation the operation performance of determined one or more components
operating under stress. At this point, R=P(X<Y) is taken as a basis. Here, X is the
stress applied on the operating component and Y is the strength of the component.
In this study we aim to propose a new method by using Kullback-Leibler divergence
for computing the reliability of the component under stress-strength model. The
superiority of the proposed method is that when the component durability is equal
to applied stress Kullback- Leibler divergence is equal to zero. In addition to that
when more than one stresses exists at the same time the formed function can include
all stresses at the same time. When R is used, this is not possible because of stresses
are evaluated separately. As Kullback-Leibler divergence is calculated depending on
time, the strength of the component is evaluated within a dynamic structure.

RYMARZ J, NIEWCZAS A, KRZYZAK A. Comparison of operational
availability of public city buses by analysis of variance. Eksploatacja i
Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 373-378, http://
dx.doi.org/10.17531/ein.2016.3.8.

This paper analyses the influence of selected factors of operational availability of
public city buses from the Municipal Transport Company (MPK) in Lublin based on a
case study for two makes of buses: Solaris and Mercedes-Benz. The study investigated
changes in operational availability in a function of operating time with a division into
two periods of operation: warranty and post-warranty. To evaluate the significance

DZIUBAK T. Wplyw odsysania pylu na charakterystyki multicyklonu
i wlokninowej przegrody filtracyjnej filtru powietrza pojazdu specjalnego.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 348-357,
http://dx.doi.org/10.17531/ein.2016.3.5.

Scharakteryzowano zanieczyszczenia powietrza wlotowego silnika spalinowego pojaz-
du mechanicznego. Przeanalizowano wartosci stezenia pylu w powietrzu dla r6znych
warunkow eksploatacji pojazdow. Przedstawiono korzysci w postaci wydtuzenia czasu
eksploatacji silnika wynikajace ze stosowania filtru bezwtadnosciowego (multicyklonu),
jako pierwszego stopnia filtracji powietrza. Pokazano metody usuwania pytu z osadnika
multicyklonu filtru powietrza. Wykazano koniecznos$¢ biezacego, poprzez ejekcyjne
odsysanie, usuwania pytu z osadnika multicyklonu. Zdefiniowano stopnien odsysania
pyhu mg oraz wykazano jego wptyw na skutecznos¢ filtracji i opory przeptywu cyklonow.
Opracowano metodyke i warunki badan filtru dwustopniowego pracujacego w uktadzie:
multicyklon-wiokninowy wktad filtracyjny. Wyznaczono charakterystyki skutecznosci
filtracji i oporéw przeptywu multicyklonu oraz wiokniny filtracyjnej w zalezno$ci od
masy pytu dostarczonej wraz z powietrzem wlotowym do filtru dwustopniowego dla
trzech warto$ci stopnia odsysania my = 5%, my = 10%, m, = 20% oraz bez odsysania
pytu z osadnika multicyklonu. Wyznaczono charakterystyki skutecznosci filtracji i oporow
przeptywu multicyklonu oraz widkniny filtracyjnej bez odsysania pytu z osadnika mul-
ticyklonu i z okresowym obstugiwaniem oraz bez obstugiwania. Wykazano konieczno$é
okresowego czyszczenia osadnika pytu.

KARCZEWSKI M, SZCZECH L. Wplyw mieszanin jednolitego paliwa pola
walki F-34 z biokomponentami na parametry uzyteczne silnika. Eksploatacja i
Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 358-366, http://dx.doi.
org/10.17531/ein.2016.3.6.

Problemy zasilania silnikow pojazdéw wojskowych narastaja wraz ze wzrostem
liczby pojazdéw w armiach. Silniki tlokowe i turbinowe wykorzystuja paliwa roz-
nigce si¢ zakresem temperatury destylacji. Dodatkowym problemem przy zasilaniu
wspolczesnych silnikéw spalinowych jest koniecznos¢ stosowania biokomponentow,
ktore moga zmienia¢ wiasciwosci paliw podstawowych i wptywa¢ na pogorszenie
przebiegu spalania. Dlatego tez konieczne jest podejmowanie dziatan prowadzacych
do zbadania wptywu paliw pochodzacych ze zrodet odnawialnych na parametry pra-
cy silnikow. Celem badan byto ocena wpltywu zastosowanego paliwa na parametry
uzyteczne i sktad spalin ttokowego silnika o zaptonie samoczynnym Renault G9T.
Badania przeprowadzono podczas zasilania silnika sze$cioma rodzajami paliwa: pa-
liwem podstawowym, jakim byt olej napedowy, paliwem lotniczym o kodzie NATO
F-34, mieszaninami paliw: F-34 i estrow metylowych wyzszych kwasow thuszczowych
oleju rzepakowego. W wyniku przeprowadzonych badan stwierdzono, ze parametry
silnika Renault G9T z wysokoci$nieniowym uktadem wtrysku, zasilanego paliwem F-34
i biokomponentami ulegly pogorszeniu w stosunku do podstawowego paliwa, jakim
byt olej napgdowy, co moze mie¢ znaczenie przy wykorzystaniu tego rodzaju paliw w
silnikach pojazdoéw wojskowych.

GOKDERE G, GURCAN M.Nowa metoda oceny niezawodnosci na podstawie
wytrzymalo$ci elementow z zastosowaniem dywergencji Kullbacka-Leiblera.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 367-372,
http://dx.doi.org/10.17531/ein.2016.3.7.

Niezawodno$¢ systemow technicznych jest jednym z najwazniejszych tematow badaw-
czych we wspolczesnej nauce. Wiele z ostatnich badan, problem ten rozwiazuje poprzez
ocen¢ wydajnosci pracy jednego lub wigkszej liczby wybranych elementéw dziatajacych
pod wptywem obciazenia. Za punkt wyjsciowy przyjmuje si¢ R=P(X<Y). X to obciazenie
przytozone do elementu roboczego, a Y to wytrzymatos¢ elementu. W przedstawionej
pracy, chcemy zaproponowa¢ nowa metode, w ktorej do obliczania niezawodnosci ele-
mentu w ramach modelu typu "obciazenie-wytrzymato$¢" wykorzystuje si¢ dywergencje
Kullbacka-Leiblera. Proponowana metoda ma t¢ przewagg, ze gdy wytrzymato$¢ elementu
jest rowna przylozonemu obcigzeniu, dywergencja Kullbacka-Leiblera jest rowna zeru.
Poza tym, gdy jednoczesnie wystgpuje wigcej niz jeden rodzaj obciazenia, utworzona
funkcja moze obejmowac jednocze$nie wszystkie te obcigzenia. Nie jest to mozliwe przy
zastosowaniu R, poniewaz obcigzenia sa oceniane oddzielnie. Poniewaz dywergencje
Kullbacka-Leiblera oblicza si¢ w funkcji czasu, wytrzymato$¢ elementu ocenia si¢ w
strukturze dynamicznej.

RYMARZ J,NIEWCZAS A, KRZYZAK A. Comparison of operational availa-
bility of public city buses by analysis of variance. Eksploatacja i Niezawodnosc
—Maintenance and Reliability 2016; 18 (3): 373-378, http://dx.doi.org/10.17531/
ein.2016.3.8.

Celem pracy byta analiza wptywu wybranych czynnikow gotowosci technicznej autobusow
komunikacji miejskiej na przyktadzie autobusoéw marki Solaris i Mercedes-Benz w Miej-
skim Przedsigbiorstwie Komunikacyjnym (MPK) w Lublinie. Przeprowadzono badania
zmian gotowosci technicznej w funkcji czasu uzytkowania z podzialem na dwa okresy
uzytkowania: gwarancyjny i pogwarancyjny. Do sprawdzenia istotno$ci roznic $rednich
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of differences between average operational availability with regards to the above
periods, one-way analysis of variance was applied. The results demonstrate that in
the warranty period the operational availability of both makes of buses is similar,
while the post-warranty period reveals a significant difference, with the operational
availability being higher for Mercedes buses. As a result, this method can be of use
for investment projects during purchase of new vehicles.

WANG H-W, TENG K-N. Residual life prediction for highly reliable
products with prior accelerated degradation data. Eksploatacja i Nieza-
wodnosc — Maintenance and Reliability 2016; 18 (3): 379-389, http://dx.doi.
org/10.17531/ein.2016.3.9.

To precisely predict the residual life for functioning products is a key of carrying out
condition based maintenance. For highly reliable products, it is difficult to obtain
abundant degradation data to precisely predict the residual life under normal stress
levels. Thus, how to make use of historical degradation data to improve the accuracy
of the residual life prediction is an interesting issue. Accelerated degradation testing,
which has been widely used to evaluate the reliability of highly reliable products, can
provide abundant accelerated degradation data. In this paper, a residual life prediction
method based on Bayesian inference that takes accelerated degradation data as prior
information was studied. A Wiener process with a time function was used to model
degradation data. In order to apply the random effects of all the parameters of a
Wiener process, the non-conjugate prior distributions were considered. Acceleration
factors were introduced to convert the parameter estimates from accelerated stress
levels to normal stress levels, so that the proper prior distribution types of the random
parameters can be selected by the Anderson-Darling statistic. A Markov Chain Monte
Carlo method with Gibbs sampling was used to evaluate the posterior means of the
random parameters. An illustrative example of self-regulating heating cable was
utilized to validate the proposed method.

KOSUCKI A, MALENTA P. The possibilities of reducing the operational
load of hoisting mechanisms in case of dynamic hoisting. Eksploatacja i
Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 390-395, http://
dx.doi.org/10.17531/ein.2016.3.10.

The simulation and experimental tests of hoisting mechanism in case of dynamic
lifting the payload with clearance of ropes are presented in this paper. The minimi-
zation methods of the overloading of hoisting mechanisms were described. Basing
on simulation tests the method that assured minimization of dynamics overloading
with a few dozen to a few percent was introduced. It was determined the impact
of the level of sensitivity of forces in ropes measurement on minimization of the
overloading. The examples of the method implementation used for the real hoisting
mechanism were shown.

WANG Z, L1J, ZHANG Y, FU H, LIU C, KRISHNASWAMY S. A novel
Wiener process model with measurement errors for degradation analysis.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3):
396-405, http://dx.doi.org/10.17531/ein.2016.3.11.

Degradation analysis can be used to assess reliability for complex systems and highly
reliable products, because few or even no failures are expected in a reasonable life test
span. In order to further our study on degradation analysis, an independent increment
random process method with linear mean and standard deviation functions is presented
to model practical degradation procedures. It is essentially a Wiener process method.
Since measurement errors are often created by imperfect instruments, procedures and
environments during degradation investigation, the measurement error is incorporated
into the independent increment random process. Furthermore, statistical inferences of
this model are discussed, and close forms of a product’s median life and percentile of
the failure time distribution (FTD) are also derived. The proposed method is illustrated
and verified in a comprehensive simulation study and two practice applications for
storage disks and Infrared light-emitting diodes. Meanwhile, the time-transformed
Wiener process model with measurement error is considered as a reference method.
Comparisons show that the proposed model can provide reasonable results, even in
considerably small sample size circumstance.

STAWINSKI £.. Experimental and modeling studies of hydrostatic systems
with the counterbalance valves which are used in hydraulic lifting systems
with passive and active load. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2016; 18 (3): 406-412, http://dx.doi.org/10.17531/ein.2016.3.12.
The article describes the structure and principle of the brake valve type counterba-
lance and the impact of its setup on the operatnig safety of hydrostatic systems with
variable load, and in particular the problem of vibration and instability of operation

wartos$ci gotowosci technicznej, w zaleznosci od marki autobuséw oraz w zaleznosci od
okresow eksploatacji zastosowano jednoczynnikowa analiz¢ wariancji. Wykazano, ze w
okresie gwarancyjnym gotowos$¢ techniczna autobuséw obu marek jest poréwnywalna,
natomiast w okresie pogwarancyjnym jest istotnie r6zna, wyzsza dla autobusu marki
Mercedes. W rezultacie metoda ta moze zosta¢ uzyta do programu inwestycyjnego podczas
zakupu nowych pojazdow.

WANG H-W, TENG K-N. Prognozowanie trwalosci resztkowej wysoce nieza-
wodnych produktéw na podstawie danych historycznych z przyspieszonych
badan degradacji. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2016; 18 (3): 379-389, http://dx.doi.org/10.17531/ein.2016.3.9.

Precyzyjne przewidywanie trwatosci resztkowej uzytkowanego produktu stanowi klucz
do prawidlowego utrzymania ruchu w oparciu o biezacy stan techniczny (condition-
based maintenance).W przypadku produktow o wysokiej niezawodnosci, trudno jest
uzyskac¢ ilo$¢ danych degradacyjnych, ktora umozliwiataby precyzyjne prognozowanie
trwatosci resztkowej przy normalnym poziomie obciazen. Dlatego tez bardzo waznym
zagadnieniem jest wykorzystanie historycznych danych degradacyjnych umozliwiajacych
zwigkszenie trafnosci prognozowania trwatosci resztkowej. Przyspieszone badania
degradacyjne, ktore powszechnie wykorzystuje si¢ do oceny niezawodno$ci wysoce nie-
zawodnych produktow, moga dostarcza¢ bogatych danych o przyspieszonej degradacji.
W przedstawionej pracy badano metodg prognozowania trwatosci resztkowej oparta na
wnioskowaniu bayesowskim, w ktorym jako uprzednie informacje wykorzystano dane z
przyspieszonych badan degradacji. Dane degradacyjne modelowano za pomoca procesu
Wienera z funkcja czasu. Aby moc zastosowac efekty losowe wszystkich parametrow
procesu Wienera, rozwazano niesprz¢zone rozktady a priori. Wprowadzono wspotczynniki
przyspieszenia , ktore pozwolily na przeksztalcenie szacowanych warto$ci parametrow
z poziomu obcigzenstosowanych w probie przyspieszonej do poziomu obcigzen normal-
nych, co umozliwito wybor odpowiednich typow parametrow losowych rozktadu a priori
zwykorzystaniem statystyki testowej Andersona-Darlinga. Metod¢ Monte Carlo oparta na
fancuchach Markowa z probnikiem Gibbsa wykorzystano do oceny $rednich a posteriori
parametrow losowych. Proponowana metod¢ zweryfikowano na postawie przyktadu
samoregulujacego przewodu grzejnego.

KOSUCKI A, MALENTA P. Mozliwosci zmniejszenia obciazen eksploata-
cyjnych mechanizméw dzwignic dla przypadku dynamicznego podnoszenia
ladunku. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18
(3): 390-395, http://dx.doi.org/10.17531/ein.2016.3.10.

W artykule przedstawiono badania symulacyjne i eksperymentalne mechanizmu pod-
noszenia dla przypadku podrywania tadunku. Opisane zostaly metody zmniejszania
przecigzen uktadu napgdowego mechanizmoéw podnoszenia. Wskazano w oparciu o
badania symulacyjne metode zapewniajaca minimalizacje przecigzen dynamicznych w
czasie podrywania tadunku z kilkudziesigciu do kilku procent. Okreslony zostal wptyw
poziomu czutosci pomiaru sit w linach na minimalizacj¢ przeciazen. Zaprezentowano
przyktady zastosowan metody na rzeczywistej wciagarce bgbnowej.

WANG Z, L1J,ZHANGY, FU H, LIU C, KRISHNASWAMY S. Analiza degra-
dacji z zastosowaniem nowego modelu procesu Wienera uwzgledniajacego
bledy pomiarowe. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2016; 18 (3): 396405, http://dx.doi.org/10.17531/ein.2016.3.11.

Analizg degradacji mozna stosowa¢ do oceny niezawodnosci wysoce niezawodnych ztoZo-
nych systemow i produktow, poniewaz w ich przypadku istnieje bardzo niskie lub zerowe
prawdopodobienstwo wystapienia uszkodzenia w trakcie badania trwatosci w przyjetym
okresie eksploatacji. W artykule przedstawiono nowo opracowane podejscie do modelo-
wania procesu degradacji wykorzystujace metodg procesu o przyrostach niezaleznych oraz
pojecia funkcji $redniej liniowej i funkeji liniowego odchylenia standardowego. Zasadniczo
jest to metoda oparta na procesie Wienera. Poniewaz badania degradacji czgsto wigza si¢ z
bigdami pomiarowymi wynikajacymi z niedoskonatosci stosowanych narzgdzi, procedur i
warunkow badawczych, opisywany proces o przyrostach niezaleznych uwzglednia biedy
pomiaru. Ponadto, w pracy omowiono wnioski statystyczne, jakie mozna wyciagnac na
podstawie przedstawionego modelu oraz wyprowadzono wzory ogélne na srednig dlugosé
zycia produktu oraz na percentyl rozktadu czasu do uszkodzenia. Proponowang metode
zilustrowano i zweryfikowano na podstawie kompleksowego badania symulacyjnego
oraz przyktadow praktycznego zastosowania modelu w odniesieniu do dyskow pamigci
masowej oraz diod podczerwieni. W artykule przedstawiono takze model procesu Wienera
z transformowanym czasem uwzgledniajacy btad pomiaru, ktory postuzyt za model refe-
rencyjny. Porownania pokazuja, ze proponowany model moze dawa¢ poprawne wyniki,
nawet przy bardzo matej liczebnosci proby.

STAWINSKI L. Eksperymentalne i modelowe badania ukladu hydraulicznego
z zaworami hamujacymi typu counterbalance stosowanymi w ukladach
dzwigowych z obciazeniem biernym i czynnym. Eksploatacja i Niezawodnosc
—Maintenance and Reliability 2016; 18 (3): 406-412, http://dx.doi.org/10.17531/
ein.2016.3.12.

Artykut opisuje budowe oraz zasad¢ dziatania zaworu hamujacego typu counterbalance
oraz wplyw jego nastaw na bezpieczefistwo pracy uktadow hydrostatycznych przy
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of such systems after stop and restart with the active load. Mathematical and physical
models of the valve and hydrostatic system with variable load have been developed.
The models have been verified on the test bench, on which it is possible to the for-
mation of arbitrary diagrams and extortion. The static and dynamic charasteristics
of the valve and the key operating parametres of the hydrostatic system that affect
its useful properties have been shown. The simulation studies, which identify critical
design parametres of the valve, that are crucial to the behaviour of the valve, and thus,
hydrostatic system, has been carried out.

DOMBEK G, NADOLNY Z. Liquid kind, temperature, moisture, and
ageing as an operating parameters conditioning reliability of transformer
cooling system. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2016; 18 (3): 413-417, http://dx.doi.org/10.17531/ein.2016.3.13.

The article presents research results of thermal properties of insulating liquids used
in power transformer cooling system. The authors analyzed the influence of such
factors, as the kind of the liquid, temperature, moisture and ageing rate of the liquid
on thermal properties of the liquids. The analyzed properties of the liquids were
thermal conductivity coefficient A, kinematic viscosity v, density p, specific heat
cp, and thermal expansion factor . These properties determine the ability of the
liquid to heat transport — heat transfer factor a — what means the properties describe
reliability of power transformer cooling system. The authors calculated the factor of
heat transfer by the investigated insulating liquids on the basis of measured values
of thermal properties.

LU J-M, INNALEF, Wu X-y, Liu Y, Lundteigen MA. Two-terminal reliability
analysis for multi-phase communication networks. Eksploatacja i Nieza-
wodnosc — Maintenance and Reliability 2016; 18 (3): 418-427, http://dx.doi.
org/10.17531/ein.2016.3.14.

Most researches of network reliability generally assume that the system structures
do not change with time. This paper presents the concept of multi-phase network
systems (MPNS) to consider dynamic characteristics of networks, and analyze the
reliability of MPNS. MPNS reliability is evaluated through a cross-phase binary
decision diagram (BDD). The BDD-based algorithm can act as a platform to consi-
der various components behaviors such as repair and growing pressure. Case study
shows that the proposed MPNS concept is an effective description of some practical
communication networks, and the cross-phase BDD model is efficient in analyzing
MPNS reliability.

PAWLOWSKI W, KACZMAREK L, LOUDA P. Theoretical and experimen-
tal modal analysis of the cylinder unit filled with PUR foam. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2016; 18 (3):428-435, http://
dx.doi.org/10.17531/ein.2016.3.15.

In the paper the dynamic properties of the cylinder unit as a part of the theatre sceno-
graphy lifting mechanism have been investigated. The noise and vibration problem of
the cylinder unit when lifting loads turned out to be the crucial limit in application of
the whole mechanism for lifting scenography elements on a theatre stage. The con-
struction of the mechanism was examined and the main source of noise was identified
as the cylinder unit. Theoretical modal analysis confirmed that thesis. Experimental
modal analyses of the hollow cylinder unit as well as the cylinder with the PUR foam
filling were performed. The results showed significant improvement of the dynamic
properties due to the vibration amplitude decrease for the first three vibration modes
of the filled cylinder. The research method of modal analysis turned out to be highly
efficient in dynamic properties determination in the industrial practice. The method
of improving the dynamic properties of the mechanical construction by filling closed
regions with PUR foam is of a great importance for industrial application and seems
to be economically effective.

ZUCHOWSKI A. Analysis of the influence of the impact speed on the risk
of injury of the driver and front p gerofap ger car. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2016; 18 (3):436—444, http://
dx.doi.org/10.17531/ein.2016.3.16.

The subject of the analysis was the influence of the speed, at which a personal car hit
an obstacle, on the risk of injury of the driver and the passenger sitting in the front seat.
With this goal in mind, several hundred of crash tests were analysed, published on the
Internet by National Highway Traffic Safety Administration (USA). The analysis focuses
on the cases involving a frontal impact of the car on a rigid barrier. For the purpose of
assessing the forces acting on a dummy, Head Injury Criterion (HIC36) and Chest Ac-
celeration (CAcc), were applied, calculated on the basis of the resulting acceleration of

zmieniajacym si¢ obcigzeniu, a w szczegolnosci problem drgan i niestabilno$ci pracy
takiego uktadu hydrostatycznego po zatrzymaniu i ponownym uruchomieniu po przejsciu
z obcigzenia biernego na czynne. Opracowane zostaly modele matematyczne i fizyczne
zaworu oraz uktadu hydrostatycznego ze zmiennym obcigzeniem, ktore zweryfikowano
na stanowisku badawczym, na ktérym mozliwe jest ksztattowanie dowolnych przebiegéw
i wymuszen. Zamieszczone zostaly charakterystyki statyczne i dynamiczne zaworu oraz
przebiegi kluczowych parametrow pracy uktadu hydrostatycznego, ktore maja wptyw na
jego whasciwosci uzytkowe. Przeprowadzone badania symulacyjne identyfikuja krytycz-
ne parametry konstrukcyjne zaworu, ktore maja kluczowe znaczenie na zachowanie si¢
zaworu, a co za tym idzie, uktadu hydrostatycznego. Stowa kluczowe: bezpieczenstwo
obstugi maszyn, uktady hydrostatyczne, zawor hamujacy, counterbalance, dzwigi ko-
szowe, zurawie.

DOMBEK G, NADOLNY Z. Rodzaj cieczy, temperatura, zawilgocenie oraz
zestarzenie jako parametry eksploatacyjne warunkujace niezawodno$¢ ukladu
chlodzenia transformatora. Eksploatacja i Niezawodnosc — Maintenance and
Reliability 2016; 18 (3): 413-417, http://dx.doi.org/10.17531/ein.2016.3.13.

W artykule przedstawiono wyniki badan whasciwosci cieplnych cieczy elektroizolacyjnych,
wykorzystywanych w uktadzie chtodzenia transformatora wysokiego napigcia. Dokonano
analizy wptywu takich czynnikow jak rodzaj cieczy, temperatura, stopien jej zawilgocenia
oraz zestarzenia na wlasciwosci cieplne cieczy. Analizowanymi wlasciwo$ciami cieczy
byly przewodnos¢ cieplna whasciwa A, lepko$¢ kinematyczna v, gestosé p, ciepto whasciwe
cp oraz rozszerzalno$¢ cieplna . Wiasciwosci te okreslaja zdoInos$¢ cieczy do transportu
ciepta — wspotczynnik przejmowania ciepta o, a tym samym warunkuja niezawodno$¢
uktadu chlodzenia transformatora. Na podstawie zmierzonych przez autoréw wartosci
wiasciwosci cieplnych okreslony zostal wspotczynnik przejmowania ciepta badanych
cieczy elektroizolacyjnych.

LU J-M, INNAL F, Wu X-y, Liu Y, Lundteigen MA. Analiza niezawodnosci
par terminali w wielofazowych sieciach komunikacyjnych. Eksploatacja i
Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 418-427, http://dx.doi.
org/10.17531/ein.2016.3.14.

Wiekszos¢ badan niezawodnosci sieci ogolnie przyjac, ze struktury systemu nie zmieniaja
si¢ w czasie. W artykule przedstawiono koncepcjg systemow sieciowych wielofazowych
(MPNS) rozpatrywanie dynamicznych wlasciwosci sieci i analizy niezawodnosci MPNS.
MPNS niezawodno$¢ jest oceniany przez cross-fazowego schematu decyzyjnego binarny
(BDD). Algorytm z siedzibag w BDD moze dziata¢ jako platforma do rozwazenia r6znych
komponentow zachowan, takich jak naprawy i rosnacej presji. Studium przypadku poka-
zuje, ze proponowana koncepcja MPNS jest skutecznym opis niektorych praktycznych
sieci komunikacyjnych, a cross-fazowego modelu BDD jest skuteczny w analizie MPNS
niezawodnos¢.

PAWLOWSKI W, KACZMAREK L, LOUDA P. Teoretyczna i eksperymentalna
analiza modalna zespolu bebna wciagarki wypelnionego pianka poliure-
tanowa. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18
(3):428-435, http://dx.doi.org/10.17531/ein.2016.3.15.

W artykule przedstawiono badania dynamicznych wiasciwosci zespotu bebna weiggarki
stuzacej do podnoszenia scenografii teatralnej. Problem nadmiernego hatasu i drgan weia-
garki podczas podnoszenia elementow scenografii okazat si¢ istotnym problem uzytkowym
ograniczajacym mozliwosci zastosowania urzadzenia w teatrze. Przeprowadzono analiz¢
konstrukcji mechanizmu weiagarki i wskazano zespot bebna jako zrédto nadmiernego
hatasu. T¢ tez¢ potwierdzono przeprowadzajac teoretyczng analiz¢ modalng zespotu bgbna.
W czgsci doswiadczalnej badan przeprowadzono analiz¢ modalna oryginalnego, pustego
zespotu begbna a nastgpnie zespotu wypehionego pianka poliuretanowa. Otrzymano wy-
niki badan doswiadczalnych, na podstawie ktorych dokonano obserwacji, ze amplituda
pierwszych trzech postaci drgan swobodnych analizowanego zespotu zostata znacznie
obnizona, co skutkuje znaczng redukcja hatasu generowanego przez bgben wypetiony
pianka poliuretanowa. Analiza modalna okazata si¢ wysoce przydatna w praktyce prze-
mystowej w celu okreslania dynamicznych wiasciwosci urzadzenia mechanicznego. Na
podstawie wynikow przeprowadzonych badan modalnych sformutowano wniosek, ze
metoda wypetniania zamknigtych obszarow konstrukcji mechanicznych pianka poliure-
tanowa w celu poprawienia wiasciwosci dynamicznych urzadzenia moze by¢ szeroko
wykorzystana w praktyce przemystowej ze wzglgdu na wysoka skutecznosé¢ oraz wazny
aspekt ekonomiczny w postaci niskiej ceny takiego rozwigzania.

ZUCHOWSKIA. Ocena wplywu predkosci zderzenia naryzyko obrazen kierowcy
i pasazera samochodu osobowego. Eksploatacja i Niezawodnosc — Maintenance
and Reliability 2016; 18 (3):436-444, http://dx.doi.org/10.17531/ein.2016.3.16.

Rozwazono wptyw predkosci uderzenia samochodu osobowego w przeszkodg na ryzyko
obrazen kierowcy oraz pasazera na przednim fotelu. W tym celu wykorzystano wyniki
kilkuset testow zderzeniowych, udostgpnionych w Internecie przez National Highway
Traffic Safety Administration (USA). Uwage skupiono na czotowe uderzenie samocho-
du w sztywna barier¢. Podczas oceny obcigzen manekinow wykorzystano wskazniki
obrazen glowy HIC36 oraz torsu CAcc, ktore oblicza si¢ na podstawie wypadkowego
przyspieszenia dzialajacego na glowe i tors manekina. Oddzielnie rozwazono obciazenia
manekina reprezentujacego 50-centylowego mezczyzng (M50) oraz S-centylowa kobietg
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head and chest of the dummy. Separate analyses were performed for the forces acting on
the dummy representing 50-centile man (M50) and 5-centile woman (F5). A statistical
analysis of the results of the crash tests was performed in order to determine the typical
values of HIC36 and CAcc factors, as well as the risk of severe injury of the driver and
the passenger at a given collision speed. The risk of injury was calculated on the basis
of provided in the research literature so-called injury risk curves. It was determined that
increasing the speed at which a car hits an obstacle from 25 kmv/h up to 56 km/h results
in the increase in the risk of severe injury (AIS4) of the driver and the passenger from 2
to 10%. Some functions were proposed, describing the relation between the risk of injury
and the velocity of collision.

YIN Y-C, HUANG H-Z, PENG W, LI Y-F, M1 J. An E-Bayesian method for
reliability analysis of exponentially distributed products with zero-failure
data. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18
(3):445-449, http://dx.doi.org/10.17531/ein.2016.3.17.

This paper investigate an E-Bayesian estimation as a reliability analysis method for
the seekers to deal with the zero-failure life testing data. Firstly, we introduce an E-
Bayesian estimation for the exponential distribution, and then propose a zero-failure
model with assumptions. Using the proposed model, we set up a series of life tests for
the seekers, and apply the E-Bayesian estimation on the observed zero-failure data to
calculate the failure rate and reliability of the seekers. Finally, the reliability estimation
results of the seekers demonstrate the performance of the proposed method.

MUTINGI M, MBOHWA, KOMMULA VP. Multi-criteria reliability opti-
mization for a complex system with a bridge structure in a fuzzy envi-
ronment: A fuzzy multi-criteria genetic algorithm approach. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2016; 18 (3):450-456, http://
dx.doi.org/10.17531/ein.2016.3.18.

Optimizing system reliability in a fuzzy environment is complex due to the presence
of imprecise multiple decision criteria such as maximizing system reliability and
minimizing system cost. This calls for multi-criteria decision making approaches
that incorporate fuzzy set theory concepts and heuristic methods. This paper presents
a fuzzy multi-criteria nonlinear model, and proposes a fuzzy multi-criteria genetic
algorithm (FMGA) for complex bridge system reliability design in a fuzzy environ-
ment. The algorithm uses fuzzy multi-criteria evaluation techniques to handle fuzzy
goals, preferences, and constraints. The evaluation approach incorporates fuzzy
preferences and expert choices of the decision maker in regards to cost and reliability
goals. Fuzzy evaluation gives the algorithm flexibility and adaptability, yielding
near-optimal solutions within short computation times. Results from computational
experiments based on benchmark problems demonstrate that the FMGA approach
is a more reliable and effective approach than best known algorithm, especially in a
fuzzy multi-criteria environment.

ZHAO Z, QIUJ, LIU G, ZHANG Y. Research on time-varying charac-
teristics of testability index based on renewal process. Eksploatacja i
Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 457-468, http://
dx.doi.org/10.17531/ein.2016.3.19.

Testability indices are used in the phases of testability design and testability demon-
stration. This paper focuses on fault detection rate (FDR), which is the most widely
used testability index. Leading hypothesis suggests that the value of FDR of a system
is usually a certain value. However, few attempts have been made to research the
statistical characteristics of FDR. Considering the fault occurrence process and test
uncertainty, FDR is time varying and a special statistical process. Under the assumption
of perfect repairs, we build a fault occurrence model based on the renewal process
theory. Supposing that test uncertainty is mainly induced by test fault, the renewal
process is employed to depict the occurrence process of test faults. Simultaneously,
we depict the process of test state change and then construct the fault detection logic
based on the digraph model. Combining the fault occurrence model and the fault
detection logic, we focus on the expectation of FDR, which is one of the key statistical
characteristics. By comparison, we introduce the calculation method of expectation
of FDR in two cases, including without considering test uncertainty and considering
test uncertainty. To validate the conclusions presented in this paper, we carry on a
simulation case using an integrated controller. Based on the theoretic and simulating
methods, the expectation of FDR tends to be a constant with the increase of time under
the assumptions made in this paper. The statistical characteristic of FDR presented in
this paper would be the basic theoretical guide to testability engineering.

(F5). Przeprowadzono statystyczna oceng wynikow testow zderzeniowych, ktorej celem
byto okreslenie dominujacych wartoéci wskaznikow HIC36 i CAcc oraz ryzyka cigzkich
obrazen kierowcy i pasazera przy danej pre¢dkosci zderzenia. Ryzyko obrazen obliczono na
podstawie dostgpnych w literaturze tzw. funkcji ryzyka obrazen. Ustalono, ze zwigkszenie
predkosci uderzenia samochodu w przeszkode z 25 km/h do 56 km/h zwigksza ryzyko
cigzkich obrazen (AIS4) kierowcy i pasazera z 2 do 10%. Zaproponowano funkcje wigzace
ryzyko obrazen i predko$¢ zderzenia.

YIN Y-C, HUANG H-Z, PENG W, LI Y-F, M1 J. Metoda bayesowskiej estymacji
warto$ci oczekiwanej dla produktow o rozkladzie wykladniczym wykorzy-
stujaca dane o niezaistnialych uszkodzeniach. Eksploatacja i Niezawodnosc
— Maintenance and Reliability 2016; 18 (3):445-449, http://dx.doi.org/10.17531/
ein.2016.3.17.

W pracy analizowano estymacj¢ bayesowska wartosci oczekiwanej jako metode analizy
niezawodnosci urzadzen naprowadzajacych w przypadkach, gdy dane z badan trwatosci
sg danymi o uszkodzeniach niezaistniatych (zerowych). W pierwszej czgsci pracy opisano
E-estymacj¢ bayesowska dla rozktadu wyktadniczego, a nastgpnie zaproponowano model
uszkodzen niezaistniatych oraz opisano jego zatozenia. Wykorzystujac zaproponowany
model, zaprojektowano i zrealizowano seri¢ badan trwato$ci urzadzen naprowadzajacych
jak rowniez zastosowano E-estymacj¢ bayesowska w celu obliczenia intensywnosci
uszkodzen oraz niezawodnosci badanych urzadzen. Wyniki oceny niezawodnosci urzadzen
naprowadzajacych potwierdzaja przydatno$¢ proponowanej metody.

MUTINGI M, MBOHWA, KOMMULA VP. Wielokryterialna optymalizacja
niezawodnoSci zlozonegosystemu o strukturze mostkowej w Srodowisku
rozmytym. Metoda rozmytego wielokryterialnego algorytmu genetycznego.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3):450—456,
http://dx.doi.org/10.17531/ein.2016.3.18.

Optymalizacja niezawodnosci systemu w $rodowisku rozmytym to problem ztozony
ze wzgledu na konieczno$¢ wzigcia pod uwage wielu niedoktadnie okre§lonych kryte-
riow decyzyjnych, takich jak maksymalizacja niezawodnosci systemu i minimalizacja
kosztow. Wymaga ona zastosowania wielokryterialnych metod podejmowania decyzji,
ktore taczytyby pojecia z zakresu teorii zbioréw rozmytych oraz metody heurystyczne.
W niniejszej pracy przedstawiono rozmyty wielokryterialny model nieliniowy (FMGA)
oraz zaproponowano rozmyty wielokryterialny algorytm genetyczny do projektowania
niezawodnosci ztozonych systemow mostkowym w §rodowisku rozmytym. Algorytm
wykorzystuje techniki rozmytej oceny wielokryterialnej do okreslania rozmytych celow,
preferencji oraz ograniczen. Metoda oceny uwzglednia rozmyte preferencje i eksperckie
wybory decydenta dotyczace kosztow oraz celow niezawodnosciowych. Ocena rozmyta
nadaje algorytmowi cechy elastycznos$ci oraz adaptacyjnos$ci, pozwalajac na otrzymanie
niemal optymalnych rozwigzan w krotkim czasie obliczeniowym. Wyniki eksperymentow
obliczeniowych opartych na problemach wzorcowych pokazuja, ze podejscie z zasto-
sowaniem FMGA jest bardziej niezawodne i wydajne niz najbardziej znany algorytm,
zwlaszcza w rozmytym srodowisku wielokryterialnym.

ZHAO Z, QIUJ, LIU G, ZHANG Y. Badanie zmiennych w czasie wlasnos$ci
wskaznika testowalno$ci na podstawie procesu odnowy. Eksploatacja i Nie-
zawodnosc — Maintenance and Reliability 2016; 18 (3): 457468, http://dx.doi.
org/10.17531/ein.2016.3.19.

Wskazniki testowalno$ci wykorzystuje si¢ w fazach projektowania oraz potwierdzania
testowalnosci. Przedstawiony artykut poswigcony jest wskaznikowi wykrywalnosci blgdow
(fault detection rate, FDR), ktory jest najczgsciej stosowanym wskaznikiem testowalnosci.
Wiodaca hipoteza sugeruje, ze wartos¢ FDR dla danego systemu jest zwykle wartoscia
pewna. Istnieje jednak niewiele badan na temat statystycznych wiasnosci FDR. Biorac
pod uwagg proces wystgpowania blgdéw oraz niepewno$¢ pomiarow, wspotczynnik FDR
mozna opisac¢ jako zmienny w czasie specjalny proces statystyczny. Przy zalozeniu naprawy
doskonatej, zbudowali$my model wystgpowania blgdow w oparciu o teori¢ procesu odno-
wy. Przyjmujac, ze niepewnos$¢ testowa wywotluja gtownie bledy testowe, wykorzystalismy
proces odnowy do zobrazowania procesu wystgpowania bledow testowych. Jednoczesnie
przedstawilismy proces zmiany stanu testu, a nast¢gpnie zbudowalismy logike wykrywania
biedow w oparciu 0 model grafu skierowanego. Laczac model wystgpowania blgdow z
logika wykrywania bledow, opracowaliémy metodg obliczania wartosci oczekiwanej
FDR, ktora jest jedng z najwazniejszych wlasnosci statystycznych tego wskaznika. Dla
poréwnania, metod¢ obliczania wartosci oczekiwanej FDR zastosowali$my w dwoch
przypadkach, z uwzglednieniem i bez uwzglednienia niepewnosci testowej. Aby zwe-
ryfikowa¢ wnioski przedstawione w niniejszej pracy, przeprowadzilismy symulacje z
wykorzystaniem zintegrowanego kontrolera. Obliczenia teoretyczne i symulacja pokazuja,
ze wartos$¢ oczekiwana FDR wraz z uptywem czasu staje si¢ wartoscia stata w warunkach
zatozonych w niniejszej pracy. Przedstawiona w artykule charakterystyka statystyczna
FDR stanowi jedna z podstaw teoretycznych inzynierii testowe;.
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OSTAPKOWICZ P, BRATEK A. Possible leakage detection level in
transmission pipelines using improved simplified methods. Eksploatacja
i Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 469480, http://
dx.doi.org/10.17531/ein.2016.3.20.

This paper deals with issues of detecting leaks in liquid transmission pipelines.
It presents an overall comparison of three improved simplified methods, i.e.
correlation analysis of pressure and flow rate, pressure monitoring and volume
balance. Besides the well-known solutions, the authors also propose a detection
algorithm with a new process variable structure and with two options of a resul-
ting function. These methods do not require a complicated mathematical model
and highly specialist measuring hardware. Their application and maintenance are
easy and low cost. The interest of this paper is to determine the leakage detection
level, when these methods are used for diagnosing single leakages under steady-
state operating pipeline’s conditions. The assessment, carried out on a labora-
tory water pipeline, was based on two performance indexes, i.e. a magnitude of
a minimal leakage, which can be detected and the response time, i.e. time between
the moment of beginning (occurrence) of leakage and the moment when it has been
detected. The obtained results proved a high efficiency of proposed techniques in
detection of leaks.

OSTAPKOWICZ P, BRATEK A. Weryfikacja mozliwego poziomu wykrywalno-
Sci wyciekow w zakresie zastosowania zmodyfikowanych uproszczonych metod
diagnostycznych. Eksploatacja i Niezawodnosc — Maintenance and Reliability
2016; 18 (3): 469480, http://dx.doi.org/10.17531/ein.2016.3.20.

Artykut dotyczy zagadnien diagnozowania wyciekow z rurociagow przesytowych cieczy z
wykorzystaniem metod, ktore bazuja na pomiarach wewnetrznych parametrow przeptywu
(zmiennych procesowych), tj.: strumienia i ci$nienia. Artykut prezentuje porownanie trzech
zmodyfikowanych uproszczonych technik, tj.: analizy korelacyjnej sygnatéw ci$nienia i
przeptywu, monitorowania zmian ci§nienia i bilansu strumieni. Oprocz uprzednio znanych
rozwigzan autorzy proponuja rowniez rozwigzanie algorytmu detekcyjnego o nowej
strukturze zmiennych i o dwoch wariantach funkcji wynikowych. Metody nie wymagaja
zastosowania skomplikowanych modeli rurociagu, cechuje je niski koszt w sensie wyma-
gan dotyczacych urzadzen pomiarowych oraz tatwa realizacja i obstuga. Obszarem zain-
teresowania niniejszego artykuhu jest okreslenie dla proponowanych metod wskaznikow
jakosciowych, w przypadku diagnozowania pojedynczych wyciekow w stanach ustalo-
nych. Taka ocena dotyczy w szczego6Inosci ustalenia mozliwego poziomu wykrywalnosci
wycieku, tj. minimalnej wielkosci wycieku, ktory moze by¢ wykryty. Innym okreslanym
parametrem jest tzw. czas odpowiedzi, tj. czas od momentu wystapienia wycieku do jego
wykrycia. Podstawg weryfikacji stanowily badania eksperymentalne przeprowadzone
na stanowisku z modelem fizycznym rurociagu. Uzyskane wyniki potwierdzity wysoka
skuteczno$¢ proponowanych technik wykrywania wyciekow.
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SYSTEMS OF SUPERVISION AND ANALYSIS OF INDUSTRIAL FORGING PROCESSES
SYSTEMY NADZORU | ANALIZY PRZEMYSLOWYCH PROCESOW KUCIA*

The work presents the concept of a multifunctional automatized forging station with a supervisory system of the process and the
production management, with the option of application mainly at forging shops (with somewhat outdated machines) equipped
with older-generation devices and forging units. The concept of such a station, which applies the, already partially, implemented
construction and technological solutions, is a result of an extensive analysis of the current needs of forging plants and it has been
supported by the acquired knowledge and experience of the authors, who specialize in the construction of measurement systems
and other devices for the forging industry. The systems built by the authors makes it possible to measure and archive as well as fully
monitor the most important technological parameters of the process, such as: the course of the forging forces in the function of
time/shifi, correlated with a measurement of the temperature of the preforms and dies as well as the number of the produced forg-
ings. The elaborated systems, owing to their inclusion in the general production management system (which plays a supervisory
role over the whole process), also allow for an analysis of the occurring changes during the process, including the proceeding
wear of the forging tools as well as an analysis of the parameters determined throughout a long period of time, management of the
machines and equipment (the work of the machines, their breakdowns, repairs etc.), and the human resources, as well as adapta-
tion of the production organization to the increasing market demands. The presented concept of a complex approach to the issue
of automatization of the forging line is a reply to the constantly developing forging technology, caused by market competitiveness,
which requires automatization of the production, with the purpose to produce forgings of a higher quality, and, at the same time,
reduce the costs.

Keywords: supervisory systems, industrial forging process, measurement & control systems.

W pracy przedstawiono koncepcje wielofunkcyjnego, zrobotyzowanego stanowiska kuzniczego wraz z systemem nadzoru procesu
i zarzqdzania produkcjq, z mozliwosciq jego aplikacji przede wszystkim dla kuzni (z nie najnowszym parkiem maszynowym) wy-
posazonych w starsze urzqdzenia i agregaty kuznicze. Koncepcja takiego stanowiska, wykorzystujgca czesciowo wdrozone juz au-
torskie rozwigzania konstrukcyjno-technologiczne, jest wynikiem szerokiej analizy aktualnych potrzeb zaktadow kuzniczych oraz
poparta zostata zdobytq wiedzq i doswiadczeniem autorow zajmujgcych sie budowq systemow pomiarowych i innych urzqdzen
dla przemystu kuzniczego. Budowane przez autorow systemy pozwalajg na pomiar i archiwizacje oraz petny monitoring najwaz-
niejszych parametrow technologicznych procesu, m.in.: przebiegow sit kucia w funkcji czasu/przemieszczenia, skorelowanych z
pomiarem temperatury wstgpniakow i matryc oraz ilosci wyprodukowanych odkuwek. Opracowane systemy, dzigki ich wigczeniu
w nadrzedny system zarzqdzania produkcjq (petnigcy funkcje nadzoru nad catym procesem), pozwalajq rowniez na analize za-
chodzgcych zmian podczas procesu, w tym postepujgcego zuzycia narzedzi kuzniczych oraz analize rejestrowanych parametrow w
dtugim okresie czasu, zarzqdzania parkiem maszynowym i zasobami sprzetowymi (pracq maszyn, ich awariami, naprawami, itp.),
zasobami ludzkimi oraz dostosowaniem organizacji produkcji do rosngcych wymagan rynkowych. Przedstawiona przez autorow
koncepcja kompleksowego podejscia do zagadnienia robotyzacji linii kuzniczej jest odpowiedzig na nieustanny rozwoj tech-
nologii kucia, spowodowany konkurencyjnoscig rynku, wymuszajgcy na kuzniach zautomatyzowanie swojej produkcji, w celu
wytwarzania odkuwek o lepszej jakosci przy jednoczesnym obnizeniu jej kosztow.

Stowa kluczowe:  systemy nadzoru i kontroli, przemystowy proces kucia, systemy pomiarowo-kontrolne.

Introduction upsetting machines. The performed analyses of the level of technolog-
The industrial processes of die forging (depending on the produc- ical solutions in the die forging processes show that, in a great majority
tion scale and the forging mass), are realized on machines with high of processes, the die forging production takes place in the traditional
forming forces, most often on presses and hammers, and also, possibly, non-automatized way, on separated forging unit stations, where all the

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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working actions, including: removing the charge from the heater and
placing it in the die impression, relocating the formed forging on the
successive impressions, are performed manually. A consequence of the
level of the applied traditional die forging technologies are problems
resulting from the low repeatability of the performed actions as well
as the significant effect of the human factor on both the production
process itself and the conditions of machine work, which significantly
affects the activity of the enterprises and the speed of development of
this branch of industry [12, 13, 14, 15, 16, 17, 21].

At present, forging shops, to manufacture a given product, often
use old machines, without monitoring systems of the working param-
eters, which, due to their age, easily fail, and the wear of the cooperat-
ing movable elements, as well as the clearances, cause big problems
in stabilizing the production process. Additionally, one should con-
sider the character of the forging process and the relatively low life of
the forging tools, connected with their wear, due to big temperature
changes and high pressures. For financial reasons, forging plants rare-
ly decide to purchase a new device dedicated to a specific production
line. The commonly applied forging machines and devices are usually
equipped with simple control and measurement systems, which mere-
ly allow for the control of: the maximal forging force, the machine’s
work speed, the number of forgings and the initial temperatures of the
preforms [6, 9, 18, 22, 23]. Such measurement and control systems,
which monitor the whole process, have been successfully applied in
factories (so-called, assembly shops, involving the process of join-
ing, bonding, welding, painting and others) as well as in automatized
stamping presses. On the other hand, in the case of industrial forging
processes, these systems are only beginning their development.

The changes observed on global forging markets, the high com-
petition and the constant technological progress create demand for
products of increasingly high quality and reduced costs from the forg-
ing producers [20]. They consist mainly of matching production to the
requirements associated with changes in materials and technological
products and to increase production flexibility while maintaining its
competitiveness [33]. Frequent changes of produced assortment and
conducting production using fixed assets machine requires the use of
complex systems of measurement and control, which will allow for
rapid diagnosis process, in order to adapt and optimize and, thanks to
constant analysis, ensure the safety of machinery, low failure, and fi-
nally the profitability of production . Using the existing machine park,
whose work is monitored by the relevant systems provides greater the
universality of machines, allows for quick start production and signif-
icantly reduces implementation costs of the new product [15,25,29].

This also directly affects the development of the die forging tech-
nology, in respect of the currently constructed and installed measure-
ment and control systems (which only slightly affect the production
management), as well as automatization and robotization of the pro-
duction line.

1. Supervisory measurement and control systems

A measurement system can be defined as a set of functional units
which form an organizational whole included in the common regula-
tion for the realization of a specific metrological purpose. The system
regulation is usually realized by means of a superior functional unit
called the controller, which works according to a programmed algo-
rithm. Most measuring systems characterize in algorithmization of
the measuring processes and integration of equipment and software.
Depending on the general application, measuring systems can be di-
vided into: research systems, measurement and control systems and
measurement and diagnostic systems. In industrial applications, the
measurement and control systems have found their special applica-
tion. These systems use large numbers of sensors installed all over
the controlled object, owing to which they are universal and allow
for a measurement, control and analysis of nearly all the quantities.

Such systems provide the possibility of continuous monitoring of
the technological process parameters and the work of the participat-
ing machines during the implementation of the industrial production
processes (measurement, archiving and advanced analysis of the cor-
related quantities).

The measurement and control systems, known as ICS (Industrial
Control Systems) of extended functionality, which include SCADA
(Supervisory Control And Data Acquisition Systems), DCS (Distrib-
uted Control Systems) as well as less technologically advanced sys-
tems realized with the use of PLC controllers, allow for a fast flow of
information concerning the production process, the appropriate proc-
ess parameters and the machine work, an analysis of the production
history and the effect of the particular factors on the process, as well
as a conscious technological development supported by the measure-
ment results and a reduction of the production costs. Their basic pur-
pose, in the case of forging processes, is the measurement and detailed
analysis of the forces, temperature field distribution of the tools and
preforms, the acoustic emission events, the forging tool life, as well as
analysis of the state of machines, movable element lubrication, vibra-
tions of the rotators which store the energy, aiming at improving the
operation of the forging units [2, 4, 5, §, 9, 24].

It should be noted that the most extensive and developed area of
application of such systems are industrial processes of sheet forming
as well as in factories assembling parts and subassemblies, mainly for
the automotive industry, which is partly due to the extreme conditions
that prevail in the industrial processes of forging hot. For example, the
work [29] presents a system of monitoring and control of the press-
ing process through feedback, allowing for the reduction of defects
and the number of corrections as well as a better quality of the end
products in the form of collar drawpieces. As regards the die forg-
ing processes, such systems are still beginning to develop, which is
partly caused by the extreme conditions of the industrial process of
hot die forging. A description of the systems dedicated strictly to forg-
ing processes and their applications can be found in [7, 9, 18, 19, 23,
30]. For example, the work [30] develops a real time control system of
placing the forgings in the consecutive dies by a manipulator, which
allows for very fast changes in the introduced algorithm. The work
[33], in turn, performs an analysis of the forging quality by way of
applying visual measurement and control systems, especially visual
systems. The literature extensively discusses the application of the
measurement and control systems in the analysis of the state of the
forging tools [4, 5, 8, 24, 30]. For example, the work [8] analyzes
and points to (mainly based on the numerical calculations) the most
crucial points, for different types of presses, where the highest stress
concentrations occur, as well as the areas where one should expect
failure. The measurement and control systems can also be used for
controlling, measuring and analyzing selected parameters on semi-
industrial stations testing the abrasive wear of the forging tools in the
case of high pressures [19].

Obviously, such systems, after the verification of their work un-
der industrial conditions and modification of their application, can
constitute not only specialized measurement and control tools used,
for example, for an advanced analysis of the tool life, but also specific
systems of supervision over the work of the forging tools as well as
analysis of the industrial forging process in respect of monitoring the
parameters of the process itself, the work efficiency of the machines,
monitoring the efficiency of the forging plant, the machine shutdowns
and breakdowns as well as the machine operation schedules and the
management of the machine maintenance costs. What is more, IT ap-
plications dedicated for specific industrial plants, especially forging
shops, allow for on-line monitoring of each machine and forging unit,
provide a whole spectrum of information on the current production,
orders and duties, as well as deficiencies, shutdowns, and scheduled
machine inspections and repairs. The increasing market requirements
concerning the efficiency and quality of production, also at forging
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shops, enforce the introduction of new solutions to optimize the whole
production process. An important part of these solutions are the popu-
lar Andon (Japanese for ‘light signals’) systems, which are part of the,
mentioned earlier, larger systems: SCADA and DCS. Fig. 1 shows
exemplary schematics of how such a system operates.

MANAGER

LOGISTICS

LIDER MAINTENANCE

BANTS 3000

BANTA 2000

Position 1

Position 2 Pesition 3

Fig. 1. Schematics of an application of the Andon system for the optimization of the whole pro-

duction process

Such systems, being part of the concept of ‘lean production’, pro-
vide the possibility to increase the control over the production proc-
ess, improve the quality, discipline the workers as well as record and
analyze the events. At present, the classic Andon systems resemble a
board with the numbers of zones of the operator’s work or the names
of the machines. When a problem occurs, the worker, by pushing the
appropriate button, signalizes the occurrence of a non-standard situ-
ation at his work station and his need of assistance in its elimination.
More advanced systems based on the original Andon concept, beside
the information on non-standard situations, also use signals from the
measurement and control systems, owing to which the non-standard
course of the process, resulting e.g. from the technological parameters
of the process, the work of the machines, the selection of the product
etc., is signalized much sooner.

2. The concept of a multi-functional robotized forging
station with a process supervising system

The development of the forging branch directly affects the de-
velopment of the used devices and the applied technologies. The
continuous technological progress enforces increasing the production
elasticity, as well as increasing its competitiveness and product qual-
ity. An improvement of competitiveness can be achieved by way of
production automatization. A popular way of automatizing the forg-
ing processes is the application of transfer presses. Automatization
of this type is offered by press producers such as Schuler, Komatsu,
AIDA, MEER and ThyssenKrup. At present, for the big lot produc-
tion of medium and large forgings, there are three available systems,
i.e. press lines, transfer presses with 3-axis transfer devices and trans-
fer presses with a cross transfer system. This technology is, however,
significantly limited to the specific type of press and assortment of
the forged elements. This solution is dedicated to the automatiza-
tion of big lot processes and it significantly limits the possibility of
changing the forging assortment. Most of the companies which offer
their solutions for automatizing the forging processes limit their of-
fer only to the technological lines with relatively new machines and
devices, which are usually equipped with sets of sensors, drivers and
systems, allowing for mutual communication as well as communica-
tion with the superior systems. Applications of the companies special-
izing in automatization of the forging processes are mostly based on
using the existing robots and manipulators of such global potentates
as: FANUC, KUKA, ABB, Kawasaki and Comau [1, 3, 10, 11, 26,
28, 31, 32]. They are mostly ready, advanced, units with many levels
of tolerance and a construction allowing for universal applications,
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mainly on assembly lines of sheet elements and, sporadically, robots
working under hard forging conditions (high temperatures, vibrations,
dustiness). There are also a few small companies specializing in the
construction of robots for the operation of presses, e.g. Copren [11]
which offers ROBOCOP with three axes, or Oriimec [31], which of-
fers a simple three-axial robot G-50 with the PTP-type
control, designed for the operation of presses of low ton-
nage. This robot can be mounted on rails with the pur-
pose to be moved between presses. In Whirpool plants
in the USA, between October 2004 and June 2005, on
three press lines, 21 five-axis robots SP80X by Moto-
man were applied [28]. The presses are used for door
elements, frames and casings made of sheets of differ-
ent sizes. Robotization of these presses has increased
the capacity by 50 % and improved the quality of the
drawpieces. In Europe, Jaguar Cars, Great Britain, is the
most robotized factory [27] — it uses over 400 robots
at different stages of the production process, e.g. in the
press section, where aluminium elements of the luxuri-
ous Jaguar XJ car are pressed.

Application of such type of devices requires a large
financial investment, due to the price of the robot itself,
the advanced control system and the following operation and main-
tenance costs. Also, solutions proposed by those companies, despite
being universal in character, concern only a specific part of the tech-
nological process. Integrator companies focus mainly on the manipu-
lator arm together with the grabbing unit, which transports the material
to the heater, as well as the consecutive forging operations, followed
by cutting and assigning the detail to the following operation. Instal-
lation of such devices only rarely includes other important aspects
which determine the whole forging process, such as the life of the
forging instrumentation, connected with the tribological conditions.
For example, ABB reports that, in 2001, in Great Britain, it assembled
18 production robots and 80 different elements [1]. This robotized
line is a whole complex including automatic tool replacement, secu-
rity control, diagnostics, visualization of the course of the production
process, inspection of selected operations, collecting information on
daily production, elaborating reports and analyses, device and system
diagnostics, tracking of the process history etc. All this is, however,
only a selected fragment of the whole technology, focusing mainly on
the area of operation of the robot itself, or the manipulator arm, while
the whole investment exceeded 12 min euro (the cost of one robot is
about 350 thousand Euro).

Based on the performed research concerning elaboration and con-
struction of measurement and control systems for the analysis and
control of industrial process of die forging [18], the authors devel-
oped a concept of an innovative, integrated, multi-functional die forg-
ing station. Beside the option of application in modern technological
lines, the station is mainly dedicated to forging shops equipped with
older machines and devices. One of the main assumptions of the sta-
tion is modernization of the currently used machines in the existing
technological line in order to adapt them to automatization. Moderni-
zation in respect of adaptation to automatization is undoubtedly inno-
vative and is especially attractive to companies whose financial situ-
ation does not allow for big investments, such as a purchase of new
forging units. This certainly constitutes an advantage of the proposed
concept in respect of the very expensive free market solutions. The
elaborated concept assumes that the station will be synchronized with
the work of the forging unit, equipped with a dedicated measurement
and control system. Additionally, the whole station will be connected
with a superior production management system.

In the proposed innovative solution, constituting a complex ap-
proach to the issue of automatization and robotization of the forging
line, the key (component) elements will be the following (Fig.2):
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— a manipulator arm with a grabbing unit, transporting the charge
material from the heater to the die impression,

— a cooling and lubricating device assuring a constant dose of the
lubricant and implementing the assumed process of ‘maintain-
ing’ long life of the forging tools,

— ameasurement and control system installed on the forging unit,
synchronized with a simultaneous, separated, work of the arm
and the cooling and lubricating device,

— a superior production management system, which will play a
supervisory role over the whole process.

-

-
# ~,
#

- Press (measurement and control | ™
Cooling and
lubricating device

oy
= g

system installed on the forging unit)
|

Heater

Trimming press

Superior production
management system

Fig. 2. Schematics of an integrated, automatized die forging station

In the opinion of the authors, the proposed solution thor-
oughly covers the whole process, considering all the existing
factors. Each part of the station needs to be designed in such a
way which will guarantee its autonomous, proper, functional-
ity and cooperation with the rest of the system. The idea of the
authors is combining the particular elements, taking advantage
of the synergy effect, which will bring much more measurable
benefits, in both the scientific and the financial aspect. Pre-
sented below is the innovativeness of the key elements of the
station in respect of the currently applied solutions.

2.1. Manipulator arm with grabbing unit

A key element of the developed position is simple keypad with
the least number of degrees of freedom, allowing for completing the
tasks related to the forging processes which are currently performed
by man. The use of a simple, and thus inexpensive, construction- and
operation-wise, robot is possible owing to the complex approach of
the authors to automatization. One of the basic conditions for apply-
ing a simple manipulator is elimination of the possibility of the forg-
ing’s being jammed in the impression and assurance of a precisely
repeatable position of the preform and the forging. The industrial ro-
bot market is separated into the sector of ready units of many levels of
tolerance, of a construction which assures universal applications, and
the manipulator market allowing for the implementation of similar
tasks when the number of the tolerance levels and the universality of
application are limited. A manipulator, used for removing the material

from the heater and placing it in the press, must face the environmen-
tal conditions of the production hall. That is why the producers of
advanced and complicated robots offer various solutions to this prob-
lem, from protective covers, to compressed air blowthrough, to paint
covering for the protection against dust and humidity. Beside the low
price, another advantage of the proposed manipulator will be, owing
to its simplicity, the lack of elements which are especially sensitive to
the proximity of heat sources, and so, protection of this type will not
be necessary. The main rotation axis mounted on the foundation will
assure the required rigidity of the manipulator, which will allow for a
dynamic movement, with the loads of up to 5 kg. The main executive
elements, i.e. pneumatic actuators, will be used to drive the arm and
assure the work of the holder. The applied actuators, equipped with
high temperature seals, and high temperature and splinter resistant
conduits will increase the system’s strength against the environmental
conditions. In the forging process with the use of the discussed ma-
nipulator, it is very important to assure the appropriate positioning of
the treated material at each stage of the process (upsetting, blocking,
final forging), which allows for grabbing and transporting of the forg-
ings. And so, an important element of the manipulator is the grabbing
unit, which must be adapted to the shapes of the products of the given
plant. This will be a gripping device connected with the universal arm
of the manipulator. The gripper, made of inconel, in the form of the
“C” system, with mobile arms, will guarantee the appropriate grip-
ping ability, which has been confirmed by many laboratorial tests.
The currently applied industrial robots perform such tasks properly;
however, their price significantly exceeds the financial capabilities of
the companies [32].

2.2. Cooling and lubricating devices

The authors are planning to use the elaborated and implemented,
proprietary, cooling and lubricating system [12]. At present, one of the
devices being part of the system is already working in a Polish forg-
ing shop, and others are being tested at other plants from the forging
branch. The elaborated lubricating and cooling device, constructed as
a low-pressure one, is safer than the commonly applied devices of this
type with pressure vessels. Assuring the optimal work and lubrication
temperature of the forging tools is very important from the point of
view of the optimization of their life and the quality of the forgings. In

order to stabilize and con-
trol these parameters, the
constructed device assures
a constant dose of the lu-
bricating and cooling agent
and the time of its applica-
tion (Fig. 3).

Such a device, beside
the lubrication and cooling
of the tools, also performs
other tasks related to assur-

Fig. 3. Adosing and lubrication device controlling the amount of the lubricat-
ing and cooling agent: a) view of the controlling panel, b) view of the
container [12]
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ing the optimal working conditions of the tools, such as additional
drying off of the accumulator water, which can cause the formation of
‘pockets’, which, in turn, may result in incomplete filling of the im-
pression and non-uniform cooling of the tool surface. This device al-
lows for adapting, depending on the need, the dose of the fluid ejected
on the upper and lower tools as well as the time of its supply. The
basic functional elements assuring repeatability of the lubrication cy-
cles are: a peristaltic pump driven by a stepper motor, which precisely
controls the fluid dose, a set of valves controlling the flow of the air
which atomizes and pushes the fluid, cleaning the fluid distribution
system, and a head spraying the applied liquid agent on the surface of
the dies. The change of the supply time allows for controlling the wa-
ter content in a volume unit of the ejected air-water-graphite mixture.
Longer supply times allow for more effective cooling of the surface
layer of the tools and leave it dry after the cycle completion. A prop-
erly selected time of the lubricating agent ejection favours
the appropriate atomization of the fluid, thus hindering the
process of graphite accumulation in the bends of the dies
and the process of water accumulation on their surface. The
regulation of the content of the liquid phase in the lubricat-
ing and cooling mixture consists in changing the opening
time of the spraying valve and the rate of the liquid’s flow
to the spraying head. The device is also equipped with an
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2.3. Measurement and control system

Within the frames of the performed long-term research, the au-
thors have elaborated and constructed measurement and control sys-
tems for the analysis and control of industrial die forging processes,
which have been used e.g. in the process of forging of catches used to
move concrete blocks on an eccentric press in the TR device (INOP,
Poznan), and in the process of hot forging of a CV joint casing on a
crank press in closed dies (GKN Driveline Ole$nica) [18]. The elabo-
rated systems are built of an industrial computer (a real time control-
ler, a fast multi-channel measurement card, an operational memory
chip, high capacity hard disks, a set of amplifiers and converters) and
appropriate measurement sensors (of the force, shift, pyrometers, ther-
mocouples, encoders, accelerators, piezoelectric sensors etc.). Fig. 5
shows a fragment of the recording of the force from four operations

5
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anti-depositional mixer, which allows for maintaining uni-
formity of the graphite suspension in the water, which, in
turn, assures a constant amount of the lubricating agent. It
is crucial to select the appropriate moment of atomizing the
agent. At present, in a majority of cases, it consists in activat-
ing the spray shower after a given forging operation, which
causes the risk of spraying the hot forging before it leaves
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the die impression. Such a situation results in a part of the
scale being left in the impression and the impression being
insufficiently cooled (lubricated). The authors have elabo-
rated special pyroelectric sensors with a regulated threshold
of operation, set in such a way so that the path of removing
the forging can cross the sensor beam, which guarantees elimination
of the problem (Fig. 4). Additionally, this system will make it pos-
sible to count the number of the forged products. At present, most
forging shops which do not own control systems perform this task by
approximation, i.e. by determining the number of forgings by weight
or by counting the mean number from a particular shift (8 hrs). Also,
counters of the number of press cycles are often used, which is justi-
fied only is the case when each work cycle finishes with manufactur-
ing a product (instead of e.g. testing the movement of the press or
positioning the tools).

Spraying cooling
fluid

he direction of movemen -
forgings - —

Fig. 4. Schematics of the elaborated tool lubricating system, which also as-
sures removing of the scale and drying of the tools

Fig. 6. a) View of the TR device b) punches for 2" and 3" operation with an
AE sensor
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obtained by the system built to monitor and archive the force in the
process of forging a CV joint casing.

Also, tests with the use of the elaborated measurement system
for the analysis of the acoustic emission (AE) signal were performed.
The tests included the process of forging a catch for moving con-
crete blocks, realized on an eccentric press in the TR device in INOP,
Poznan (Fig. 6a). The system was used for the pioneering research of
the acoustic emission signal, which allowed for the determination of
the wear of the tools used in the second and third operation of forging
the catch. The tools were equipped with AE sensors (Fig. 6b).

The sensor mounted on the surface of the punch receives elas-
tic waves, which originate from other parts of the machine as well
as from the treated material. Next, the acoustic emission events are
plotted on the force diagram corresponding to the analyzed forging
operation (Fig.7).

Forging force in
function of time

Fig. 7. View of the main panel for the analysis and selection of acoustic emission

events [18]

4 Force — the answer op. 3T
___Linear (Force — the answer op. 3T)

After the verification of most of the acoustic emis-
sion events, it will be possible to search the signal and 800,00

force measurements. Such a system will provide the possibility to
measure the physical quantities, such as the forging forces, the tool
temperature, the mobile element location etc. It is crucial to properly
distribute the measurement sensors, as well as determine of their
dynamics and fault tolerance. What is especially important is the
possibility of calibration, which guarantees accuracy in the whole
range of the measured values (Fig. 8). A significant part of the sys-
tem is constituted by a system for measuring the tool temperature.
The latter is crucial from the point of view of the production process
itself, as well as the life of the tools. Owing to a common data server,
such information can be used to control the cooling intensity and the
amount of the lubricant, which are regulated by a device designed to
cool and lubricate the tools.

The calibration process, which has been the subject of a few years
of research, is fully recognized and it guarantees obtaining accurate
measurement results. The commonly applied calibration methods as-
sume calibration with the use of hydraulic actuators, which stretch the
body of the frame, or forging metal cylinders of the appropriate size.
These methods, while justified, do not provide good results, mostly
because they are performed under static conditions and thez require
completing additional actions. The force measurements are made di-
rectly by means of tensometric strain gauges, extensometers glued to
the press columns as well as sensors based on the piezoelectric phe-
nomenon and the systems integrating the charge (Fig.9).

All the signals, after conditioning in the measurement area, which
guarantees resistance to interferences caused by the presence of driv-
ers and the induction heater, as well as the interferences coupled
on the supply network, will be transmitted to the measuring server,
which, in turn, will send them to the main server, at the same time
determining the parameters for the control system of the machine and
the production process, constituting the superior (IT) system of pro-
duction management.

B Force [N] - the answer op. 3K
— Linear (Force [N] — the answer op. 3 K)

recognize the new occurring events and next replace =’ 700,00
. E y =0,363x - 66,941
the broad band sensor with a resonance one. The nar- ‘& 600,00 n2 =
rowing of the signal frequency will increase the signal % iG]
sensitivity, thus detecting the events responsible for o
the microcracks of the punch material or its wear. s ADCD0 ! _;;2_?;(;';2;“'?
The concept of a measurement system within the $ 300,00 —
frames of a multifunctional, robotized, forging sta- % 200,00
tion, beside the component elements of the systems § 100,00
constructed by the authors, which were mentioned 0,00 . . .
before, also assumes installation of a rotational speed 0 500 1000 1500 2000 2500 3000

converter on the flywheel shaft of the press crank,
which allows for an energy analysis of the machine
and correlation of the results with the results of the

The theoretical value of the force [ton]

Fig. 9. Results of measurement system calibration for tensometric gauges and piezoelectric sensors

By using high-performance computing
machines, Real Time's systems, many pa-
rameters and analysis will be made on the
spot measurements. This will ensure the
independent operation of each of the sub-
systems, some functionality and make it
independent subsystems of failure of other
components of the position.

Fig. 8. Measurement and control system with an example of sensor distribution
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2.4. Superior production managemenet system

The authors are also planning to elaborate an IT system which will
play a supervisory role over the whole process. Monitoring systems,
such as ANDON or similar solutions, are commonly available, being
implemented by many companies. On the other hand, it is difficult to
find such operation compatibility of the measuring system mounted
on the unit and the system monitoring the breakdowns and con-
tributing to the production schedule. The reason for this is the lack
of specialized solutions adapted to the needs of the particular pro-
duction processes implemented by companies with a high under-
standing of the problem and the values of the given process indica-
tors. Integration of all the production stages and the supervision
of the production machines in one superior system elaborated by
a consortium specializing in forging and measuring technologies.

will assure an independent work of each subsystems and high func-
tionality, and will prevent the subsystems from being affected by the
breakdowns of other component parts of the station.

One of the modules of the elaborated solution is a module which
integrates the production and the movement maintenance, making it
possible to record and analyze a very large number of production pa-
rameters. Fig. 11 shows an exemplary ‘screenshot’ of how this mod-

The elaborated superior system will also allow for an analysis of

the recorded parameters throughout a long period of time, which
provide the possibility of development, in the area of the applied

technology, of the management of the equipment resources (ma-
chine work, breakdowns, repairs etc.) and the human resources,
as well as adaptation of the production organization to the increas-
ing market demands. This will also allow for the construction of a
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complete and universal tool for the supervision of the process and
the development of the forging technology.

Fig. 10 shows a practical implementation of the tool work su-
pervision system and the analysis of the industrial process by the
system developed by the authors.

N

Machine (condition,
control)

Process (condition,
control)

Analyses,

Maintenance,
Presentation of data

Database Ii:-l automatic functions

Fig. 10. Schematics of a practical implementation of the tool work supervision
system and the industrial forging process analysis. The application
working on a dedicated data server performs real time monitoring of
the conditions of the production process (right) and the work of the
machines taking part in the production.

Such a system is constructed of few modules, which
communicate with each other, owing to which each event
occurring in the forging process carries information caus-
ing a specific reaction in the whole system. The whole is
connected by means of a special IT system, which plays a
supervisory role over the process. What is innovative about
this solution is the integration of the measurement and con-
trol system with the system of monitoring breakdowns as
well as production and machine efficiency, which will al-
low for breakdown prevention and will help with sched-
uling technological breaks and the necessary repairs. The
system will also make it possible to automatically assign
temporary work parameters to the given event in the form
of a breakdown or manufacturing defect and to improve the
technology.

Owing to the application of efficient calculation ma-
chines and Real Time systems, many parameters and analy-
ses will be performed in the area of the measurement. This

Fig. 11. Application panel with the major production schedule parameters

ule works, where one can see the current production plans, with the
(reference) codes of the forgings, the applied instrumentation, its life
and other parameters.

The planner, while defining the production for the given machine
(or machines), assigns a set of tools and human resources, and enters
the data on the production itself. Fig. 12 shows selected technological
parameters referring to the forging force in time and in the function of
the angular position of the shaft.

View of the panel of the data analysis from the sensors monitoring
one production process. The system analyzes, in a continuous mode,
the values of the forces and the temperature of the tools, the forg-
ing and the preforms. It counts the elements at each production stage
and recognizes the operation number in the multi-operational forging
process. At the same time, it enters the analysis results into the data
base, so that they can be used later for the analysis of the technology,
identification of the breakdown causes or breakdown prevention.

It is also possible to perform a complex analysis of the current
production, with respect to its efficiency, shutdown times, number of
manufactured forgings, defects etc. (Fig. 13a). Often, such informa-
tion can be found in a few screens located in the central part of the
forging shop. (Fig. 13b).

Fig. 12. Application panel with the major technological parameters of the selected forging
process
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Fig. 13. a) Application panel with the major technological parameters of the selected forging process, b) information monitor/board
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Fig. 14 ‘Screen shot’ from the breakdown monitoring system application

Fig. 14 shows a ‘sreenshot’ of an application of the breakdown
monitoring system, where one can see: the time of occurrence of such
a breakdown event, the location, the production parameters during
the event etc.

The breakdown monitoring system allows for an immediate ac-
tion (based on a special procedure algorithm), e.g. repair order, re-
view of the repair documentation of the given breakdown based on
the previous events or the documentation prepared beforehand, which
significantly shortens the time of solving the problem and resuming
the production process.

Achieving the highest global standards of production quality and
competitiveness requires improving the forms and methods of pro-
duction management. Undoubtedly, nowadays, this is connected with
the use of IT technologies, which include: advanced measurement
systems, electronic devices, communication technologies and other
peripheral devices for collecting, processing, analyzing and transmit-
ting information. All this as a whole favours the improvement of pro-
duction management and its structural elements.

The implementation of an integrated, multi-functional die forg-
ing station into the production process will also contribute to stabiliz-
ing the current production, increase the efficiency and productivity of
forging units and significantly broaden the production capabilities of
the whole company. The authors are also planning to introduce such an
integrated, multi-functional die forging station to other forging units
— presses as well as hammers. The scheduled, very high, functional-
ity level of the station assumes the option of its reconfiguration and
elastic adaptation in respect of the changing machines and production
schedule of the given company. The station elaborated by the authors
will constitute a unique solution, as similar solutions encountered in

ally dedicated to one machine or process, and their
modernization is impossible or unprofitable. It will
increase the control and automatization of the cur-
rently realized forging processes, and the given forg-
ing shop will benefit e.g. in the form of robotization
and automatization of the production process.

What is more, owing to its innovativeness, it will
significantly affect the fulfillment of the increasing
needs of the clients and thus increase the competitive
level of the company, as it will characterize in the
following elements:

a) Extended control and stability of the current pro

duction.

b) Increased production efficiency, owing to the ap

plied manipulator transporting the forgings.

¢) Robotization and elaboration of universal forg

ing and trimming technologies in the selected
work center with the consideration of the series of types of the
forging group.

Significant increase of the life of the applied forging tools, ow-

ing to the integrated lubricating and cooling device (constant

and directed lubricant dose).

e) Process mapping at all production stages.

f) Fastanalysis of the effect of the applied changes in any location
of'the applied technology on the whole process and the machine
(verification of the possibility of press overload due to a die
shape change), which will accelerate the technology develop-
ment and lower the implementation costs.

d

=

3. Conclusions

The measurement and control systems elaborated and constructed
by the authors allow for continuous monitoring (measurement, archiv-
ing and analysis) of the most important industrial forging parameters,
such as: the forging forces in the function of time/shift and the tool
temperature. The performed verification of the work of such systems
under industrial conditions and their appropriate software and equip-
ment development makes them a unique system of supervision over
the work of the forging tools and analysis of the industrial forging
processes in respect of monitoring the parameters of the whole manu-
facturing process. Additionally, through the elaborated dedicated IT
applications for specific industrial/forging plant, they allow for an on-
line monitoring of each machine, device and unit (scheduled inspec-
tions and performed repairs), and of the work efficiency of the partic-
ular plant sections or stages of the production process, thus providing
a broad information spectrum on the current load and the state of
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the machines, as well as the current production, orders, deficiencies,
shutdowns, and in this way, providing the possibility of production
management. Another aspect of applying such type of systems is the
option of verifying the simultaneously performed numerical modeling
of the processes, with a special consideration of the tool life.

The continuous development of the forging technology makes the
forging plants automatize their production in order to meet the de-
mands of the market. This leads to the introduction of new construc-
tion and technology solutions. An answer to this state of affairs is the
presented concept of an innovative solution, which constitutes a com-
plex approach to the issue of automatization and robotization of the
forging line. The concept assumes the construction of an integrated,
multi-functional die forging station, whose key elements will be:

— a manipulator arm with a set of grippers, which transports the

charge material from the heater to the die impression,

— a proprietary (already constructed) cooling and lubricating de-

vice which assures a constant dose of the lubricant and real-

— a measurement and control system elaborated by the authors
and installed on the forging unit, synchronized with a simul-
taneous and independent work of the arm and the cooling and
lubricating device,

— a superior system of production management (partially built),
which will play a supervisory role over the whole process.

The intention of the authors is, however, combining the particular
elements and taking advantage of the synergy effect, which will pro-
vide much more benefit, of both scientific and financial kind. This so-
lution will contribute to an even better and more thorough control over
the forging processes. Introducing an integrated, multi-functional die
forging station into the production process will stabilize the current
production, improve the conditions of operation and productivity of
the forging units as well as significantly increase the production capa-
bilities of the whole company. At present, the benefits of a synergy of
the particular elements of the elaborated, integrated, multi-functional

station are difficult to determine. Such assessment will be possible

izes a complex process of ‘maintaining’ long life of the forging only when the station is practically implemented

tools,
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MODELLING AND STUDY THE EFFECT OF SELECTED DESIGN FEATURES FORTHE
OPERATING PARAMETERS OF INDUSTRIAL ELECTROSTATIC PRECIPITATORS

MODELOWANIE | BADANIA WPLYWU WYBRANYCH CECH KONSTRUKCYJNYCH
NA PARAMETRY EKSPLOATACYJNE ELEKTROFILTROW PRZEMYSLOWYCH*

Electrostatic precipitators are currently most commonly used in industrial processes equipment to reduce dust emissions into the
atmosphere. A significant impact on the process of extraction of two-phase gas/dust medium has the shape and configuration of
the discharge electrodes, affecting the shape of the electric field in the chamber electrostatic precipitator. Geometric parameters
of discharge electrodes and their arrangement in the chamber electrostatic should provide uniform current density distribution at
the surface of the collecting electrodes. The article presents an analysis of the impact of geometry and configuration of industrial
- blade type discharge electrodes on the distribution of current density on the collecting electrode. On the basis of the measure-
ment results mathematical model was worked out which allows simulation of the current density distribution depending on the
shape of the electrodes. The model allows to specify the most appropriate parameters of distance between the emission elements
of discharge electrode and the distance between the electrodes. Preferred geometric parameters and configuration of discharge
electrodes was determined by analyzing power spectral density magnitude (PSD) and the mean square value (RMS) of current
density. The results indicate the possibility of reducing the number of elements of emission corona electrodes without worsening of
the operating parameters of electrostatic precipitator.

Keywords: electrostatic precipitator, operation, corona electrodes, modeling, simulation, sigmoidal function.

Elektrofiltry sq obecnie najczesciej stosowanymi, w procesach przemystowych, urzqdzeniami do redukcji emisji pytow do atmos-
fery. Znaczqcy wplyw na przebieg procesu odpylania osrodka dwufazowego gaz/pyt ma ksztalt oraz konfiguracja elektrod emisyj-
nych, wplywajgce na uksztattowanie pola elektrycznego w komorze elektrofiltru. Parametry geometryczne elektrod ulotowych oraz
ich rozmieszczenie w komorze elektrofiltru powinny zapewniac rownomierny rozktad gestosci prgdu na powierzchni jego elektrod
zbiorczych. W artykule przedstawiono analize wphywu geometrii oraz konfiguracji przemystowych elektrod ulotowych typu ostrzo-
wego na rozktad gestosci prqdu na elektrodzie zbiorczej. Na podstawie wynikow pomiarow opracowano model matematyczny
umozliwiajqcy symulacje rozktadu gestosci tego prgdu w zaleznosci od ksztattu elektrod. Model umozliwia okreslenie korzystnych
wartosci odlegtosci pomiedzy elementami emisyjnymi elektrody ulotowej oraz odlegtosci pomiedzy tymi elektrodami. Korzystne
parametry geometryczne i konfiguracje elektrod ulotowych okreslano na podstawie analizy magnitud gestosci widmowej mocy
(PSD) oraz wartosci sredniokwadratowej (RMS) gestosci prgdu. Uzyskane wyniki wskazujq na mozliwos¢ zmniejszenia ilosci
elementow emisyjnych elektrod ulotowych bez pogorszenia parametrow eksploatacyjnych elektrofiltru.

Stowa kluczowe: elektrofiltr, eksploatacja, elektrody ulotowe, modelowanie, symulacja, funkcja sigmoidalna.

1. Introduction

Electrostatic method of purifying of exhaust gases is widely used
in heating energy, metallurgy, chemical, cement and paper industry
[20]. However the main sector of the economy, which use of electro-
static dust removal equipment, is energy production industry using
electrostatic processes for cleaning gases generated by the combus-
tion of different types of fuels [17]. Combustion gases contain signifi-
cant amounts of dust. In power industry, the only reasonable solution
from the economic point of view is to use precipitators with horizontal
plate structure due to the amount of exhaust gases generated during
energy production.

Electrostatic precipitators are structures suitable for use in the
well-defined power plant installation. Selection of precipitator design,
type of corona and collecting electrodes used [1, 2] and power supply

system are determined by the type of boiler and type of boiler fuel
burned in it, and consequently by the properties of dusts which will
be separated. At the stage of design the base exploitation parameters
are defined i.e. guaranteed parameters and limiting parameters values
defined by:
— fuel (including elemental composition, sulfur content, calorific
value, ash content)
— combustion gases (minimum and maximum flow rate, humid-
ity, temperature, dew point temperature, the content of CO, and
0,),
— dust (nominal and maximum concentration, the maximum con-
tent of flammable particles).

The main task of electrostatic precipitator is separation dust phase
from the combustion gases, therefore the most important parameter is

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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the value of the dust emission at its output. For newly constructed fa-
cilities, depending on the fuel, concentration level of pollutants at the
output of an electrostatic precipitator do not exceeds: for coal or lig-
nite 5+15 mg/m?, and for biomass and peat 5 to 20 mg/m? of dry com-
bustion gases in the contractual conditions (content of water vapor is
not larger than 5 g/kg of combustion gas in the reference conditions of
0O, = 6%). This means, that for example, the concentration of dust in
the exhaust gases from the combustion of coal d-= 26 g/m? dust col-
lection efficiency of the electrostatic precipitator must be 99.96%.

Fuel characteristics, exhaust gas properties and the amount of dust
in them determine the choice of construction solution of electrostatic
precipitator:

— size, number of sections and zones of extraction, the active
height and length of the electric field, the number of power sup-
plies and independently powered electrostatic fields, etc.,

— the nominal gas flow rate (approx. 1 m/s),

— adecrease in temperature and pressure of the gas in the electro-
static precipitator (respectively: 5+10 °C, 120+150 Pa),

— the layout, type and number of discharge and collecting elec-
trodes,

— type and number of employed rappers of collecting and corona
electrodes.

During the operation in the stable condition the basic operating
parameters of electrostatic precipitator are electrical parameters re-
sulting from the type of the high-voltage power supplies, i.e. voltage
and nominal current. Currently are in use power supplies with the fol-
lowing output parameters; current / voltage, 400+2000 mA, 80+135
kV, respectively. The significant influence to meet the requirements
on the dust emissions output of electrostatic precipitator have:

— voltage supply of corona electrodes,

— tuning of the high voltage supply control unit (operation

mode),

— the frequency of the shake off the dust being deposited on the

collecting and corona electrodes.

Significant impact on the course of the dust deposition process on
collecting electrodes has the shape and configuration of the discharge
electrodes affecting the shape of the density distribution of the elec-
tric field in the chamber electrostatic precipitator. The current den-
sity on the surface of the collecting electrode affects the mechanical
properties of the deposited dust layer on the surface of the collecting
electrode. The value of current density at the surface of the collect-
ing electrode is affected by the emissivity of the electrode and the
conductance two-phase medium present in the interelectrode space in
case of particular electrode configuration. In the operating process of
an electrostatic precipitator, both of these parameters are determined
by the selection of the supply voltage of the corona electrodes and
operation parameters of high voltage power suppliers, at a level that
prevents the phenomenon of migration of dust grains detached from
the surface of collecting electrode further into the electrostatic pre-
cipitator.

In the past 20 years there have been significant changes in the
structure of the discharge electrodes of electrostatic precipitators. Due
to the low durability wire and tape electrode were abandoned. An im-
portant advantage of this type of electrode was uniform and relatively
easy to calculate distribution an electrostatic field produced by them.
Currently, there are mast type electrodes equipped with point emis-
sion elements in the form of spikes. Complex distribution of electric
field around such electrodes prevents the use in theoretical analysis,
mathematical models developed for the wire electrodes.

The development of information technology has enabled the use
of numerical methods for modeling the phenomena occurring in the
interelectrode space of electrostatic precipitator [3, 4, 5, 9, 11, 12, 23].
The next step in the development of computer simulation of the dust
separation process in the electrostatic precipitators were attempts to

develop alternative models of discharge electrodes [7, 21]. Of great
importance for the quantitative determination of the phenomena oc-
curring during the discharge in the environment of gases (the degree
of ionization to be calculated from the functions of the energy distri-
bution of electrons) and the speed of propagation of the corona are the
results of work in the field of plasma physics [10]. Computer simula-
tion of the electric field parameters and its impact on the process of
dust separation, is facing difficulties due to the complex geometry
of the currently used corona electrodes. There are still experimental
research conducted, on the basis of which it can be concluded about
the process of two-phase medium dedusting, which are the combus-
tion gases [13, 14].

This paper presents the results of research carried out on industrial
spike type corona electrode. An example of construction of this type
electrode is shown in Fig. 1.

@40
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S0e

Fig. 1. Mast type spike corona electrode

Mast spike electrode consists of a carrier mast having a diameter
of about 40 mm and the emission elements, which are steel bars with
a diameter of 4 mm and length 100 mm, welded to the mast at the
opposite sides at appropriate intervals. Emission elements are termi-
nated with cone tip.

2. Research Methodology

Measurements of the electrical parameters of discharge electrodes
was performed on the test stand shown in Figure 2 [16]. Depending
on the configuration, current-voltage characteristics of the electrodes
and the current density on the surface of the collecting electrode can
be determined. High of the active part of the collecting electrodes is
h = 1.0 m and maximum division of the collecting electrodes is H, =
0.6m so the measuring stand allows industrial research corona elec-
trode of a length of 0.8 m to be tested. It consists of a support frame
(1), to which the collecting electrodes with a total area of 4 m? (2) are
fixed. The tested discharge electrode is attached to the insulated inner
carrier frame (3) and supplied with a DC high voltage power sup-
ply. Measurement signals from the sensors (4) are transmitted through
the connector (5) to the measurement and data acquisition systems.
Measurement of the current density distribution at the surface of the
collecting electrode is performed using sixteen measuring fields (4)
equally distributed along the length of the collecting electrode. The
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currents flowing between each of the measurement fields and the
ground are sequentially selected by the 1 of 16 multiplexer and send
to one of the measuring amplifier. Data acquisition and multiplexer
control are made using specially prepared software based on LabView
package. Registered voltage value is obtained by averaging the 2000
samples for each of the measurement fields. Data are recorded five
times in the cycle, which means that the measured value of the current
corresponding to the value of the current flowing through each of the
measurement fields, is the mean value of 10 000 measurements.

5

P

ﬁggﬁg 1 of 16 multiplexer

Precision NI-USB 6039
Instrumentation Data acquisition

Amplifier card

Fig. 2. The measuring stand used to determine the parameters of the corona
electrode 1 — supporting frame, 2 — colecting electrodes, 3 — corona
electrode support frame, 4 — sensors, 5 — electrical connectors

The analysis of measured electric parameters of the electrodes
was carried out using tools developed for time series analysis. The
use of statistical methods of time series analysis simplifies the analy-

sis of the results obtained in the measurement of electrical parameters
of studied electrodes. It also provides information about the tested
object, which cannot be obtained by other methods. For the analysis
of the current distribution on the surface of the collecting electrode
research methodology based on the formalism of statistical time series
model was applied [6]. Analysis of the current density distribution on
the surface of the collecting electrode was performed using developed
for this purpose software with advanced statistical functions, serving
for time series analysis 7S4 (Time Series Analysis), a component of
LabView software [24]. This program, after initial processing of the
measured data allows their smoothing and calculation of the follow-
ing parameters:

— the average value after elimination of extreme values,

— the mean square value RMS (Root Mean Square),

— magnitude of the power spectrum PS (Power Spectrum) to be
calculated using the algorithm of fast Fourier transform FFT
(Fast Fourier Transform) of the current density on the surface
of the collecting electrode in the form of the squares of the
RMS values,

— power spectral density PSD (Power Spectrum Density) FFT
of the time series X7 (in the form of squares of the RMS values
per unit of the x-axis of collecting electrode).

For the calculation of the power spectrum and power spectral
density the procedures contained in the libraries of functions built in
LabView program were used.

The simplified algorithm of the program to analyze the measured
data with the LabView procedures is shown in Figure 3.

ASCII file
selection

|

Data reading — Visualization
: R ple Waveforms.vi
WJ_' (resampling, smuthing)
Choice of datarange | | Number od data
for analysis after resampling
)
Values: Set Colormap to
maximum, RMS | Spectrum.vi
FFT Power Spectral
Density.vi
s DATA ANALYSIS — =P
RESULTS Projection Properties.vi
—=| FFT Power Spectrum.vi r I
— TSA Mean.vi Saving files o) 3D-Surface vi
Origin/Excel
TSA Variance and I
Deviation.vi =
Soungfiles  L—  3Dvisualization
—=| TSA Confidence Limit.vi|—
TSA Auto-Correlation

Function.vi [~

Fig. 3. Algorithm of the program to analyze the current density distribution
measurements on the surface of the collecting electrode

Research on the dust separation process using industrial corona
electrodes and electrodes with modified geometry was carried out in
the laboratory electrostatic precipitator (Fig. 4) with the following pa-
rameters:

— the active length of the chamber: 2 m,

— the height of chamber: 1 m,
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Fig. 4. View of laboratory electrostatic precipitator with removed collecting
electrode. 1 — the dust feed system, 2 — diffuser, 3 — frame of discharge
electrodes, 4 — discharge electrode, 5 — confusor, 6 — collecting elec-
trode

— the inter-pitch: 400 mm or 500 mm,

— collecting electrodes: flat,

— corona electrodes: replaceable, matched to spe
cific measurements,

— gas flow rate: 0.1 m/s to 0.8 m/s,

— asource of dust: fluidized bed chamber fed from
a source of compressed air,

— administration of dust: a system of nozzles ar
ranged vertically in the area of the inlet of the
electrostatic precipitator.

Electrostatic corona electrodes are powered by a DC power sup-
ply with high voltage enables a smooth adjustment of the voltage from
0to 75 kV.

The air flow through the electrostatic precipitator chamber was
obtained through the use of suction fan powered by a frequency con-
verter. The motor speed changes influence the performance of the fan,
and thus the speed of air flow through the chamber electrostatic pre-
cipitator.

3. Results

3.1. The results of measurements of the electrical param-
eters of discharge electrodes

Studies of electrical parameters of discharge electrodes are made
under the following conditions: temperature ¢ = 21 °C, the relative air
humidity a;, = 52%, barometric pressure p = 991.9 hPa.

Examples of current density distribution at the surface of collect-
ing electrode for assembly of two spike electrodes for the variable
distance between electrodes H is shown in Figure 5.

Figure 6 shows the cumulative results of the relationship be-
tween magnitude of power spectral density PSD and the RMS value
as a function of distance between charging electrodes H and spike
distance dI.

The results showed that increase the distance between the emis-
sion elements of the electrode, increases the current density J. Maximum
value of the current occurs at a df =250 mm. At the same time increase,
the distance between the corona electrodes causes a decrease in the
value of the current density on the surface of the collecting electrode.

Analysis magnitude of power spectral density PSD and of RMS
value as a function of the distance between corona electrodes H and

2 electrodes - df = 50 mm
H =340 mm

H =390 mm
H = 440 mm
H =490 mm

current density J [mAm?)

50 100 150 200 250 300 350 400 450 500 550 600
L [mm]

Fig. 5. Current density distribution of on the surface of the collecting elec-
trode as a function of corona electrode space H. The distance between
spikes dI = 50 mm and distance between collecting electrodes Hz =
400 mm
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Fig. 6. The magnitude of power spectral density PSD and the RMS value of

the current density J as a function of distance between charging elec-
trodes H and spike distance dI.

emission elements of the charging electrode d! indicate that both the
increase in the distance between corona electrode and the distance
between the emission electrodes result in an increase both the power
spectral density and the RMS current density for the tested electrodes.
Areas with the highest values of the PSD and RMS indicate in blue
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color — Fig.6. The results indicate that with increasing distance be-
tween the corona electrodes maximum PSD value of the current den-
sity distribution at the surface of the charging electrode corresponds
to the =490 mm.

3.2. Mathematical formula describing the distribution of
the electric field in the space between electrodes in the
electrostatic precipitator

Based on the measurement results a mathematical model of the
current density distribution on the surface of the collecting electrode
was developed. The measurement data of the current density distri-
bution at the surface of collecting electrode J, depending on the H
parameter and d/ parameter (d! is the distance between emission ele-
ments) were preliminary processed. The results of the measurements
were subjected to statistical analysis to eliminate the extreme values
and smoothing. To negative values of the current density J zero value
was assigned as zero value has no physical meaning. Then analyzed
data J were converted, depending on the geometric coordinates of L,
ie. position along the collecting electrode, in such a way as to be sym-
metrical with respect to y axis. If the chart does not exhibit symmetry,
the right site was replaced with the mirror image of the left. Figure 7
shows the result of the transformation of data in accordance with the
accepted method of statistical analysis.

0.5 — T I N |

| DATA I
measured

0.4 transformed ||

|

|

> e
(N} w

£
-

current density J [mA/m?]

0 |

i Dl

—
il
-200 -150 -100 -50 0 50 100 150 200

coordinates of L

Fig. 7. Distribution of current density on the surface of collecting electrode.
a) the data obtained from measurements, b) data after processing

The curve shown in Fig. 7 is the sum of two peaks with a distinct
asymmetry. This pattern can be described by adding at least four sym-
metrical peaks with variable ratio Gauss/Lorentz [15]. However, for a
general description of each peak number of parameters, such as half-
width, amplitude ratio H/L need to be introduced and jet linking them
to the spatial distribution of the electrodes is essential. The number
of parameters can be limited by using sigmoid function [19] for the
description of the outlined curve. Therefore, to approximate the cur-
rent density distribution at the surface of the collecting electrode com-
position of asymmetric sigmoid function was applied, resulting in an
ability to model asymmetric waveform. The sigmoidal form of the
equation is (1):

Y=y AT+ exp(=ctre/n)] (1
where:

A — amplitude,

w, xc — function parameters,

vo  —shift of the function value on the y axis.

Changing of w parameter changes the slope of the curve, while the
parameter xc designate a point of inflection of the curve and allows to
move the curve along the x axis.

Superposition of two sigmoidal functions allow asymmetric spec-
tra to be obtain if the w2 and w3 parameters will have different values.
The superposition of the two sigmoidal function can be written (2):

Y=y AL U(rexp((=cbie—wi/2)w2))] - [1-1/(1+exp((=ctie—wl2yw3))] (2)

where:
xc, wi, w2, w3, xc — function parameters.

Parameter w/ modifies the value of the parameter xc and allows to
change the half-width of the peak.
In case of two corona electrode assembly, the distribution of
current density J on the surface of collecting electrode (Fig. 7), can be
described by the sum of two asymmetric functions (3):

T AIT(exp((=eel-wiIRYw2D))] - [1-1(1—exp(Cxcxe-wIRYw3 )] +
+ A2 (1 expl(=rtue2-wI22)w22))] - [1-1/(1—exp((=ctxc2-w122)yw32))]
©)

where:
Al, A2 — amplitude,
wll, wi2, w21, w22, w31, w32, — parameters of the function,
xcl,xc2 - position of the peak’s maximum on the x-axis,

xcl parameter defines the position of the maximum of the first
peak on the x axis and can be selected arbitrarily.

As corona electrodes have, the same geometric design features so
the two peaks of the spectra should be symmetrical with respect to an
axis passing through the center of the curve (Fig. 7.). Any variations
in the current density distribution at the collecting electrode are due to
inaccuracies of electrode manufacturing. On the basis of experimental
data analysis and the symmetry condition it was assumed that the coef-
ficients A1 = A2=A,y,=0, Wil = WI2=wl, w2l = w32 and w3l =
w22. These factors are functions of the following parameters: distance
between the corona electrodes /, and the distance between the emis-
sion elements d/.

The assumption of fixed numerical values for the wi, w2/, and
w22 coefficients, gives rise to slight discrepancies between the actual
values obtained from the measurements and the values calculated us-
ing a mathematical model but this leads to a significant simplification
of the model and reduce the number of variables.

Analysis of the measured data showed that in the case of H, =400
mm, the influence of the d/ distance and corona electrodes distance A
on the parameters: w2/ and w22 are small and neglectable. In order to
reduce the number of coefficients, the following simplifying assump-
tions have been made: w2/ = w32 =w31 =1.5 and at w22 =2.6.

After substituting these values to the function (3) it simplifies to
the form (4):

JooH D = A[1/(1+exp(—xctaeI-(wi/2) 1.5))] - [1-1/1+exp(—xctac I<(wl/2)/2.6))] +
+ A [1/(1+exp(—xt+xc2—(w1/2)/2.6))] - [1-1/(1+exp(—x+xc2—(w1/2)/1.5))]

4)

As aresult of adopted assumptions, to describe the distribution of
current density J at the surface of the collecting electrode three vari-
ables depending on the scale parameter H and the scale, dI i.e. func-
tion coefficients (4): 4, xc2, and wil must be determine.

According to equation (3) changing xc/ parameter affects the
position of the curve with respect to the x axis. The value xc/ was
assumed arbitrarily xc/ = 20. This allows a comparison of the cur-
rent density distribution J on the surface of the collecting electrode
obtained from measurements with the results determined according to
the mathematical model.

Figure 8 shows a measured data of current density distribution J
approximated with the function (4) in case of spike-type electrode.
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Fig. 8. Approximation using function (4) measured data of current density J
for the spike corona type electrodes

Table 1 shows the coefficients of the function describing the cur-
rent density distribution J on the collecting electrode.

Table 1. Function coefficients J = f(x,H,dl) for the spike electrodes

The assessment of coincidence of the model with measured data,
was performed by comparing the mean square value RMS, the value /
of the area (5) delimited by the current density J distribution curve of
and the x-axis, of the data derived from measurements with the cur-
rent density distribution J values obtained by simulation.

L
Iar = [T ar(®dx )
0
0<L<70.

The calculations were performed using the procedure of integra-
tion and calculation of the RMS values using mathematical procedures
from the libraries of National Instruments LabView software. Com-
parison of the current density distribution J on the surface of the col-
lecting electrode obtained by simulation using a mathematical model
with the measurement data obtained in the laboratory showed that the
differences between the measured data and simulated one for most of
the analyzed geometry and configuration are less than 10% (table 2).

Table 2. Comparision of measured data with simulated one

1 alue .
Function coefficient Value/Function H. dl values (ri:izga\;urljed Iy g value Differences

w21 15 (mm) data) (simulation) (%)

w31 2.6 H=340. dI=150 6.227 5.961 4.46

xc2 xc1-10.634+0.0565-H+0.0073—dl-4.2857e-5—d/I H=340, dI=200 6.650 6.494 240

A -0.717+0.00485-H—5.0655e—6-H*+1.21e—3-dI H=390, dI=150 7.082 6.986 1.39

wi 14.0434-0.0415-H+0.003-d/-2.0e-5-dI? H=390, dI=200 7.817 7.541 3.66

The mathematical model that describes the distribution of current H=440, dI=150 7.715 8.054 4.20

density J at the collecting electrode was verified by comparing the H=440, d1=200 8.470 8.665 225

rpeasur.ement. results with the results obta.med b}{ theoretical §1mula- H=490, dI=150 8.676 9136 504
tion. Simulations were performed assuming variable coefficients of

function (4) shown in Table 1. The simulated spectra of the current H=490, dI=200 9.710 9.839 1.31

density and the recorded spectra were analyzed seeking to establish H=540, dI=150 9.287 10.129 831

their convergence. This allowed to say what impact have simplifying H=540, dI=200 0993 10.960 8.82

assumptions in the model adopted on the real physical phenomena
occurring in the space of electrostatic precipitator.

Figure 9 shows an example of a comparison of the distribu-

tion of measured current density J at the collecting electrode with the
simulated one.
Black curve shows the measurement results obtained by means of
approximation of the measured data using the least-squares Mar-
quardt-Levenbergera algorithm [18]. The curve marked red shows the
progress generated by the simulation using the model described by
equation (4), for the assembly of spike corona electrodes at the two
extremes of the H scales.

06

o
o

o o
w S

current desity J [mA/m?)
o
N

current desity J [mAm?]

Assessing the compatibility of the mathematical model with the
measurement results one should have in mind that the measurements
were carried out on industrial corona electrodes. Some of these elec-
trodes have a geometry errors resulting from the production technol-
ogy. Taking into account that the developed mathematical model is
used to assist in the designing of industrial electrostatic precipitators,
where the geometry errors of corona electrode are quite high (manu-
facturing and/or assembly) the differences between the measurement
results and obtained due to simulation are acceptable.

4. Results

Conducted laboratory studies have shown
that the most important geometric parameter
determining the electric field intensity produced
by the spike corona electrode is the distance be-
tween emission elements (spikes) dI. Another
important parameter is the distance between the
emission electrodes H.

o
-

H = 540 mm, di = 150 mm
J measurad
J predicted

The current density distribution at the col-
lecting electrode in case of mast type electrodes

0 100 200 300 400 500 0 100 200
coordinates of L [mm)

Fig. 9. Comparison of measured current density distribution data at the electrode with the spectra pre-

dicted by mathematical model

300 400 500 600
coordinates of L [mm]

is depends on the value of spike distance dI and
collecting electrode distance H. Most optimal
ranges of these scales are determined by calcu-
lating the spectral density PS changes as a func-
tion of dI and H. Based on measurements and
simulation studies, it was found that the range

HES BN
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of the preferred spike distances dI and collecting electrode distance H
in case of spike discharge electrodes are 200250 mm and 440+550
mm respectively. Predicted values are higher than those currently
used in industrial electrostatic precipitators.

Worked out model of current density distribution on the surface
of collecting electrode enables rapid determination of the electrical
parameters of the spike type electrode. The results of simulation stud-
ies and carried out measurements of parameters of industrial spike
electrodes showed that their geometry does not provide achievable
current density. By changing the distance between the emission elec-
trodes currently used (with spike distance d/ = 200 mm) it is possible
to obtain increase in the magnitude of power spectral density PSD of
the current on the surface of the collecting electrode by 10%.

Study of the electrodes with modified geometry was carried out in
the laboratory for the electrostatic precipitator using fly ash from coal
combustion at concentrations of 3.4 g/m* and 7.2 g/m*. Measurements
carried out have shown that for the supply voltage Ug= 65 kV average
corona current value was /5 = 0.46 mA. Comparison of the electrostat-
ic precipitator performance equipped with currently used industrial
electrodes, with the electrodes of the revised geometry showed no
significant differences (in each case dusting efficiency approx. 99%).
The reason for this are both a small length and height of active part
of laboratory precipitator. It should be recognized, however, that the
increase in current density on the surface of collecting electrode pro-
viding an increase in the intensity of the electric field in the chamber
electrostatic will result in the improvement in the dust separation. This
means that for the corresponding parameters of power supply elimina-
tion of re-detachment of dust deposited on the collecting electrode due
to loss of electrical charge or reduction the impact of this phenomenon
on the process of extraction will take place. One may also believe that

the above-described phenomena will allow to shorten the length of
the electrostatic precipitator while maintaining the required removal
efficiency.

The introduction of the proposed changes to the geometry of the
discharge electrodes will not increase the efficiency of extraction of
dust with diameter less than 2.5 microns (PM, ). Effective separation
in the electrostatic precipitator of this grain fractions requires special
technologies (agglomerators) [8, 22].

Summary

The results of measurements of the electrical parameters of dis-
charge electrodes and a computer simulation of the current density
distribution at the collecting electrode in case of electrostatic precipi-
tator with flat system of collecting electrode showed that:

— Increasing the pitch (distance between electrodes): the inter-
row H and inter-blades dI of discharge electrodes, compared
to the currently applied pitch, increases the amplitude of the
current density,

— In the case of mast type electrodes one can obtained electric
field, required for optimum extraction process, reducing the
number of emission elements (blades) of the corona electrode,

— Increasing inter-row scale / leads to reduction of the number
of corona electrodes mounted in the chamber of electrostatic
precipitator,

— The use of specified geometry and configuration of discharge
electrodes will result in lower investment and operating costs of
electrostatic precipitator in the range of energy consumption of
the electrostatic precipitator.
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THETOOL SURFACE WEAR DURING THE
SILICON STEEL SHEETS BLANKING PROCESS

ZUZYCIE POWIERZCHNI NARZEDZI PODCZAS EKSPLOATACJI
W PROCESIE WYKRAWANIA BLACHY KRZEMOWEJ*

The surface wear mechanism of punches for the silicon sheets blanking was presented. In the studies the differences in the wear
of high-speed tool (produced by casting and sintering), where observed. The influence of additional TiN coating on the punches
flank degradation intensity was obtained. The strengthening zone changes of the sheared blank material close to cutting line were
observed. The punch wear influence on the M530-50A silicon sheet material hardness changes was described.

Keywords: tool wear, high-speed steel, blanking process, silicon steel sheets.

W niniejszym artykule przedstawiono opis mechanizmu zuzycia powierzchni roboczych stempli wykrawajgcych elementy z blachy
krzemowej. Badania wykazaly réznice w zuzyciu narzedzi dla stali szybkotngcej w przypadku dwoch procesow jej wytwarzania
(odlewania i spiekania). Wykazano wplyw dodatkowej powtoki z TiN na intensywnos¢ degradacji powierzchni przylozenia stem-
pli wykrawajgcych. Obserwacji poddano zmiany obszaru umocnienia materiatu wykrawanego w poblizu linii cigcia. Okreslono
wplyw zuzycia stempli na zasieg zmian twardosci materiatu blachy krzemowej M530-50A.

Stowa kluczowe: zuzycie narzedzi, stale szybkotngce, wykrawanie, blachy krzemowe.

1. Introduction

Production of the sheared blank elements, with a certain qual-
ity, requires an optimal process parameters selection [4, 6, 11, 30].
Gréban et al. in their work [6] presented the effects of copper alloy
elements blanking process. Tekiner et al. [30] described the result of
experimental analysis of the aluminum alloy element blanking proc-
ess. Hernandez and other authors [11] presented the influence of the
punch cutting edge geometry changes on the cut surface quality. They
described the influence of the blanking process clearance and punch
diameter. The study concerned the acid resistant steel sheet (AISI
304). There is some dependence between the burr height changes and
the punch wear during the blanking process. Study of the high-steel
punch wear, for punches with front edge slopped, was presented by
Cheung et al. [4]. Blanking process causes the sheet material structure
changes. The case of aluminum element blanking process was ana-
lyzed by Ravela et al. [28]. The tool surface wear during the blanking
process causes changes of the cut surface quality [8, 9, 14, 17+19].
The value of the cutting edge radius significantly affects on the blank-
ing process energy consumption [16]. Tool wear, geometry and clear-
ance influence on the burr height. The bur height can be reduced by
using an appropriate tool arrangement.

Electrical steel sheets used in electrical machines have a rel-
atively high induction, permittivity and good punchability. The sheet
material magnetic properties are determined in the production process
[31]. For the evaluation of the sheet punchability many criterions can
be used, and the most important are:

— sheared blank part deformation resistance,

— the burr height,

— coating damage resistant during blanking process,

— material strengthening close to the cut surface,

— geometrical quality of the sheared blank sheet material,

— cutting tools durability,
— intersection surface quality of the sheared blank parts.

The excessive tool wear during the blanking process causes sig-
nificant changes of the size and zone of plastic deformation concen-
tration in sheared blank element close to the intersection surface [23,
24]. In the deformed silicon steel sheet the undesirable magnetic resi-
due appears, which impairs the sheet magnetic properties — includ-
ing the increase of the electrical current required for the sheet grains
over-magnetization during the voltage transformation [31]. The phe-
nomenon of eddy currents abnormal flow is useful in other situations
and is commonly used in the surface quality measurements and in an
analysis of the internal defects in element after their operation [13].
In the electrical machine case, it is not preferred to increasing of the
magnetic lossiness especially in the sheets used for rotors and stators
of the asynchronous motors [24]. One of the manufacturing methods,
that reduce the magnetic lossiness is laser cutting process, but it is
expensive and has a relatively low productivity [27]. Thus, the blank-
ing process is still used for the rotor and stator plates manufacturing.
Many studies are related with the analysis of the magnetic lossiness
and magnetic disturbance in the sheets produced by various tech-
niques [5, 15, 20, 27, 32]. Typical materials used for blanking tools
are high-speed steels such as: M2, K945, M35, M42, ASP23, ASP30,
ASP60 (ASP-Asea Stora Process).

In the paper the tools wear during the blanking process of the
silicon steel sheets was presented. Observation was made at the micro
and macro level. The mechanism of the punch surface wear was de-
scribed. The influence of the punch edge wear on the medium stress
distribution in sheared blank material, by using FEM, was presented.

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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2. Sheet and tools material char- Table3. Chemical composition of punch materials [%]

acteristic Dodatki pierwiastkow
The silicon steel sheets M530-50A (M | Materiat c Mn | Si P s o w Mo v Fe
45 according to AIST) (PN-EN 10106:2016- max | max | max | max

01) [26], with thickness g=0,5 + 0,02 mm M2
were used in experiments. Sheets used in (SW7M) 0,82-092 | 04 0,5 0,03 0,03 3,545 6,0-70 | 45-55 | 1,7-2,1 | reszta
blanking process of electrical machine
parts are produced by cold rolling. The M3:2

M530-50A sheet material has got 1.54 T | (ASP23)
induction at 2500 A/m electrical current

1,19-1,21 - - - - 4,11-413 | 6,33-6,37 | 4,6-4,8 | 3,1-3,2 | reszta

Table 1. Mechanical properties of M530-50A silicon steel sheets material
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245 417 33 61 10 126 | 2,2e+5 /
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Table 2. Chemical composition of M530-50A silicon sheet material (%) E 3000___/ | . . /
P C Si S Mn Cr Ni Cu Al Fe & -
o 2500 [ 1) ! ! | M3:2 |
0,01 0,01 143 | 0,007 | 0,365 | <0,01 | <0,01 0,05 | 0,335 | reszta = /
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7 |
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50 Fig. 3. Influence of the punch hardening on the material yield strength
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Fig. 1. Experimental hardening curve (thick line) and Hollomon equation approxima-
tion (thin line; correlation coefficient: 0,968 )

and 5,3 W/KG electrical lossiness at 1.5 T induction. The main mechanical
properties and chemical compositions were presented in Table 1 and Table
2. The sheet has a C6 insulating coating (according to AISTASTM A976 [1])
of thickness ~7 = 1,5 um on each side.

Materials used on cutting tools have different mechanical properties,
which determine the tool surfaces wearing out during the blanking process
[2]. For experimental analysis the punches were made of: M2, M3:2 materi-
als (Fig. 2), and M2+TiN, M3:2+TiN materials with coatings. The chemical
compositions of punch materials were presented in Table 3. The M3:2 (ASP
23 Vanadis, Powder Metallurgically Produced High Speed Steel) steel is a

Fig. 4. An example of TiN coating structural characteristic: a) on sur-
face, b) in cross-section. Sheet material: M3:2

steel M2 5 um

Fig. 2. An example of hardened punch material structure
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material with 7980 kg/m?® average density and 66 HRC after toughen-
ing, and M2 material has an 7750 kg/m? average density and 63 HRC.
The punch materials structure after hardening was shown in Figure 2,
and the influence of the materials hardness on the yield strength was
presented in Figure 3. The inserts in the bottom part of blanking die
were made of G40 sintered carbide material.

Punch coatings were made by using PVD method (Physical Va-
pour Deposition). The titanium nitride coatings on the tool surface
was applied at 103+10 Pa working pressure. Applied TiN coating
had a yield color, 2300 HVS hardness and 3,5 + 4 mm thickness. The
microstructure of the punch surface with TiN coating was presented
in Figure 4a, and in Figure 4b the cross-section of the TiN layer on the
punch was shown.

3. Blanking punch operating conditions

The blanking process was carried out at the press and blanking
die in industrial conditions. The wear tests were carried out during the
blanking process of the rotor and stator plates (Fig. 5), for low power
asynchronous motor.

Fig. 5. Sheet packets of the rotor (1) and stator (2), M530-504 silicon steel
sheet material

The use of different values of punch-die clearances and various
blanking tools materials helped explain the tool wear mechanism dur-
ing blanking process of the silicon steel sheet. Research conducted
with this issue provide the basis for M530-50A sheets punchability
analysis. The punch-die clearance 0% and 8% was defined by:

Lz =2.100[%]
g

0,5

die

where:
g- sheet thickness,
s- punch-die blanking clearance.

The relative blanking clearance has an impact on the sheet mate-
rial process separation, and determines the cut surface quality [12].
The punch-die clearance is especially important during the blanking
process of very small elements [10]. The blanking speed was constant,
and its value was as in typical industrial process of silicon steel sheets
blanking (200 cuts/min). The blanking speed is one of the blanking
process technological parameters. It has an impact on the cut surface
quality and the value of the blanking force [29]. The process of sheets
blanking was carried out up to 800 000 cuts. After the 800 thousand
cuts the tools were resharpened to eliminate the cutting edge degrada-
tion and flank surface wear.

4. Tool surface structure changes observation

The punches during the blanking process were unleashed to flank
surface wear on the surface corresponding to the sheets thickness
and value of the distance necessary to forcing through the sheared
blank from the separation zone. On the punch made of M2 material
after 500 000 cuts some signs of wear on flank surface appeared. The
scratches and grooves on the analyzed surface were occurred in dif-
ferent extent. The deep grooves and scratches are the material loss
on the punch cutting surfaces. The products of an abrasive wear, like
abraded and crushed small hard particles, during the blanking process
were presented in Figure 7a. This particles under pressure adhered to
the tool surface. This is adhesive wear of tool surfaces. Hard particles
adhered to the punch affect on the flank surface defecting during the
blanking process. For the M3:2 material the particles adhered bound-
ary is clearly visible (Fig. 7b). The adhered particles concentration
was observed on the ends of contact line between material and punch.
On the surface between cutting edge and end of material-punch line
contact the scratches were observed.

When the punch and sheets friction surfaces are closing to each
other at distance of molecular force acting, they are tacking (Fig. 8).
“Adhesions” formed in this way are tearing during the punch move-
ment. Thus, there is new adhered particles formation and grooving on
the punch movement direction. During the pressure contact of two
surfaces the most common wear is an abrasive wear. This wear can
proceed in two ways: contact of three bodies (Fig. 9a) and contact of
two bodies (Fig. 9b). In both case in micro scale, the abrasive proc-
ess between harder particles and lower hardness material is observed.
When separated particles are very large and hard they can force in the
material with lower hardness and make the grooves during the punch
movement. Intensification of tool abrasive wear and other degrada-
tion mechanism will occur in the case of accumulation of the abra-
sion-induced microparticles.

Fig. 6. Characteristic of tool and sheared blank sheets arrangement a) scheme, b) punch maximum bottom position
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Fig. 7. Punch flank surface after 500 000 sheared blanks: a) M2; x80 zoom,
b) M3:2; x160 zoom

Y — ) —_—

O@w(

adhesion detachment of particies

Fig. 8. Scheme of the adhesive wear: a)adhesion, b) detachment of particies

Fig. 9. Abrasive wear scheme for the contact of: a) three bodies, b) two surfaces

Initially, on whole punch circumference the contact with the un-

Fig. 10. Punch flank surface after a several thousand cuts (L. = 0%,
M3:2+TiN)

mmol,O 0908 0,706 0,5 0403 0,20,1 0

Fig. 11. The image of the punch flank surface close to cutting
edge after 500 000 cuts with 8% blanking clearance
(M3:2+TiN material)

The M3:2 steel produced by powder sintering
technology has a slightly different structure than M2
(Fig.2). The structure of sintered steel is close-grained
structure and homogeneous (right side in Fig. 2). These
two materials differ in dependence between yield stress
and HRC hardness function (Fig. 3). The steel sintering
technology ensures obtaining the austenite fine grain
and uniform distribution of carbides in sheet structure,
which is impossible to achieve by conventional meth-
ods. The M2 steel has a higher ductility, so therefore is
more susceptible on grooving damaging. Reduction of
this phenomena intensity can be obtained by using tita-
nium nitride coatings. For tools made of M3:2 steel due
to the structure refinement abrasive wear and micro-
spallings close to cutting edge, which deeply scratch
the punch flank surface, were observed (Fig. 11).

The solid inclusion of silicon steel sheet material
resulted in punch surface pressure (Fig. 12). After un-
leashing the silicon steel sheet the contact of hard in-
clusions in silicon steel sheet with inclusion in punch
material was obtained. As a result of cyclical repletion

leashed silicon steel sheets caused abrasive wear mechanism (Fig. of this process the gradual degradation of the tools surface with a
10). On Figure 10 the punch flank surface after a several thousand mixes destruction mechanism occurred (grooving and spalling). The
cuts was presented. The dark band around the punch circumference spalling forming scheme was presented in Figure 12. In the case of
shows the changes in the TiN coating structure. The structure chang- tools with TiN coatings in certain regions of the tools the microdam-
es intensity was observed by using optical equipment after a larger ages of hard TiN layer were observed (Fig. 13).

number of cuts.
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Direction of Hard particle Shattering particles

punch = \_.. .

IR

Punched
material structure

Fig. 12. Contact of the hard inclusion of the punch and sheets, and spalling
mechanism

Direction of A-A

TiN coating

TiN Hard “)A

coating

Fig. 13. Delamination between coating and surface caused by the hard inclu-
sion in the sheared blank material

Fig. 15. Cutting edge from on the flank side (M2+TiN after 500 000 cuts; x500
zoom; L,=8%)

The tool wear is depended on the blanking process parameters,
sheared blanks materials and tools materials. It also depends on the
tools protective coatings and the technology of coating
manufacturing [21]. All these issues have an influence on
the blanking process energy consumption and on the cut-
ting tool wear [3]. For the 800 000 cuts the greatest wear
was obtained for the 0% punch-die clearance (Fig. 14).
With increasing number of cuts the abrasion product are
adhered and moved with the punch movement. In the case
of a strong adhesion of coating and adhered particles the
TiN layer degradation and punch material unleashing can

be obtained (Fig. 15).
The cutting tools topographic zones were scanned
by using Taylor Hobson Ltd scanning head. On Figure

20+
15
10

16 and 17 some examples of tool surface scanned by 3D
scanning head and observed on the scanning microscope
were presented.

- The sintered steel (M3:2+TiN) was more resistant to
wear than the cast steel (M2+TiN). In the case of blanking
with the 8% clearance small flank surface wear occurred,

L the coating was undamaged except a few long grooves. The

hard incisions in blanking materials scratched the punch

0 0,1 0,2 03 04 0.5 0.6 0,7 0,8

nm

0,9 mm

surfaces until the grooves occurred. There were coating
spalling, in small zones, which caused the punch material
unleashing along the grooves line from the cutting edge
(Fig. 17b). The punches made of M3:2 material with the
TiN coating had a lower wear than punches made of M2
with coating. After 800 000 cuts on the M3:2+TiN punch
flank surface the scratches were observed (Fig. 17b). At
the blanking process beginning the TiN layer separa-
tion on the cutting edge side may have occurred. For the
punches with that damages the wear process is advancing
faster and the coating layer loss is increasing. From the

50 A 1 . 1 N 1 A 1 . 1 A 1 . 1 A 1
45 —
404
354
30+
25 -
20+
5
10
5

! front the flank face has wear lees than in the case of the
- 0% blanking clearance. For the blanking process with 0%
I clearance the front faces wear is greater than the face wear
(Fig. 14d). When the blanking process clearance is set to

" 8% the sheared blanks are deflecting and moving along
the punch face. Thus the punch face wear is more inten-
sively (Fig. 14c) and the value of the punch edge radius

. is increasing. The surface degradation for punch made of

0 T T TN LT X [N ET T m P ERETa ey [eyreres]

0 0,1 0.2 03 04 0.5 0.6 0,7 0,8

Fig. 14. Ttool cutting edge changes after 800 000 cuts: a) conventional wear process (1-sheet,

0,9 mm

M3:2+TiN steel (Fig. 17b) is different than in the case of
punch made of M2+TiN steel (Fig.16b). Similarly case
is for the punches made of M3:2(+TiN) with 0% blank-

2- punch, 3- shearing die), b) structure of degradation, c¢) punch profile for the L.=8%  ing clearance (Fig. 17a). High-speed steel (cast steel) is less

clearance,; d) punch profile for the L.=0% clearance
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0,95 mm

Fig. 16. M2+TiN punch flank surface after 800 000 cuts with blanking clearance. a) 0%, b) 8%

Fig. 17. M3:2+TiN punch flank surface after 800 000 cuts with blanking clearance: a) 0%, b) 8%

35

30

| 25

0,982 mm <]

0,982 mm 0

Fig. 18. Cutting edge and punch flank surface after 800 000 cuts with blanking clearance 8% (M2+TiN
punch material)

resistant to ridging. After a certain time the coating layer in zones of
strong ridging is spalling (Fig. 16 and Fig. 17). The sintered steel with
TiN coating is more resistant to the degradation mechanism.

Applying the coating layer on the tool in-
hibit the surface wear, but the friction process of
the unleashed sheet material and punch surfaces
caused the TiN layer spalling and unleashing the
punch material. Thus, the coating boundary on
the punch surface was changing (Fig. 16b). This
coating boundary does not have a linear charac-
teristic and it is not a product of TiN wear but
it is caused by lower wear resistance of punch
material. Unfortunately, the exploitation of
punches with coating losses increases the coat-
ing destruction process.

The 3,5 mm thickness surface punch, made
of the M2 with TiN coating, after 800 000 cuts
was presented in Figure 18. Close to the cutting
edge on the flank surface the increased wear was
observed (in figure the pink-white color: 36+37
pum). With increasing the distance from the cut-
ting edge the red color becomes more saturated
(value of 28+29 um). The wear size changes on
that surface are a few micrometers. This proves
the TiN coating wearing out.
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5. Cutting tools geometry influence on the deformation
in sheet material

5.1. Microhardness distribution

During the blanking process there was no spalling or tearing of
the C6 class coating despite the sheet material deformation. On both
straight line (left in Fig. 19) and curved line of intersection (right in
Fig. 19) the coating had a structure coherent with the tool natural ma-
terial.

Fig. 19. Silicon steel sheet coating close to the separation surface

Material Cutting surfaces

\ Hardening

arca

Fig. 20. Test zone of the plastic strain concentration close to the separation
surface on the product cross-section

The blanking process with using excessive
wear tools is influencing on the size of defor-
mation area in the vicinity of cutting edge. Us-
ing indirect method (hardness measurement) HVOLL
the zone of material changes was specified.
The hardness was measured by using Matsu- ! ;:2
zawa Microhardness equipment. Pyramid with = 2
136° apex angle was used as a penetrator. The ’Iz‘;
measurement were carried out at load of 0,1 kg 1%
(HVO.1) with the penetration time set up to 10
s. Initial hardness before sheet blanking proc-
ess was 145 HVO0.1 (average from 5 measure-
ments). The distance between measuring point
was determined on 0,05 mm. In Figure 20 the
location of altered microstructure close to the
separation surface, as a result of strong punch

250

180
170
155
150
145

wear, was presented. During the blanking proc- { cutting

ess the punch cutting edge and flank surface are
wear. Thus, the punch-die clearance is increas-
ing, the shear stress directions are changing in
accordance with the theoretical separation sur-
face. The tools geometry changes influence on

045 04 035 03 025 02 0,15 0,1 0085

185 045 0.4 035 03 025 02 015 0.1 005

the value and size of microhardness changes of the sheet material in
vicinity of the cutting line. The hardened layer thickness is related
with plastic deformation phase. As the value of plastic deformation is
increasing the thickness and hardness increase of strengthened layer
is greater.

The maximum increase of material hardness was observed close
to the cutting line and more accurately, in the vicinity of the crack
initiation (Fig. 21). In all analyzed cross-sections (1 + 6) the deformed
sheets microhardness is about 250 HVO.1. Thus, it is 1,72 times great-
er than the average hardness of undeformed sheets (145 HV0.1). This
hardness increase is determined by large plas-
tic deformations. The material strengthening
is so high that the plastic cutting phase is end,
and appearing microcracks begin the fracture
phase. The microhardness distribution in the vi-
cinity of intersection surface was different for
blanking process with 0% and 8% of punch-die
clearance. The intensity of punch surface wear
influences on the value and zone of the micro-
hardness changes. For clearance close to 0% the
zone deformation changes is relatively small
(Fig. 21 - 1). It increases with the tool wear
(Fig. 21 - 2 and 3). Tool wear during the blank-
ing process significantly increases the zone of
plastic strain, and deteriorates the product mag-
netic properties. In blanking process with 8%
punch-die clearance the zone of plastic deformation (Fig. 21 — 4, 5,
6) is greater than in case with 0% clearance. The vertical dimension
of the microhardness changing zone is greater for greater number of
sheared blanks. Tool wear changes the punch-die clearance and thus
the material fracture zone is increasing. As the punch-die clearance
increased the zone of microhardness changes has also increased. The
change of clearance form 0% to 8% resulted in almost double enlarge-
ment of the hardness changes zone. In the fracture zone a significant
hardness increase can be observed, so the volume of material with
altered magnetic properties increased.

In the electric motors assembly process it is important that the
rotor and stator should be produced as most “packed” block with as
small material loss. The burr height is an important issue and it should
be relatively small (Fig. 22a). In blanking process with large clear-
ance the elements are produced with larger material loss (Fig. 22b).
The material rounding is also high. The strengthening zone and mate-

045 04 035 03 025 02 015 0,1 008

0,45 04 035 0.3 025 0.2 0,15 0,1 005
045 .

ol 0,45

Edge distance, mm

045 04 035 0.3 025 02 0,15 0,1 0,05
0,45

. L=8%

600 000 cutting

B00 000 cutting

Fig. 21. Microhardness distribution on the part cross-section in vicinity of separation surface for blanking
process with L,=0% and 8% punch-die clearance after specified number of cuts
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Fig. 22. Part cross-section for initial cuts with blanking clearance a) 0% and
b) 8%

rial loss in vicinity of the separation surface deteriorate the magnetic
properties of the rotor and stator [15, 20, 25, 31+33].

5.2. Stress distribution

The FEM analysis of blanking process was made to obtain the
influence of the tool geometry changes, as a tool wear results, on the
stress distribution at the time of initial material fracturing. The punch
displacement was determined in experimental research (Fig. 23) [22].
In simulations the medium stress distributions, which determining
the place of fracture initiation, were obtained (L,=0%—h=0,41;
L,=8%—h =0,33).

8

~1

e, F [N
S T =

[ S IV

Blanking forc

=

0 ol 02 03 04 05 06 07
Punch displacement, &t g [mm]

Fig. 23. Force-displacement punch curves during blanking process with dif-
ferent clearance

The blanking process was modeled in MSC.

a)
model I
[ RO.O|
: punch blankholder
I [ IP—
]
I sToet it model IT
! 00| RO.02
| die
/
02/
b)
| F=f(h,) , iR
| I
| punch B
I f—  blankholder

sheet

die

X

Fig. 24. FEM model assumption: a) punch model variants, b) parts definition

ing (Fig. 25, 26). In the case of sharp-edged tools the stress concentra-
tion appeared in the vicinity of punch edge and shearing die (Fig. 25).
In simulation of blanking process with using wear punch (model II)
the stress concentration with higher value was obtained close to the
shearing die edge (Fig. 26). The stress values in the vicinity of punch
edge were lower than stress values close to the shearing die edge.
Due to the change of the distance between the punch cutting edge and
shearing die edge the stress state on the principal directions is chang-
ing, so the average stress values are also changing.

Marc 2010 numerical software. The tool geom- ks
etry was determined based on the punch wear 200
cutting edge (Fig. 14 and Fig. 24a). The materi- 630 huy .y
al model was set up as elastic-plastic with non- fe
linear strengthening with parameters: C = 627
MPa and n = 0,18 (Fig. 1). Other parameters 420
used in numerical simulations were presented 420
in Table 1. The friction coefficient was deter- 350
mined at 0,15. In axial-symmetric model the 280
boundary conditions for the blanking process 55
were defined. The blanking tools were defined g
as rigid body and the sheet plates as deformable
material (Fig. 24b). 70
The results from the numerical analysis 0

were the same as result from experiment. Due
to the blanking tools geometry changes and
punch-die clearance changes the stress state
and the height of punch penetration before the

strengthened material fracture starts are chang- model I)

eirem -1

BoExp) -1

B

Fig. 25. Average stress distribution at the sheet material fracture phase beginning(a) and the rotor plate
cross-section close to the separation surface (b) - (v, r,, = 0,01 mm, L, = 8 %, at the first cuts;
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6. Conclusions

MPa MSCA

The tools with TiN coating applications in
generator sheet blanking process resulted in a
significant increasing of the tools durability. It
also reduced the zone of the sheet strengthening.
The size of punch-die clearance clearly affects
the cutting edges wear intensity and the quality
of sheared blanks.

e For the L,=0% clearance the cutting edge
wear is advancing faster, the zone of plastic
+ deformation is reduced and the cutting zone is
increased.

» Blanking process with L,=8% clearance re-
[__ sults in less wear of the punch, but the quality of
mamyel the separation surface is reduced and the plastic
—— deformation zone is increased.

Ee(EXP) - 11

ne of material
fracture

Fig. 26. Average stress distribution at the sheet material fracture phase beginning during the blanking proc- * The tool wear mechanism depends on the

The material and magnetic degradation on the electrical silicon

steel

trical machines. Although, the sheet material magnetic properties
changes are less significant for the transformers, but for the electrical
machines with rotating magnetic field can result in the greater level
of core losses 25, 30].

ess by punch with determined wear (a) and the rotor plate cross-section close to the separation  punch-die clearance. For the M530-50A steel
surface (b) - (L, = 0 %, after 800 000 cuts; 1l model) sheet in blanking process with 8% clearance
the cutting edge rounding was significant in-
creased. And for the 0% clearance the cutting
edge rounding was increasing, but also the material losses on
the tool flank surface were obtained.
* TiN coating applying on the punch made by M2 and M3:2
steel resulted in increasing of the punch durability during the
blanking process with L,=0% clearance.

sheets edges can not be neglected in the design process of elec-
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EVALUATION OF THE IMPACT OF COMBUSTION HYDROGEN ADDITION ON OP-
ERATING PROPERTIES OF SELF-IGNITION ENGINE

OCENA WPLYWU SPALANIA DODATKU WODORU NA WLASNOSCI
EKSPLOATACYJNE SILNIKA O ZAPLONIE SAMOCZYNNYM*

The work presents the results of effect of the addition of hydrogen in an amount up to 9% of mass of diesel oil into the intake system
of Perkins1104C-E44TA engine. The impact of hydrogen addition on process heat release in the combustion chamber and the
concentration of CO, THC, NOX and PM in the exhaust at predetermined engine operating conditions. It was summarised that the
analysis of the results does not justify the use of hydrogen as a fitel additive in self-ignition engines.

Keywords: IC engines, hydrogen, diesel, heat emission.

W pracy przedstawiono wyniki badan wplywu dodatku wodoru w ilosci do 9% masy oleju napedowego do uktadu dolotowego
silnika Perkins1104C-E44T. Oceniono wptyw dodatku na proces wydzielania ciepla w komorze spalanie i stezenia CO, THC, NOX
i PMw spalinach w ustalonych warunkach pracy silnika. W podsumowaniu stwierdzono iz analiza wynikow badan nie uzasadnia
stosowania wodoru jako dodatku do paliwa w silnikach o zaplonie samoczynnym.

Stowa kluczowe: silniki spalinowe, wodor, olej napedowy, wydzielanie sie ciepla.

1. Introduction

Fuelling hydrogen internal combustion engines (HYICE) with hy-
drogen is presently the subject matter of numerous research & devel-
opment works. According to paper [5] it is a temporary solution before
projected fuel cells are implemented, which aims to prepare for and
put into operation hydrogen storage and distribution infrastructure.
Mainly spark-ignition engines are adapted for hydrogen fuelling but it
is also possible to adjust self-ignition engines for hydrogen fuelling.

Hydrogen supply IC engine fuel should be considered depend-
ing on the type of diesel cycle:
1. The use of hydrogen alone or as an addition to gasoline or
LPG and methane in spark-ignition engines;
2. The use of hydrogen as an addition to diesel oil in self-ignition
engines.

1.1. Hydrogen in spark-ignition engines.

An analysis of the impact of hydrogen used as basic fuel [3, 4]

proved that:

— it is possible to achieve efficiency at a level similar or higher
than in case of a conventional engine fuelled with gasoline with
limited engine power;

— high emission of nitrogen oxides in exhaust (fuel contains no
carbon compounds producing toxic substances).

An analysis of impact of use of hydrogen as an addition to hydro-
carbon fuel [1, 8, 13, 15] proved that:

— it is possible to achieve efficiency similar to that of a conven-
tional engine fuelled with gasoline with slightly limited engine
power,

— CO and HC emissions decrease, whereas the emission of NOx
increases and thermal efficiency grows when poor mixtures are
used.

Hydrogen IC engines are based on the technology of spark igni-
tion piston engines and after some modifications may be used
fuelled both with conventional fuels as well as with hydrogen
[5].

In the papers [3, 4], authors refer to pre-ignition hydrogen as one
of the main problems in applying hydrogen in piston engines with
spark ignition.

According to the authors the basic causes for pre-ignition include:

— low energy of hydrogen ignition (0,02 mJ),

— wide range of combustion limits 4%—75% v/v,

— small critical distance for flame propagation.

As regards the effects of pre-ignition the authors point to:

— lower efficiency of engine,
— engine roughness work,
— possibility that flame moves to the inlet duct.

Because small gasoline engines operate with a slightly richer
mixture and do not have a catalytic reactor, their fuel consumption
and emissions are very high. When gasoline engines are fuelled with
hydrogen only, emission of NOy increases and the flame often retreats
to the inlet system [8].

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

EkspLoATACIA | NiEZAWODNOSC — MAINTENANCE AND ReLIABILITY VOL.18, No. 3, 2016 343




SCIENCE AND TECHNOLOGY

Paper [1] presents results of studies of a 6-cylinder, spark-ignition
engine type MAN E2876 LE302 intended for a power generator and
as a standard fuelled with natural gas and hydrogen alternatively. The
studies were carried out at a fixed rotational speed of 1500 rotations
per minute and variable engine load. Those conditions correspond to
the work of the engine in a power-generator. Parameters of the engine
that had to be adjusted to hydrogen fuelling included in particular the
angle of ignition advance and air fuel ratio.

Compared to natural gas fuelling, when fuelling engine with hy-
drogen the concentration of carbon oxide and hydrocarbons was mi-
nor and resulted mainly from the combustion of lubricating oil. How-
ever, a small increase concentration of nitrogen oxides was recorded
only in conditions of load close to maximum. In both cases general
engine efficiency is high and when fuelled with natural gas its maxi-
mum value is approx. 42%, whereas when fuelled with hydrogen it
came to c.a. 37%.

In paper [15] the study addressed the impact of hydrogen addition
to gasoline on the value of average effective pressure, engine work
efficiency, efficiency filling of cylinders and emission characteristics.
The results of the studies proved that fuel consumption and average
effective pressure had been decreased through of hydrogen addition.
The results of studies also showed that thermal efficiency of the engine
was greater than in case of gasoline combustion. Furthermore, HC and
CO emissions dropped owing to the use of hydrogen addition.

The results of studies presented in the paper [13] regarding im-
pact of combusting hydrogen addition to gasoline compared to the
combustion of gasoline in spark-ignition engines lead to the following
conclusions:

— the engine was found working stably on poor mixtures,

— with the hydrogen addition the engine power increased,

— the unit consumption of fuel decreased and the level of HC and

CO emissions lowered,

— higher level of NOx emission was observed, especially when

combusting mixtures within the range of A=1—1,4,

— with quality adjustment of the engine power, the emission of

NOx can be lowered.

Paper [10] addresses the possibility of combusting poor mixtures
by adding hydrogen to a spark-ignition engine fuelled with methane.
The following hydrogen additions of 10%, 30% and 50% of meth-
ane’s volume were used. The results of the study show that the limit
of combustion of poor mixtures may be moved towards poor mixtures
by adding hydrogen, in particular in greater engine load. The impact
of engine’s rotational speed on the said limits is much lower. The an-
gle of ignition advance also has impact on the limits of combustion
of poor mixtures but both excessive delays as well as ignition lead is
not recommended.

Paper [12] presents the results of studies conducted in ENEA
laboratories, which aimed to identify potential possibilities of using
mixtures of natural gas and hydrogen (known as HCNG or Hythane)
in the used motor vehicles. The Iveco Daily CNG delivery van was
tested, adapted to spark ignition and stoichiometric fuelling of engine
with methane in ECE15 cycle, comparing levels of emission when
fuelling the engine with methane with the results achieved when fuel-
ling the engine with hydrogen and methane mixtures when combust-
ing mixtures both stoichiometric and poor.

It was found that optimal conditions of HCNG combustion can
be achieved by applying — depending on the conditions of engine’s
operation — both the combustion of poor mixtures in order to reduce
fuel consumption and the combustion of stoichiometric mixtures in
order to reduce emission of harmful substances. Effective combustion
of poor mixtures requires — however — optimisation of compression
ratio and charging of the engine, the angle of ignition advance and the
share of hydrogen in the mixture mainly because of decreased engine

power due to lower content of energy in the volume of HCNG mixture
(11% in case of a mixture with 15% of hydrogen in its volume).
Summarising, the analysis of results of studies justifies the use of
hydrogen as a fuel addition in spark-ignition engines provided that
significant changes in the engine construction are introduced, mainly
by using hydrogen injection to the combustion chamber while at the
same time combusting poor mixtures at low engine load and stoichio-
metric mixtures with full engine load. It is necessary to introduce a
system eliminating NOx in combustion gases, e.g. SCR system.

1.2. Hydrogen in self-ignition engines.

Hydrogen in a self-ignition engine may be used only as an addi-
tion to diesel oil or biodiesel [8] as it has poor self-ignition proper-
ties and as such cannot be used alone in this type of engine. Studies
conducted at the Poznan University of Technology in the Institute of
IC Engines and Transport [2] show that hydrogen addition of 5% +
7% m/m to the combustion chamber has no greater impact on engine
performance but is does result in increased CO and PM emissions.

According to a study conducted in Vilnius Gediminas Technical
University (VGTU) stated that smokiness decreases with the addition-
al deployment of hydrogen. Other indicators of the exhaust gas using
the hydrogen in case of the rig tests are worse [7]. Similar opinions
contained in [6, 11, 14].

Because of its properties hydrogen is better predisposed to fuel-
ling of spark-ignition engines than self-ignition engines. However,
because of high calorific value, the possibility of limiting the emission
of toxic substances, attempts were made to fuelling of self-ignition en-
gines with hydrogen [17]. Those studies focused on hydrogen added
to fuel because hydrogen has poor self-ignition properties and as such
cannot in this type of engine be used as the only fuel. Table 1 presents
a comparison of chosen properties of diesel oil and hydrogen.

Table 1. Comparison of properties of diesel oil and hydrogen [9]

Property Unit ON Hydrogen
Density kg/m? 840 0,0824 +0,0838
Lower calorific value MJ/kg 42,49 119,81
Flame ratio m/s 0,3 1,85+1,9
Cetane number - 45+ 55 -
Self—igniti(?n tgmperature o 280 585
in air

Carbonisation residue - 0,1 0,0

The impact of hydrogen on the combustion process in self-ignition
engines is similar as the impact described earlier on spark-ignition en-
gines (low calorific value vs volume, decrease in the emission of toxic
carbon compounds, high flame speed).

Current studies [9] show that depending on the quantity of the
added hydrogen thermal efficiency of the engine drops, increases the
delay of self-ignition and promptness in increasing pressure in the
cylinder (self-ignition of the mixture occurs later while the combus-
tion of the mixture is faster). Increased temperature leads to increase
in the concentration of nitrogen oxides, but noticeable is considerable
drop in the emission of carbon compounds.

The subject of the paper [2] comprised an analysis of the possi-
bility of improving environmental friendly indicators in self-ignition
engine AVL 5804 bi-fuelled with diesel oil with hydrogen addition).
Bi-fuelling provided hydrogen to the inlet channel and a self-ignition
dose of the diesel oil was used, each time defined for a particular
load and rotational speed as a source of ignition of the hydrogen air
mixture.
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Fuelling the engine with diesel oil with hydrogen addition deliv-
ered to the inlet duct caused an apparent change in thermo-dynamic
and ecological indicators, i.e.:

— maximum reduction of the speed in pressure growth dp/da by
approx. 5% and the value of the maximum pressure in the com-
bustion chamber by approx. 6%,

— increase in the concentration of carbon oxide by approx.
150%,

— decrease in the concentration of nitrogen oxides by approx.
25%,

— decrease in the concentration of non-combusted hydrocarbons
by approx. 300%,

— increase in the concentration of particles by approx. 150%.

The aim of this work was to evaluate — through tests — the impact
of hydrogen addition in diesel oil on the process of heat release and
concentration of harmful substances in self-ignition engines.

2. Test stand

Tests were carried out on Perkins 1104C-E44T engine with eddy
current brakes Schenck WM 400 controlled with controller Schenck
X-ACT. The apparatus for measuring indicated pressure and ana-
lysing thermal emission consisted of AVL INDISMART system for
engine indication and a position sensor for crankshaft AVL 365C01.
Data had been sent to a PC in real time. With IndiCom software it was
possible to view incoming data (also in real time), to record a cycle
of 50 measurements and to save the files together with parameters of
the tested engine.

Thereafter, the resulting data had been subject to processing with
the use of AVL Concerto. The said programme averaged changes of
pressure in the cylinder and calculated the rate heat release without
taking into account heat loss to cylinder walls (net heat emission).
Moreover, during the tests CO, THC and NOy concentration were
recorded with the use of AVL CEB2 combustion gases analyser,
equipped with PROVIT 5600 control panel. Measurements of the
concentration PM had been estimated with AVL 415. The engine was
fuelled with diesel oil (PKN Orlen) and hydrogen addition under pres-
sur 150 bar in cylinder.

Diesel oil consumption was measured with a volume method,
whereas the quantity of hydrogen after the reduction of its pressure
was gauged with a specially marked rotameter. Hydrogen was deliv-
ered before the turbine to the engine’s inlet system. Technical data
of the engine are presented in table 2 and the test stand overview is
shown (Fig. 1).

Table 2. Technical parameters of Perkins 1104C-E44T engine

Exhauts
xhaust #
O et/ consumpton i inlet
' for analysis Hydrogen Compressed
hydregen
turbocharger l pressure .
reducer e

Parameter Unit Value
Effective power kw 74,5
Compression ratio [-] 18,2
Cylinder diameter mm 105
Piston stroke mm 127
Engine displacement dm? 4,4
Number and cylinders, system [-] 4, stroke
Fuelling system [-] Direct injection
Recharge [-] Yes; turbocharger

Hydogen e
rotameter
hydrogen
conduits
PC
Pressure © to0)
Sensor,
Crankshaft ] AVL AVL 415
rotation angle CEBII analyser
transmiter AVL analyser
IndiSmart

Fig. 1. Diagram of bench with diagram of engine Perkins 1104C-E44TA

3. Results of studies

The studies were conducted with a fixed rotational engine speed
of n = 1100 rotations per minute and diesel oil in a quantity equal to
torque developed by the engine at the level of M = 165 Nm. Hydrogen
was equal to 8.9% of the mass of diesel oil by decreasing the quantity
of diesel oil gradually together with the increase of hydrogen addition
in order to achieve torque of approx. 165 Nm. The results of pressure
measurement in the combustion chamber and the results of calcula-
tions of rate of heat release in an engine fuelled with diesel oil only
and diesel oil and a hydrogen addition of 5.5% and 8.9% are presented
(Fig. 2, Fig. 3) respectively.

p [bar]

1t | 20— + { 1
I T T 4] T l 1
-30 -20 -10 o 10 20 30

a [Crank angle, deg]
Diesel Diesel Diesel
SR +55%H2 TT+80%H2

Fig. 2. Anindicator diagram p = f (a) with the engine in the conditions of n =
1100 r / min, M = 164 Nm powered diesel and diesel with the addition
of 5.5% H, and 8.9% H,

Then again, the results of measurements of CO concentration us-
ing method NDIR, THC with FID method and NOy with CL method
and PM mass concentration with the filter method in an engine fuelled
with diesel oil and diesel oil with hydrogen addition are presented
below (Fig. 4, Fig. 5).

4. Analysis of results of tests and conclusions

Hydrogen addition did not influence definitely essential differ-
ences in the combustion process. A slight change in the character of
pressure curves in the combustion chamber was noted (increase of
maximum combustion pressure by approx. 2%). The curves of rate
of heat release show a classic kinetic and diffusion phase depending
on fuel type. The kinetic phase remained almost identical, whereas
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Fig 3.

Concentraton of CO and THC fppm]

&)
03
A

Rate of heat release [kJ/(m3 crank angle, deg)

500 100
T )
- e /4\_0_’1,4 S g
g 400 = =
5 ; S0 5
I | | Concentrazon 25
E 300 4 4 4] —0— prriei §
o _g. Concentrazon 3
250 + t 1 * 7 0
0 2 4 6 8 10
> 1 Hydrogen addition [%)]

a [Crank angle, deg]
Diesel
+ 8.8% H2

Fig 5. The results of measurements of concentrations of NO, and PM de-
pending on the compactness of hydrogen addition measured when the
engine supplied with diesel oil with additions of hydrogen.

Diesel

— 4 5.5% H2 ~— Diesel

The rate of heat release as a function “OWK with engine operating
conditions of n = 1100 r/ min, M = 164 Nm powered diesel and diesel
with the addition of 5.5% H, and 8.9% H,

The results of measurements of concentration of toxic substances
did not prove theories regarding the improvement of those indicators.
The analysis of the impact of hydrogen addition in the inlet system of
a self-ignition engine proved slight increase in the levels of all ana-
lysed constituents of exhaust (i.e. carbon oxide, hydrocarbons, nitro-
gen oxides and PM). Increase in CO and THC levels may stem from
high reactivity of hydrogen inhibiting the oxidation of hydrocarbons
as a result of which THC and PM levels increase. The increase in
NOxy levels may result from increased temperature in the combustion
chamber due to hydrogen addition.

The basic importance to sensible operation of technical object is
the knowledge of its failures. Failure, understood as a limiting state
of object can be dangerous for human life or/and does financial losses
[16]. The ability of object to fulfil required function is called depend-
ability. It covers some features of object as follows: availability, reli-
ability, maintainability, safety, service and durability. The durability is
an important tie in dependability chain [16].

Durability prediction of engine is done for example of piston rings
for hydrogen fuelling engine [16]. According to [16] for hydrogen
fuelling engine it can be expected faster wearing of piston rings than
for petrol. The importanse of fuel effect on endine durability belongs

=
L
o

7

g 8 8

-

]

a 6
Hydrogen addition [%]

10

The results of the measurement of concentrations of CO and THC de-
pending on the hydrogen addition with the engine supplied with diesel
oil with additions of hydrogen

during the diffusion phase of rate of heat release increased by ap-
prox. 10%, most likely due to hydrogen combustion. Key parameters
of the combustion process (self-ignition knock, character of respec-
tive combustion phases) remained unchanged after hydrogen addition
was applied.

to calorific value and elementary composition of fuel first of all [16],
in diesel engines too.

Summarising, the analysis of results of the studies does not justify
the use of hydrogen as a fuel addition in self-ignition engines.
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Tadeusz DZIUBAK

THE EFFECTS OF DUST EXTRACTION ON MULTI-CYCLONE AND NON-WOVEN

1. Foreword

Providing a dust-free inlet air to the internal combustion engines

FABRIC PANEL FILTER PERFORMANCE IN THE AIR FILTERS
USED IN SPECIAL VEHICLES

WPLYW ODSYSANIA PYLU NA CHARAKTERYSTYKI MULTICYKLONU
| WLOKNINOWEJ PRZEGRODY FILTRACYJNEJ FILTRU POWIETRZA
POJAZDU SPECJALNEGO*

Common impurities found in the inlet air to the internal combustion engine of motor vehicles are characterized. Dust concentra-
tions in the air were analysed for different operating conditions of a motor vehicle. It is shown that the most common and the
most harmful air impurity for the technical machinery is a mineral dust from roads. The benefits of using the inertial filter (multi-
cyclone) as a first stage of air filtration, including extended engine life are presented. The methods of dust extraction from a dust
collector of the air filter multi-cyclone are shown. The necessity of regular ejection dust extraction from the multi-cyclone dust
collector is shown. A dust extraction rate my is defined and its effects on the cyclone separation efficiency and flow resistance are
shown. The test method and the test conditions for a two-stage filter in multi-cyclone - non-woven fabric filter element configura-
tion are developed. The characteristics of the separation efficiency and flow resistance of the cyclone and the non-woven fabric
filter were determined as a function of dust mass supplied with the inlet air to the two-stage filter for three different extraction rates
and without dust extraction from the multi-cyclone dust collector. The separation efficiency and flow resistance were determined
for a multi-cyclone and a non-woven fabric filter without dust extraction from the multi-cyclone dust collector and with or without
periodical maintenance. The benefits of periodical cleaning of the dust collector were shown.

Keywords: engines, performance, air cleanness, non-woven fabric filter, separation efficiency, separation per-
formance, surface wear, filter life.

Scharakteryzowano zanieczyszczenia powietrza wlotowego silnika spalinowego pojazdu mechanicznego. Przeanalizowano war-
tosci stezenia pytu w powietrzu dla roznych warunkow eksploatacji pojazdow. Przedstawiono korzysci w postaci wydtuzenia czasu
eksploatacji silnika wynikajqce ze stosowania filtru bezwladnosciowego (multicyklonu), jako pierwszego stopnia filtracji powie-
trza. Pokazano metody usuwania pyltu z osadnika multicyklonu filtru powietrza. Wykazano koniecznosé biezqcego, poprzez ejek-
cyjne odsysanie, usuwania pytu z osadnika multicyklonu. Zdefiniowano stopnien odsysania pytu m0 oraz wykazano jego wptyw na
skutecznos¢ filtracji i opory przeplywu cyklonéw. Opracowano metodyke i warunki badan filtru dwustopniowego pracujgcego w
uktadzie: multicyklon-witokninowy wkiad filtracyjny. Wyznaczono charakterystyki skutecznosci filtracji i oporow przeplywu mul-
ticyklonu oraz wtokniny filtracyjnej w zaleznosci od masy pytu dostarczonej wraz z powietrzem wlotowym do filtru dwustopnio-
wego dla trzech wartosci stopnia odsysania my = 5%, my = 10%, m, = 20% oraz bez odsysania pylu z osadnika multicyklonu.
Wyznaczono charakterystyki skutecznosci filtracji i oporow przephywu multicyklonu oraz widkniny filtracyjnej bez odsysania pytu
z osadnika multicyklonu i z okresowym obstugiwaniem oraz bez obstugiwania. Wykazano koniecznosé okresowego czyszczenia
osadnika pytu.

Stowa kluczowe: silniki, eksploatacja, czystos¢ powietrza, wloknina filtracyjna, skutecznosé i doktadnosé filtra-
¢ji, zuzycie powierzchni, trwalos¢ filtru.

0.94 g/s and 1.67 g/s, respectively.

testing grounds, the engines of those tanks draw in a stream of dust at

of motor vehicles and machines, and thus reducing wear and improv-
ing component life, always was and still is a major operational and
design issue, in particular for vehicles operating in heavy-duty terrain
and high dust concentration conditions (about 1 g/m3) [2, 10,12, 18,
20, 30]. It generally applies to special vehicles, including military ve-
hicles with high-power diesel engines with a maximum air demand
Qg over 1 kg/s, e.g.: Qg = 1.21 kg/s, (3,400 m*/h) for T-72 tank
engine and Qg; = 2.15 kg/s (6,000 m*/h) for Leopard 2 tank engine.
At dust concentration level s = 1 g/m®, specific to the vehicles used on

Two-stage air filters in a multi-cyclone - porous panel filter con-
figuration (usually made of paper filter element or non-woven fabric
filter element) are used to remove the dust mass, with particle size
<100 um [2, 4, 10], from the inlet air stream. The concept of using
two-stage filters consists in initial separation of large dust particles
in an inertial filter (multi-cyclone) and leaving small dust particles
(d, < 15+30 um) in the air stream and separating small air particles
(above d, =2+5 pm) in the panel air filter — Fig. 1.

The time in which the air filtration system reaches permissible air
filter flow resistance Apyy,, (5+8 kPa) is significantly longer compared

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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Air stream
Op — with dust
Qs — extraction
Qg — engine inlet

Dust mass

mp — supplied to the filter

ms — retained by multi-cyclone
mp — retained by panel filter

Fig. 1. Air filtration process in the two-stage filter in a ‘multi-cyclone - po-
rous panel filter’ configuration.

to the panel filter under the same dustiness conditions (Fig. 2). Single
filter element with an average separation efficiency of ¢,,=99.95%
reached a flow resistance of Ap,, = 9.4 kPa after drawing in mp=56 g
of dust with air. Similar filter element in a ‘cyclone — filter element’
configuration reached a similar flow resistance of Ap,, = 9.65 kPa af-
ter drawing in mp = 254 g of dust with air, i.e. five times more.

Imr* O :D?f:" 0000 0-0-0-0—C 12
P | i
90 Test dust PTC-D 10

| Dust cancentration s = 1 gim® )
Exracti i = 8%
;’ Ay on rate m,, _ﬁﬁj 5
B

,o0

9
60 j B@G@w M 4
50 ; M | —@— configuration: cyclone-filter element }_2

|| —o—filter element

r2a
. i
0

40 80 120 160 200 240 280
Dust mass supplied with inlet air my [g]

]

Separation efficiency @, [%:]
-
=3

Flow resistance Ap, [kPa]

Fig. 2. Change in flow resistance Ap,, = f(mp) and separation efficiency
©,, = f(mp) of paper filter element in a single configuration and in
a cyclone - filter element configuration as a function of dust mass mp,
supplied with inlet air [12]

A multi-cyclone is a unit including up to several hundred cyclones
arranged side-by-side in parallel on the common tube plates (top and
bottom). Internal diameter of the cyclones used in the inlet air fil-
ters of motor vehicles does not exceed D=40 mm. As opposed to the
industrial cyclones, featuring internal diameters of D = 250+3.000
mm), the cyclones used in air filters are often referred to as mini-
cyclones.

The cyclones used in motor vehicles reach up to 96% separation
efficiency [2, 4, 14]. During the 8-hour operation of T-72 tank engine
in testing ground conditions, the air filter multi-cyclone may retain
over 25 kg of dust. The separated dust is collected in a dust collector
common for all the cyclones. The dust mass collected in the dust col-
lector depends on the air stream, dust concentration in air and cyclone
efficiency.

Storing a large volume of dust in the dust collector is not recom-
mended due to:

* need to use high capacity dust collector, increasing overall fil-
ter dimensions and making the installation difficult,

* secondary dust aspiration due to vehicle vibrations and sud-
den changes in air stream direction due to changes in engine
speed,

« filling up the dust collector and as a result capturing dust and
reducing multi-cyclone efficiency,

* unnecessary filter structure load due to the additional weight.

In the multi-cyclones of the air filters of vehicles, in particular ve-
hicles used in high-dust conditions, systematic (continuous) dust ex-
traction from the dust collector using an air stream - extraction stream
(ejection effect) is used.

In a multi-cyclone including a large number (50+100 and more) of
cyclones and a common dust collector, usually one or two ports are
used for the dust extraction from the dust collector. The distances be-
tween the outlet ports of the streams extracted from each cyclone from
the extraction system port may differ, creating problems with the dust
extraction from the extreme individual cyclones. It further reduces
the cyclone efficiency, and thus reduces the separation efficiency and
performance of the entire multi-cyclone. The dust mass supplied to
the second filtration stage is larger and further reduces the filter life
(vehicle mileage) until the permissible flow resistance is reached.

The cyclone performance is usually validated by numerical tests
using CFD (Computational Fluid Dynamics) software [1, 3, 7, 8, 15,
17, 21, 22, 26, 28, 32]. CFD software provides a detailed analysis of
any issues related with the fluid flows, and eliminates time-consum-
ing and expensive experiments in the design and retrofitting stage.
The software provides relevant flow data (velocity field distribution,
pressure field), heat transfer (temperature field) and mass transfer by
numerical solving of the equations describing the changes in momen-
tum, energy and mass balance.

There are scarce studies concerned with numerical [29] and ex-
perimental [4, 10, 11, 19] evaluation of the performance of dust ex-
traction systems used in the multi-cyclone dust collectors.

Thus, assuming that the experimental tests are the most reliable
research method, an experimental evaluation of the performance and
the effects of the dust extraction from the dust collector of the motor
vehicle air filter on the filtration process in the porous panel filter is
presented in the study.

2. Impurities in inlet air of internal combustion en-
gines

Atmospheric air drawn in by the internal combustion engines of
motor vehicles contains large quantities of impurities, which can be
classified as gaseous impurities (organic and inorganic) and particu-
late impurities [2, 4, 5, 6]. Dust is a dispersed phase of a two-phase
system including particulate matter suspended in a gaseous dispersion
phase, i.e. mixture of solid particles suspended in air.

The sources of dust emission are both natural phenomena and hu-
man activity. The dust emissions from natural sources are prevalent
on a global scale. The most common natural dust emission sources
are: volcanoes, deposits, marine aerosols, animal and plant materials,
and forest fires [5].

In high-intensity industrial areas, the major dust emission sources
are anthropogenic sources, including all production and fuel combus-
tion processes, mostly solid fuels. Large dust volumes are generated
by the power industry, chemical industry, mining industry, metallurgi-
cal industry and construction industry, in particular cement produc-
tion [6].

The particulate matter can be classified by particle dimen-
sions [5]:

« total particulate matter — mixture of small solid particles (sus-
pended in air); conventional dimension <300 pm,

« suspended particulate matter PM 10 — conventional dimensions
<10 pm,
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e fine particulate matter PM2.5 — conventional dimensions
<2.5 um,

*nano particulate matter PM1 — conventional dimensions
<1 pm.

All particulate matter < 1 um may cause premature wear of ma-
chine components and must be removed from the engine inlet air by
the air filters.

The particulate matter (PM10 and PM2.5) emission from anthro-
pogenic sources is mainly related to a road transport due to the large-
scale character of motor vehicle use. It contributes to approx. 15%
of both size fractions of the particulate matter [5, 27]. The particu-
late matter from motor transport (road transport) have the following
sources [2, 5, 9]:

» mineral dust (road dust, with silicon dioxide as a main com-
ponent) lifted from the road surface due to the movement of
motor vehicles or wind,

* exhaust gases from motor vehicle engines (dust, carbon black,
lead compounds, heavy hydrocarbons, particulate matter and
gases),

e particulate matter from sliding pairs of motor vehicles, i.e.
wear of friction linings of brakes and clutch plates [4],

e dust from tyre and surface wear due to interaction of wheels
and road surface [4].

The most common impurity present in air, which is also harmful to
any technical equipment is a road dust, lifted from the surface due to
the traffic or wind, and supplied with inlet air to the motor cylinders.

The road dust is a polydisperse dust characterized by diversified
physical and chemical properties, with basic components including
grains of hard minerals: silicone dioxide (silica) and aluminium triox-
ide (corundum), which contribute to 60+95% of dust content [2]. The
hardness of silica particles, determined in a ten-degree Mohs scale is
7, whereas for corundum it is 9, i.e. more than for structural materi-
als used for the construction of internal combustion engines.The dust
particles are solids with irregular shape and sharp edges.

One of the characteristic properties of air is the dust concentra-
tion, measured as a dust mass (in grams or milligrams) in 1 m® of
atmospheric air. Dust concentration in air is a variable and depends
on many factors. Dust concentration in air may vary depending on the
operating conditions of a motor vehicle.

The lowest dust concentration in air, approx.
0.001 g/m? [2, 4, 11] can be observed on hard a)
surfaces and roads, and <0.001 g/m? in residen-
tial areas. The highest dust concentration up to
3,8+7 g/m® [2, 9, 13, 18, 20], can be observed
for a convoy of tracked vehicles on the testing
ground with dry surfaces. Dust concentration
in air at the air intake during helicopter take-
off and landing may reach up to 3 g/m®. Dust
concentration in air may reach 10 g/m® during
a sandstorm [20]. It is over 1000 times higher
compared to the dust concentration on the city
roads with motor vehicle traffic.

&

The dust suspended in air also reduces visibility (Fig. 3) and thus
affects road safety. Dust concentration in air of 0.7 g/m? significantly
reduces the visibility and at 1.5 g/m? the visibility is practically re-
duced to zero [10].

Part of the impurities supplied to the engine cylinders via the air
supply system is combusted, and some are removed with the exhaust
gases. Only 10+20% of dust introduced to the engine via its inlet
system is deposited on the cylinder sleeve walls. This dust forms an
abrasive paste with oil, which in contact with a sliding pair piston-
piston rings-cylinder (P-PR-C) results in a premature wear of cylinder
sleeve, piston rings and ring grooves. The clearance between the (P-
PR-C) increases, resulting in the reduction of the combustion chamber
leak-tightness.

It results in a decrease in compression pressure and engine power
[16], an increase in blow-by to the crankcase [24], further increas-
ing the engine oil degradation. The engine performance and start-up
capabilities of a cold engine are also affected. Fuel and engine oil
consumption, as well as the emission of toxic compounds are also
increased [25].

As aresult of piston movement in the direction of the bottom dead
centre, the piston rings remove the oil with any impurities from the
cylinder bearing surface to the oil sump. The impurities are distrib-
uted in the lubrication system via the oil system to the friction areas
which require oil lubrication, i.e. the following pairs: crankshaft neck-
bushing, camshaft neck-bushing, valve guide-valve stem, resulting in
premature wear.

The friction wear takes place where any hard solids are trapped
between two mating surfaces, deform and cut micro-volumes of the
surface layer of mating elements at different depths.

The authors studying the effects of impurities present in the op-
erational fluids on the wear of piston engine components claim, that
the most extensive wear is due to the dust particles with dimensions
d_ corresponding to the minimum thickness #4,,;, of oil film required to
form an oil wedge between the mating surfaces [16].

3. Methods of dust removal from dust collector of air
filter multi-cyclone

Removing the dust from a dust collector of an air filter multi-
cyclone in legacy solutions was carried out by the driver as part of

<)

v

Fig. 4. Dust extraction methods for inertia filters: a) manual (Jelcz 317 filter), b) rubber drain cone

(Mann+Hummel filter), c) rubber drain cone d) ejection (T-72 tank filter)

the daily maintenance (Fig. 4a). In modern air
filter solutions, dust is extracted from the dust
collector using automatic methods:

* by opening rubber drain cones after each en-
gine stop (Fig. 4b),

* in continuous mode by generating an air
stream flow Qg - extraction stream (ejection
effect) (Fig. 4c).

Fig. 3. Visibility limited due to the operation of: a) infantry fighting vehicle, b) tanks [18]
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Fig. 5. Distribution of the inlet air stream in the filter with ejection dust ex-

traction from the dust collector: 1 — panel filter, 2 — multi-cyclone,
3 — dust collector
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The dust is extracted by an air stream g, a part of an inlet air
stream (with dust) O, to the multi-cyclone (Fig. 5):

0p=0¢ *+ Oy, (1

where: O — filter outlet air stream (clean) - engine inlet air.

Special fans and blowers are commonly used to generate the ex-
traction stream. A major drawback of the solution is that it requires a
drive, i.e. electric motor or mechanical gear coupled with the engine
crankshaft. The fan performance depends directly on the engine speed,
and as a result on its operating range. The fan
location within the engine compartment is also
pre-determined and is not necessarily optimal
in relation to the filter position. Continuous fan

systems. The characteristic feature of the ejector are two streams, be-
tween which there is a transfer of momentum. The active stream has
a higher momentum vector value, and its sense is strictly determined.
The vector sense of the second stream (passive) is usually identical.
Due to the different methods of stream delivery: active and passive,
different ejector configurations are available (Fig. 6).

From the configurations shown in Fig. 6, the more practical and
more commonly used in the exhaust system is the configuration
shown in Fig. 6b. It is significantly easier to manufacture and has a
lower weight, which in case of a vibrating exhaust system is of cru-
cial importance.The ejector configuration is used in the ejection dust
extraction from the dust collector of the T-72 and PT-91 tank air filter
and special vehicles using the same suspension.

The ejector has a simple design, small number of components and
no movable parts. It requires very little maintenance apart from peri-
odical visual inspection of the technical condition and integrity of the
conduit connecting the ejector with the dust collector of the inertial
filter. However, the ejector requires additional energy to provide dust
extraction capabilities.

The measure of an intensity of dust extraction from the multi-
cyclone (cyclone) dust collector is the extraction rate m, defined as
a quotient of air stream flow rate Qg in the extraction system and the
multi-cyclone (cyclone) outlet stream flow rate, and if the multi-cy-
clone is used as the first stage of air filtration in the air filter - to the

2

—o— with dust extraction from dust collector

- 10

operation also entails high requirements regard-
ing the motor durability. The electric drive is a

80

—o— without dust extraction

significant load on the system generating elec-
trical energy for the vehicle subsystems. A fan
with electric drive is used to extract dust from

60

Test dust PTC-D

Dust concentration = 1 g/m?® - 8
Extraction rate mg=10%

Filtration rate ve = 0,06 m's

the air filter dust collector in Leopard 2 tanks.

To generate the extraction stream in many 40

. Apy

air filters, ejectors utilizing the energy of a
compressed air stream [4] or an exhaust gas

from the vehicle’s exhaust system [2, 11] are 20

e i

used.
The extraction stream Qg flowing through
the dust collector chamber captures the dust 0

Filter element separation efficiency ¢, [%)]

»
Filter element flow resistance Ap,, [kPa]

Configuration: through-flow cyclone - filter element
Filter paper 1703 VH206

! ] | 0

particles and is discharged via conduits outside 0
the vehicle.

The purpose of the ejector is to force and
intensify the extraction stream flow between fi
two spaces, usually two open thermodynamic

03

a) b)

from dust collector

50 100 150 200
Dust mass supplied with inlet air mg [g]

. 7. Characteristics of the paper filter element downstream of the through-flow cyclone with and with-
out dust extraction from the cyclone dust collector [12]

air filter outlet stream flow rate O (engine inlet
air) [10, 19, 23, 31]:

compresed air i to atmosphere 1 Ul 2 3
B T - e ——— :
Q ‘?— 1 o atmosol my =—§S 100% )
b B N ' exhaust gases ==  to atmosphere G

from dust collector

c)

from dust collector
1 U‘ 2 3

+ to atmosphere

Fig. 6. Ejector configuration in the extraction system for forced ejection stream: a) compressed air, b and
¢) exhaust gases: 1 — active stream inlet channel, 2 — passive stream inlet channel, 3 — mixing

chamber [10]

Removing (by extraction) the dust separated
by the cyclones from the multi-cyclone dust col-
lector results in a significant increase in separa-
tion efficiency, and thus extends the air filter life
by a limited determined permissible flow resist-
ance Apy,,- The characteristics can be verified
by the flow resistance Ap,, = f(mp) and separa-
tion efficiency ¢,, = f(mp) characteristics of a
paper panel filter as a function of dust mass m
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Fig. 8. Effects of the extraction rate m on cyclone separation efficiency and flow resist-

ance [14]

supplied with inlet air in serial ‘cyclone - filter element’ configuration
(Fig. 7).

The studies on the effects of dust extraction on separation effi-
ciency in cyclones, however scarce show that the increase in extrac-
tion rate m, results in a significant increase in cyclone efficiency @,
up to a certain point (Fig. 8 and 9). For through-flow cyclone (Fig. 8)
the limit value is my, = 10+15% [14].

An increase in the extraction rate m, results in an increase in cy-
clone flow resistance due to the increase in stream volume Q, and air
flow rate.

There is a specific range of optimal extraction rate, which if ex-
ceeded may affect cyclone performance and increase energy losses.
In the existing cyclone and multi-cyclone designs, the extraction rate
my is usually within m, = 8+15%, although it may sometimes reach
my=20% [10, 19, 23, 31].

4. Test purpose, methods and conditions

The study aimed to determine the causes of the decrease in multi-
cyclone separation efficiency depending on the mass of dust supplied
to the two-stage filter and the effects of those changes on the perfor-

98 8
. A=f e
// Extraction rate m, ‘
X o4 i j i : 6
€ | 0—0 —0—8 —o—16|
-
% 92 1 1 | 1 5
E Pe
o 90 ; 4
g 4
g 88 ya £33
& Test dust PTC-D
86 Dust concentration s=1g/m? 2
84 1
82 4 . . 0
2 6 10 14 18 22 26 30 34

Air stream Qg [m?/h]

Fig. 9. Effects of the extraction rate m, on characteristics: separation efficiency
0. =f(Qg) and flow resistance Ap. = f(Qg) of a return-flow cyclone with tangen-

tial inlet D-40 [12]

mance of a non-woven fabric filter used in the two-stage filtra-
tion system downstream of the multi-cyclone.

The purpose of the study was to determine the performance
characteristics of a non-woven fabric filter in a two-stage filtra-
tion system and a multi-cyclone at a pre-determined air stream
flow rate O, and ejection dust extraction rate from the multi-
cyclone dust collector. The characteristics were determined for
three different ejection dust extraction rates m, = 5%, m,=10%,
my = 20% and without extraction, as well as without extraction
with periodical removal of the dust from the dust collector. The
ejection dust extraction rates m, used are based on the range of
the extraction rates recorded in the existing and operating multi-
cyclone designs.

The following characteristics were determined:

« filter element separation efficiency @,, = fimp),
«filter element flow resistance Ap,, = fimp),
*multi-cyclone separation efficiency @, = f(mp).

Table 1. AC-301 non-woven fabric filter parameters by Korea Filtration Tech-

nologies Co.
Parametr Unit Value
Weight per unit area (g/m?) 210+10%
Thickness (mm) 2.34+2.86
Air permeability (dm3/m?/s) 8001100 at 120 Pa
Tensile strength (N/50 mm) >98
Bending strength (N/30 mm) 1.47+2.94

a)

b)

Fig. 10. Through-flow cyclone of the tested multi-cyclone: a) functional
diagram, b) general view: 1 —swirlvanes, 2 —body, 3 — abutment,
4 — outlet tube, 5 — multi-cyclone top plate, 6 — multi-cyclone
bottom plate, D — cyclone body internal diameter, D,,— outlet
tube internal diameter; M — extracted dust outlet gap

Flow resistance Ap. [kPa]

The tests covered a filter element made of two-layer non-
woven fabric AC-301 (Table 1) with a filtration surface area
F,, =2 m? and a multi-cyclone including through-flow cyclones
(Fig. 10) arranged parallel in relation to each other in three col-
umns, six cyclones per column — Fig. 11.

The main stream value was Qg = 600 m*/h. The dust was
extracted from the dust collector of the multi-cyclone using
ejection extraction with the air stream Qg.

The extraction stream flow rate Qg was determined from
the following relationship for the extraction rates used m, = 5%,
my=10%, my=20%:
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Os=0g - my. 3)

The tests were performed at a constant air
stream flow through the filter O = 600 m’/h
(separation rate Lgg,, = 0.08 m/s) and extrac-
tion stream flow rates O, = 30 m¥h, O, = 60
m’/h, O, = 120 m*/h, at dust concentration in

Ospr

the air at multi-cyclone inlet s = 1 g/m?, using

PTC-D type test dust, locally available equiva-
lent to AC-Fine test dust, with size distribution
and chemical composition as specified in [13].

Air stream 220 g
= wi 16
= ‘;.;:h:rl 6000g Cyclone configuration
e"(;ﬂcl oyl st 15 in the multi-cyclone - outlet
==2 dust stream \@ part view
~
Al
7
O
= CMPe VA obrmin L, II, 111 — column number
10 e® = 1,2, 3, ... 6 - cyclone number
in the column

I-_ ol nrh. R ‘
7]

The separation efficiency ¢,, of tested non-

woven textile filter and multi-cyclone was de-
termined using a mass method in subsequent
j measuring cycles, with the duration (uniform
test dust dispensing and distribution time) of
t1pom = 3 min in the initial separation period and
Lypom = 15 min — in the subsequent period.
The following were determined after each
Jj-th cycle:
« filter element separation efficiency ¢, from the following
equation:

m....
@y =—-100% ,
mej

4)

where: m,,; — dust mass retained by filter element, mp,,; — dust mass
supplied to the filter element (downstream of the multi-cy-
clone) during the measurement cycle.
» multi-cyclone separation efficiency ¢,, from the following
equation:

Mas:
Py = —L-100% ,
"Mpj

®)

where: my; — dust mass retained by multi-cyclone, mp; — dust mass
supplied to the multi-cyclone (filter) in the measurement cy-
cle.
« filter element flow resistance from the

following equation: 100

95

Fig. 11. Test stand diagram: 1 — filter element, 2 — dust collector, 3 — multi-cyclone, 4 — dust chamber,
5 — dust dispenser, 6 — flow resistance measuring line, 7 — filter element static pressure drop
gauge, 8 — orifice differential pressure gauge (Qg— volumetric flow rate), 9 — dust extraction line
absolute filter, 10 — main line absolute filter, 11 — orifice differential pressure gauge (Qg— stream),
12 — suction fans, 13 — engine and fan control panel, 14 — pressure, temperature and relative hu-
midity measuring unit. 15, 16 — analytic scale

where: mp; — mass of dust supplied to the multi-cyclone (filter) in the
measurement cycle.

The mass of dust retained by the filter element and the absolute
filter was determined using an analytical balance with 6000 g capacity
and 0.01 g readability. The mass of dust supplied to the multi-cyclone
(filter) to determine the dust concentration in the air was determined
using an analytical balance with 220 g capacity and 0.0001 g read-
ability.

Qg stream values in the main duct were determined using a
200+1500 m*/h measuring orifice plate, and Q, stream values were
determined using a float rotameter RIN-60 with 6+130 m?/h range
and 2.5 accuracy class.

The tests ended after reaching a flow resistance of 6 kPa at the
filter element, which is a common permissible flow resistance for
motor vehicles.

Filter element tests were performed on the test stand (Fig. 11) al-
lowing determination of basic separation efficiency and flow resistance
characteristics for the air stream flow rates up to 1500 m*/h, at the ejec-
tion extraction rate up to 20% and dust concentration up to 3 g/m’.

Ah,;
Ap.. .= — - kP N 6
pw 1000 (pm pH)g [ a] ( )

where: Ah,, — static pressure drop as read (in
mm H,0) from the water manometer

(U-tube), p,, — manometer liquid den-

sity (H,O) at measurement tempera-
ture ty,py — atmospheric air density in

75 4

kg/m®, g — local gravitational accelera-
tion.

70
¢ dust concentrations in the air from the
65

Filter element separation efficiency ¢y[%]

following equation:

=— Y  [gm’], (7 0
Sj (QG+QS)'ijom [gm] ()

r 8

T
6 w©
<
Air stream Qg = 600 m*h =
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Fig. 12. Separation efficiency and flow resistance of the filter element (AC-301 non-woven fabric) used as
a second filtration stage downstream of the multi-cyclone for different rates of my ejection dust
extraction from the dust collector
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5. Test result analysis

Fig. 12 shows the separation efficiency ¢,, and flow resistance
Ap,, characteristics for non-woven fabric filter AC-301 in two-stage
filtration configuration (downstream of the multi-cyclone) as a func-
tion of dust mass mj supplied with inlet air to the filter. The filter
element life can be divided into two periods due to the achieved
separation efficiency. First (initial) period is characterized by a low
separation efficiency, which systematically and rapidly increases with
the volume of dust supplied to the filter. The initial period lasts from
the beginning of the separation process until the non-woven fabric
reaches the separation efficiency of 99.5% [8]. Main filtration period
is characterized by a high (over 99.5%) and slowly but gradually in-
creasing separation efficiency. Following the initial measurement cy-
cles, AC-301 non-woven fabric filter efficiency was ¢,, = 78.8+88.3%
(Fig. 12). The initial period (separation efficiency ¢,, = 99.5%) for the
tested non-woven fabric ends after approx. 450 g of dust is supplied
to the filter.

The flow resistance Ap,, of the filter element increases with the
increase in the dust mass supplied to the filter, and the increase rate is
higher the lower the dust extraction rate m,. Determined flow resist-
ance Ap,, = 6 kPa is achieved by the filter element, after a specific dust
mass is supplied to the filter. The operation of the multi-cyclone at the
extraction rate of m, = 20% means, that the filter element achieves
the flow resistance of Ap,, = 6 kPa after supplying m, = 2.9 kg of
dust to the system. For the extraction rate m, = 10% the value is m,
= 2.7 kg, whereas for m, = 5% it is mp = 2.1 kg. The operation of the
multi cyclone without dust extraction from the dust collector means
that the filter element achieves a flow resistance of Ap,, = 6 kPa af-
ter supplying to the system m = 1.8 kg of dust, which corresponds
to less than 40% compared to the multi-cyclone operation with dust
extraction m,= 20%. Time the air filtration system requires to reach
a permissible air filter flow resistance Apy,,, is
significantly shorter compared to the configura-
tion with the dust extraction from the dust col-
lector.

The effect is due to the reduced separation
efficiency of the multi-cyclone at a reduced rate
of dust extraction from the dust collector and

With the increase in dust mass supplied to the filter with inlet air,
the separation efficiency of multi-cyclone gradually decreases, how-
ever the lower the dust extraction rate m, the higher the efficiency
reduction rate. The moment the multi-cyclone begins operation at the
dust extraction rate m, = 20%, its efficiency is ¢,,= 86.25%, and after
supplying over 3 kg of dust, the efficiency is reduced to ¢,,= 61.72%.
For multi-cyclone operation at dust extraction rate of m, = 5%, the
respective values are: initial ¢,; = 76.2% and after delivering mp =
2.17kg of dust — @,,=24.2%. The multi-cyclone separation efficiency
in this case is reduced threefold. The reduction in multi-cyclone sepa-
ration efficiency means that the larger dust mass is delivered to the
filter element, resulting in rapid filling of the filter medium pores,
and thus progressively increasing the flow rate v between the fibres.
It results in a significant increase in the flow resistance (Fig. 12) as a
function of Ap = f{L?).

If the dust collector is common for many cyclones, and the dust is
extracted via one or two ports, as in tested configuration, the follow-
ing can be observed [8, 9, 16]:

* extraction stream values differ for individual cyclones,

» whirling streams from individual cyclones entering the com-
mon dust collector interact with each other,

* backflow to the cyclones at the multi-cyclone periphery may
occur.

Those effects may not only results in a multi-cyclone efficiency
lower than resulting from the extraction rate for individual cyclones,
but also in the reduction of multi-cyclone separation efficiency with
the increase in dust mass delivered with air to the filter. It will thus
result in:

1) Permanent deposition of dust on internal surfaces of the in-
let components of the cyclone forming a gap, through which
the extracted dust is discharged — Fig. 14. The mass of dust

reduced multi-cyclone separation efficiency in
time - increased mass of dust supplied to the
system (Fig. 13).

Fig. 14. Cyclone outlet gaps after supplying 500 g of dust at dust extraction rate of my = 5% — view from
the dust extraction manifold: 1, 2, 3, ..., 6 — consecutive cyclone number in the column
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the cyclone and thus may render it completely
ineffective - Fig. 15.

2) Permanent deposition of dust in the corners
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. 13. Separation efficiency of the multi-cyclone at different rates m of ejection extraction from the dust

a result may clog the cyclone outlets and thus

00 300 render it completely ineffective (Fig. 15).

The rate with which those effects, reducing
the multi-cyclone separation efficiency with the
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Fig. 15. Cyclone outlet gaps after supplying 2150 g of dust at dust extraction rate of my = 5% — view from
the dust extraction manifold: 1, 2, 3, ..., 6 — consecutive number of the cyclone in the column (ar-
row indicates the cyclones with gaps clogged with dust)

outlet gap g
Fig. 16. Cyclone outlet gaps after maintenance — view from the dust extraction manifold:1, 2, 3, ..., 6 —
consecutive cyclone number in the column
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Fig. 17. Effects of periodical dust extraction from the dust collector on separation efficiency and flow re-
sistance of the filter element (non-woven fabric AC-301) and multi-cyclone separation efficiency
without ejection dust extraction from the dust collector:
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Fig. 18. Effects of dust mass supplied on the separation efficiency of multi-cyclone, filter element (AC-301
non-woven fabric) and complete filter at the ejection extraction rate of my = 10%

increase in mass of dust supplied to the filter, occur is higher the lower
the dust extraction rate from the dust collector.

A decrease in multi-cyclone separation efficiency during operation
may be prevented by periodical cleaning of the dust collector. Fig. 17

shows changes in the multi-cyclone separation
efficiency with the mass of dust supplied to the
filter without extraction and with periodical dust
extraction (every 500 g of supplied dust) from
the dust collector. At the beginning, the multi-
cyclone separation efficiency was @, = 69.1%,
and after supplying 500 g of dust, the efficiency
was reduced to ¢,;=26.9%, which is similar to
the value achieved by the multi-cyclone with-
out maintenance. After the maintenance (Fig.
16) involving dust removal with compressed
air, the multi-cyclone separation efficiency
has increased to @, = 66.8%, which is similar
to the initial value, and was further reduced in
subsequent operation. The multi-cyclone main-
tenance cycle was repeated three times with a
similar result — Fig. 17.

Separation efficiency of a complete two-
stage air filter is determined both by the mul-
ti-cyclone and the filter element. In the initial
stage, when the filter element achieves low ef-
ficiency within ¢, = 81.4+96.6%, its efficiency
is determined by the multi-cyclone, provid-
ing maximum separation efficiency of ¢, =
86.3+81.4% (Fig. 18). The reduction in multi-
cyclone separation efficiency with the mass of
dust supplied with the inlet air (vehicle mileage)
does not affect separation efficiency of the com-
plete filter.

For multi-stage filters, where the filtration
stages are arranged in series, the separation ef-
ficiency is usually determined using the follow-
ing equation [20]:

n
0 =1-T-0y). @®)

where: n — number of filtration stages, ; — i-th
stage separation efficiency.

For the tested two-stage filter, where the
first filtration stage (multi-cyclone) is charac-
terized by the initial separation efficiency of
@y = 86.25%, and the second stage (filter el-
ement) @,,; = 84.78% (Fig. 18), the separation
efficiency is:

n
Pr1 =1—iH=1(1—(Pi)
o =1=0=pp1)-0=0y)
01 =1-(1-0.8625)-(1-0.8478)

05 =97.91%.

Experimental initial separation efficiency of
the filter is @gz; = 97.908%.
After supplying m;,=2028.6 g of dust (meas-

uring cycle no. 44 Fig. 18), experimental separation efficiency of the
two-stage filteris @7z44 = 99.97%, whereas the separation efficiency de-
termined using a relationship (¢4 =67.73%, ¢,,44=99.9%) is similar
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Qg4 = 99.967%. Very high agreement of the experimental and calcu-
lation results of the separation efficiency of the two-stage filter indi-
cates that the selected test method is accurate.

5. Summary

Two-stage (multi-cyclone - porous panel filter) filtration systems
with ejection dust extraction from the dust collector are used in the
filtration systems at the air inlets of the motor vehicles operating in
high dust concentration conditions (s = 1 g/m* and more).

The studies and analyses show, that the ejection dust extraction
from the dust collector of the multi-cyclone used in the two-stage
filter system performs its task, however it is not perfect, due to the
decreasing separation efficiency of the multi-cyclone and more inten-
sive increase in flow resistance of the filter element.

With the increase in dust mass supplied to the filter with inlet air,
the separation efficiency of multi-cyclone gradually decreases, how-
ever the lower the dust extraction rate m, the higher the efficiency
reduction rate (Fig. 13). It is due to the specific design of the multi-
cyclone and imperfections of the dust extraction system. If the dust
collector is common for many cyclones, and the dust is extracted via
one or two ports, the extraction streams for individual cyclones vary
and the backflow in the cyclones located at the perimeter of the multi-
cyclone may occur.

It may result in a permanent deposition of dust in the corners and
at the rim of the dust collector housing, where the extraction is less
effective compared to the cyclones closer to the extraction duct. The
dust accumulated and deposited on the bottom of the dust collector
affects the flow at the cyclone outlet of both the extracted dust and
the clean air, which, in effect, may clog the cyclone outlets and thus
render them completely ineffective. The rate of these effects is higher

References

at lower extraction rate or multi-cyclone operation without the dust
extraction from the dust collector.

In the operating conditions, it can be compensated by periodical,
systematic cleaning of the dust collector and cyclone outlet slots. The
multi-cyclone separation efficiency restored to its initial value has
been shown (Fig. 17), however it is a difficult task, since it requires
the filter to be removed from the vehicle.

The air filters in special vehicles are characterized by large dimen-
sions and weight, and usually does not allow disassembly of the dust
collector.

The settling of the dust both in the corners and on the edges of the
dust collector housing and in the slots of the cyclones at the multi-
cyclone circumference may be prevented with a suitable design of the
inner space of the dust collector chamber. One of the methods is to
divide the dust collector chamber of the multi-cyclone into individual
segments and suction ducts, with assigned corresponding groups of
individual cyclones. The design may provide uniform flow rates for
all cyclones and prevent permanent settling of the dust in the corners
and on the edges of the dust collector housing.

A segmented dust collector is also easier to design, since the basic
tests are limited to individual segments, and thus easier and more cost
effective.

The intensity of the increase in flow resistance Ap,, of the filter
element used as a second filtration stage (downstream of the multi-
cyclone) is higher, the lower the separation efficiency of the multi-
cyclone. As a result, more dust is supplied to the filter element in a
unit of time. Thus, in normal operation at constant permissible flow
resistance Apyy,,, the mean time between maintenance is reduced and
the operational costs are increased.

1. Azadi M, Azadi M. An analytical study of the effect of inlet velocity on the cyclone performance using mathematical models. Powder
Technology 2012; 217: 121-127, http://dx.doi.org/10.1016/j.powtec.2011.10.017.

2. Baczewski K, Hebda M. Filtracja ptynow eksploatacyjnych. Radom: MCNEMT, 1991/92.

3. Cernecky J, Plandorova K. The effect of the introduction of an exit tube on the separation efficiency in a cyclone. Brazilian Journal of
Chemical Engineering 2013; 30 (3): 627-641, http://dx.doi.org/10.1590/S0104-66322013000300020.

4.  Cenrtisep Air Cleaner.: Materialy informacyjne firmy PALL Corporation, USA 2004.

5. Chlopek Z. Testing of hazards to the environment caused by particulate matter during use of vehicles. Eksploatacja i Niezawodnosc —
Maintenance and Reliability 2012; 2: 160-170.

6.  Chlopek Z, Jakubowski A. A study of the particulate matter emission from the braking systems of motor vehicles. Eksploatacja i Niezawodnosc
— Maintenance and Reliability 2009; 4: 45-52.

7. ChuK W, Wang B, XuD L, Chen Y X, Yu A B. CFD-DEM simulation of the gas—solid flow in a cyclone separator. Chemical Engineering
Science 2011; 66: 834-847, http://dx.doi.org/10.1016/j.ces.2010.11.026.

8. Chuah L A, Gimbun J, Choong T S Y, Fakhru'l-Razi A. A CFD analysis on the effect of vortex finder and cylindrical length on cyclone
hydrodynamics and centrifugal forces. Journal - The Institution of Engineers, Malaysia 2009; 71 (2): 51-58.

9. Durst M, Klein G, Moser N. Filtration in Fahrzeugen. Materiaty informacyjne firmy Mann+Hummel GMBH. Ludwigsburg, Niemcy 2005.

10. Dziubak T. The assessment of the possibilities of improvement of the extraction evenness, in multicyclone dedusters fitted in special vehicles.
Combustion Engines 2012; 4 (151): 34-42.

11.  Dziubak T.: A study on the improvement of uniformity of dust extraction from multicyclone dust collectors. Combustion Engines 2011;
4(147): 69-78.

12. Dziubak T.: The research of air filtration process on paper partition in the Cyclone-porous partition" system. Journal of KONES Powertrain
and Transport 2007; 2(14): 115-124.

13. Dziubak T., Szwedkowicz S.: Operating properties of non-woven fabric panel filters for internal combustion engine inlet air in single and
two-stage filtration systems. Eksploatacja i Niezawodnosc — Maintenance and Reliability 2015; 17(4): 519-527, http://dx.doi.org/10.17531/
ein.2015.4.6.

14. Dziubak T, Szwedkowicz S. Experimental research on filtering fibers in a cyclone—porous barrier system. Combustion Engines 2014;
3(158): 45-55.

15. Elsayed K. Optimization of the cyclone separator geometry for minimum pressure drop using Co-Kriging. Powder Technology 2015; 269:
409-424, http://dx.doi.org/10.1016/j.powtec.2014.09.038.

16. Fitch J. Clean Oil Reduces Engine Fuel Consumption. Practicing Oil Analysis Magazine 2002; 11-12.

17.

Gawali S S, Bhambere M B. Computational fluid dynamics approach for prediction of cyclone separator pressure drop. International Journal
of Mechanical Engineering and Robotics Research 2015; 4 (1): 374-377.

356 ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND REeLIABILITY VOL.18, No. 3, 2016




SCIENCE AND TECHNOLOGY

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Grafe T, Gogins M, Barris M, Schaefer J, Canepa R. Nanofibers in Filtration Applications in Transportation. Filtration International
Conference and Exposition, Chicago — Illinois, December 3-5, 2001.

Greenfield R. R. The Use of Cyclones for Control of Solids Emission from Fluidised Bed Boilers. Filtration & Separation 1986; 22 (1): 38-39.
Jaroszczyk T. Air Filtration in Heavy-Duty Motor Vehicle Applications. Proc. Dust Symposium III Vicksburg MS, 15-17 September 1987.
Jiao J, Zheng Y, Sun G, Wang J. Study of the separation efficiency and the flow field of a dynamic cyclone. Separation and Purification
Technology 2006; 49: 157-166, http://dx.doi.org/10.1016/j.seppur.2005.09.011.

Karagoz I, Avci A, Surmen A, Sendogan O. Design and performance valuation of a new cyclone separator. Journal of Aerosol Science 2013;
59: 57-64, http://dx.doi.org/10.1016/j.jaerosci.2013.01.010.

Kim H T, Zhu Y, Hinds W C, Lee KW. Experimental study of small virtual cyclones as particle concentrators. Journal of Aerosol Science
2002; 5(33): 721-733, http://dx.doi.org/10.1016/S0021-8502(01)00212-9.

Koszatka G, Suchecki A. Changes in performance and wear of small diesel engine during durability test. Combustion Engines 2015; 3(162):
34-40.

Koszatka G. Model of operational changes in the combustion chamber tightness of a diesel engine. Eksploatacja i Niezawodnosc —
Maintenance and Reliability 2014; 1: 133-139.

Ma L, Ingham D. B, Wen X. Numerical modelling of the fluid and particle penetration through small sampling cyclones. Journal of Aerosol
Science 2000; 9(31): 1097-1119, http://dx.doi.org/10.1016/S0021-8502(00)00016-1.

Pui DY H, Chen S Ch, Zuo Z. PM2.5 in China: Measurements, sources, visibility and health effects, and mitigation, Particuology 2014; 13:
1-26, http://dx.doi.org/10.1016/j.partic.2013.11.001.

Qian F, Zhang J, Zhang M. Effects of the prolonged vertical tube on the separation performance of a cyclone. Journal of Hazardous Materials
2006; 136: 822-829, http://dx.doi.org/10.1016/j.jhazmat.2006.01.028.

Reddy G C, Kuppuraj U. Numerical study of flue gas flow in a multi cyclone separator. Int. Journal of Engineering Research and Applications
2015; 5(1): 48-53.

Rybak P. Operating loads of impulse nature acting on the special equipment of the combat vehicles. Eksploatacja i Niezawodnosc —
Maintenance and Reliability 2014; 3: 347-353.

Sage P W, Wright M A. The Use of Bleeds to Enhance Cyclone Performance. Filtration & Separation 1986; 1(23): 32-36.

Wang B, Xu D L, Chu K W, Yu A B. Numerical study of gas—solid flow in a cyclone separator. Applied Mathematical Modelling 2006; 30:
1326-1342, http://dx.doi.org/10.1016/j.apm.2006.03.011.

Tadeusz DZIUBAK

Military University of Technology

Faculty of Mechanical Engineering

ul. Gen. Sylwestra Kaliskiego 2, 00-908 Warsaw, Poland

E-mail: tadeusz.dziubak@wat.edu.pl

EkspLoATACIA | NiEZAWODNOSC — MAINTENANCE AND ReLIABILITY VOL.18, No. 3, 2016 357




Article citation info:

KARCZEWSKI M, SZCZECH L. Influence of the F-34 unified battlefield fuel with bio components on usable parameters of the IC engine.
Eksploatacja i Niezawodnosc — Maintenance and Reliability 2016; 18 (3): 358-366, http://dx.doi.org/10.17531/ein.2016.3.6.

Mirostaw KARCZEWSKI
Leszek SZCZECH

INFLUENCE OF THE F-34 UNIFIED BATTLEFIELD FUEL WITH BIO COMPONENTS

ON USABLE PARAMETERS OF THE IC ENGINE

WPLYW MIESZANIN JEDNOLITEGO PALIWA POLA WALKI F-34
Z BIOKOMPONENTAMI NA PARAMETRY UZYTECZNE SILNIKA*

The problem of the military vehicles engines fuelling increases with the growth of the amount of vehicles in the armies. At the same
time, another problem with fuel supply in modern engines is the use of bio component additives, which changes characteristics
(quality) of the used fuels. Therefore, it is important to take actions to adapt engines to powering with fuels coming from renewable
sources. The aim of the research was to define the influence of an engine supplying fuel on work parameters and exhaust gases
composition in the G9T Renault diesel engine. The tests were conducted during fuelling of the engine with six kinds of fuels: basic

fuel (diesel oil), NATO code F-34 fuel, as well as fuel mixtures: F-34 and RME with different ratio. In the result of the research it

was concluded that the parameters of the G9T Renault engine with the common rail fuel system in terms of F-34 and RME con-
sumption (using) decreased in comparison to diesel oil basic fiel.

Keywords: IC engine, fuel supply system, F-34 fuel, RME- Rapeseed Methyl Esters.

Problemy zasilania silnikow pojazdow wojskowych narastajq wraz ze wzrostem liczby pojazdow w armiach. Silniki tlokowe i tur-
binowe wykorzystujq paliwa roznigce sie zakresem temperatury destylacji. Dodatkowym problemem przy zasilaniu wspotczesnych
silnikow spalinowych jest koniecznoscé stosowania biokomponentow, ktore mogq zmieniac wlasciwosci paliw podstawowych i wpty-
wac na pogorszenie przebiegu spalania. Dlatego tez konieczne jest podejmowanie dziatan prowadzgcych do zbadania wptywu pa-
liw pochodzqcych ze zZrodet odnawialnych na parametry pracy silnikow. Celem badan byto ocena wplywu zastosowanego paliwa
na parametry uzyteczne i sktad spalin tlokowego silnika o zaptonie samoczynnym Renault G9T. Badania przeprowadzono podczas
zasilania silnika szescioma rodzajami paliwa: paliwem podstawowym, jakim byt olej napedowy, paliwem lotniczym o kodzie NATO
F-34, mieszaninami paliw: F-34 i estrow metylowych wyzszych kwasow tluszczowych oleju rzepakowego. W wyniku przeprowa-
dzonych badan stwierdzono, ze parametry silnika Renault G9T z wysokocisnieniowym uktadem wtrysku, zasilanego paliwem F-34
i biokomponentami ulegly pogorszeniu w stosunku do podstawowego paliwa, jakim byt olej napedowy, co moze mie¢ znaczenie
przy wykorzystaniu tego rodzaju paliw w silnikach pojazdow wojskowych.

Stowa kluczowe: silnik spalinowy, uktad zasilania, paliwo F-34, RME — estry metylowe kwasow oleju rzepako-

wego.

1. Introduction

Liquid fuels are the most important source of energy on modern
battlefield. Availability of fuels decides about mobility of the army,
effectiveness of weapons or other support equipment and delivery of
needed amount of supplies. Realisation of increasing requirements of
fighting troops in fuels or lubrication oils is one of the most important
problems of logistic supplying of a battlefield. It is calculated, that
mean use of fuel and lubrication oil may reach 30 kg per one soldier
per day [4, 11]. The delivery of such a big quantity of supplies to
the army, in terms of enemy interaction on communication systems
and supplying infrastructure is an enormous sophisticated problem.
It is why there is a trend to standardize all sorts of fuels in the army.
For instance NATO introduced F-34 unified fuel for battlefield. As
the effect it was decided to unify fuels for reciprocating and turbine
internal combustion engines used in land vehicles and on land operat-
ing planes. Fuels known as F-34/35 were introduced. It has the same
base components as plane fuel JP8 (JET-A1). It’s final quality is the
effect of using additive components added to the base fuel before final
distribution of fuel to a vehicle’s tank.

Nowadays the F-34/35 fuel is taken as unified battlefield fuel for
all diesel engines of NATO nations. At the end of 20th century the

F-34 fuel was taken under investigation, which focused mainly about
elder generation engines completed with in-line and rotation injection
pumps [2], without engines with high pressure Common rail systems.
From the time of introduction that fuel the injection equipment has
changed. In-line injection pumps with plungers and barrels injection
units are used very rarely. Common Rail and unit injection systems
are used instead. In that system injection pressure reaches 140 +~ 200
MPa. It has a significant change on fuel quantity during injection [7,
8, 10, 13, 14]. Terms condition of fuel before injection to combustion
chamber are changed relevantly, and temperature is much higher in
comparison to classical in-line injection pump.

The Common Rail systems are commonly used in engines of cars,
low duty and heavy duty trucks, locomotives and vessels as well as
combat vehicles, for instance the MTU engines of MT 880 series.
In these engines in-line pumps used in earlier version were replaced
by CR systems. That systems are widely used in heavy duty trucks,
which are in possession of Polish Army (MAN, IVECO).

Using raw F-34 fuel to fuel engine equipped with Common Rail
system may cause serious change of work parameters. Own investiga-
tion of the G9T engine equipped with CR fuelling system led in Mili-
tary University of Technology [10, 11] shows important diminish of

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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maximum torque and NO, in exhaust gases and increasing of specific
fuel consumption.

Table 1. Chosen characteristics of fuels used during investigation [3, 11]

ity, that its addition to standard F-34 fuel should cause the approach of
the F-34 fuel attributes to diesel oil characteristic.

2. Aim and range of work

Current fuel situation in the world and predicted diminishing

of natural sources of oil compel to searching for new kinds of
fuels. It concerns fuels used to feed of military vehicles as well.

Despite that the F-34 fuel was taken by NATO nations as basic

fuel, there is very seriously considered the situation that will force

to renew this fuel with other, even bio products. In the same time

it is noticeable that increasing number of vehicles in military units
which are powered by diesel engines equipped with the Com-

mon Rail systems and pump injection systems. Regardless of the

Quantity unit | %290 | RMEfel | F34fuel

Density in temp. 15°C g/cm? 0,831 0,881 0,804
Heat value MJ/kg 43,2 383 42,8
Temperature of ignition °C 66 177 57
Temp. of cold filter block °C -31 -9 -54
Kinematic viscosity in 40°C mm?/s 2,35 4,60 1,27

Sulphur ratio mg/kg 350 19 3000
Cetane number - 50 43 45

method of high pressure injection of fuel the basic problems are

The F-34/35 fuels in compare to diesel oil are characterised by bet-
ter characteristic in low temperature, less viscosity, less cetan number,
less heat value. Technical advantage of unified fuel is: compatibility
to aircraft fuel (JET-A1), less sensibility on biological contamination,
availability on airports all over the world, better low-temperature
characteristic, less possibility of flare/self-ignition in comparison to
wide fraction hydrocarbons fuels, less emission of toxic components.
Logistic advantages are supplying only one sort of fuel in the whole
army, simplification of supply chain and unification of storehouses
and storing facilities.

Disadvantages of the unified fuel are increasing needs and de-
mands for fuels based on kerosene and diminish of demands for other
fuels. It may cause increasing of a fuel price, diminish of an engine
power connected with less heat value of kerosene, needs for moderni-
zation of currently used equipment and using fuel additives.

Using of fuels which consist of renewable components such as
rapeseed methyl esters (RME) may cause shortening of supply chains.
The reason is using local source of a rapeseed from nearby grain el-
evators which are spread on over the country. The only demand is to
introduce an installation for rapeseed oil pressing and for it esterifica-
tion in the army. Then the vulnerability of the army for fluctuation of
supply smoothness in case of a military conflict.

“Ester” fuels are fundamentally different form hydrocarbon fu-
els by physicochemical characteristics. That is why in case of mix-
ing it the final product parameters are changed. Changing of physi-
cochemical characteristic is also connected to change of an engine
work parameters [15]. Presented in different publications results of
RME application in a pure form and as a mixture with diesel oil for
compression ignition (CI) engines feeding are mainly similar, but the
results of investigation where a mixture of RME and F-34 is used
are not published. Investigation led on different engines with differ-
ent combustion systems and an effective power and speed of rotation
shows that bio component additive in diesel fuel influences on engine
effective powers causing 5 + 15% diminish of rotational speed in all
range, and significant, ca. 15%, increase of fuel consumption [1, 4,
5,9, 14].

Fuel which consists of RME has a little bit different characteristics
then hydrocarbons fuels. It depends on different composition, because
in molecule structure apart from a carbon and a hydrogen there is a
quite big dose of an oxygen (ca.12%). An oxygen ratio and unsatu-
rated bindings conduced to auto ignition and complete combustion.
An oxygen contained in fuel has more reactivity then an oxygen con-
sisted in the air, it increase of a cetan number of that fuel. Changing
of combustion process has positive influence concentration of toxic
components and diminishes a smoke emission. Disadvantage of RME
is large amount of water and aggressive influence on rubber parts and
film-coating lacquer. [6, 9, 12]. That fuel has more density and viscos-

the phenomena which occur during injection with high pressure of
fuel and a fuel mixture creation and combustion processes.

The aim of presented results of investigation was the empiric
evaluation of the F-34 fuel and its mixtures with bio rapeseed methyl
esters components (RME) influence on parameters of a diesel engine
equipped with high pressure injection system on example of Common
Rail (CR) system.

3. Object, methodises and range of investigation

The object of investigation was a four cylinder Reanault G9T die-
sel engine with 95 kW effective power with rotational speed n=2500
rpm and 280 N*m torque with rotational speed n=1750 rpm, used in
propulsion systems of light duty vehicles (LDV) of different produc-
ers. This is an engine with direct injection system equipped with a
high pressure CR injection system. The engine is turbocharged and
equipped with charged air cooling system (intercooler).

The engine was equipped by producer (in factory) with CR fuel-
ling system by Bosch, which consists of following components:

— the EDC 15A53 controller (for service),

— the CR/CP1S3/L70/10-18S high pressure fuel pump,

— the BX CRI 1 electromagnetic injectors.

The range of investigation consisted of the engine effective pa-
rameters, parameters of combustion process and composition of
exhaust gases measure. The investigation was led for all the engine
work field (speed characteristic and series of load characteristics in
all range of rotational speed of the engine). The investigation of load
characteristics was led as a method of passive experiment in steady
state of the engine work with rotational speed: 1500 rpm, 2000 rpm,
2500 rpm, 3000 rpm and 3500 rpm. The external speed characteristic
was done as well in range of 1000 + 3750 rpm with 250 rpm step.
The load characteristics were done by changing load in range from
minimum (the idle speed) to maximum (on the external speed charac-
teristic) with 30 N*m step. During investigation the same quantities of
load was set. It created the possibility to compare effective parameters
of the engine in the same measuring points.

During investigation effective parameters of the engine, tempera-
ture (cooling liquid, lubrication oil, exhaust gases before and after
turbocharger), concentration of: carbon dioxide, oxygen, carbon mon-
oxide, hydrocarbons, nitrogen oxides, and smoke measured as extinc-
tion of radiation absorbed by exhaust gases.

The investigation was led on a standard dynamometer stand. The
engine was load by the Schenck W-230 dynamometer with 230 kW
maximum power. Torque produced by dynamometer was measured
with tensometric transducer. Rotational speed was measured with
pulse transducer in cooperation with toothed wheel which was on a
dynamometer flange. Measuring of fuel consumption was led with
AVL Fuel Balance weightmeter every 5 s. Air flow by intercooler was
done by two electric fans. Temperature of cooling liquid was control-
led on the level 85 + 90°C with use of an external heat exchanger.
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Table 2. List of investigation equipment used during investigation
No. Name of device / measured quantity Type Range Accuracy
1 Edciﬁf:;;e?wrake Eddy current, My = (0 + 700) N*m, +0,1 N*m,
. or =(0=
rotated speed - n Schenck W 230 n = (0 +4000) rpm +1rpm,
2. Fuel weight-meter, fuel consumption - G, AVL 733S Fuel Balance (0 +200) kg/h +0.005 kg/h

Exhaust analyser — measuring of toxic elements con-
centration in exhaust gases
carbon dioxide (CO,),

CO, (0,01 +23)%
HC (1,0 +2200)ppm,

+0,1% measured

3. hydrocarbons (HC), AVL CEBII €0 (1,0 +11000)ppm, uantit
carbon monoxide (CO), NO (1,0 + 6000) ppm g Y
nitrogen oxides (NO,), 0,(0,1+21)%
oxygen (O,).
4 Smoke concentration —.e>$t|nct|on coefficient of light AVL Opacimeter 4390 (0.001 = 10.0) m" +0.002m"
radiation - k.
5. | Thermocouple - measuring of exhaust temperature - T NiCr — NiAl (K) (-50 + 1100)°C +1°C

Results of engine parameters measuring were gathered during
all experiment. The purpose was current observation of a technical
state or reveal of the engine possible malfunction circumstances and
observation of next steps of investigation. The results of the engine
effective parameters measuring were calculated back to normal at-
mospheric condition according to PN-ISO 15550:2009 standard.

During the investigation the engine was fuelled with fuels:

— diesel oil IZ-40 — in the paper it is signed as ON,

— F-34/35 fuel - in the paper it is signed as F-34,

4.1.

4. Results of investigation

The external characteristic of the engine

— mixtures of the F-34/35 fuel and RME - in the paper it is signed
as B-20, B-40, B-60 and B-80 where the number following let-
ter B stands for a weight ratio of RME in the mixture.

The analysis of investigation results lets to evaluate the different

kinds of fuels influence on the engine effective parameters, indi-

a) b)
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240 R i & M
£ P
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£ T \m--- 2%
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Fig. 1. External characteristic of the engine: a) torque, b) effective power, c) fuel consumption, d) specific fuel consumption.
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Fig. 2. External characteristic of the engine: a) extinction coefficient of absorbed radiation , b) temperature of exhaust gases, c) air/fuel ratio coefficient, d) con-
centration of nitrogen oxides in exhaust
a) b)
7000 i L i i
6000 l“‘*\ ——F-4 -a-B20L. e +;j; fg;;g
1 B-40 ——B-60 80
5000 —%-B.80 ——ON » ——B-80 ——ON /H
£ 4000 ___\k g — Z Zamill
& £ 60 X e
g 3000 X &) o /i N7,
Dl = = e J
2000 \\ \ 40 | %' f
1000 N 3,0 :
0 T i ] 20
1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000
n [rom] n [rpm]
c) d)
30 I | 13,0 I I
25 1 —+—F-34 -=-B-20
——F-34 —=B-20 [ B-40 - B-60
\ B-40 < B-60 120 1 —~B-80 ——ON |
T 20 \\ ——B-80 ——ON [ o ~ \
o = l/\
5154 S 110 RS Zaa\ :
= L&)
A0 P - el \
= % ' 10,0
5 ' _
0 9,0
1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000
nrpm] n [rpm]

Fig. 3. External characteristic of the engine: a) concentration of carbon monoxide in exhaust, b) concentration of oxygen in exhaust, ¢) concentration of hydrocar-
bons in exhaust, d) concentration of carbon dioxide in exhaust
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cated parameters, concentration of toxic components and smoke in
exhaust gases.

Based on the analysis of measured external characteristics of the
GIT engine fuelled with different kind of fuels it has to be said, that
the biggest effective power of the engine is reached when it is fuelled
with basic fuel (ON) (fig. 1a and 1b). The Usage of the F-34 fuel
caused a little diminish of effective power (N,) ca. (1 + 2)% . The
RME addition to the F-34 fuel caused next diminish of effective pow-
er ca. (7 + 8)%, depending on F-34/RME mixture ratio (percent ratio
of ester). The reason of it is increasing of F-34/RME mixture density
and diminishing of a heat value. Differences in effective power in-
crease due to rotated speed of the engine.

The least fuel consumption is reached for diesel oil (fig. 1.c), which
is the basic fuel, although values for F-34 fuel are very similar. Using
RME in fuel mixtures caused increasing of fuel consumption (G,) ca.
(3 = 5)% depending on F-34/RME ratio and rotated speed of the en-
gine. It is caused by lesser heat value of the mixture and necessity of
delivering more fuel to the cylinder to reach the same effective power.

The least specific fuel consumption value was observed for the
F-34 fuel (similar values for ON) (fig. 1.d), which are 233 g/(kW*h)
and 236 g/(kW*h) respectively with rotational speed n=1500 rpm.
Higher specific fuel consumption is caused by smaller heat value and
bigger viscosity of RME. Bigger viscosity influenced on worse spray-
ing and bigger heterogeneity of fuel stream. It caused incomplete
combustion of air/fuel mixture.

The positive effect of F-34/RME mixtures’ influence on emis-
sion of smoke was observed (fig. 2.a). The biggest amount of smoke
was observed when the engine was fuelled with F-34 (similar val-
ues was for ON), although with mixtures with of increased ratio of
esters smoke is almost 2...3 times lesser. This trend is observed in
whole range of the engine rotational speed. A littlelater beginning of
injection caused strong growth of smoke emission when the engine
is fuelled with diesel oil. Diminish of smoke emission is caused by
lesser effective power as well.

Temperature of exhaust gases on outlet tube is the highest when
the engine is fuelled with ON and reaches 620°C with n=1500 rpm
(fig. 2b). The lowest temperature ca. 592°C of exhaust gases was ob-
served with mixture B-80 with n=1500 rpm, it can be observed dimin-
ish of temperature of more than 45°C. There is observed that with in-
creasing RME ratio in fuel mixture temperature of exhaust is lower.

The lowest value of air/fuel ratio coefficient A is observed when
fuelling with F-34 fuel (fig. 2.c). Esters additives evidently increases
A coefficient. In case of B-80 mixture it increases ca. 25%. This is
caused by bigger amount of oxygen in RME molecule and lesser need
for oxygen during combustion.

Concentration of nitrogen oxides in exhaust gases is the lowest for
F-34 and ON fuels in all range of rotational speed (fig. 2.d). During
fuelling with RME fuel mixtures it is observed that nitrogen oxides
emission is increasing ca. (10 + 15)%. It is caused by bigger amount
of oxygen in RME molecule. Additionally that fuel has bigger apti-
tude to autoignition (bigger cetan value). It causes change in combus-
tion process. Local temperature inside cylinder increases and causes
increasing of nitrogen oxides emission. Concentration of nitrogen
oxides is the lowest for F-34 and ON in all range of rotational speed
of the engine. During fuelling with F-34/RME mixtures increasing of
this component concentration ca. (10 + 15)% is observed

While rotational speed is low big concentration of carbon monox-
ide is observed. Increasing speed causes significant diminish of car-
bon monoxide concentration. The biggest concentration is observed
during fuelling the engine with F-34. Mixture with RME caused di-
minish of its concentration in range of high speed of the engine ca.
(10 + 15)% (fig. 3.a). Lower concentration of carbon monoxide in
exhaust during fuelling of the engine with F-34/RME mixture testi-
fies about changing of combustion process in compare to pure F-34
and ON. RME additives positively influenced on carbon monoxide

concentration in range of low speed of the engine. When rotational
speed is above 1500 rpm it is on the same level, without regard on
used kind of fuel.

Concentration of oxygen is very similar as A coefficient. The low-
est value is seen during fuelling with F-34 and ON. The biggest during
fuelling with B-80 - increasing reach ca. (20 + 25)% (fig. 3.b).

Concentration of hydrocarbons in exhaust gases is about 50%
lower when fuelling with B-80 mixture for all range of the engine
speed (fig. 3.c). Lower concentration of hydrocarbons in exhaust is a
result of higher concentration of oxygen in air/fuel mixture as it was
in case of carbon monoxide. It can be seen on fig. 4. Concentration of
carbon dioxide is opposite to oxygen concentration. The lowest value
is observed for F-34 fuel and the highest (ca.(6 + 10)% for F-34/RME
mixtures (fig. 3.d).

4.2. Load characteristics

Load characteristics were done in range speed 1500 + 3000 rpm
with 500 rpm step. In the paper there characteristics with rotated speed
n=1500 rpm (range of maximum torque speed M) and n=2500 rpm
(range of maximum effective power N, are discussed. In this ex-
ample there was evaluated influence of used fuel and its ecological
characteristics. Range of changes is different for all parameters.

The lowest specific fuel consumption is observed during fuelling
the engine with F-34 and ON fuels. In range of n=1500 rpm it is equal
ca. 225 g/(kW*h) (227 g/(kW*h) with ON) with load

M,=180 N*m. Addition of RME to F-34 fuel caused increasing
of specific fuel consumption. In dependency of F-34/RME ratio this
change is equal (6 + 16%) (fig. 4.a). It is caused by lower heat value
and higher density of RME. During investigation with lower load
value of specific fuel consumption was lower with F-34 and ON then
with RME mixtures. It was probably caused by lower temperature in
combustion chamber of the engine and worse condition to fuel evapo-
ration. Opposite situation is observed with high load of the engine
when combustion intensity is increased because of addition of oxygen
from RME molecules.

Having fuel consumption changes analysed it can be said that the
lowest values were observed for F-34 and ON fuels. It was 3,66 kg/h
and 3,76 kg/h (for n=1500 rpm) as well as 7,77 kg/h and 8,00 kg/h (for
n=2500 rpm). Fuel consumption increasing ca. (10 + 12)% (fig. 4b)
going after increasing of RME ratio in fuel mixture. It is caused by
diminish of mixtures heat value and compensation by increasing mass
of fuel used for keeping the same level of load and speed of the en-
gine. Increasing of fuel consumption may be caused by increasing
of viscosity and worse spraying, vaporing and burning of fuel in the
engine.

Addition of RME to F-34 fuel caused significant diminish of
smoke emission. It influenced on ecological properties of the engine
significantly. When n=1500 rpm smoke emission is 2 times lower
(fig. 5.a) with fuelling of B8O fuel.

Air/fuel coefficient A is the lowest when load is maximum with
n=1500 rpm as well as n=2500 rpm. Lower values were observed with
fuelling by F-34 and ON and the highest with fuelling of B80 mixture
(increasing reach ca. 5%). This is caused by highest concentration of
oxygen in RME and lower need for oxygen during combustion in the
engine chamber.

The lowest concentration of nitrogen oxides in exhaust gases is ob-
served for F-34 and ON fuels in all range of load (fig. 5.d). During fuel-
ling with F-34/RME mixtures nitrogen oxides concentration increasing
ca. (10 + 15)% . It is caused by presence of oxygen in RME. Moreover
this fuel has higher tendency for autoignition (bigger cetan number). It
influence on combustion process by increasing the temperature inside
cylinder and increasing of nitrogen oxides concentration.

High concentration of carbon monoxide is observed with low and
medium load of the engine, for speed n=1500 rpm and n=2500 rpm
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Fig. 7. Load characteristic of the engine, n = 2500 rpm: a) extinction coefficient of absorbed radiation, b) concentration of carbon monoxides in exhaust, ¢) con-
centration of hydrocarbons in exhaust, d) concentration of nitrogen oxides in exhaust,

as well. In range of medium value of torque concentration of car-
bon monoxide is persisting on low level. The highest concentration
of carbon monoxide occurs during fuelling with F-34 and ON fuels.
Ester additives to basic fuels persisted ca. 2 times less concentration
of carbon monoxide in exhaust with speed n=1500 rpm (fig. 5.b).
Lower concentration of carbon monoxide during fuelling the engine
with mixture of basic fuel and bio component evidences about better
combustion in compare to basic fuels F-34 and ON.

Concentration of hydrocarbons in exhaust gases is lower ca.
(50+60)% during fuelling with RME mixture than with F-34 fuel
(with speed n=1500 rpm and n=2500 rpm) in all range of load. In the
same way as carbon monoxide lower concentration of hydrocarbons
with ester additives in exhaust gases is a result of its better combus-
tion.
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4.3. Influence of F-34 and RME mixture on working param-
eters of the engine

Analysis of combustion process in the G9T engine combustion
chamber was carried on the basis of the engine working cycles inves-
tigation. During investigation several dozen of combustion processes
cycles were saved, and next 10 of them were statistically recalculated
and characteristic parameters of combustion process were found.
The maximum value of pressure and angle of auto-ignition delay are
shown on graphs. The angle of auto-ignition delay is appointed as a
difference between start of an injector needle lift and start of an active
combustion in the engine chamber.

Significant differences are seen on line of maximum pressure in
the combustion chamber. The highest values of pressure were meas-
ured on F-34 and ON fuels. This values are similar but a little bit
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Fig. 8. External characteristic of the engine: a) maximum combustion pressure, b) angle of auto-ignition delay
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Fig. 9. Load characteristic of the engine, n = 1500 rpm: a) maximum combustion pressure, b) angle of auto-ignition delay

higher in case of F-34 fuelling. This differences are no higher than 0.1
MPa (fig. 8.a). When mass ratio of RME increasing in a fuel mixture
the diminish of maximum pressure value in the chamber is observed.
The lowest values were observed for B80 mixture. Differences be-
tween maximum value for F-34 and ON fuels and minimum value for
B80 mixture were ca. 0.4 MPa in almost all range of rotational speed
of the engine. The reason of such high decrease of pressure value is
the lower dose of energy (lower heat value of fuel mixtures) consisted
in fuel dose injected to the combustion chamber as well as longer time
of injection. It causes slower heat transfer and diminish of peak values
of combustion pressure.

After analysing the influence of RME ratio in F-34 fuel on the an-
gle of auto-ignition delay (fig. 8.b) it is seen, that increasing of RME
ratio causes shortening of angle of auto-ignition delay. The lowest
values of angle of auto-ignition delay were observed for B80 mix-
ture, and the highest were for F-34 fuel. For rotational speed n=1000
rpm difference is ca. 1° of crank shaft rotation (CSR) and it decreases
with the increase of rotational speed. For speed n=3500 rpm is equal
0.2° CSR. Shortening of angle of auto-ignition delay for B80 fuel mix-
ture is caused by lower temperature of auto-ignition as well as oxygen
ratio in RME, which influence on speeding up of fuel oxidation.

Similar coincidences may be observed during analyse of load
characteristics of the engine. While increasing of ester mass ratio in
F-34/RME mixtures the diminish of maximum pressure value in the
combustion chamber is observed. The lowest values were measured
for B80 fuel mixture. Differences between maximum value for F-34
fuel and minimum value for B80 mixture were ca. 0.4 MPa in all
range of the engine load. The reason for that decreasing of maximum
pressure value is the longest time of injection of the single dose of fuel
needed for creation the adequate torque [8, 11].

The opposite phenomenon may be observed during the analysis of
load influence on the angle of auto-ignition delay. The highest differ-
ences are observed for the lowest load of the engine (fig. 9.b) and it
reaches ca. 1°CSR. With the increase of load that angle diminishes to
the level of ca. 0,5°CSR. It is caused by increasing of injection pres-
sure [5, 8, 11]. Fuel injection pressure increase causes better spraying
of fuel, the increase of fuel string range and improve homogeneity of
air /fuel mixture. It shortens the angle of auto-ignition delay as well.

5. Conclusion

The usage of unconventional fuels for fuelling of military vehicle
engines nowadays is a wide disputed problem. The numerous investi-
gations about adaptation of renewable fuels for fuelling of self-ignited
engines (diesels) are lead. The best matches for fuelling diesel en-
gines are methyl esters of fatty acids. In Poland they are acquired with
processing of rapeseed oil (RME). It is a method to diminish the oil

import. Using fuels based on RME is also beneficial for agricultural
development.

The paper contains the results of investigation showing the influ-
ence of F-34/RME mixtures on a diesel engine work. The engine was
equipped with the Common Rail fuelling system. As results of inves-
tigation there were ascertained, that with increasing of RME ratio in
F-34 fuel diminish concentration of carbon monoxide and hydrocar-
bons in exhaust is observed. It is caused by the increasing of oxygen
ratio in F-34/RME mixture (oxygen from ester molecule). On the
other hand the concentration of nitrogen oxides and oxygen in exhaust
increased. This change is proportional to RME ratio in F-34 fuel. This
phenomenon is caused by increasing of density and viscosity of fuel
mixture. It is connected to slower fuel flow by tubes and injector holes
in fuelling system in compare to pure F-34 or ON flow.

As the result of investigation it was ascertained that the G9T
Renault engine parameters equipped with the Common Rail system
fuelled with F-34/RME mixtures changed in comparison to standard
F-34 or ON fuels.

On the basis of the research it is to be said that:

* the diminish of the engine effective power reaches 15% (de-
pending of the engine work condition or used fuel mixture),
during fuelling with F-34/RME mixtures,

* in comparison to F-34 and ON fuels, lower effective power of
the engine is connected with lower heat value of RME,

* specific fuel consumption is 15% higher for F-34/RME mix-
tures especially in ranges of high speed and load of the en-
gine,

* RME addition to F-34 beneficially influences on smoke (soot)
and particulate matters (PM) emissions; smoke emission may
be up to 3 times lower in comparison to the engine fuelled with
diesel oil (ON),

 using RME as additives for F-34 fuel causes the diminish of
carbon monoxide concentration up to 15% especially in range
of low values of rotational speed and load of the engine,

« increasing of oxygen ratio in exhaust gases of ca. 25% is
caused by presence of oxygen in RME molecule,

* hydrocarbons concentration in exhaust gases is lower up to
50% during fuelling the engine F-34/RME mixture.

The investigation about unconventional fuels application contrib-
utes to its introduction to mass production. Leading that investigation
is crucial because it lets us to evaluate the influence of fuel composi-
tion on engine’s work in different load and speed condition.
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NEW RELIABILITY SCORE FOR COMPONENT STRENGTH
USING KULLBACK-LEIBLER DIVERGENCE

NOWA METODA OCENY NIEZAWODNOSCI NA PODSTAWIE WYTRZYMALOSCI

ELEMENTOW Z ZASTOSOWANIEM DYWERGENCJI KULLBACKA-LEIBLERA

The reliability of technical systems is one of the most important research subjects in the point reached by modern science. In many
recent studies, this problem is solved by evaluation the operation performance of determined one or more components operating
under stress. At this point, R=P(X<Y) is taken as a basis. Here, X is the stress applied on the operating component and Y is the
strength of the component. In this study we aim to propose a new method by using Kullback-Leibler divergence for computing
the reliability of the component under stress-strength model. The superiority of the proposed method is that when the component
durability is equal to applied stress Kullback- Leibler divergence is equal to zero. In addition to that when more than one stresses

exists at the same time the formed function can include all stresses at the same time. When R is used, this is not possible because of

stresses are evaluated separately. As Kullback-Leibler divergence is calculated depending on time, the strength of the component
is evaluated within a dynamic structure.

Keywords: reliability, stress-strength model, multistate system model, Kullback-Leibler divergence.

Niezawodnos¢ systemow technicznych jest jednym z najwazniejszych tematow badawczych we wspolczesnej nauce. Wiele z ostat-
nich badan, problem ten rozwigzuje poprzez oceng wydajnosci pracy jednego lub wigkszej liczby wybranych elementow dziatajq-
cych pod wplywem obcigzenia. Za punkt wyjsciowy przyjmuje si¢ R=P(X<Y). X to obcigzenie przytozone do elementu roboczego,
a Y to wytrzymatos¢ elementu. W przedstawionej pracy, chcemy zaproponowac nowg metode, w ktorej do obliczania niezawodno-
Sci elementu w ramach modelu typu "obcigzenie-wytrzymatosc" wykorzystuje sie dywergencje Kullbacka-Leiblera. Proponowana
metoda ma tg przewage, Ze gdy wytrzymatosc¢ elementu jest rowna przylozonemu obcigzeniu, dywergencja Kullbacka-Leiblera jest
rowna zeru. Poza tym, gdy jednoczesnie wystgpuje wigcej niz jeden rodzaj obcigzenia, utworzona funkcja moze obejmowac jedno-
czesnie wszystkie te obcigzenia. Nie jest to mozliwe przy zastosowaniu R, poniewaz obcigzenia sq oceniane oddzielnie. Poniewaz
dywergencje Kullbacka-Leiblera oblicza si¢ w funkcji czasu, wytrzymatos¢ elementu ocenia si¢ w strukturze dynamicznej.

Stowa kluczowe: niezawodnos¢, model typu obcigzenie-wytrzymatosc, model systemu wielostanowego, dywer-

gencja Kullbacka-Leiblera.

1. Introduction

All technical systems have been designed to perform their in-
tended tasks in a specific ambient. Some systems can perform their
tasks in a variety of distinctive levels. A system that can have a finite
number of performance rates is called a multi-state system. Generally
multi-state system is consisted of components that they also can be
multi-state. The performance rates of components can also vary as a
result of their deterioration or in consequence of variable environmen-
tal conditions. Components failure can lead to the degradation of the
entire multi-state system performance.

The performance rates of the components can range from perfect
functioning up to complete failure. The quality of the system is com-
pletely determined by components.

In some cases, the status of the system depends on the effect of
several stresses which cause degradation. The system may not fail
fully, but can degrade and there may exist several states of the sys-
tem. This situation corresponds to multistate systems. For an excellent
review of multistate system we refer to Andrzejczak [1]. Indeed, a
binary system is the simplest case of a multi-state system having two
distinguished states; perfect functioning and completely failure. In a
binary system, the definition domains of the states of the system and
its components are {0,1}.

Multi-state systems have been found to be more flexible tool than
binary systems for modeling engineering systems. In literature, much
attention has been paid to multi-state system modeling. El-Neweihi et
al. [14] provided axioms extending the standard notion of a coherent
system to the new notion of a multistate coherent system. For such
systems they obtained deterministic and probabilistic properties for
system performance which are analogous to well- known results for
coherent system reliability. Hudson and Kapur [19] presented some
models and their applications, in terms of reliability analyses, to situ-
ations where the system and all its components have a multiple states.
Ebrahimi [11] proposed two types of multistate coherent system and
presented various properties related to them. Brunella and Kapur [7]
studied a series of reliability measures and expanded their defini-
tions to be consisted with binary, multistate and continuum models.
Kuo and Zuo [22] focused on multistate system reliability models
and introduced several special multistate system reliability models.
Eryilmaz [15] studied mean residual and mean past lifetime concepts
for multistate systems. Also, for more details about multi-state system
model one can see Andrzejczak [2] and [3].

For reliability analysis, stress-strength models are of special im-
portance. In the simplest terms, stress-strength model can be described
as an assessment of the reliability of the component in terms of X and
Y random variables where X is the random “stress” experienced by the
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component and Y is the random “strength” of the component available
to overcome the stress. From this simplified explanation, the reliabil-
ity of the component is the probability that the component is strong
enough to overcome the stress applied on it. Then the reliability of the
system is defined as:

P(X<Y):TF(x)dG(x), (1)

where F(x) and G(x) are distribution functions of X and Y, respec-
tively. Also, for x<0, F(x)=G(x)=0.

Extensive works have been done for the reliability of the compo-
nent and its estimation under different choices for stress and strength
distributions. Chandra and Owen [8] studied the estimation of the reli-
ability of a component where component is subject to several stresses
whereas its strength is a single random variable. Awad and Gharraf [4]
used a simulation study which compares minimum variance unbiased
estimator, the maximum likelihood estimator and bayes estimator for
R when X and Y are two independent but not identically distributed
Burr random variables. Kotz et al. [20] presented comprehensive in-
formation about all methods and results on the stress-strength model.
Nadarajah and Kotz [24] calculated R when X and Y are independent
random variables from six flexible families of bivariate exponential
distributions. Eryilmaz and Iscioglu [16] studied multi-state systems
in a stress-strength setup.

Traditionally, stress and strength random variables are considered
to be both static when available data on X and Y are considered not to
involve the time of system operation. But in real-life reliability stud-
ies, the status of a stress-strength system clearly changes dynamically
with time. In many important applications, it is very necessary that we
estimate the reliability of the system without waiting to observe the
system failure. This problem may be achieved by modeling at least
one of the stress or strength quantities as time-dependent. To pay at-
tention this problem, Basu and Ebrahimi [5] defined the random life-
time 7, of the system as:

T=inf{r:r20,Y(r)< X (1)}, )

where X(7) and Y(¢) denote the stress that the system is experiencing
at time ¢ and strength at time 7, respectively. For a specific time period
(0,,0), the reliability of a stress-strength system, R(#,), which is defined
as the probability of surviving at time #,, follows from (2) that:

R(ty) = P(T > 1))

Reliability of a stress-strength system is a function of time. This
function has been studied in several papers. Ebrahimi [12] investi-
gated this dynamic model on condition that the strength of the system
Y(?) is decreasing in time. Whitmore [28], Ebrahimi and Ramallingam
[13], Basu and Lingham [6] considered the problem of estimating the
reliability of a system when both X{(#) and ¥(7) are assumed to be inde-
pendent Brownian motion processes.

In this paper, inspired by the idea of Kullback-Leibler (KL) diver-
gence, we aim to propose a new method for computing the reliability
of the component under stress-strength model. The proposed method
provides a simple way for determining the component operation per-
formance under more than one stresses depending on time.

The rest of this paper is organized as four sections. Section 2 gives
some information and properties about KL divergence. In Section 3,
we explain the proposed method for evaluation of the component’s
performance under the stress-strength model. Section 4 contains some
examples to show the usefulness of the proposed method for different

marginal lifetime distributions of the stress and strength random vari-
ables. In Section 5, we summarize what we have done in the article
and give some conclusions.

2. KL divergence and properties

The KL divergence (or relative entropy) which introduced by
Kullback and Leibler [21], measures the distance between the distri-
butions of random variables. If the densities p(x) and g(x) of P and Q,
respectively, exist with respect to Lebesque measure, the KL diver-
gence Dy (Pl Q) of Q from P is defined as:

P() 4 3)

Dy (P110) = [p(x)log q(;‘)

where S is the support set of p(x). Note that, Dg; (Pl Q) is finite only
if P is absolutely continuous with respect to O, and +oo otherwise.
Importantly, the KL divergence remains non-negative and is known
as Gibbs’ inequality and is zero if and only if P=Q, i.e., for any two
distributions P and Q:

Dy, (P11Q)20.

Note that it is not a symmetrical quantity, that is to say:

Dyy (PIQ)YEDgy (QIIP).

In information theory, machine learning and statistics, the KL di-
vergence plays an important role. The applications of its can be found
in many areas. In literature, much attention has been paid to it. Hall
[18] examined Discrimination Information or KL loss in the context
of nonparametric kernel density estimation. Also, he showed that its
asymptotic properties are profoundly influenced by tail properties
of the kernel and of the unknown density. Dahlhaus [9] calculated
the asymptotic KL information divergence of two locally stationary
sequences and the limit of the Fisher information matrix. Do [10]
proposed a fast algorithm to approximate the KL distance between
two hidden Markov models. Rached et al. [25] provided an explicit
computable expression for the KL divergence rate between two arbi-
trary time-invariant finite-alphabet Markov sources. Wang et al. [27]
proposed a universal divergence estimator for absolutely continuous
distributions P and Q based on independent and identically distributed
samples generated from each source. In Markov-switching regression
models, Smith et al. [26] used KL divergence between the true and
candidate models to select the number of states and variables simul-
taneously. Lee and Park [23] considered estimation of the KL diver-
gence between the true density and a selected parametric model.

3. Proposed method

In this section, we introduce a new approach for determining the
component operation performance where component is subject to
X, (8, X5(0),..., X,(¢) stresses, whereas its strength, Y(?), is a single
random process. Let us initially assume that the stresses are inde-
pendent random processes having continuous cumulative distribution
functions FEf (x)= P{Xi (1)< x}, &=1,2,...,n and the strength has the

marginal distribution function G'(x)=P{Y(£)<x}.
In our method, we first form the KL divergence
Dy (Y (1 Xz (1))= DI(Q@) of X(t) from Y(t) by using (3) for

_ . ()
&=1,2,...,n. After this, we calculate the DKL@) )

the parameters of marginal lifetime distributions of the stress and

for selected values of

368 ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND REeLIABILITY VOL.18, No. 3, 2016




SCIENCE AND TECHNOLOGY

strength random variables. Using these values the operation level of
the component, depending on the number of stresses, can be defined
as follows:

n, t<t,
n—1, t,<t<t,

n=2, t,_<t<t _
Thelevelofthe'. -l . "2

component '
2, t3 <t< 1)

L Lh<t<y
0, 4 <t

where #; denotes the time when Dl(éz is equal to zero, &=1,2,...,n.

©)

Also using D]((lz ©) and #; values we can define the following equa-
tions:

Q]

Py ta<t<g
Ctv = >

0, otherwise

where v=1,2,..,n-1 and:
Q]
Dimy <1,

0, otherwise

Now with the help of the above equations, the new reliability
score Y'(f) for the component can be expressed as follows:

J

no Cj
Y()=2f | J-1+2E (4)
j= u

where:

L, ¢/>0
Xl = ;
0. ¢/ =0

- ®

and u; —supDKL(j),

In probabilistic design it is common to use parametric statistical

models to compute the reliability obtained from stress-strength inter-

ference theory. In the following section we apply our method to a
Weibull distributional example.

4. A Weibull distributional example

In this section, we apply the proposed method to find the compo-
nent operation performance. Assume that the component is subject to
X (1), X5(¢) and X;5(7) stresses, which remain fixed over time, whereas
its strength, Y(7), is a single random variable, which is stochastically
decreasing in time.

A Weibull process is a useful model for events that are changing
over time. Here, let G be a Weibull cumulative distribution function
and its shape parameter f>0 is constant with aging time, while its
scale parameter a(f) decreases over time.

Then, its cumulative distribution function can be written as:

p
G’ (x)=1-exp _[(X)EI)J ,x>0. )

Similarly, assume that X|, X, and X3 are Weibull random variables
with cumulative distribution functions:

B
F[(x):l—exp —[g] , x>0, (6)

where >0 is the shape parameter, ;>0 is the scale parameter of the
distributions and /=1,2,3. Also both f and 0, are constant with aging
time.

For computing the operation performance of a component at first

we must form KL divergence D(’) of X, from Y(¢) for /=1,2,3. The

KL(1)
KL divergence (3) can also be written for X; (/=1,2,3) and ¥() as:

DI(éL)(l) =H(v.x)=H(y) (7)
where:
H(y,x)= '[g, (x)log%dx (8)
and:
1
H(y)=g (x)logmdx )

Here, H(y) is the differential entropy of a continuous random variable
Y(#) with density g;(x). Let Y(¢), X;, X, and Xj; are independent. Now,
using probability density functions of (5) and (6) in (8), we have:

X p X p
H(y,x,) = —Tﬁxﬁ_le[a(t)] log ‘Bﬁxﬂ_le_[e[] dx
0

[a()]’ (0)

X B X B
“lo L_waﬁ—le{mJ logrdx + p ]?xzﬁ—l ;(Wf)] dx
@F [a()] o [w@P @) o

(10)

B
By making the substitution u = (XJ in (10) and then using fol-

a()

lowing integral:

J.eftlogtdtz—C, (11)
0
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where C~0.577215 is the Euler’s constant ( Eq. 8.367.4 in Gradshteyn
and Ryzhik, [17]), H(y,x;) can be obtained as:

H(y,x;)=—log p +(ﬁ—1)[;—loga(t)]+[a(t)]ﬁ. (12)

@) o

Similarly, using probability density function of (5) in (9), we have:

=—lo 7'6 + — g— ogo +
H(y)= lg[a(t)]ﬁ (B 1)[ﬁ log (t)j EEN(E)

where suitable transformations and simplifications have been applied
and also (11) used.

Table 1. Numerical values obtained from Equation (15) for 3=0.9, 6,=0.01,
6,=0.02 and 6;=0.05

t Dg(tZ(l) Dﬁél(z) Dg(z)
5 11.126 4.870 1.234
10 4870 1808 0242
15 2.807 0.871 0.036
20 1808 0456 0.

25 1.234 0.242 0.018
30 0.871 0.123 0.059
35 0627 0057 0.107
40 0.456 0.021 0.159
45 0.333 0.004 0.211
50 0242 0. 0.263
55 0.174 0.003 0.312
60 0.123 0.012 0.360
65 0.085 0025 0.406
70 0.057 0.041 0.451
75 0.036 0.059 0.493
80 0.021 0078 0534
85 0.011 0.097 0.574
920 0.004 0.118 0.611
95 0.001 0.138 0648
100 0. 0.159 0.683

Now using (12) and (13) in (7) we have:

B B
(1) _ 9/ a (t ) _ 14
DKL([) log 705(1‘) + ) 1. (14)
Because of a(f) decreases over time, in (14), let a(¢)=1/# then we have:
B
() _ g1
DKL(/) = log(t@l) + E -1, (15)

where /=1,2,3.
Clearly, when values in Table 1 used, we have:

3, t<t3
The level of the |2, 3 <t<1,
component |1, #, <t<¢

0, #<t

where #,=100, £,=50 and #;=20. Then, for »=3 in (4), we have:
1 2 3
Y(t)—x}[gt]+x,2[l+(;’]+x,3[2+4’], (16)
u u

1 2 us

where u; = supDI(;L)(l);l =123,

(1) (1) (1)
Diiqy s0<r<100 Dyiay 20<1<50 Diay <20
¢ = il = i = :
0, otherwise 0, otherwise 0, otherwise
and:
1, >0 1, ¢2>0 1, &2>0
1 2 3
Xt = s Xt = Xt = .
0, ¢l-o0 0, ¢2=0 0, ¢3-0

Finally, using (16) for /=5,10,..,100 we can obtain the new reliability
score presented in Table 2 for the component under stress-strength
setup.

It can be observed from numerical values in Table 1 how stresses
affect the performance of the component that operates under different
parameters. When the component starts working, its strength is great-
er than all stresses. However, because the component’s strength is de-
creasing depending on the selected time, as the uptime increases at

first the KL divergence Dggm decreases to near zero. In this period,

the strength of the component will begin to move to the good position
declined from a perfect position. From the moment that Dgz(3) =0,

the component will pass to the good working period from a perfect
working period, the KL divergence Dggm is not considered and in-

stead of the KL divergence D(’) is taken into account. The KL di-

KL(2)
vergence DgL)(z) will be reduced again depending on the time. From

the moment it is equal to zero, the component will pass to the average
working period from a good working period, the KL divergence

D(t) is not considered and instead of the KL divergence Dgz (1) is

KL(2)

taken into account. The KL divergence Dgz will be reduced again

M
depending on the time. From the moment it is equal to zero, the op-
eration of the component will end and because the component’s dura-
bility remains weak in three stresses the component will be impaired.

In stress-strength model which is designed as a theoretically, when
the component’s strength remains weak in three stresses the compo-
nent is fail. Let us consider all stresses, by using (1), a joint reliability
is not calculated but instead the reliability is calculated separately ac-
cording to the stresses.
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Table 2. New reliability score for the component when $=0.9, 6,=0.01, 5. Conclusion

6,=0.02 and 6;=0.05

In the study, it is theoretically assumed that a component operates

t Y t Y(®) under n different stresses and when the component’s strength remains
5 3. 55 0.0156 weak in all stresses the component is fail. Here, for reliability evalu-
10 21961 60 00110 a.tion we provide a new approach for obtaining Fhe compopent opera-
tion performance. The proposed method described here is a simple
15 2.0291 65 0.0076 and can clearly show the chance of component operation perform-
20 2. 70 0.0051 ance depending on time while under all stresses. The evaluation of the
25 1.0496 75 0.0032 component operation performance naturally depends on the probabil-
ity distributions of stresses and selection of probability distribution of
30 10252 80 0.0018 component strength. The method used in the study does not originally
35 1.0117 85 0.0009 depend on probability distribution. Reliability function is a parametric
40 1.0043 90 0.0003 method, but the reliability score proposed from this aspect is nonpara-
45 10008 95 0.00008 metri'c method for the .C(')mponegt. When different effect functions are
used instead of probability functions of stress and strength, the recom-
50 1. 100 0. mended method can be easily used.
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COMPARISON OF OPERATIONAL AVAILABILITY OF PUBLIC CITY BUSES
BY ANALYSIS OF VARIANCE

POROWNANIE GOTOWOSCI AUTOBUSOW KOMUNIKACJI MIEJSKIEJ
ZZASTOSOWANIEM METODY ANALIZY WARIANCJI*

This paper analyses the influence of selected factors of operational availability of public city buses from the Municipal Transport
Company (MPK) in Lublin based on a case study for two makes of buses: Solaris and Mercedes-Benz. The study investigated
changes in operational availability in a function of operating time with a division into two periods of operation: warranty and
post-warranty. To evaluate the significance of differences between average operational availability with regards to the above pe-
riods, one-way analysis of variance was applied. The results demonstrate that in the warranty period the operational availability
of both makes of buses is similar, while the post-warranty period reveals a significant difference, with the operational availability
being higher for Mercedes buses. As a result, this method can be of use for investment projects during purchase of new vehicles.

Keywords: public city buses, analysis of variance, ANOVA, operational availability.

Celem pracy byla analiza wplywu wybranych czynnikow gotowosci technicznej autobuséw komunikacji miejskiej na przykiadzie
autobusow marki Solaris i Mercedes-Benz w Miejskim Przedsigbiorstwie Komunikacyjnym (MPK) w Lublinie. Przeprowadzono
badania zmian gotowosci technicznej w funkcji czasu uzytkowania z podzialem na dwa okresy uzytkowania: gwarancyjny i po-
gwarancyjny. Do sprawdzenia istotnosci réznic srednich wartosci gotowosci technicznej, w zaleznosci od marki autobusow oraz
w zaleznosci od okresow eksploatacji zastosowano jednoczynnikowg analize wariancji. Wykazano, ze w okresie gwarancyjnym
gotowos¢ techniczna autobuséw obu marek jest porownywalna, natomiast w okresie pogwarancyjnym jest istotnie rozna, wyzsza
dla autobusu marki Mercedes. W rezultacie metoda ta moze zostac¢ uzyta do programu inwestycyjnego podczas zakupu nowych

pojazdow.

Stowa kluczowe: autobusy komunikacji miejskiej, analiza wariancji, ANOVA, gotowos¢ techniczna.

1. Introduction

There are numerous works on availability studies, among oth-
ers. In [3] a general overview of main strategies and technical steps
which should be taken when designing an optimum public transporta-
tion system. Operational availability as a characteristic of transporta-
tion systems is used for analysis of so-called fast reaction systems in
random moments of operations (t), for example air force, emergency
medical services, fire brigades or public transportation systems [5].
Analysis of availability of different systems has been researched into
by many studies in recent years. Nowadays it is applied in many sec-
tors of the industry, including aircraft and defense sectors as well as
power engineering and transportation. In [5] the authors present the
possibilities of application of the RAM (Reliability, Availability and
Maintainability) model in industry to identify unreliable devices with
respect to operation-related frequent failures or requirements.

In [23] the authors investigate the dependencies between avail-
ability and maintainability of transportation modes and the costs of
unplanned breaks and vehicle operation. The authors developed an
economically-optimum model of implementation for inspection and
technical services that was based on current data on vehicle damage.
The study [19] examined several scenarios regarding the reliability
of buses and repair service employees’ shift system in a transport
company to increase the vehicle’s availability and reduce costs of the

whole system regarding its disturbance at vehicle failure. In [18] and
[28] the authors present an optimization model of public transporta-
tion considering the design of transit routes, selection of modes of
transportation and timetables. The study [24] presents a method of de-
signing the availability of technological objects, and in [10] a theory
pertaining to semi-Markov processes was used based on the authentic
municipal transport system. In [2] the authors identified the object’s
aptitude condition, and thus optimal control processes of operation
and service of particular objects on the example of public transporta-
tion bus engines.

In [27] the authors present different methods applied to estimate
a functional form between overall quality of service and explanatory
variables, including questionnaire items related to satisfaction acces-
sibility (availability, information, time characteristics of service, cus-
tomer service, comfort, safety, infrastructure and environment).

The operational availability index was mainly used for bus sched-
ule reliability and current monitoring of transportation systems, es-
pecially vehicle punctuality [3, 4, 26] however, it was not often used
to control quality management systems and maintenance of a given
make of a vehicle.

The municipal transport company should assure a continuous mon-
itoring on maintenance process in terms of current availability of used
fleet. Resting on this assumption, the authors of the paper conducted
studies on operational availability of buses of the selected makes from

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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the Municipal Transport Company (MPK) in Lublin during 6 years of
their operation. This paper includes the findings of previous studies
presented in [16] and [17] which are related to operational availability
and reliability of buses. Also, the paper [12] presented some aspects
of operation of the municipal transport system in the city of Lublin.
In the present paper, the study period of the sample is extended and
analysis by the one-way ANOVA method is conducted.

2. Theoretical aspects of operational availability of
public buses and ANOVA analysis

The availability of a technical object is defined as the probability
of an object’s usability [13]. It is interpreted as the probability of an
object’s ability to undertake work in a defined time [9, 20]. When
a system is in standby, this means that the system is neither out of
operation due to preventive maintenance service nor useless due to
failure. Thus, the object’s availability depends not only on mainte-
nance-related breaks, but also on the probability of the system’s not
performing its assigned functions (failure effect) [21]. The aim of ef-
fective maintenance is to reduce the time of unplanned system breaks
(Mean Down Time MDT) and related costs [29]. Based on the litera-
ture [3, 13, 20, 24, 25] and data collected from MPK in Lublin, it has
been assumed that the operational availability will be defined in this
study according to the following formula:

Kg(t):%xloo (1)

z

where:
N, — is the number of technical objects available for use in a
given operating period in a given transport system;
N,, — is the number of technical objects unavailable for use in a
given operating period in a given transport system.

The aim of evaluating operational availability of buses is usually
to predict if a given technical object will be available in the future and
if a transport task can be executed.

This paper applies the analysis of variance to availability of a
technical system. The analysis of variance (ANOVA) was formulated
by Fisher in the 1920s [11, 22]. The method allows us to evaluate the
influence of independent classifying factor x; (j=1,..., m) on distri-
bution of the dependent variable y. The analysis enables verifying if
average values of the variable y for many samples are comparable.
The analysis of variance was used by many authors such as [1, 7, 15]
usually as a complementary analysis.

Based on the results of calculations, a zero hypothesis has to be
verified with respect to equality of average values of the dependent
variable for all & levels of the classifying factor:

Hy:yi=»m=...=¥ 2)

where:
y;(i=1,...k), refers to an average value of the discussed vari-
able for the k-th level of factor.

An alternative hypothesis H; is that at least two from the averages
Y1,- .-y are different, thus:

yii=1..k) 3)

The one-factor ANOVA is used to check the statistical signifi-
cance between independent groups based on differences in variance
between the groups or within them. In the paper, the analysis of vari-

ance between groups MS Effect was applied according to the follow-
ing sum of square equations [25]:

SSan = ZLZ’}:l vy — ¥ (4)
SSpetween = "Z,p:] i - )7)2 %)
SSwithin = Zl”;]z};:] (yij - sz)z (6)

The degree of freedom DF between the groups is equal to the
number of groups reduced by one. Inside the groups it is equal to the
number of observations minus the number of groups. The MS vari-
ance is equal to the quotient of the sum of squares of freedom degrees.
At the same time, the variance test is based on designation of the sta-
tistics F=SS} iween/SSwitin- 1he higher the F statistic is, the greater
influence it has.

Assumptions that are fundamental for the analysis of variance in-
clude:

— measurability of dependent variables on a quantitative scale;

— independence of random variables in the analysed groups;

— normality of distribution of the dependent variable for each fac-

tor;

— homogeneity of variance for each factor.

In order to verify the thesis about normal distribution of the de-
pendent variable, one of the following statistic tests can be used: y2,
Shapiro-Wilk’s, Lilliefor’s or a similar one using the quantile curve
[8]. In order to verify the thesis about homogeneity of variance, the
following tests can be applied: Levene’s, Barlett’s, Cochran’s. Lev-
ene’s test is the most resistant to deviations from normal probability
distribution of the results, however Barlett’s test works better when
the criterion of normal distribution of the results is met.

3. Details of the study

The study was performed on 22 Mercedes-Benz 628 Conecto LF
buses and 20 Solaris Urbino 12 buses. All buses were observed from
the first day of their operation. The initial maintenance mileage was
low and comparable for both makes of vehicles. The studies were
conducted under natural conditions over 6 years of operation (2008-
2014). The operational availability of the buses was recorded over
calendar time from the first to the seventy-second month of opera-
tion. This corresponded to a total maintenance mileage equal to 7.73
million km for all 20 Solaris buses and 7.29 million km for all 22
Mercedes buses, respectively. An average monthly mileage from the
last 72 months of operation was 6096 km for Solaris buses and 6464
km for Mercedes buses.

4. Empirical results

The operational availability factor of Solaris and Mercedes-Benz
buses with regards to calendar time as a function of monthly oper-
ating time is presented in Figure 1. In the first period of operation
(warranty), thus up till approx. the twentieth month of operation, the
availability of Solaris buses was 0.897 on average. Afterwards, the
factor started to decrease, reaching in the sixty-second month of op-
eration the lowest value — 0.700. An average operational availability
for the whole study period was 0.870 for Solaris buses and 0.908 for
Mercedes buses, respectively. The average availability of Mercedes
buses was higher only by 3.8% and was equal to 0.909 at a stand-
ard deviation of 0.059. The paper [6] analyzes the factors related to
maintenance costs of buses, including the costs of fluids, repair and
maintenance services.
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Fig. 1. Operational availability Kg of buses versus operating time (months)
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Table 1. Results of Levene’s test for warranty and post-warranty periods

Levene’s test of variance homogeneity
Operating ) Marked gffects are significant
period Variable | Effect with p < 0.05000
MS Effect | MS Error F p
warranty opera- vehi- 0.00003 | 0.00077 |0.04228 | 0.83801
tional cle’s
POS | availabi- | | 000188 | 0.00088 | 2.12498 | 0.14836
warranty lity

Table 2. Results of Hartley, Bartlett and Cochran tests for warranty and post-
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Fig. 2. Box plot of dependent variable — availability of uses (S-Solaris, M-
Mercedes) in warranty (G) and post-warranty (P) periods

Categorized normal probability plots
vehicle's make: S, period: G technical availability: SW-W = 0,9406; p = 0,1680
vehicle's make: S, period: P technical availability: SW-W = 0,9637; p = 0,1601
vehicle's make: M, period: G technical availability: SW-W = 0,9589; p=0,4414
vehicle's make: M, period: P technical availability: SW-W = 0,9584; p = 0,0925
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Fig. 3. Categorized normal probability plots in warranty (G) and post-war-
ranty (P) periods

The outliers in specific periods of vehicle use were verified and
excluded from further calculations. The results of operational avail-
ability divided into two groups: warranty (1-24 months) and post-war-
ranty (25-72 months), are presented in Figure 2. In order to verify the
significance of differences in average operational availability of both
makes of buses, a one-way analysis of variance was conducted.

warranty periods
Operat- Test of variance homogeneity
ingpe- | Variable | Effect | Hart- Co-
riod ley chran Bartlett | DF p
warranty | opera- vehi- 1.1540 | 0.5357 | 0.1129 | 1 | 0.7369

tional cle's

POSt | availa- | ' | 16325 | 06201 | 26802 | 1 | 01016
warranty | pjjity

The analysed variables are measurable and independent, there-
fore, the two first assumptions of variance analysis are met. Factors
such as a make of a bus and warranty and post-warranty periods are
independent. The Kg factor is measurable. The normal probability
of distribution (third fundamental assumption) in the studied groups
of data was evaluated, creating categorized normal probability plots
for each group (a make of a bus). Given that according to Shapiro-
Wilk’s test the significance level in all four cases is higher, p>0=0.05,
there are no grounds for rejecting the zero hypothesis (HO) on the
normal probability of distribution of operational availability of ve-
hicles (Fig. 3).

Next, the fourth assumption on variance homogeneity was veri-
fied. Tables 1 and 2 show the probability results with respect to effect
(a make of a bus) and type of operating period: warranty and post-
warranty. Analyzing the obtained data by means of two normal prob-
ability tests, there are no grounds for rejection of the zero hypothesis
in both operating periods of the analysed vehicles. Therefore, it can
be concluded that the assumption on homogeneity of variance is met
in all four cases.

The one-way variance analysis was conducted to examine the in-
fluence of a make of a bus on the vehicle’s operational availability in
two operating periods: warranty and post-warranty. It can be conclud-
ed from Table 3 that the significance level p for the vehicle’s make in
the warranty period is higher than 0.05, thus p = 0.0929, therefore there

Table 3. Results of one-way analysis of variance in warranty and post-warranty

operating periods
) Univariate significance tests for the dependent
Operating | e o variable: technical availability
period
ss DF | Ms F p
free | 38805 | 1 | 38805 | 154983 | 0.0000
term
warranty | vehicles | o000 | 0| 0007 | 295 | 0.0929
make
error 0.113 45 0.0025 - -
free 7322 | 1 | 7322 | 30934 | 0.0000
term
post- vehicle’s
warranty 0.053 1 0.053 22.58 0.0000
make
error 0.215 91 0.002 - -
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Vehicle's make; warranty operating period
Current effect: F(1, 45)=2,9475, p=0,09289
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Fig. 4. Operational availability interaction curve in the operating warranty

periods for Mercedes (M) and Solaris (S) buses

Vehicle's make; post-warranty operating period
Current effect: F(1, 91)=22,580, p=0,00001
0,94

092
0.90 | 1
0,88 |
0,86 |
0,84 £

Operational
availability

S M
vehicle's make

Fig. 5. Operational availability interaction curve in the operating post-war-
ranty periods for Mercedes (M) and Solaris (S) buses

Table 4. Results of Levene’s test for operating period

Operating period for Solaris buses;
Current effect: F(1, 68)=6,2560, p=0,01479
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Fig. 6. Operational availability interaction curve for “operating periods”:
Solaris buses in warranty and post-warranty periods

Operating period for Mercedes buses;
Current effect: F(1, 68)=0,74797, p=0,39016
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Fig. 7. Operational availability interaction curve for “operating periods”:
Mercedes buses in warranty and post-warranty periods

The test results of variance analysis are con-
firmed by interaction curve (Figs. 4 and 5). The
curve illustrates the confidence intervals of 95%

) Levene’s test of variance homogeneity and average availability for the analysed oper-

Ol;:?(’;'d”g Variable Effect Marked effects are significant with p < 0.05000 ating periods.. The average availability of Mer-

MS Effect | MS Error F p ced.es bl}ses. in the warranty and pf)st-warranty

periods is higher than that of Solaris buses, and

Solaris operational warranty and 0.0001 0.0009 0.0941 0.7600 a relative difference is 2.5% and 4.8% for the
Mercedes availability p“gg?;ﬂj’ " 00011 0.0007 14371 0.2348 given operating period.

Table 5. Results of Hartley, Bartlett and Cochran tests for “operating period”

The following stage of variance analysis was
conducted for the investigated operating periods,
i.e. warranty and post-warranty. The
normal probability test results were

Operating Test of variance homogeneity cor}ﬁrmed as per Fig. 3. Tables 4 and

period Variable Effect 5 list the probability values of tests of

Hartley | Cochran Bartlett OF P homogeneity assumptions of variance

Solaris operational r\)f\;e;rtr_w;?/raa:tc)ll 1.2641 0.5583 0.3999 1 0.5271 for clas.s1(f1}’/,1ni thle eﬁecthof tc))pe.rat(i
Mercedes | availability eriod 14903 | 05984 | 12134 1 02707 | g period. Analyzing the oblaine

p results by means of two normal prob-

are no grounds for rejection of the zero hypothesis (HO). This indicates
that the average operational availability in the warranty period for bus-
es of both analysed makes does not differ significantly. The probability
that F = 22.58 in the post-warranty period equals p = 0.0000. It means
that with the test statistics assumed to be p = 0.05, the zero hypothesis
(HO) should be rejected and an alternative hypothesis (H1) should be
adopted on statistically significant difference of averages in individual
groups in the post-warranty period. It can therefore be concluded that
for the post-warranty period the value of operational availability dif-
fers significantly for both analysed makes of buses.

ability tests, there are no grounds for

rejection of the zero hypothesis that
p>0.05. The assumption of homogeneity of variance is therefore met
in all four cases.

A one-way analysis of variance was conducted to investigate the
influence of “operating period” on operational availability of Solaris
and Mercedes buses. It can be concluded from Table 6 that the sig-
nificance level p for Solaris buses is lower than expected, as it equals
p=0.0148, therefore the zero hypothesis on equal averages should be
rejected. This demonstrates a significant difference in operational
availability of Solaris buses in the warranty and post-warranty periods.
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Table 6. Results of one-way analysis of variance for “operating period” 1. The average operational availability of
— — - a Mercedes bus in the warranty and post-
Operating Univariate significance Fests for t.he Figpendent variable: warranty periods does not differ significantly,
Effect operational availability . S
period whereas the average operational availability
S5 DF MS F P of a Solaris bus differ significantly for the
free term 48.84 1 48.84 17853.6 0.000 analysed period.
warranty and post- 2. Under warranty period, the average op-
Solaris warranty period 0.0171 1 0.0171 6.26 0.0148 erational availability of Solaris vehicles was
0.896, while that of Mercedes vehicles was
error 0.1860 68 0.0027 - . 0.913. A relative difference was 1.7%. The
free term 51.87 1 51.87 24829.5 0.0000 results of Hartley’s, Bartlett’s, Cochran’s and
Levene’s tests demonstrate that the difference
Mercedes var;frr;tnytj';if,’gjt 0.0016 1 0.0016 075 0.3902 is statistically insignificant.
3. In the post-warranty period, the aver-
error 0.1421 68 0.0021 - - . o qere .
age operational availability of Solaris buses
was 0.857, while that of Mercedes buses was
0.906. A relative difference was 4.9%. The
For Mercedes buses p is higher than expected, p=0.3902, therefore results of Hartley’s, Bartlett’s, Cochran’s and
there are no grounds for rejecting the zero hypothesis. The average Levene’s test demonstrate that the difference is statistically
operational availability of Mercedes in the warranty and post-war- significant.
ranty periods does not differ significantly. The test results of variance 4. Such an analysis taking account of warranty and post-warran-
analysis are also confirmed by the interaction curve (Figs. 6 and 7). ty periods allows us to use operational availability index when

5.

evaluating the usefulness of maintenance quality of buses.
Conclusions This is important with respect to investment when making a
choice of a bus make to purchase.

Based on the conducted studies, the following conclusions have

been formulated:
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RESIDUAL LIFE PREDICTION FOR HIGHLY RELIABLE PRODUCTS
WITH PRIOR ACCELERATED DEGRADATION DATA

PROGNOZOWANIE TRWALOSCI RESZTKOWEJ WYSOCE NIEZAWODNYCH

PRODUKTOW NA PODSTAWIE DANYCH HISTORYCZNYCH
Z PRZYSPIESZONYCH BADAN DEGRADACIJI

To precisely predict the residual life for functioning products is a key of carrying out condition based maintenance. For highly
reliable products, it is difficult to obtain abundant degradation data to precisely predict the residual life under normal stress
levels. Thus, how to make use of historical degradation data to improve the accuracy of the residual life prediction is an interest-
ing issue. Accelerated degradation testing, which has been widely used to evaluate the reliability of highly reliable products, can
provide abundant accelerated degradation data. In this paper, a residual life prediction method based on Bayesian inference that
takes accelerated degradation data as prior information was studied. A Wiener process with a time function was used to model
degradation data. In order to apply the random effects of all the parameters of a Wiener process, the non-conjugate prior distribu-
tions were considered. Acceleration factors were introduced to convert the parameter estimates _from accelerated stress levels to
normal stress levels, so that the proper prior distribution types of the random parameters can be selected by the Anderson-Darling
statistic. A Markov Chain Monte Carlo method with Gibbs sampling was used to evaluate the posterior means of the random pa-
rameters. An illustrative example of self-regulating heating cable was utilized to validate the proposed method.

Keywords: Residual life; Bayesian inference; random parameters; Wiener process, acceleration factor.

Precyzyjne przewidywanie trwatosci resztkowej uzytkowanego produktu stanowi klucz do prawidtowego utrzymania ruchu w
oparciu o biezgcy stan techniczny (condition-based maintenance). W przypadku produktow o wysokiej niezawodnosci, trudno
Jjest uzyskac ilos¢ danych degradacyjnych, ktora umozliwialaby precyzyjne prognozowanie trwatosci resztkowej przy normalnym
poziomie obcigzen. Dlatego tez bardzo waznym zagadnieniem jest wykorzystanie historycznych danych degradacyjnych umozli-
wiajgcych zwigkszenie trafnosci prognozowania trwatosci resztkowej. Przyspieszone badania degradacyjne, ktore powszechnie
wykorzystuje sie do oceny niezawodnosci wysoce niezawodnych produktow, mogq dostarczaé bogatych danych o przyspieszonej
degradacji. W przedstawionej pracy badano metode prognozowania trwatosci resztkowej opartq na wnioskowaniu bayesowskim,
w ktorym jako uprzednie informacje wykorzystano dane z przyspieszonych badan degradacji. Dane degradacyjne modelowano za
pomocq procesu Wienera z funkcjg czasu. Aby moc zastosowac efekty losowe wszystkich parametrow procesu Wienera, rozwazano
niesprzezone rozktady a priori. Wprowadzono wspotczynniki przyspieszenia , ktore pozwolity na przeksztatcenie szacowanych
wartosci parametrow z poziomu obcigzenstosowanych w probie przyspieszonej do poziomu obcigzen normalnych, co umozliwito
wybor odpowiednich typow parametrow losowych rozktadu a priori zwykorzystaniem statystyki testowej Andersona-Darlinga.
Metode Monte Carlo opartq na tanicuchach Markowa z probnikiem Gibbsa wykorzystano do oceny Srednich a posteriori parame-
trow losowych. Proponowang metode zweryfikowano na postawie przyktadu samoregulujgcego przewodu grzejnego.

Stowa kluczowe: trwalosé resztkowa, wnioskowanie bayesowskie; parametry losowe; proces Wienera; wspol-

czynnik przyspieszenia.

1. Introduction

Recently, more and more highly reliable products have emerged
in military and aerospace fields. However, it is very time-consuming
to obtain enough failure data to evaluate the reliability of highly re-
liable products under normal stress levels. To resolve this problem,
accelerated life test (ALT) is widely adopted to obtain product failure
data in an acceptable time period. But for highly reliable products,
even accelerated life test is not effective because little failure data can
be obtained within limited time and budget. For some highly reliable
product, their certain performance indexes will degrade over time. If
the performance degradation can be observed, product lifetime infor-
mation is likely to be extrapolated. Therefore, accelerated degradation
test (ADT), under which products are put into accelerated stress levels
to accelerate degradation process, has become a popular approach to

the lifetime prediction for highly reliable products [13, 21, 26, 32, 33].
However, the aim of ADT is to extrapolate the lifetime information
for the population rather than the residual life for an individual.

The residual life of a product is defined as the length from the
current time to the failure time, and precisely predicting the residual
life is important to carry out condition based maintenance (CBM), and
prognostics and health management [1, 22]. For an individual with
high reliability, the degradation data observed under normal stress
levels cannot show a distinct degradation trend, therefore it is difficult
to precisely predict the residual life. In order to precisely predict the
residual life for an individual with limited real-time degradation data,
the prediction methods based on Bayesian inference have been popu-
larly studied [3, 7, 8]. Gebraeel ez al [5] developed an exponential deg-
radation model with random parameters to model bearing degradation
signals. They assumed the random parameters to obey conjugate prior
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distributions for mathematical tractability, and obtained the prior dis-
tributions of random parameters using the historical degradation data
of the population of devices, then predicted the residual life for an
individual with the real-time degradation data. Chakraborty et al [2]
also studied the exponential degradation model with random param-
eters, but they assumed the random parameters to obey non-conjugate
prior distributions, and adopted the Metropolis-Hasting algorithm to
estimate the posterior means of random parameters. Gebraeel et al
[6] proposed a Bayesian method, which takes the failure time data
as historical information while takes the real-time degradation data
of an individual as filed information, to predict the residual life dis-
tribution for a rotating machinery. Karandikar ez a/ [10] developed a
Bayesian method, which applied Monte Carlo simulations to evalu-
ate the posterior means of random parameters, to predict the residual
life for an aircraft fuselage panel. Baraldi et a/ [1] also developed a
Bayesian method, which combines the degradation data of historical
equipment and the real-time observing degradation data, to predict
the residual life for nuclear power plants. Jin et al [9] presented a
Bayesian framework based on a Wiener process with random param-
eters. The framework utilizes off-line population degradation data and
on-line individual degradation data to predict residual life. Wang et al
[28] also studied the Bayesian method based on Wiener degradation
processes.

From the above analysis, it can be concluded that the residual
life prediction methods based on Bayesian inference usually take the
historical degradation data or failure data under normal stress levels
as prior information. However, there is a lack of research on how to
use accelerated degradation data as prior information. For some high
reliable products, the accelerated degradation data is the only prior in-
formation source. Thus, how to make full use of historical accelerated
degradation data to predict residual life is an interesting and signifi-
cant issue. In the paper, we proposed a Bayesian method, which takes
accelerated degradation data as prior information while considers the
real-time degradation data observed under normal stress level as field
information, to improve the prediction accuracy of the residual life for
a highly reliable product.

The rest of the paper is organized as follows: Section 2 describes
the residual life prediction model based on a Wiener process with ran-
dom parameters. Section 3 discusses how to evaluate the prior distri-
butions of the random parameters from accelerated degradation data.
We deduced the expression of the acceleration factor based on Wiener
degradation process, and converted parameter estimates from acceler-
ated stress levels to normal stress level through acceleration factors.
Section 4 develops simulation tests to validate the proposed method
of converting parameter estimates. Section 5 provides a case study
of self-regulating heating cable to investigate the effectiveness of the
proposed Bayesian method. Section 6 draws some conclusions.

2. Residual life prediction model

It is well known that the main characteristic of degradation proc-
ess is uncertain over time, therefore stochastic process models, such as
Wiener process, Gamma process, Poisson process, et a/, are naturally
appropriate to model the evolution of degradation process. Wiener
process can characterize both monotonic and non-monotonic degra-
dation data, and describe unit-to-unit variance of products if random
parameters are considered. Hence, Wiener process has been widely
applied to model stochastic degradation process, see Whitmore and
Schenkelberg [31], Wang [29], Peng and Tseng [19], Wang et al [30],
Huang et al [4].

. . X@t)=pu-At -B(A(t
In mathematlcs,anenerprocess{ O)=p-AD+o ( ())}

has independent increments AX(¢) = X (¢ + At) — X(¢) that follow a
normal distribution as:

AX (1)~ N(AA (1), °AA (1)) (1)

where pu is a drift parameter, o(c >0) is a diffusion parameter,
A(t) is a monotone increasing function of time ¢ with A(0)=0,
AA(t) = A(t + Af) — A(¢) denotes a time increment and B(-) denotes
a standard brown motion.

Let a constant value / represent the failure threshold, the failure

time £ can be considered to be the time when X (¢) firstly reaches /.
So the failure time ¢ can be described as:

E=inf{r: X(1)21) ©)

For a Wiener process, it is well known that the failure time ¢
follows an inverse Gaussian distribution. So the probability density
function (PDF) of ¢ can be expressed as:

2
fi(0)= [ exp (1= L;A(t)) dA(1) 3)
J276? A3 (1) 20°A() | dr

Given that the degradation X(z) at time ¢ does not

1

reaches [, the residual life RL, at ¢ can be defined as

RL, =inf{t: X(4; +1) 21| X(5;) <1} [7,24]. Therefore, the PDF of

RL can be written as:

! " 2
Sre (@)= ! exp[_(l HA()) }dA(t) @

\/277,'62 (/\(t))3 252/\(0 dr

where /'=1— X(¢) . Furthermore, the expectation of RL can be

deduced from:

RL=E(RL) = [t fr (0t )

where A () denotes the inverse function of A(-) . In order to obtain

better flexibility and tractability, the form of A(-) was specified as

A(t)=t" . If r =1, it is appropriate to model linear degradation proc-
esses. If »>1, it is able to model convex degradation processes. If
r<1,itis capable of modeling concave degradation processes.

Thus, the RL can be evaluated once the estimates of u,o,7 are
obtained. However, the real-time degradation data of highly reliable
product is commonly so little not to be straightforward used to obtain
credible estimates 1,6,/ . To resolve the problem, we adopted a
Bayesian method to obtain more credible posterior estimates of (1,67
by making full use of historical accelerated degradation data. Al-
though the application of Wiener processes in Bayesian inference has
been widely studied in literature, most works assume that the random
parameters of a Wiener process obey the following conjugate prior

distributions: 62~IG(a,b) s y\dz ~N(C,d~62),where 1G(-) repre-

sents an Inverse Gamma distribution, and a,b,c,d are hyper param-
eters. The above assumption has two limitations. First, the random

effect of » can not be taken into account; Second, p,o are limited to
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obey the above specified distributions, which may not be applicable to
some cases. In this paper, the non-conjugate prior distributions of

u,o,r are alternatively used in Bayesian inference, and u,o,r are
assumed to be mutually independent. Let 7 (4,0 2,") represent the
joint prior PDF, 7(u), ﬂ(crz) , n(r) be the corresponding PDF of
u,o,r , respectively, then n(u,oz,r) =r(u)- n(oz) -(r).

Suppose that X =[X (1)), X5(t3), - X,,41(5,41)] is the real-time
degradation data of an individual under normal stress level and
L(AX| ,u,oz,r) is a likelihood function, then the joint posterior PDF
n(u,oz,r | AX) can be deduced according to the Bayesian theory
[25, 34].

ﬁ(u,oz,r | AX)
_ L(AX| u,dz,r)-ﬂ(p,cz,r) (6)
R _[j:: JOOE;OL(AX | u,oz,r)~7r(/.t,0'2,r)d/,td0'2dr

The marginal density functions of u|AX, 02|AX , JAX can be
expressed as:

RAX)=] 7 [ 7,0 | AX)do 2dr ()
w0 AX)=] [ (.0 r | AX)dpudr ®
7r(r|AX)=_[(;rwJ.j§7r(y,c72,r | AX)dpdo? )

Furthermore, the expectations of of uy|AX, 02|AX and r|AX can
be calculated as:

E(uIAX) = [T 1 -m (]AX)dp (10)
E(c2|AX) = jgwazn(o—z\AX)do—z an
E(r[AX) = [ "7 2 (r|AX)dr (12)

Generally, it is difficult to evaluate E(u/AX), E(62|AX) and

E(r]AX) through direct mathematical calculation. One alternative
method is using Markov Chain Monte Carlo (MCMC) simulation with
Gibbs sampling [16, 20], we implemented the method in WinBUGS.

Replace p,0,A with E(u/AX), E(Gz\AX) and E(r|AX) in Eq. (4)
and Eq. (5), the posterior PDF of RL and the posterior expectation of

RL can be obtained. There will be more field degradation data avail-
able as the individual product works over time. Once new degradation

data is available, E(u|AX) , E(c72|AX) and E(r|AX) are immediately
updated. So the RL of an individual can be real-time predicted.

3. Evaluate the prior distributions of random param-
eters

Before predicting RL using Bayesian method, the joint prior

PDF 7r(,u,c72,r) need be evaluated from historical accelerated deg-
radation data. In this section, we discussed the method of evaluating

n(u,az,r) from historical accelerated degradation data. Firstly, a
Wiener process with 3 random parameters were used to model ac-
celerated degradation data. Then, the acceleration factor constant
principle was introduced to deduce the corresponding expression of
acceleration factor for a Wiener process, and the parameter estimates
were converted from accelerated stress levels to normal stress level
through acceleration factors. Lastly, the Anderson-Darling goodness-
of-fit method was utilized to select the proper distribution types for 3
random parameters.

3.1. Estimate parameters from accelerated degradation data

A constant stress accelerated degradation test was conducted to
obtain the lifetime information of the population for a kind of highly

reliable product. Suppose that So denotes the normal stress level, Sk
denotes the kth accelerated stress level, X;; denotes the ith degrada-
tion data of the jth product under S , #;, represents the correspond-
ing observing time, AX e = Xy — X(j_1yx  Tepresents the degrada-
tion data increment, and A(#;;) = tij'\k represents the time increment,
where i=1,2,--,n; j=1,2,--,ny; k=1,2,--,n;3. According to the

Wiener process features, AX,; follows a Normal distribution as:

2
AXy ~ N(P‘jkAA([y‘k)ankAA(ty'k)) (13)

~ ~2 A~
To obtain maximum likelihood estimates (MLEs) MO jks T jk

for each product, the likelihood function can be established as:
2
L jk 20 5T 5)
r-k r-k 2
71| 1 (AXijk ~Hijk (lijjk -t(l!—l)jk ))

:g 2 (Tik Tk A 202 (k4
270 e \ L iy i i\ ke =Ly jk

(14)

3.2. Convert parameter estimates from accelerated stress
levels to normal stress level

Suppose Fj(¢.) , Fyy(ty) represents the accumulative distribution
function (CDF) under S, , S, respectively, if Fj (#;) = Fy(¢y) , then

the acceleration factor of S, relative to S, can be defined as:
AFk,O =t0/tk (15)

In practice, Eq. (15) is rarely applied to evaluate 4F; , since #,

and ¢, are difficult to accurately obtained. For a Wiener process, a
widely adopted assumption is that u should change with accelerated

stress level varying while o should be invariable, see Padgett and
Tomlinson [17], Park and Padgett [18], Liao and Tseng [11], Lim and
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Yum [14], et al. Based on the above assumption, the expression of
AFy o can be expressed as 4F) o = / 1y - However, there are dif-
ferent assumption that both u and o will change with accelerated

stress level varying, see Whitmore and Schenkelberg[31], Liao and
Elsayed[12]. Thus, the expression of acceleration factor for a Wiener
process needs further research. In this paper, we applied the accelera-
tion factor constant principle to deduce the expression of acceleration
factor for a Wiener process.

Zhou et al [35] first pointed out the acceleration factor constant

principle that 4F, , should be a constant which does not change with
time ¢, 7, and depends only on S, S, under an effective acceler-
ated test. Moreover, to guarantee that AFy is a constant, the failure
mechanism of products must remain consistent under S, S, . Ac-

cording to the accelerated factor constant principle, for any #,, 7, >0,
the following expression is always identical:

Fi(t) = Fo(AFy oty) (16)
From Eq. (16), the following identical equation can be deduced:
Ji(t)=AF - fo(to) . (17)

The deducing process was illustrated as:

m o ny n

L(11,12513al4) = HHH

AFy o=y | po =0p o3 (20)

Eq. (20) indicates that both  and o should change with accel-

erated stress level varying. When we specify A(¢) =¢", the following
equation can be deduced:

1/r
AFk,OZ(ﬂk/ﬂO)l/r:(Glg/Gg) , =T =r (21

Eq. (21) indicates that both ¢ and o should change with acceler-
ated stress level varying while » should remain invariable. The math-

ematical relationships between p,o and accelerated stresses can be

modeled by reaction rate models [15]. Assume that temperature T
is a stress variable and the Arrhenius relationship is correspondingly

selected as the reaction rate model. According to Eq. (21), u, o and
r can be expressed as:

pty =exp(ly =X I Ty), oF =exp(ls — 2y [ Ty), 1 = Ay (22)

where A;,4,,25,2, are coefficients.

To obtain the MLEs of 1;,4,,45,44, a likelihood function that
incorporates all the accelerated degradation data was constructed:

Ay _ Ay ’
(Ax;‘jk —exp(A4 — 4, /Tk)(tijk ~ Lt jk ))

i1 j=1k=1 \/272: exp(s ~ 2 | Tt =11 )

dFy(AFj ot
)= dF (%) - AFy o(AFjo 1)
dt; d(AFy o -1)
dFy(to)
~ 4o S
0

Substitute Eq. (3) into Eq. (17), and specify A(¢) =t , then:
G AR ¢ : .
Osz(tk): 04P%0 o Lpg 1y

Jolto) Ok o o}
2
LY O Y N
2 2 k 2 2

To ensure AF}, , is a constant which does not change with ¢, ,

(18)

the following relationships must be satisfied:

2 ?
o 520
i 19
2
BoAFo i} _0

263 20,%

So the following equation can be deduced:

exp| — P (23)
2exp(A3 — A, /Tk)(f,-j/i _t(i“—l)jk)
With 1, and 1, AF o was evaluated by:
AF g =exp(Za-22(1/ Ty -1/ ;) (24)

n
To simply the computation, (AFk,O) * was represented by Z; .

N A2 A2 .
Thus, the u kO kT i under 7}, can be transformed into the corre-

sponding values under 7, by:

~

~ 2 )
oy =M ! Zio» 0 jk0) =05/ Zicos Fikoy =Tk (2D

~ ~2
For the denotation convenience, p o), O j(k0) and 7, were
o~ A2 N .
replaced with ., o) and r,, respectively, where m=1,2,---,M

and M denotes the total number of products under the accelerated
test.
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3.3. Select the best fitting distribution types and estimate
hyper parameters

We utilized the Anderson-Darling goodness-of-fit test to select the
best fitting distribution types for ;tm R 8; and 7,. Since the Expo-
nential, Normal, Lognormal, Weibull and Gamma distribution have
good statistical characteristics and can cover the majority of parame-
ter distribution, they were selected to be candidates for the best fitting
distribution type. The one with the smallest AD is considered to be the
best fitting distribution type [24]. In addition, the Anderson-Darling
statistic can also be used for hypothesis test. The null hypothesis is
defined as HO: data follow the specified distribution type. The signifi-
cance level is specified as 0.05, if the p value of Anderson-Darling is
greater than 0.05, the null hypothesis is accepted.

Suppose that ;;m ~ Wbl(n,5), 8,2,, ~ Ga(a,8) and i ~ N(a,b),
where Wbl(-) denotes a Weibull distribution and n,§ is the scale pa-
rameter and shape parameter, Ga(-) denotes a Gamma distribution
and «,p is the shape parameter and scale parameter, N(-) denotes
a Normal distribution and a,b is the mean and variance. In order to
estimate the hyper parameters, the following likelihood functions can

be established:

“ M. - Y
L(u,:m.8)=[18n (um) exp| - T’" (26)

m=1

o a—1
LG, B) = ﬁ%[&z) exp(—ﬂg,znj 27)

—_
—_—
N>
3
|
Q
~_
()

<

L(;m;a,b) = exp| ——— (28)

3
N

The prior distributions of random parameters ,u,oz,r can be ob-

tained as y ~ Wbl(1,5) » o2~ Ga(&,ﬁ) , r~N(a,b).
4. Validation test

A simulation test was developed to validate the conversion meth-
od illustrated in section 3.2. The simulated degradation increment
Ax;o,AA(t;g) under S, was generated from a conditional Wiener

process[27,28], that is:

o ~ Ga(a,b),
Axig | (1g,@0) ~ N( HoAA(tig), 0 1A/\(ffo))

Ho | @y ~N(c,d / wg)
(29

where co():c()z and A(r)=t". The parameters of the above model
were specified as (a,b,c,d)=(4,2,3,1); i=1,2,--,10; h=1,2,---,5;

tip =10,20,---,100; A(t;g)=tio; r=0.5,1,2. The validation steps

~ A2 A

were described as the following. First, the estimates t,,60,70 were
obtained from Ax;y,AA(t;) . Then, specify the acceleration factor

AF} o tobe 0.4,4 , respectively, and calculate the converted degrada-
tion data Ax;,AA(t;) under S, , where xy =X, ty =t;0/ AFy
. Next, the estimates ;t k,&i,;k were obtained from Ax;,AA(t;) -
Last, u o/ ;0’ 3/% / c;é and 7 / , were computed. Table 1 shows that

~2 A2

7 / 7y is nearly equal to 1 and both ;1 e/ ;10 and ok /oo are nearly
equal to (AFk, i )r , so the result is consistent with Eq. (21).

Table 1. The results of simulation test

AF, =04 AF,, =4
r ~ ~2 . A ~2 ~
B ook | one | B | ok | i
- ~2 P - ~2 N
Ho o) 0 Ho o0 7o
0.5 0.6325 0.6324 1.0002 2.0000 2.0002 1.0001
1 0.4000 0.4000 1.0000 4.0001 4.0001 1.0000
2 0.1600 0.1600 0.9999 | 15.9999 | 16.0002 1.0000

5. Numerical case

5.1. Modeling degradation data

The historical accelerated degradation data of self-regulating
heating cable[31] was listed in Table 2. Because the type of heating
cable experienced a cure process at the beginning of the degradation
test, only the degradation data after the cure process were considered.
There were 15 products that were averagely allocated to 3 accelerated
temperature levels under a constant-stress ADT. It was assumed that

the normal temperature level was 7 = 448.15K . Degradation was
measured as the natural logarithm of resistance, and the failure thresh-

old / was specified as / =1n(2).

However, there was no field degradation data available under T;.
We simulated the field degradation data which are listed in Table 3.

5.2. Determining prior distribution

Eq. (14) was used to obtain the MLEs of parameters for each
product, and the estimates were listed in Table 4. For a Wiener degra-
dation process, the independent degradation increments Axyir of each

product  follows a  Normal distribution, written as

~ A A2 A ~ A2,
Axjjy ~ N(ujkAA_,-k(ti]-k),ojkAA_,-k(ti]-k)),Where M k> O jk> Ty arethe

estimates of the jth product under the kth accelerated temperature

level T . The above Normal distribution can be converted to the fol-
lowing standard Normal distribution:

~ ~ 2~
(Axijk _ :ujkAAjk(tijk)) /. lgjkAAjk(;ijk) ~N(0,1). If the above rela-

tionship holds, the null hypothesis that the degradation process of the
Jjth product under 7, obeys a Wiener process is accepted. An Ander-

son-Darling test with significance level o =0.05 validates that the
degradation processes of all products obey Wiener processes.
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Table 2. Historical accelerated degradation data of heating cables

Table 4. MLEs of parameters for each product

Measured Item Item
e 1 2 3 4 5 ! 2 3 4 >
(x10° h)
@ 7
(@) T, =473.15K -
u 0.067029 0.070533 0.070463 0.064605 0.083435
0.496 -0.120682 | -0.118779 | -0.123600 | -0.126501 | -0.124359 5
0688 | -0.112403 | -0.109853 | -0.115186 | -0.118941 | -0.111966 o~ | 0000026 | 0000039 | 0000035 | 0000039 | 0000120
0.856 -0.103608 | -0.101593 | -0.105657 | -0.110288 | -0.107869 P 0.770668 0.74692 0.754380 0.776351 0.662973
1.024 -0.096047 | -0.094567 | -0.098569 | -0.103419 | -0.100304 b) T
2
1.192 -0.085673 | -0.084698 | -0.088613 | -0.095465 | -0.085916 =
1.360 -0.077677 | -0.076070 | -0.079332 | -0.084769 | -0.077947 H 0402341 0425767 0.367615 0427607 0.369066
2.008 -0.045218 | -0.040623 | -0.045835 | -0.052268 | -0.045597 8_2 0.000442 0.000523 0.000230 0.000753 0.000214
2.992 0.000526 | 0.004237 | 0.000533 | -0.008265 | 0.000524 .
r 0.602857 0.553023 0.662489 0.552906 0.665158
4.456 0.059261 | 0.063742 | 0.061032 | 0.051139 | 0.059544
5.608 0.093394 | 0.095117 | 0.093612 | 0.082414 | 0.084912 © T3
(b) T, =513.15K ; 0.788653 0.781201 0.788428 0.791756 0.784433
0.160 -0.005152 | -0.019888 | -0.045961 | -0.023188 | -0.044267 82 0.00117 0.001096 0.001283 0.001255 0.001017
0.328 0.056930 | 0.046278 | 0.015198 | 0.040737 | 0.018173 R
r 0.661216 0.664650 0.659024 0.660437 0.666665
0.496 0.112631 | 0.101628 | 0.067119 | 0.095504 | 0.072214
0.688 0.173202 | 0.162705 | 0.128670 | 0.156129 | 0.131555
0.856 0.214266 | 0.202604 | 0.168271 | 0.196349 | 0.171394 . ~ ~2 .
of parameters under 7, to the corresponding values u,,, g, »%,
1.024 0.272668 | 0.257563 | 0.221611 | 0.250900 | 0.225281 . . .
under Ty, respectively, as listed in Table 5.
1192 0.311422 | 0.297875 | 0.260910 | 0291937 | 0266314 Anderson-Darling statistic was applied to determining the best fit-
1.360 0.351988 | 0.338902 | 0.302126 | 0.332887 | 0.306105 . . . ~2
ting distribution. Table 6 shows the values of 4D . Since o, should
2.008 0489847 | 0461855 | 0440738 | 0473130 | 0.443941 be always large than zero, the Normal distribution is excluded. From
2.992 0.656780 | 0.629991 | 0.606275 | 0.638651 | 0.611724 Table 6, it was concluded that the Weibull distribution was the best fit-
. . ~ ~2 L
4.456 0.851985 | 0.798431 | 0.834114 | 0.798457 - ting distribution type for both u,, and o, and the Normal distribu-
(©) 73 =533.15K
~ A2 A
0.160 | 0123360 | 0.127605 | 0.120759 | 0.105206 | 0.120115 Table 5. The converted values [1,,,,0'm."'m
0.328 0.251084 | 0.254944 | 0.247156 | 0.232389 | 0.247949 Item
0.496 0.393107 | 0.394496 | 0.391516 | 0.375789 | 0.388406 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5
0.688 0.517137 | 0.518485 | 0.513872 | 0.500556 | 0.511850 @ 7 > T,
0.856 0.598797 | 0.599265 | 0.595704 | 0.583362 | 0.595220 ~
Moy 2.277E-2 | 2396E-2 | 2.393E-2 | 2.194E-2 | 2.834E-2
1.024 0.693925 | 0.694445 | 0.688930 | 0.679117 | 0.690324
1.192 0.774347 | 0.774428 | 0.770313 | 0.758314 | 0.770782 82 8.832E-6 | 1.325E-5 | 1.189E-5 | 1.325E-5 | 4.076E-5
m
* A period denotes a missing value.
;m 0.771 0.747 0.754 0.776 0.663
Table 3. The simulated field degradation data for an individual heating cable
at T, (b) T, > T
Time /h 1000 2000 3000 4000 5000 ;‘m 3.023E-2 | 3.199E-2 | 2.762E-2 | 3.213E-2 | 2.773E-2
Degradation | -0.2209 -0.1984 -0.1815 -0.1651 -0.1555
Time /h 6000 7000 8000 9000 C;fn 3.321E-5 | 3.929E-5 | 1.728E-5 | 5.657E-5 | 1.608E-5
i -0.144 -0.132 -0.1231 -0.112 ~
Degradation | 01443 | 01323 | 01231 | 01128 P 0603 | 0553 | 0662 | 0553 | 0665
With Eq. (23), we obtained the MLEs of coefficients as (€ Iz > T
21216950, 2 =9158.226, A3 =10.317, A4 = 0.612. According to 1, 3.033E-2 | 3.005E-2 | 3.033E-2 | 3.045E-2 | 3.017E-2
the Eq. (23), conversion coefficients were calculated as Z; , =2.944 , o
’ om 4.500E-5 | 4.216E-5 | 4.935E-5 | 4.827E-5 | 3.912E-5
Zyo=13.311, Z3,=25.999 . Furthermore, we converted the MLEs
Fin 0.661 0.665 0.659 0.660 0.667

384
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Table 6. The values of AD

Table 7.  The posterior means of random parameters after the 5th field degra-

dation data was got
Exponential | Normal LogNorm | Gamma Weibull
R P " Posterior Standard MC Samol
U, 5.449 0.905 1.016 1.032 0.806 arameter mean deviation error amples
~2 H 0.02930 0.00299 2.86E-5 9000
Om 1.733 -- 0.985 0.980 0.952
R 0-2 4.149E-5 1.568E-5 1.59E-7 9000
T 5.682 0.878 0.894 0914 0.982
r 0.6124 0.0601 6.391E-4 9000
a) p b) o2 c)r
mu chains 1:2 sample: 9000 variance chains 1:2 sample: 9000 r chains 1:2 sample: 2000
2000 4.00E+41 6.0F
150.0f 3.00E+4} il
100.0 2.00E+4 |
S0.0f 1.00E+4 } 2.0
0.0F 00} 0.0t
0.01 0.02 0.03 0.0 5.00E-5 1.00E-4 0.2 0.4 06 0.8
Fig. 1. The fitted posterior distributions of ,u,o‘z,r
a) b) o2 )r
mu chains 1:2 variance chains 1:2 r chains- 1:2
1.0f 1.0F 1.0
0.5F 05 05}
00k - e e e e e 00k e ey — 00 k% a-m = e e e e e
-0.5F -0.5F -05F
1.0F -1.0F 10F
0 20 40 0 20 40 0 20 40
Fig. 2. The values of autocorrelation function in the iterative processes
s0288 038, o sssigesssesssssmmessaseneasen Y
0.028 : : . . Hy
Q 4 Q 0.3 o e _____“____.___....: --------- :
= <
3 00283 S 1| S S | (NS P | SP—. T
m E s 0 et it
0.0252¢ b w -
0.0281 e
5000 €000 7000 8000 9000 5000 €000 7000 S000 9000 L0 S U L I & S SR o
0.82 0.1 PR S [ A . 1 W 4 PRS- ' ........... - -i-------"'
< oe 3 L R W
==
RS 0
w 058 =
w 4 ]
8
5000 €000 7000 8000 9000
th tx10°/m 7

Fig. 3. The changing curves of the posterior means of random parameters

tion was the best fitting distribution type for 7, . The MLEs of hyper
parameters were obtained according to Eq. (26) and Eq. (27). So the
prior distributions of 3 random parameters were evaluated from histori-
cal accelerated degradation data, they are p ~ WbI(2.952E-2,11.464)
, o2 ~ Wbl(3.580E-5,2.150) , r ~ N(0.671,4.774E-3) .

After the field degradation data was obtained, the MCMC method
with Gibbs sampling was used to fit the posterior distributions of ran-
dom parameters in WinBUGS software. After the 5th field degrada-
tion data was got, the fitted posterior distributions were shown in fig-
ure 1. From figure 2, it can be seen that all the iterative processes are
convergent since the autocorrelation functions quickly tend to 0. The

6

400 500

5

200 300

0 100
RL x10° /h

Fig. 4. The changing curves OfE, Ez E and the PDF of RLs

posterior means E(u | AX), E(cr2 | AX) and E(r|AX) were evaluat-
ed in WinBUGS, as listed in table 7. Furthermore, with new field deg-

radation data was available, E(u|AX), E(c”|AX) and E(r| AX)
were corresponding updated, and their changing curves were shown
in Figure 3.

Let E denote the predictions that were evaluated from only
the field degradation data of an individual, RL, denote the predic-
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Table 8. The predictions of residual life ( RL x 103 /h)

pared with RL3, the curve of RL» was more
smooth and had smaller changes, because the

prediction method for RL» didn’t consider the
random effects of ». The estimates of » ob-
tained from the prior information was used to

the prediction model of RL> . Thus, RL, was
more conservative and greatly influenced by
the prior information. In contrast, the predic-

tion method for RL3 took the random effects

of 3 parameters into account, which let RL3

Measuring time /h
5000 6000 7000 8000 9000
— 3.089 2513 1.332 1.341 0.939
RL [1.885, 5.301] | [1.211, 4.018] | [0.978, 3.890] | [1.012, 3.805] | [0.762, 2.981]
— 2.145 2.081 2.004 1.949 1.874
2 [1.421, 2.876] | [1.450, 2.772] | [1.498, 2.624] | [1.519, 2.468] | [1.466, 2.303]
— 2.536 2.116 1.816 1.802 1518
RL3 | [1758, 3.212] | [1.449, 2.801] | [1.209, 2.488] | [1.233, 2.317] | [1.087, 1.955]
o a9

more sensitively reflect the

Gamma — 95% confidence level

Percent

goodness—of -fit test

Normal —| 95% confidence level

variation of the field degrada-
tion data.
In addition, the prediction

method for RL> requires /Alz

~2 .
and o, to follow the conju-
gate prior distributions as
~ ~=2 NN

Om =0m ~ Ga(a,b) 5
goodness—of-fit test

1, | Om ~N(C,d | o),

Gamma Normal n n

AD = 1.123 AD = 1.485 where a,b,é,d are estimates

P = 0.007 S LHADL of hyper parameters and
1000 10000 100000 g 2 3 1 z=1,2,---,15. The Anderson-

(')JH

Fig. 5. The goodness-of-fit tests for Om and ,Zlm |£l\)m

tions that were evaluated by the Bayesian method with conjugate prior
distributions of random parameters, RL; denote the predictions that
were evaluated by the method proposed in this paper, the residual life
predictions and the confidence intervals of the predictions at several
measuring time points were summarized in table 8. The confidence
intervals were obtained with 95% confidence level by Bootstrap sam-

pling method. The prediction method for E was detailed demon-
strated in appendix. Figure 4 shows the changing curves of RL; , RL, ,
RL; and the PDF of RL;.

5.4. Analysis and Conclusion

In table 7, the confidence intervals of RL, and RL3 at each

measuring point are obviously smaller than those of RL;. It is con-
cluded that the prediction method taking accelerated degradation data
as prior information improves the prediction precision of the residual
life.

As more field degradation data was available, all the confidence
intervals of RL1,RL2,RL3 became smaller. It suggests that the predic-
tion precision was gradually improved, and the width of the PDF curve
in figure 4 became narrower over time also supports the conclusion.

Compared with RL» and RL3, the curve of RL; was not smooth
and presented comparatively big changes. The reason is that the field
degradation data was short and had a nonlinear change. Thus, newly
obtained degradation data may significantly changes the former esti-
mates of the parameters, which leaded to the poor regularity of resid-

ual life predictions. In comparison, the prediction methods for RL»

and RL3 reduced the impact of the abrupt change of the field deg-
radation and improved the reliability of the prediction results. Com-

1 0
A i Err Darling statistic was used to
{rum - C]/\"d"' Dy

validate the null hypothesis

~ ~2
that both p, and o, to fol-
low the conjugate prior distri-
butions.

/’lm |(T)m ~ N(;:,c?/;)m)wasconvertedto (ﬁm —2)/\/;’ | Om ~ N(0,1)

according to the characteristics of Normal distribution. The signifi-
cance level was specified as 0.5, and the information of the goodness-
of-fit test was shown in figure 5. The null hypothesis was rejected

since the values of p were less than 0.05. It would cause the mis-
specification of distribution types of random parameters if the predic-

tion method for RL> was adopted in the case study. Therefore, it was

appropriate and reliable to adopt the prediction method for RL3 in the
case study.

6. Conclusions

In this paper, a residual life prediction method for degradation
product based on Bayesian inference was proposed. A Wiener process
with a time function was used to model degradation data.

Our proposed method made two potential novel contributions. a).
Acceleration factor was introduced to transform the test data from ac-
celerated stresses to normal use stress, so that accelerated degradation
data can be considered as prior information. b). The non-conjugate
prior distributions of random parameters were applied to Bayesian
inference, which not only can consider the random effects of all
the parameters but also can avoid the potential misspecifications of
the parameter distributions when conjugate prior distributions were
adopted.

Besides, there are several meaningful workings and conclusions
about the study of the paper.

1) The residual life prediction method based on Bayesian infer-
ence that integrated the field degradation data and accelerated
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degradation data can improve the prediction accuracy and real-
ize real-time updating for the residual life.

2) The acceleration factor constant principle was used to deduce
the relationships that the parameters of the Wiener process with
a time function should satisty. It offered a feasible approach to
constructing the acceleration models for the parameters of the
Wiener process.

Appendix
With ;lm,(,l\)m the prior estimates of hyper parameters a,b,c,d

can be obtained from:

~ M pa 4 ~
L(om;a,b)= || ——om exp(-bon Al
( a,b) "l;llr(a) m Xp( 1) ( )

M
A~ @
L(p,, |@mse,d) =[] md exp b

~0.5 PN 5
_wm(ﬂm -c)
m=1 T

j (A2)

From the field degradation data X = [X1 ), X5(t), - Xy (ln+1)] 5

the posterior estimates of hyper parameters can be deduced according
to the Bayesian formula:
L(AX | 4,0) 7 (p, @)

gwfj:L(AX | u,0)-7(u,w)dudo

m(u,o0|AX) = (A3)

where L(AX|u,w) is a likelihood function 7z (u,w) is the joint
prior PDF of u and o, denoted as 7 (u,®)=r(u|w®) 7(w) and
7(p,m | AX) 1is the joint posterior PDF.

Substitute:
7(11,0)
1/2 _ 52 ra R
=@ Aexp( w('uA ) J bA w“_lexp(—bw)
2rd 2d [(a)
and:
L(AX | p,0)
n 12 —0(AX ; — - AA(1 )’
BN o CL RIS
= \/21tAA(t ) 2AA( )

into (A.3), then:

m(p, 0| AX)
oo L(AX | tt,®) - (1, o)

3) The prediction method that adopts non-conjugate prior distri-
butions can be applied to more cases, since it dose not require
parameters to follow the specified distribution types. Moreo-
ver, the assumption that parameters are mutually independent
facilitates the engineering application of the method.

The posterior estimates of hyper parameters can be obtained as:
~ noo~
a|AX=—+a,
2
~2 dY"_AX; +c ’
j=12tTe)e

bIAX =b+ s - A T
2d Z(d z;zlAA(tj)+d) 120A())

noAXG

2|AX=M, Q‘AX:A#
Ay AN +1 Ay AN +1

The form of A(r) was specified as A(f) = ¢ , where 7 was esti-
mated from the accelerated degradation data. Furthermore, the poste-
rior means E(u |AX), E(w|AX) of W, were evaluated. Substitute
E(u|AX), E(w|AX) and A(?) =" into Eq.(4) and (5), RL> can be

evaluated.

~ n n n AXZ
o @D/ 2+a-1 exp _Z)[szAA(l‘j)_zﬂz AX + Y J ]_w

j T AAAE)

~ A\2
~2 (dz;;lAXj +c)

2
~ ¢ 1o AXG
expy—o| b+——

o a)n/2+a—1

(0]
w1/2

~2 N4 )
2d 2(d Zj.:lAA(zj)w) j=128A()

(u—Aé)zJ_,;w
d

~ A~ \2
n
Ay AX;+d

==
dy AN +1
“eXpy—— =
2 d
32']’.:1AA(tj)+1
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THE POSSIBILITIES OF REDUCING THE OPERATIONAL LOAD
OF HOISTING MECHANISMS IN CASE OF DYNAMIC HOISTING

MOZLIWOSCI ZMNIEJSZENIA OBCIAZEN EKSPLOATACYJNYCH MECHANIZMOW
DZWIGNIC DLA PRZYPADKU DYNAMICZNEGO PODNOSZENIA LADUNKU*

The simulation and experimental tests of hoisting mechanism in case of dynamic lifting the payload with clearance of ropes are
presented in this paper. The minimization methods of the overloading of hoisting mechanisms were described. Basing on simula-
tion tests the method that assured minimization of dynamics overloading with a few dozen to a few percent was introduced. It was
determined the impact of the level of sensitivity of forces in ropes measurement on minimization of the overloading. The examples
of the method implementation used for the real hoisting mechanism were shown.

Keywords: hoisting winch, overloads, control.

W artykule przedstawiono badania symulacyjne i eksperymentalne mechanizmu podnoszenia dla przypadku podrywania tadunku.
Opisane zostaly metody zmniejszania przecigzen uktadu napedowego mechanizmow podnoszenia. Wskazano w oparciu o badania
symulacyjne metode zapewniajgcqg minimalizacje przecigzen dynamicznych w czasie podrywania tadunku z kilkudziesigciu do
kilku procent. Okreslony zostat wplyw poziomu czutosci pomiaru sit w linach na minimalizacje przecigzen. Zaprezentowano przy-

ktady zastosowan metody na rzeczywistej wciggarce bebnowej.

Stowa kluczowe: wciggarka, przecigzenia, sterowanie.

1. Introduction

Besides the reliability, main requirements for vertical transport are
positioning, use of power and reducing of the dynamic loads. For the
hoisting mechanism the worst case in terms of appearing overloads
is when the lifting operation starts when ropes have clearance. This
case is called a jerk of a payload. The case when the ropes clearance
is so big that when the ropes tensing began, the angular speed of the
drum is near the reference speed. The research of overloads in drive
systems usually comes up in the context of their impact on the steel
structures of devices. For example in papers [1], [7] and [11] the tests
of load dynamics of steel structures of the overhead cranes during
payloads lifting were described. In [14], authors presented the model
of the hoisting mechanism, where the stiffness of the girder has been
taken into account. In these articles there were presented the studies of
the behavior of the cranes structures under dynamic loads using FEM
method. In [15] the influence of the hoisting mechanism operation on
the crane structure was presented. There were presented waveforms
of forces in ropes for different methods of increasing the drum speed
from linear to inertial with various time constants. The problem of
the crane structures load by vertical dynamic forces appeared also in
[4] and [16], where the systems with moving mass were described.
Reduction of dynamic overloads made by hoisting mechanisms op-
eration provides measurable exploitation benefits, such as: minimi-
zation of the structure overload or reducing the power consumption.
There were presented also methods of reduction of the steel structure
loads by using dampers, eg. in [9]. Research of overloads of hoisting
winches for varies cases of lifting were described in [12]. The authors
of [10] worked on modeling of hoisting mechanisms equipped with
different drive systems.

The authors of [3] paid attention to necessity of consideration the
various types of the loads of mechanisms caused eg. by the control
methods and the limited scope of application of the cranes automa-

tion. The conclusion is that the control systems which reduce a tem-
porary load should be used both for automatic and manual control of
hoisting winches.

In [5] authors pointed the specificity of drives of hoisting winch-
es, which: “are distinguished with respect of their requirements, re-
garding the control of speed and position and the acceleration phase
carried with an active load”. The usage of modern drive systems based
on frequency inverters, allows meet these requirements.

As can be seen the problem of overloads of hoisting mechanisms
appears mainly in context of dynamic loads of supporting structures
or research of dynamics of hoisting mechanisms. In our opinion,
which is based on reading the available literature, the issues of reduce
dynamic loads is presented only in context described above.

In the paper there is presented a drive system, which allows re-
duce dynamic overloads during lifting of a payload. Especially when
apayload is jerk, the overloads are high. It was assumed that the prop-
er control of a duty cycle allows reduce appearing overloads. Devel-
oped by authors, the method of minimization of dynamic overloads
during lifting of the payload using continuous measure of the payload
mass and constant power controller for hoisting mechanism are pre-
sented as well. Basing on developed models and both simulation and
experimental tests, the results of minimization methods operation are
shown.

2. The model of the hoisting winch

To examine the possibilities of minimization of the overload of
the hoisting winch drive system, two experimentally verified models
were used. The model, which inter alia was described in [2], of me-
chanical system of the hoisting winch and the model of the system:
inverter - motor stator which was presented in [8].

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

-3

Ie - stator current,

I - auxiliary variable - current
Ifpom - auxiliary stator current,
M - torque on the motor stator,
U, - control voltage

Mechanical part
of the winch

For the system described above, the control
signal U proportional to the reference speed of

the motor was the input signal. As the output
signals an angular speed of the motor ® and a

Fig. 1. The model of system: inverter - motor stator

The model of system: inverter - mo-
tor stator, which is presented on figure 1, was
described using typical equations of dynamic
elements. Elements 2, 3 and 4 are described
respectively as inertial element second-order or
first-order and as integral element. The integrat-
ing adjuster 1 was modeled as well. The task of
this element is to limit the speed of increasing
of dynamic values of the signal U as response
on rapid change of the input signal Ug,. The ele-
ment 5 which converts motor speed to a voltage
signal presents the existence of inner feedback
of the speed o, inside the inverter.

Description in the space of state variables
of the system presented on figure 1 is as fol-
lows:

dUs:L
a T ¢
dly  kppxk T
YF _2IF zwzmX(Us_kﬁxw)_%XIF'_TXIF
dt T Ty Tr
—Ep
a
dMs :kMs X(IF+IFp01n)— 1 XMS
1
dFﬂ:kiX(Us—kwx(D)

dt TIFpom

The following markings were assumed in equations:
U, - control voltage
Ig - stator current,
Igpom - auxiliary stator current,
M, - torque on the motor stator,
) - angular speed of the motor,
Tg1, Try - time constants of element 2,
kip - conversion factor of elements 2 and 3,
Ky,m - gain factor,
Tippom - time constant of element 3,

k, - conversion factor of angular speed
kys - gain factor of element 4,
Ty - time constant of element 4.

The following state variables were specified:

m ]

Xq
fme

Va

torque M, were assumed. To determine a speed
o, the mechanical part of the hoisting winch
should be modeled. Figure 2 presents the model
of mechanical part of the hoisting winch and
schema of the drive system.

Inverter- O Vo

motor stator

.

Mechanical part
of the winch

Controller

Si

Fig. 2. The model of mechanical part of the hoisting winch and schema of the drive system.

The model is described in the space of state variables using be-

tween others rules presented in [13]. The mathematical model of the

mechanical part of the hoisting winch in space of state variables is as

—element 1
follows:
— element 2
— element 3
— element 4
where:

dﬁ:ist_ﬂxx_Rzinlxm+£XVQ
dt I, ’ I, I,
dx
— =R, xo+vV,
a7 Q
dVQ :&x _7RZ><f]><(D+ﬂ><VQ-g
d m m m
X - elongation of a rope system

I, - effective moment of inertia of rotational parts of the
hoisting winch

m - mass of the payload

R, - effective radius

c - effective stiffness of a rope system
fi - damping ratio
A\ - speed of the payload

The following state variables were established:

X - elongation of a rope system
vo - speed of the payload
) - angular speed of the motor,
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Finally the description of the mechanical part of the hoist-

ing winch, which includes drive system fed by the inverter was .
obtained. The following output variables were established: b
o - angular speed of the motor
Vo - speed of the payload s
X - elongation of a rope system
M, - torque on the motor stator
S - force in ropes ’

The input for the system was voltage signal U which is in-
verter control signal and it is proportional to reference angular
speed of the motor.

The solving of the model allowed to carry some simulation
tests to determine dynamic behavior for the different cases of
hoisting winch operation and varies control systems.

3. The methods of overload reduction during
lifting

In case of the jerk of a payload — which gives the biggest
overloads in drive system, a few methods and control systems
allowing minimize overloads were checked.

Mostly used method of hoisting mechanism control consist in lin-
ear acceleration and deceleration (linear change of the speed during
acceleration and deceleration phases), independently on initial state of
the mechanism. In figure 3 are shown exemplary wavecharts of speed
v, force in ropes S; and input signal U during the jerk of a payload
with linear changes of input signal. The jerk of a payload occurs when
after connection ropes with the payload, the clearance of the ropes
remains. So, the start-up of the motor is practically without load. The
steady speed of the motor (and drum) is reached when ropes still are
with clearance. After deleting the clearance, the rope began to be ten-
sion, as it is shown in figure 3, seen as the rapid growth of the force in
ropes. Lifting of the payload starts when force S; exceed the value of
border force equal to the payload weight. The overload in presented

5

08 Ty T

Fig. 3. Jerk of the payload with trapezoidal input

case reached 25% above the steady value.

This case concerned the payload with mass 2,5 tons, which was
lifting with speed about 0.63 m/s.

The reduction this kind of overloads could be done eg. by increas-
ing the acceleration time, but it is not always possible and desirable
because of the longer time of the duty cycle.

One of the methods that allows reduce dynamics overloads is the
start-up with preliminary speed, what was presented inter alia in [6].
An exemplary algorithm cover the following phases:

— preliminary movement with low speed (eg. 10 % of steady

speed) during defined time

vy [m/s]-10 U s N

40000

32000

BODD

Fig. 4. Lifting the payload with preliminary speed

— measurement of the force in ropes
— movement with maximum allowed speed using constant power
regulator
Figure 4 illustrates the operation of this system. The advantage
of this method is the possibility of using constant power regulator,
which increases efficiency of the machine and enables full power us-
age. The disadvantage is the necessity of deleting the clearance during
preliminary movement. If not, the payload is still jerk. In addition, the
constant power regulator will not operate properly because of wrong
data about load. In cases of small payloads, the preliminary movement
is redundant, because the times of the duty cycles are getting longer.
Disadvantages mentioned above could be removed by using the
other algorithm of control, which is basing on following assump-
tions:
1. Lifting a payload with maximum allowed speed with con-
tinuous measurement of a force in ropes,

32 2. At the moment of the detection of the load follows:

a) stopping the lifting,

b) after establishing the conditions, the measurement of
forces in ropes,

c) next, starting the lifting with maximum allowed speed.

It was important to define the proper level of force meas-
urement sensitivity which is important because of reduction of
overloads. The comparison of various settings of the force sen-
sor are presented in figure 5, where the wavecharts of forces in
ropes for different sensitivity thresholds, the levels of maximum
forces and also the input functions are shown.

Application of a lower threshold of force sensor allows to
reduce the dynamic overloads in ropes system. The compari-
son of the maximum overloads for cases presented on figure
5, which are calculated as quotient of a maximum and steady
force, were as follows:

>ensor Without 10000 N 5000 N 500 N
threshold sensor
Overloads 1,252 1,217 1,161 1,097

The reduction of overload can reach over a dozen percent of
steady value.

The implementation of this algorithm could be difficult. Figure 6
shows case when the second phase of the cycle starts with ropes clear-
ance. This gives the effect of next payload jerk and consequently the
absence of the overload reduction. It is important to assure the ten-
sioning of the ropes before second phase starts.
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16 1 Dot 5t nor] Good results of simulation tests of the system reducing
C T Smaxdaskn | overloads, allowed the experimental tests which should confirm
14 4 5 B Smax dia S00NT 28000 . . .
: : ; good operation of the system installed on real winch. The as-
12 ; ; =+ 24000  sumptions were made that the ropes were clearanced, the mass
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Fig. 5. The comparison of forces in ropes for different sensor thresholds
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Fig. 6. Wavechart of force in ropes in case of low clearance
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Fig. 7. Wavechart of force in ropes in case of reduced intermediate speed

One of solutions is replacing the stop of a movement by reduction
of a speed. The speed should be at the low level which assures the
tensioning of the ropes. A time of the movement depends on charac-
teristic of the operation of the hoisting winch — speed and methods
of payload fixing. This case is presented in figure 7. The overload is
reduced to about 5% in contrary to 14% in case shown in figure 6.

The results of simulation tests carried on the model of hoisting
winch, allowed to check the effectiveness of described method on
real device.

- 28

- 24

+ 20

r 16

o

'S

- 24

18

Fig. 8. The laboratory overhead crane

r 12

The test stand consisted of hoisting winch installed on real
overhead crane equipped with necessary control and measure-
ment systems. Overhead crane was installed in Laboratory of
Division of Working Machined, Drives and Control in Lodz
University of Technology. The main parameters of the crane
were as follows: capacity S0kN, span 10m and lifting height
6m. Described overhead crane is presented in figure 8.

All the mechanisms were equipped with the system: fre-
quency inverter — asynchronous motor. Each inverter was man-
aged by microprocessor controller which performed all the re-
quired functions of the control of the mechanism. In addition, the
logic functions of the mechanisms such as control of mechanical
brakes or limit switches were also managed by the controllers.
The master controller managed operations of all controllers and
the manipulator of manual control using BITBUS. It allowed
both manual and automatic operation of the system.

The operating of hosting mechanism began with the informa-
tion of the set position of the drum given by master computer. The
whole duty cycle including acceleration, steady motion and decel-
eration is realized by the controller. For the experimental purposes
the master controller was replaced by the outer computer.

The schema of the hoisting winch including control and
measurement elements is presented in figure 9.

To assure correct operations of the system and acquisition
of interested physical parameters, the following measurement
systems were installed:

— measurement system of a force in ropes S; —using strain gauge

below the compensatory pulley (used also to measure a payload

mass)

— measurement system of an angular speed o,
using encoder mounted on the rotor of the electric motor

— measurement system of an angle position of the drum ¢y,

— using absolute encoder of angular position of the shaft
Working station AWS-842TP equipped with set of measuring and
control cards was used to acquisition the measured physical values
and the control

]

o

]
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Fig. 10. The jerk of the payload without system of overloads reduction. Experimental

0.8 4

0.7 4

0,6 4

0,5 1

04 1

0.3 4

0,2 4

01 4

0.1

0,2 <

0,8

0,6 4

04 4

02 4

02 -

Jin

coupling

motor_incremental
sensor | | |
| @, P, S,
drum T s b /

Inverter Ust

Computer

coupling

sensor of
the angle

payload

Fig. 9. The schema of the winch
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Fig. 11. The jerk of the payload with system of overloads reduction. Experimental tests
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5. The experimental tests

The exemplary wavecharts taken from the experiment are
presented in figures 10 and 11. The input signal U, voltage sig-
nal U controlling inverter, force in ropes S; and real speed of
rope on drum v, taken from changes of the angle position of the
drum ¢y, are presented. The case of jerk of the payload without
system of overloads reduction is shown in figure 10. The input
signal is step signal. The payload weighed 500 kg.

The ropes tensing began more than 2 s after motor start-up,
when motor rotates with speed close to synchronous. It results
with the overload on the level more than 26% above the steady
values.

Figure 11 shows wavecharts when system of overload re-
duction was operated in the mode of maximum speed start-up
with constant power regulator. It shows that during start-up
there appeared the small oscillation of the force in ropes , which
slightly exceeding the steady values. Registered overloads were
under 5 %.

6. Summary

The tests of hoisting mechanism fed by inverter confirmed
the correctness of operation of the control system, which was
operated in the mode of maximum speed start-up with constant
power regulator. Both simulation and experimental tests showed
reduction of the overload from more than 25% to about 5%. It
gives 80% reduction of the overload above the steady values.
Operation of the reduction system did not influenced on steady
values of speed of the ropes. The system can be used both in au-
tomatic and manual mode of control. The parameters which are
responsible for proper drive operation eg. level of force meas-
urement sensitivity were defined.
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A NOVEL WIENER PROCESS MODEL WITH MEASUREMENT ERRORS
FOR DEGRADATION ANALYSIS

ANALIZA DEGRADACJI ZZASTOSOWANIEM NOWEGO MODELU
PROCESU WIENERA UWZGLEDNIAJACEGO BLEDY POMIAROWE

Degradation analysis can be used to assess reliability for complex systems and highly reliable products, because few or even
no failures are expected in a reasonable life test span. In order to further our study on degradation analysis, an independent
increment random process method with linear mean and standard deviation functions is presented to model practical degrada-
tion procedures. It is essentially a Wiener process method. Since measurement errors are often created by imperfect instruments,
procedures and environments during degradation investigation, the measurement error is incorporated into the independent in-
crement random process. Furthermore, statistical inferences of this model are discussed, and close forms of a product’s median
life and percentile of the failure time distribution (FTD) are also derived. The proposed method is illustrated and verified in a
comprehensive simulation study and two practice applications for storage disks and Infrared light-emitting diodes. Meanwhile,
the time-transformed Wiener process model with measurement error is considered as a reference method. Comparisons show that
the proposed model can provide reasonable results, even in considerably small sample size circumstance.

Keywords: performance degradation, independent increment process, Wiener process model, linear mean func-
tion, linear standard deviation function, measurement error.

Analize degradacji mozna stosowac do oceny niezawodnosci wysoce niezawodnych ztoZonych systemow i produktow, poniewaz
w ich przypadku istnieje bardzo niskie lub zerowe prawdopodobienstwo wystgpienia uszkodzenia w trakcie badania trwatosci
w przyjetym okresie eksploatacji. W artykule przedstawiono nowo opracowane podejscie do modelowania procesu degradacji
wykorzystujgce metode procesu o przyrostach niezaleznych oraz pojecia funkcji sredniej liniowej i funkcji liniowego odchylenia
standardowego. Zasadniczo jest to metoda oparta na procesie Wienera. Poniewaz badania degradacji czesto wigzq sie z bledami
pomiarowymi wynikajgcymi z niedoskonatosci stosowanych narzedzi, procedur i warunkoéw badawczych, opisywany proces o
przyrostach niezaleznych uwzglednia bledy pomiaru. Ponadto, w pracy omowiono wnioski statystyczne, jakie mozna wyciggngc
na podstawie przedstawionego modelu oraz wyprowadzono wzory ogolne na Sredniq diugosé Zycia produktu oraz na percentyl
rozkladu czasu do uszkodzenia. Proponowang metode zilustrowano i zweryfikowano na podstawie kompleksowego badania sy-
mulacyjnego oraz przyktadow praktycznego zastosowania modelu w odniesieniu do dyskow pamieci masowej oraz diod podczer-
wieni. W artykule przedstawiono takze model procesu Wienera z transformowanym czasem uwzgledniajqcy blgd pomiaru, ktory
postuzyl za model referencyjny. Poréwnania pokazujg, ze proponowany model moze dawac poprawne wyniki, nawet przy bardzo
matej liczebnosci proby.
Stowa kluczowe: obnizenie charakterystyk, proces o przyrostach niezaleznych, model procesu Wienera, funkcja
Sredniej liniowej, funkcja liniowego odchylenia standardowego, blgd pomiaru.

1. Introduction

High reliable components and systems have been becoming more
and more common in engineering as well as in our everyday life. Con-
ventional failure data based methods encounter serious challenges be-
cause one cannot get enough failure data through general or acceler-
ated life tests. Since most components and systems degrade over time,
and can be considered to be failed when the deterioration accumulates
beyond a predefined level (also called threshold level), degradation
data can be taken as rich source life information in reliability assess-
ment [9]. Once the failure has been detected, it is possible to access
the FTD, infer reliability and accordingly predict the remaining useful

life to take timely maintenance actions to avoid the catastrophic fail-
ures [12]. There has been a growing literature that is concerned with
drawing reliability inferences from degradation data [8].

Lu and Meeker [6] concluded in their study that observed degra-
dation on a specimen over time is a time series that can exhibit auto-
correlation. Although they ignored the autocorrelation in their study,
more and more deterioration models have taken this issue into con-
sideration in the model construction procedure. Among these models,
the Wiener process with positive drift is a favourable candidate due
to its mathematical properties and physical interpretations [20]. The
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regular Wiener process {n(t),t > 0} with drift B and diffusion & can
be expressed as the well-adopted form [16, 18]:

(1) = PA() + oB(A(1)) (M

where B(:) denotes a standard Wiener process, and A(¢) is defined as

a transformed time scale. From the basic definition of Wiener process,

we know that {n(t),t > 0} has s-independent and normally distributed
increments; viz. An(¢)=n(t+At)—n(t) is s-independent of n(z),

and 1(t) ~ N( ﬁA(t),crzA(t)) .

There has been considerable interest on the part of the scientists
and engineers in applying this process in degradation reliability analy-
sis. Whitmore and Schenkelberg [18] presented a Wiener diffusion
process with power-law time scale transformation to model self-reg-
ulating heating cables. Tseng and Peng [14] adopted an exponential
transformed time scale to describe the deterioration path of a specific
light emitting diode (LED) product. Park and Padgett [10] developed
a generalized cumulative damage approach by describing initial dam-
age with this process.

In practical engineering, it is inevitable that possible heterogenei-
ties within a product population may exist due to geometry, material
and other variations throughout the population. Specimens from the
same population may share some commonalities and exhibit certain
unit-specific properties as well. Therefore, Wiener process model
with mixed effects is developed, where fixed effects capture the com-
mon characteristics while random effects describe the unit-to-unit dif-

ferences. In real applications, drift B for individual unit is usually
assumed to be fixed but unknown, and follows a normal distribution
B~ N(,u,Kz). This model was utilized by Crowder and Lawless [3]
to analyze a wear procedure.

It should be noted from the Wiener process definition that the de-
terioration processes depicted by regular Wiener process and mixed

effects models exhibit specific statistical properties. Certain relation-
ship, also can be called limitation, exists between mean and variance

because of the transformed time scale A(¢) . Taking the linear trans-
formed time scale situation (i.e., A(¢) is a linear function of test time)
as an example, we should note that the regular Wiener process will

illustrate both linear trend BA(¢) and variance 62/\([) . Although for

the commonly used mixed effects model situation g ~ N ( u, K2) , the

Wiener process will exhibit a linear mean pA(¢) and a quadratic vari-

ance 1<2A2(t) + GZA(I) , one should note that this quadratic variance
is not a generalized one because of the only one transformed time

scale A(?) .
To settle this problem, Tseng et al.[13] proposed a generalized
Wiener process model for degradation analysis with two transformed

time scales A(l)(t) and A(z)(t).
N0 =pAV0)+oB(A 1)) @)

It can be concluded that Equation (2) is an improved degrada-
tion model comparing with Equation (1), because the previously men-
tioned correlation limitation between mean and variance of the regular
Wiener process and mixed effects model can be broken through. It is
worth noticing, however, that Tseng et al.[13] restricted their attention

to the case A(l)(t) = A(z)(t) in their study, because they concluded
that it was rather difficult to obtain an explicit form of the lifetime

distribution when A(l)(t) # A(z)(t) . Therefore, they only proposed a
general Wiener process model form with two transformed time scales
without any essential studies or applications. From this viewpoint, the
first objective of this paper is to study a commonly encountered case
of the generalized Wiener process model expressed by Equation (2)
via theoretical, simulation and empirical means.

In our previous work [17], we constructed a Wiener process model:

n(z):a+bt+B(dt2) ?3)

It can be concluded as a special case of the generalized two-trans-
formed time scale Wiener model expressed by Equation (2), where

drift ﬂ and diffusion o are both constants, A(l)(t):a+bt and

A(z)(t) =dr* . Measurement errors were not considered in the mod-
eling procedure, i.e., deterioration observations were supposed to only
reflect the inherent randomness of degradation itself.

To further depict the commonly encountered degradation situa-
tion of linear trend and generalized quadratic variance, we propose an
improved model:

n(t):a+bt+B((d] +d2t)2) )

where a, b, d; and d, are model parameters relating to linear mean
and quadratic variance features, common for all units. Therefore, in-

crement An(r) =n(t + Ar) —n(z) is also s-independent of 1(¢) .
Comparing with the previously discussed regular Wiener proc-
ess and mixed effects models, Equation (4) can be considered as a
more generalized Wiener process model for the commonly encoun-
tered linear degradation path situation, because it can break through

the correlation limit due to the only one transformed time scale A(z) .
More important, degradation model of Equation (4) also can give a
closed-form of FTD, and standard errors and confidence intervals
for the parameter estimators can be directly understood and derived.
Meanwhile, comparing with the generalized Wiener model form of
Equation (2), Equation (4) is a special case by letting the two trans-

formed time scales AV (t)=a+bt and AP (1) = (d + a’zt)2 , and

the constant drift rate 3 and diffusion coefficient o are incorporate
into the transformed time scales.

On the other hand, it is inevitable that measurement errors may
be introduced during the observation process in practical engineer-
ing. Therefore, Whitmore [18] described a Wiener diffusion model
for measured degradation data that took both the inherent randomness
of degradation itself and the measurement errors into account. He de-
rived the sample log-likelihood function with the first differences of
the inspections, the correlation among the observations on an item
over time is consequently considered in his modeling procedure. Mo-
tivated by laser data [7], Peng and Tseng [11] proposed a generalized
formulation of the linear degradation path in which the unit-to-unit
variation, the time-dependent error structure and the measurement er-
ror were considered simultaneously. To utilize the first inspection of
each unit, Ye et al. [20] improved the model in [18] and developed
a time-transformed Wiener process model with measurement errors
to analyze degradation of magnetic heads of hard disk drives. This
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improvement makes efficient remedy in real application, especially
when the number of observations associated with each unit is small.
Thus, motivated by the practical need of including measurement
errors in degradation analysis, the second objective of this study is to
develop a generalized Wiener process model subject to measurement
errors. Throughout this paper, the deterioration measurement at time

¢t is denoted by Y(¢) , and the corresponding true level of degrada-
tion at this time is denoted by 7(¢) . Then the statistical model relating

degradation measurement Y(¢) to the true deterioration level n(z) is
assumed to be the following:

Y(0)=n()+e(r) ®)

where e(¢) denotes the measurement errors that are assumed to be
i.1.d. realization of e(?) ~ N(O,o‘ez) .

We call this proposed Wiener process model with measurement
errors expressed by Equation (4) the simple model. And we will il-
lustrate it in Section 2. In this study, consequently, we improve the
Wiener process model of Equation (4) via taking measurement errors
into consideration, and further investigate a more generalized model.

The remainder of the paper is organized as follows. Section 2
introduces the simple Wiener process degradation model with linear
trend and quadratic variance. Section 3 takes measurement errors into
the simple model and gives the model description, MLE for unknown
parameter and initial guesses for optimization algorithm. In Section 4,
the efficiency and reasonability of our methodology is validated com-
paring with the Wiener processes with measurement errors in [20] via
a Monte Carlo simulation study. In Section 5, the proposed approach
is illustrated by two applications including storage disks degradation
analysis and Infrared light-emitting diodes (IRLEDs) degradation
analysis, and comparative results are given. A summary and conclu-
sion is given in Section 6.

2.The simple Wiener processes degradation model

Experimental results provide an observed sequence of degrada-
tion readings z over test time f for each sample unit. The observed
degradation z is a unit’s actual degradation. “Time” ¢ could be real
test time or some other measure like cycles in fatigue tests. We make
the following general assumptions about the manner in which the test
is conducted.

1) Sample units are randomly selected from a population or pro-
duction process. We use this assumption for ensuring the inde-
pendence of measurements for individual item, and ensuring
the population reliability inference reasonability based on the
tested sample.

2) The degradation is a non-return process (eg, when in discus-
sion with unmaintainable systems with stable intensity of use);
viz. a unit can be declared as having failed when its degrada-
tion reaches a critical threshold [4].

3) The first test time is prespecified, the same across all the test
units, but not necessarily to be zero. This can be realized via
proper transforming when the first test times are not all the
same in practical degradation test. Then test times can be dif-
ferent for individual item, and may or may not be equally
spaced in time.

Based on our previous study and analysis, the mean and stand-
ard deviation of some degradation process can both be considered as
linear function of test time, or transformed test time when this rela-
tionship cannot be found directly. Consequently, in order to construct
a generalized method, we define the following two transformation
functions. One is an appropriate monotone increasing time transfor-

mation x = f{(¢) , where ¢ denotes the test time, and x corresponds
to the transformed test time. The other one is performance parameter

transformation y = f,(z), where z denotes the measurement in the
degradation test, and y is the transformed degradation value. These
two transformation functions can be obtained by engineering experi-
ence, mechanistic knowledge (see the wearing theory in [15]) or data
plotting (see the complex logarithmic transformation in [21]). Particu-
larly, let x=¢ and y =z when linear mean relationship between deg-
radation measurement z and test time ¢ can be established directly.
Then the Wiener process proposed in this paper with linear mean

u(x)=a+bx and linear standard deviation o(x)=d; +d,x can be

defined through the following assumptions.
1) Suppose m items are put into test. The performance of

unit ; is measured (or inspected) at n; prespecified times
fy <ty <---<t;, with corresponding measurements Z,

il»
Zi2s" "5 2y 5 i=12,---,m.

2) If necessary, construct the time transformation x = f,(r) and/
or performance parameter transformation y = f;(z) . Then the
transformed performance increments y;, — y;1, ¥i3—Yin» ---s
Yin = Yi(n-1) are inter-independent for all items i =1,2,---,m .

3) The increment Vi = Vi follows a normal distribution:

2,2 2
Yij = Yi(j-1) ~ N(b(xij = Xi(j-1))s 2y (x5 = x;( j_y) + dy (x; — xi(j—l))) ©

i=12,m  j=23,.n

where b =0u(x)/ox is the constant mean degradation rate;

and d, = 0o (x)/ox depicts the increasing rate of standard de-
viation, also a constant.

4) The first transformed measurement y;, is independent of the
increments y, —¥,, Yiz = Yi2» s Vip — Yi(n-1) and follows a
normal distribution:

v ~ N(uy,01) i=1,2,,m (7)

where y; and 612 are the mean and variance of the trans-
formed degradation measurements at the first transformed test

time x; .
Based on the properties of Wiener processes and the model as-
sumptions mentioned above, y; also follows a normal distribution:
Yij :a+bx!-/ +s(x,«j)

£(y) ~ N(0.(d, + dyx)?) ®)

COV(&‘(xl-j-),S(x[k)) = (dl + dle-j)2 x;j S Xk

where a, b, d; and d, are unknown parameters, common for all

items. We can further concluded that variance of y; can be depicted
2 2 ‘

by Var(y;) =0 (x;) = (dy + dpx;)” -

From the Wiener process definition, its standard deviation can be
concluded to be an increasing function of time, which yields that
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d; 20 and d, >0 . Particularly, when d, =0, standard deviation will

be o(x)=d,x , then the degradation model will become the one we
have established in [17]. Based on the statistical models expressed by
Equation (2) and Equation (8), our proposed methodology is essen-

. . 2
tially the Wiener process model ¥, = @ +bx+ B((d] +dyx) ) from a
different viewpoint, where the statistical properties can be intuitively

drawn.

3. The improved model with measurement errors

3.1. Model Assumption

Let x=¢, y=z,and suppose 7n(z) is a unit’s actual degradation.
Then, based on the statistical models expressed by Equation (4) and
Equation (5), the statistical model relating degradation measurement

Y(¢) to the true deterioration level 7(¢) is assumed to be the follow-
ing:

Y(6)=a+bt+ B((dl +dyt)? ) +e(t) )

where e(f) denotes the measurement errors that are assumed to be

1.1.d. realization of e(¢) ~ N(O,Gez) . The e(¢) is assumed to be mutu-

ally independent of each other and of the 7(¢) .
Suppose the deterioration is inspected at ordered times

t= {tl,tz,...,tn }, with observed degradations

M =Y =y,....Y, =p,}, Where ¥, =n; +¢, . Define the increment
s¥i=N, ay=yh=atby and oY =Y, =Y, 4y =Y~ Vi1

A =b(t;—t,y) for i=2,3,...,n. Then a¥ ={aY,...,aY, } follows a

multivariate normal distribution N (b4,X) with a joint probability
density function (PDF):

n 1 '
fuy (ay)=(27) 2|22 exp[—%(Ay -2) > (ay- /l):} (10)

where ay= (Ayl,Ayg,...,Ay,,) is a realization of AY,
A=(A,20,.. 2, ) , and the variance matrix 3. is a positive definite

matrix with the (i, /) th element given by:

(d1+d21i)2+<53 i=j=1
-2 2 .
Zi,j:cov(AY,-,AYj|b): 2dyAt(dy + dyt;)” + 20, i=j>1 (11
o, i=j+lori=j-1
0 otherwise

where af; =t; —¢;_; and ti :(tl- +t /2 ,i=23,...,n.

3.2. Failure Time Distribution

The distribution function of the degradation characteristic y at
time ¢ can be given by:

(12)

Fy<y|r)=d>[y_"_btj

oy(0)

where o(1) =4/(d; +a’2t)2 +02  and ®() is the distribution func-

tion of the standard normal distribution.

The failure state of the product can be defined by the event y > Dy
or y <Dy, where Dy is a particular “critical” level for product per-
formance. According to this definition, product reliability is the prob-
ability of the product being in normal state in the time interval [O,t] .
Consequently, FDT can be defined as:

Dy — p(t
FT(t|Df)=P{TSt|Df}=1—¢{;O(‘t’)()j (13)
if 5>0, or as:
Dy — (1)
Fr(t|Dp)=P{T<t| D} =® 14
r(t1D)=P{T <t| D} [ o) ] (14)

when 5<0.
As important characteristics, the FTD percentiles are elemental in

reliability and safety analysis. Let ¢, be the 100p th percentile of the
FTD, i.e. an average of 100(1 — p)% of the population of the product

will not fail before ty. Then solving:

FT(t|Df):P (15)

with respect to ¢ yields the percentile t,. Taking p=0.50 for exam-

ple, the median life associated with the FTD in practical applications,
can be derived.

3.3. Parameter Estimation

Let ® be the vector of all unknown parameters; viz.

0= (a,b,dl,dz,af) . Suppose that the degradation processes of ™
units have common inspection times given by ¢ . The degradation

measurements for unit & are given by y; = {yi1, V42--» Vi } - Again,

we work on the increments ay, . Based on Equation (10) and Equa-

tion (11), the log likelihood function can be written as:

l(Y|®):C—%ln\Z\—%Z(Ayk -;L)'Z‘I(Ayk -A)  (16)
k=1

where C denotes a generic constant that may change from line to line
throughout this paper.

Subsequently, the maximum likelihood estimation (MLE) of
0= (a,b,dl,dz,crf) can be obtained by maximizing the log likeli-

hood function. However, it is very tough for direct constrained opti-
mization of the log-likelihood function Equation (16). The genetic
algorithm (GA) provides a possible way for resolving this problem.
GA can be understood as an “intelligent” probabilistic search algo-
rithm which can be applied to a variety of combinatorial optimization
problems. GA is composed of evaluation-step, selection-step and re-
production- step. This evaluation-selection-reproduction cycle is re-
peated until a satisfactory solution is found. GA is considerably sim-
ple and converges reliably. A more comprehensive overview of GAs
can be found in [1, 5].
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3.4. Initial Guesses

When GA is applied to numerically maximize the log likelihood
function, we start with an initial guess that is reasonably close to the

MLE of the unknown parameters @ = (a’b,dl,dz’o'g) . This start is

especially important if the data size is large (i.e., a large prespecified
inspection times » for each unit), because under this scenario the
likelihood function becomes much more complex with possibly many
local optima, and each step takes a long time to evaluate. A bad start-
ing point would result in a very slow convergence, as well as a local
optimum far away from the true MLE. This subsection develops a
two-step procedure to make an educated guess for the initial intervals
of the unknown parameters. The basic idea is as follows. For m deg-
radation units, the rough estimates for a and 5 can be obtained by
fitting the degradation data based on the standard least squares ap-
proach. Then, by treating the rough estimators as the true values, the

problem reduces to the estimation of the unknown parameters d;,d,

and 662 . The detailed procedure is as follows:
Step 1. Get rough estimates of @ and » by minimizing the mean

no— 2
squared error (MSE) MSE = Z( yi—a- bt,-) , where
i=1

— 1 m
Vi=—2 ¥y
m ;2

Step 2. By fixing @ and b at the rough estimates obtained from

step 1, get rough estimates of d,,d, and GZ by maximizing the log
likelihood function /(dy,d,0; ).

After obtaining the rough estimates from the above two-step pro-

cedure, legitimate initial guesses of d,d, and ng are obtained. In

conjunction with the initial guesses of a@ and b from Step 1, the start-
ing intervals of the unknown parameters for maximizing the log likeli-
hood function Equation (16) based on GA are determined.

4, Simulation Experiments

To demonstrate the reasonability of the proposed independent in-
crement process degradation approach, a comprehensive Monte Carlo
simulation study is conducted. For clear, let M, denote the proposed
model. The Wiener process with measurement errors in [20] is consid-
ered as a reference method M, for compari-

radation data, not all simulated deterioration processes can be prop-
erly depicted by [20] because the limitation between mean and vari-
ance functions. To illustrate this important issue, we give two examples
here.

4.1. Example1

Without loss of generality, we simulate the degradation data of m

products with parameters a =3.5, b=1.8, d,=0.5, d,=0.18 and 03
=1. Each product is measured n times with the measured frequency

of ar=1. Given that the degradation threshold is D, =24. The value
of (n,m) is chosen to be (10, 5), (10, 10), (10, 20) and (15, 5) sequen-

tially. For each combination of (n,m), MSE and the mean relative

error (MRE) for model parameters (a,b,dl,dz,cez) of the proposed

model are estimated based on 5000 Monte Carlo replications. Further-
more, the MSEs and the MREs of the median life 7,5 and the 5th

percentile of FTD {,  are obtained to compare the estimated accura-
cy of the proposed model with the reference model. The results ob-
tained are listed in Table 1 and Table 2 respectively.

Table 1 shows that the MSE and MRE of parameters based on the
proposed model are considerably small, and when the number of test
unit m increases, the MSE and MRE of parameters become smaller.
When the number of measured time points 7 increases, the MSE and
MRE of parameters also become smaller but not significantly. One

should further note that the MRE of d,, d, and cez are relatively big,
this is because their true values are considerably small, then any small
estimation bias will lead to a rather large relative error.

From Table 1 and Table 2, it can be observed that the MSE and
MRE of the median life and the 5th percentile of FTD based on our
model are significantly smaller than the estimated results obtained
by the reference model. In addition, the MRE of the median life are
less than 0.05 when the sample size is greater than 10 for both meth-
ods. However, for the proposed model, MRE is less than 0.05 even
for a sample size of 5. For all situations, MRE of the 5th percentile
of FTD based on our model are only nearly half of that based on the
reference model. Therefore, for the purpose of obtaining more ac-
curate results, proper degradation models should be considered. In
other words, if the degradation model is mis-specified, it may lead
to unreliable results.

son. To settle the linear degradation path Table 1. MSEand MRE of the estimates from M,
problem, we assume the transformed time (10,5) (10,10) (10,20) (15,5)
scale to be A(t)=a+bt, and let (n,m)
P L MSE MRE MSE MRE MSE MRE MSE MRE

B~N (,u,K ) be a normally distributed
random effect. As discussed in Section 1, the a 0.26380 0.11849 0.12397 0.08077 0.06180 0.05696 0.23061 0.10861
degradation process then follows a normal
distribution with a linear mean and quadratic b 001487 005400 000726 003827 000375 002691 001058  0.04576
variance Y(t) ~ N(pA(), .,

. 0.11069 0.58424  0.06927 0.43850 0.04552 0.34930 0.10608 0.56923
K2A2(t)+02A(t)+63). Without loss of !
generality in simulation, degradation data d, 0.00694 037162 0.00318 0.24760 0.00166  0.17936  0.00309  0.24288
are first simulated based on the proposed
model, and then the model presented in [20] 082 0.11534 0.27040 0.05950 0.19331 0.02812 0.13462 0.08533 0.23154
and our model are adopted to fit the simulat-
ed degradation. Based on simulation studies, fos 045964 004661 021803 003254 0.11324 002354 033809  0.04058
we found that if the degradation model of
Equation (10) is utilized to generate the deg- f0.0s  0.49521  0.05963 0.20037 0.03826 0.10238  0.02765 0.29164  0.04591
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Table 2. MSE and MRE of the median life and the 5th percentile of FTD from M; 4.2. Example 2
(n m) (10,5) (10,10) (10,20) (15,5) To test the effect of measurement error,
’ MSE MRE MSE MRE MSE MRE MSE MRE let 03 =2 and keep other parameters un-

changed, we simulate the degradation data.
{5 1.28479  0.07428 055868  0.04963 0.29128  0.03565 1.23724  0.07304
For each combination of (n,m), the MSE

foos 135546 009738 065970 006972 038257 005354 101684 008234 44 the MRE for parameters (a bydy,d, 62)
:b.dy.dy.0;

of the proposed model are again estimated

To further compare the difference, we calculate the log-likelihood based on 5000 Monte Carlo replications. Furthermore, the MSE and

function (Log-LF) for each simulated data set. Then the average Log-

LF and the corresponding Akaike information criterion (AIC) value the MRE of the median life 7, 5 and the Sth percentile of FTD f; os
are obtained, and the results are displayed in Table 3. are obtained to compare the estimated accuracy of the two models.

The results are displayed in Table 4 and Table 5.
From Table 4 and Table 5, it can be concluded that MSE and MRE
Mo M, of parameters are small. MSE and MRE of median life and the 5th

Table 3. Comparison between Myand M,

n,m :
( ) Log-LF AIC Log-LF AIC percentile of FTD based on our mode_l are.smaller than the ref_erence
model. Moreover, the MSE and MRE is a little larger than that in Sec-
(10,5) -84.74 17949 -87.37 186.74 tion 4.1 because the measurement error increases, but this change is
(15,5) -131.85 273.70 -136.49 284.98 not very significant. It shows that our model and the reference model
(10,10) 17231 354.61 176,53 365.06 still can provide precise estimates even when the measurement er-
ror becomes larger. However, the estimated results are more accuracy
(10,20) -346.60 703.20 -355.40 722.80
based on our model.
Table 4. MSE and MRE of the estimates from M, with Gez =2 5. lllustrative Example
( ) (10,5) (10,10) (10,20) (15,5)
n,m . .
MSE MRE MSE MRE MSE MRE MSE MRE 5.1. . Storage disks degradation
modeling
a 0.35732 0.13585 0.18803 0.09929 0.09070 0.06848 0.30942 0.12606
The block error rates of magneto-
b 0.01693 0.05755 0.00896 0.04196 0.00445 0.02960 0.01112 0.04683 optic data storage disks increases over
time, and this increase leads to a soft
dy 011282 060780 008987 052449 005958  0.40829  0.12081  0.61106 failure when the block error rate

reaches a critical value. Many tests
have been carried out to collect degra-

2 dation data to investigate the degrada-
[ep 0.28193 0.22025 0.16406 0.16294 0.08109 0.11429 0.22876 0.19370 tion behavior of magneto-optic data
storage disks. A dataset was presented
in [7], where 16 units were tested for
2000 hours at 80 °C and 85% relative
humidity. The failure threshold level
of block error rate is D ,=5. The deg-

dy 0.00887 0.43454 0.00492 031110 0.00232 0.21554 0.00442 0.29287

o5 0.46760 0.04703 0.24449 0.03450 0.12272 0.02463 0.34283 0.04061

20.05 0.49531 0.06087 0.23498 0.04215 0.11174 0.02923 0.32773 0.04890

Table 5. MSE and MRE of the median life and the 5th percentile of FTD from M; with (5322

(,m)
mean (¢) and standard deviation o (¢)
fo.5 103008 006834 056829 004996 030952 003654 146605 007764  uteach measured time point, and the re-

sults are shown in Fig. 2. From Fig. 2,
foos ~ 109847 009086 066783 007094 039708 005587  1.13559 008756 e can observe that the mean degrada-

tion path and the standard deviation are

radation paths are depicted in Fig. 1.
(10,5) (10,10) (10,20) (15,5) We firstly begin with a preliminary
statistical analysis by calculating the

MSE MRE MSE MRE MSE MRE MSE MRE

Table 6. Comparisons of two fitted degradation models

Model Parameters

ot ~ a b 2 2 2 Log-LF Al
For each combination of (n,m) shown in Table M, " K ° G, 09 C

3, it is clear that the proposed model always outper-
forms the reference model both in terms of the Log-

0.3187 0.1320 1.9340 0.0060 0.2092 0.0054 30.30 -48.60

LF and AIC. Therefore, in some cases, it is necessary a b d, d, B 6 ez Log-LF AlC

to use the proposed model to capture the degradation M,

over time for obtaining more accurate results. 05573 02187 02322  0.0604 _ 0.0025 32.29 5457
M, 0.5647 0.2135 0.2334 0.0708 -- - 30.23 -52.46
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Block error rates for Magneto-optical
data storage disks

Time 10°h

Fig. 1. Degradation paths of 16 magneto-optic data storage disks

1.3 T T T T

~——O-— Sample average

Degradation performance

0.5 . . . .
0 0.5 1 1.5 2
Time 10°h

Fig. 3. Estimated mean paths based on M, and M,

Table 7. The estimated median life and 10th percentile of FTD

Model
Failure time/10%h
Mo M,
ta 2031 17.17
7 14.00 13.70

0.10

Mean && Standard deviation

Degradation performance

] ‘2 T T T T T T T
L1k ~-@-- Mean degradation path i
’ -~ Standard deviation
1F 4
0.9F T .
-,
0.8 _ o 4
0.7+ o .
06f o |
0.5F B
041 B -
e
03F ] P 1
......................................... .Du-v—'-'"’""'""
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Fig. 2. Mean and standard deviation path
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]
o
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8
o
o
g g
g 5 : _
8 o
L 1 1 Il
0 0.5 1 1.5 2
Time 10°h

Fig. 4. Estimated 10th percentile curve of the two approaches

approximately linear over time. In such a case, the proposed model can
effectively capture the degradation of storage disks without any transfor-

mation of test time and performance; viz. x =¢ and y =z .

For comparison, let the time-transformed be A(f)=a+bt in the

reference model M. We firstly apply M, and M, to fit the degradation
data shown in Fig.1 to study the efficiency of the proposed model M.
Moreover, to show the necessity of incorporating measurement errors
into the degradation model, the proposed model that removed the
measurement error term is considered as model M, and used to fit the

o ks O

Residual
4
| ddd
| 2. dd
> »

Residual
__dl d

L __d.dd

P> >

0 0.5 1 15 2
Time 10°h
() (b)

0.5 1

Fig. 5. Residual plot for degradation data: (a) the proposed model M,y; (b) the reference

model M,

Time 10°h

degradation data. The Log-LF values and the AIC values are calcu-
lated to test the fit of each model. The obtained results are sum-
marized in Table 6. From Table 6, it is clear that the proposed
model gives a better fitting both in terms of the Log-LF and AIC.

To demonstrate the goodness of fit, the mean degradation
paths estimated from the two approaches are compared with the
sample average. Based on the estimates in Table 6, the estimated
mean degradation paths are shown in Fig. 3, which shows that
the estimated mean degradation path based on the proposed
model is in conjunction with the sample average, and the two
curves tally quite well. However, the estimated mean degrada-
tion path from the reference model M; does not match the sam-
ple average well.

For further illustration, we calculate the 10th percentile of
the block error rates of magneto-optic data storage disks. The
estimated results are shown in Fig. 4. The 10th percentile of
the block error rates y | (t) means that 90% of the population
of the disks performance degradation y(l) should be below
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0.1 (t). Tn the test span, 80 performance degradation data

Table 8. Comparisons of two fitted degradation models

are measured. From Fig. 4, we observe that there are 8 above ~ Model Parameters
the 10th percentile of the block error rates y, (¢) estimated
from the proposed model M,,, while 6 performance degrada- M a b I ©? 62 03 Log-LF AIC
tion data above that from the reference model M;. Therefore, !
the proposed model gives more accurate results 1.7886 0.0909 0.8176 0.0082 1.1997 0.0078 -110.69 233.38

The median life and the 10th percentile of FTD, which Loa.LF AlC
play an important role in making maintenance plan, are esti- M, a b d, d, B c 62 °F
mated through the two approaches, as given in Table 7. As we

. . . . 1.6572 0.0760 1.4662 0.0173 -- 0.0075 -110.69 231.38

know that, the estimated variance determines the interval be-
tween the median life ;0_50 and the 10th percentile of FTD M, 16169 0.0805 1.3107 0.0180 - = -11249 23297

t410 » and a larger variance estimation leads to a larger inter-

val. From Table 7, we can observe that the interval between the me-

dian life ¢, .. and the 10th percentile of FTD 20_10 obtained from the

0.50

reference model is smaller than that from the proposed method. This
means a smaller variance estimation is obtained by the reference ap-
proach. As previously discussed, the mean degradation path of the
proposed model better fits the sample average, and the 10th percentile
of the block error rates of the proposed model is more reasonable.
Consequently, if the results listed in Table 7 are used for maintenance
schedule, the reference model will lead to premature maintenance
which can reduce the product’s utilization.

In addition, the residual plots are given based on the proposed
model over time, the results are shown as Fig. 5. Fig. 5 indicates that
the two models both perform well.

5.2. Infrared light-emitting diodes degradation modeling

Infrared light-emitting diodes (IRLEDs) are high-reliability opto-
electronic devices widely used in communication systems. The per-

formance of the devices is measured mainly by the variation ratio of
60 . : : ; :

50
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Fig. 6. The ratio of luminous power
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Fig. 7. Estimated 10th percentile performance curve of My and M,

Table 9. Comparisons of median life and 10th percentile of FTD

Model
Failure time/h
Mg M,
toa 22805 235.86
P 157.50 15631

0.10

luminous power. To estimate the reliability, 5 units were tested at the
operating current of 320 mA. A failure is said to have occurred if the
ratio is greater than 19%. The original data are presented in [19], as
shown in Fig. 6.

According to a preliminary statistical analysis, we observe that it
is not necessary to transform the time and performance. Again, M,,
M, and M, are used to fit the data respectively. The ML estimates
of the parameters and the maximum log-likelihood values are sum-
marized in Table 8. From Table 8, it can be observed that although
the maximum log-likelihood values are equal, the number of the un-
known parameters of M, is less than the other two models.

To test the goodness-of-fit, we calculate the median life £, and
the 10th percentile of the FTD £, based on M, and M respectively,
and the results are given in Table 9. From the definition viewpoint,

the 10th percentile of the FTD ¢ means that an average of 90%

0.10

of the population of products will not fail before ;0'10 . On the other

hand, we know that the distance between ;0.50 and ;0.10 corresponds
to the estimated dispersion. From Table 9, it is clear that the variance
inferred from the proposed method M,, evolves slower than that from
the reference method M;.

Furthermore, the 10th percentiles of the ratio of luminous power
of 5 IRLEDs are given by the proposed model and the reference mod-
el respectively. The results are depicted in Fig. 7. As can be seen from
this figure, the ratio of the number of test data above the 10th percen-
tile and the total number of test data obtained by the proposed model
is more close to 10%. Meanwhile, the residual plots shown in Fig. 8
also demonstrate that the proposed model can perform well.

The reliability is estimated based on the proposed model. Mean-
while, we extrapolate the degradation paths to the failure threshold to
obtain the pseudo failure time for each unit and calculate the empiri-
cal reliability by Kaplan-Meier method. The results are displayed in
Fig. 9. Fig. 9 shows that the estimated reliability curve performs well
with the empirical reliability.

Moreover, from the viewpoint of sample size, there are 5 units in
IRLEDs degradation test. And 5 can be considered as a small sample.
So it can be concluded that the proposed approach can ensure a good
performance no matter the sample size is large enough or consider-
ably small.
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Residual
=

10 6. Conclusion
In this paper, we propose a Wiener process model with linear
5 mean function and standard deviation function, which allows us
A, A, to take measurement error into considerations simultaneously.
: R A ] ﬁ: 42 4 N 4 Comparing with the traditional time-transformed Wiener proc-
4 f : e ry 3 E il f : Y f 4 i ess, the proposed model can be considered as a more general-
“ 4 A 4 A ized Wiener process model with two different transformed time
5 scales. Statistical inferences of this model are discussed, and a
close form of product’s median life and percentile of the FTD

are also derived.
100 200 300 400 3500 600 700 %0 100 200 300 400 500 600 700 Simulation studies show that analysis precision can be en-
Tin(qae)z/h Tinzg)t/h hanced while involving more items or setting more inspection

times, and reasonable median life and FTD percentiles can still

Fig. 8. Residual plot for degradation data: (a) the proposed model My, (b) the reference  be derived with a considerably small sample size of m =5 via

model M, the proposed method. Empirical studies with storage disks and
1 — - - : ‘ IRLEDs degradation illustrate the reasonability and effective-
ool N Reliability by the proposed model | ness of the proposed approach.
- Reliability by K-M method
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tukasz Stawinski

EXPERIMENTAL AND MODELING STUDIES OF HYDROSTATIC SYSTEMS WITH THE
COUNTERBALANCE VALVES WHICH ARE USED IN HYDRAULICLIFTING SYSTEMS

WITH PASSIVE AND ACTIVE LOAD

EKSPERYMENTALNE | MODELOWE BADANIA UKLADU HYDRAULICZNEGO

ZZAWORAMI HAMUJACYMITYPU COUNTERBALANCE STOSOWANYMI
W UKLADACH DZWIGOWYCH Z OBCIAZENIEM BIERNYM | CZYNNYM*

The article describes the structure and principle of the brake valve type counterbalance and the impact of its setup on the operatnig
safety of hydrostatic systems with variable load, and in particular the problem of vibration and instability of operation of such
systems after stop and restart with the active load. Mathematical and physical models of the valve and hydrostatic system with
variable load have been developed. The models have been verified on the test bench, on which it is possible to the formation of
arbitrary diagrams and extortion. The static and dynamic charasteristics of the valve and the key operating parametres of the hy-
drostatic system that affect its useful properties have been shown. The simulation studies, which identify critical design parametres
of the valve, that are crucial to the behaviour of the valve, and thus, hydrostatic system, has been carried out.

Keywords: operating safety of machines, hydrostatic systems, braking valves, counterbalance valve, platforms,
cranes.

Artykut opisuje budowe oraz zasade dziatania zaworu hamujgcego typu counterbalance oraz wplhyw jego nastaw na bezpieczen-
stwo pracy uktadow hydrostatycznych przy zmieniajgcym sie obcigzeniu, a w szczegolnosci problem drgan i niestabilnosci pracy
takiego uktadu hydrostatycznego po zatrzymaniu i ponownym uruchomieniu po przejsciu z obcigzenia biernego na czynne. Opra-
cowane zostaly modele matematyczne i fizyczne zaworu oraz uktadu hydrostatycznego ze zmiennym obcigzeniem, ktore zweryfiko-
wano na stanowisku badawczym, na ktorym mozliwe jest ksztattowanie dowolnych przebiegow i wymuszen. Zamieszczone zostaty
charakterystyki statyczne i dynamiczne zaworu oraz przebiegi kluczowych parametrow pracy uktadu hydrostatycznego, ktore
majq wphyw na jego wtasciwosci uzytkowe. Przeprowadzone badania symulacyjne identyfikujq krytyczne parametry konstrukcyjne
zaworu, ktore majg kluczowe znaczenie na zachowanie si¢ zaworu, a co za tym idzie, uktadu hydrostatycznego. Stowa kluczowe:
bezpieczenstwo obstugi maszyn, uktady hydrostatyczne, zawor hamujqcy, counterbalance, dzwigi koszowe, zurawie.

Stowa kluczowe: bezpieczenstwo obstugi maszyn, uktady hydrostatyczne, zawor hamujgcy, counterbalance,

dzwigi koszowe, zurawie.

1. Introduction

The hydrostatic systems with variable load, as well as the value
and the nature of action, are used in many indrustries. There may be
different hydraulic solutions using the appropriate braking valves
(Fig. 1.1), whose tasks include brake piston rod loaded with cargo,
where it is necessary to receive power during lowering, including ex-
cavators, wheel loaders or cranes. With the correct setting, the valve
also controls the movement of the piston rod with the variable load
throught the work cycle (for example — eject and/or return movement
of the piston rod). Thus it provides a stable work wih active force (the
force vector and velocity vector are in the same sense) and passive
force (the force vector and velocity vector have opposite sense). Ex-
amples of applications with braking valves are: scissor lifts, hydraulic
cranes or containers lifting systems in garbage trucks. Importantly, all
of the hydraulic machines operating in the EU, working as a cranes or
lift loads above 1 tonne, must be secured before breaking wires. This
protection is achieved thanks to braking valves. The main European
document that describes the essential safety requirements for currently
marketed or put into using of machinery in the European Union is di-

rective 2006/42/EC. In the field of hydraulic systems and components
of machines, the norm harmonized with the Directive 2006/42/EC is
accordingly BS EN ISO 4413 (Drives and hydraulic control — General
rules and safety requirements for systems and their components). One
of the most important feature of the norm is to realize manufacturers
and service staff of machines, etc., what are the dangers of using a
hydraulic system. To the most notable include, among others, these
about the typically mechanical origin, for example, associated with
moving actuators, inadequate material strength of the components or
accumulation of energy. Another important group are those resulting
from the failure of the machine control system, for example, mani-
festing unusual reactions machines and systems as a result of loss of
power supply or unexpected extrudes of machine parts or substances.
It should be noted that the safety of these installations often depends
on the reliability of the control circuit. For this purpose, in their con-
struction it is necessary to take into account the requirements of the
PN-EN ISO 13849-1 — Parts of control systems security. Research on
this valve have been undertaken before those provisions came into ef-
fect and according to the data sheet of one of manufacturer [8] which
gave only a small, incomplete and general information — the flow

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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Fig. 1.2. Braking valve type UZPHD10 (Ponar Wadowice) — constructional

scheme

Table 1. Braking valve type UZPHD10 (Ponar Wadowice) - work parametres

ture (fluid in a tank)

Working fluid Mineral oil

Nominal viscosity liquids 37 mm2/s in temp. 328 K (55°C)
Liquid viscosity range 2,8t0328 mm2/s

The optimum working tempera- 313 to 328 (40 to 55°C)

Temperature range

243 to 343 (-30 to 70°C)

Required fluid filtration 16 um
Recommended fluid filtration 10 um

Max. pressure of work 30 MPa

Max. flow 120 dm3/min
Checkvalve opening pressure 0.2 MPa
Ratio of the opening valve 4.5

Mass 0.45 kg

Fig. 2. The test stand for hydrostatic systems with variable load

characteristics and the flow resistance characteristics through check-
valve (flow through the valve in the opposite direction without the
need to throttle). Table 1 presents work parametres for this specific
braking valve from Ponar Wadowice. Therefore it seems appropriate
to conduct a more thorough analysis of the brake valve's behavior at
its various settings and the possibilities of control, which is included
in this article.

During operation of these systems there may appear vibrations,
uncontrolled movements of the piston rod, as well as the power losses
during the lowering of loads (active load) - the issues discussed sub-
sequently various examples of machines in the literature [1, 2, 3, 4, 6,
7,9, 10, 14, 17]. In the papers [1, 3, 11], there are also negative en-
ergetic aspects, which are inherent to the inappropriate use of valves,
for example, very high pressure in hydraulic systems and heating of
the oil, which means there is the outflow of energy as heat. However,
specialist literature does not discuss the problem that may arise in
such systems, namely a negative pressure in one of the chambers of
the actuator and the cavitation phenomenon which are dangerous and
may lead to the destruction of the system. The worst situation is when
machine works with an active force, for example, lowering the load.
Insufficient pump capacity and excessive speed of the piston rod can
reduce the pressure in the supply line actuator, which can be a cause
of pressure below atmospheric. The adverse situation may also occur
in case of a power failure, in the moment when the system is loaded
activly. During the restart difficulties with smooth and controlled
start-up and operation of the actuator are observed, and thus the en-
tire mechanism, especially at large masses of cargo and supporting
structures. It is important, therefore, that the system ensured the safety
work of the entire device, including safe control and operation.

Because of the need for accuracy of hydraulic actuators, the re-
search on the control systems of movement of the piston rod, the
braking and start-up, in varying operating conditions is needed. The
interest in these issues on the part of the engineering industry and the
transport was a direct reason to work on the construction of position
to study the behavior of systems with variable load for different hy-
draulic solutions. The envolved system is designed for solutions with
a pump fixed or variable capacity unit with double-acting actuator, as
part of an executive with the ability to change its load, as well as the
value and the nature of action. In the Division of Working Machines,
Drives and Control at the Technical University of Lodz laboratory
stand was built (Fig. 2) for testing hydraulic systems with variable
load cylinder, equipped with two identical counterbalance valves.

The entire system is described in the literature [13], simulation test
system were included in the article [12], and model verification posi-
tion was included in the author PhD thesis. The counterbalance valve
model was verified by experimental investigations of the system and
thus helped further simulation of the valve itself. The graphs below
show the diagrams of variables, during the piston rod extends (Fig.
3.1 - Fig. 3.3) and during its return to the cylinder of the hydraulic ac-
tuator (Fig. 3.4 - Fig. 3.6) at variable load, constant capacity hydraulic
pump and fixed valve settings. Spring pre-tension in the valves is dif-
ferent for the different directions, due to the different surfaces (side of
the piston or the piston rod cross-sectional area). Therefore, remem-
ber to set the valves for the various directions of the actuator, so as not
to expose themselves for dangerous situations. The results confirm the
good quality of the model. Average deviations are as follows:

* eject of the piston rod:
0pr=4.95%, dp3,=11.29% — deviations of the control pres-
sure p ips,
0Lsil=2.45% — deviations of the whole lenght of the actua-
tor Lsil,
0v=2.62% — deviations of the piston rod velocity vy,
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Fig. 3.1. Experimental and model waveforms of control pressures p, and p; of
the braking valves during the eject of piston rod
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Fig. 3.2. Experimental and model waveforms of whole lenght of actuator L
during the eject of piston rod.
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Fig. 3.3. Experimental and model waveforms of speed of actuator vy during
the eject of piston rod

* return movement of the piston rod:
op1=5.98%, dp;,=13.40% — deviations of the control pres-
sure p; i ps,
0Lsil=2.45% — deviations of the whole lenght of the actua-
tor L,
6v=1.12% — deviations of the piston rod velocity vr,

2. Analysis of the braking valve type counterbalance

The counterbalance valve is controlled by two independent pres-
sures. Their weighted sum gives a signal to open the valve. Due to
the construction of the valve (Fig. 1.2) pressure p; gives much larger
amplification than pressure p;. The valve can be opereted in both di-
rections of flow movement, as the braking valve (1—>2) or check
valve (2—1).

Fig. 3.4. Experimental and model diagrams of control pressures p; and p; of
the braking valves during the return movement of piston rod

L il )

0 2 4 1 8 0 12 4 % 1|8 2N 2 M ¥ W W W W »
tis)

Fig. 3.5. Experimental and model diagramss of whole lenght of actuator L
during the return movement of piston rod

Fig. 3.6. Experimental and model diagramss of speed of actuator vy during
the return movement of piston rod

Flow from channel 1 to channel 2 is structurally restricted by
the plunger which is based on the spring. As long as the pressure p;
and pj3, acting on two sections A, and A, not overcome the force of
the spring, the piston does not move and fluid cannot flow. In addi-
tion, the design of the valve allows to adjust initial deflection of spring
X,0, Which gives the possibility to force the corresponding value of
total pressures required to open the valve. This parameter determines
a hydrostatic system response to the input value, and its choice is cru-
cial for the proper operation of the system. The mathematical descrip-
tion of the valve was analyzed based on the literature [5, 15, 16], in
which the physical and mathematical models of pressure valves with
indirect and direct action with one and/or two control pressures was
described.
The condition of the valve opening and start-up flow is to filfilled
the dependence (1):
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pl'Azl+p3'A22>ks'xZO (1)
where:
A, —cross-sectional area of the brake valve plunger,
A,, — cross-sectional area of an additional element brake

valve plunger,
k, - stiffnes of the spring,
X,0 — initial deflection of the spring.

The flow through the resulting orifice defines the equation (2).
The displacement of the plunger within the valve is limited by the
construction of the valve (3).

2.
Qsz = Asz “Csz % 5 )

O, =/ (x.), 3)

where:
Q,, —volume of the fluid flows through the valve,
A,, - cross-sectional area of the valve orifice,

¢, — discharge coefficient of the flow rate

p — fluid density

x,  —deflection range of the spring during the movement of
the plunger

The equation of motion of the plunger within the valve (4):

dv,
Mo == D) Az + py-Azy ks -(xz0 +x7) = fro v, (4)

where:
m, — mass of the plunger,
v,  — velocity of the plunger within the valve,
f, — hyper viscous drag coefficient within the valve,

Based on measurements of the actual geometry of the valve and
an analysis of its assembly drawing, which has been given by the
manufacturer the company ,,Ponar Wadowice” a physical and math-
ematical model of such a valve has been created. Its description has
been brought to the state variables and solved by numerical methods
using computer software Lazarus. Block model used in the descrip-
tion was presented below (Fig. 4).

P12
[oF] Mt X

Xzo
Fig. 4. The block model of the counterbalance valve
The simulation program with a simple interface which allows to
observe the response of the valve to change of operating conditions
and settings has been developed.
3. The simulation tests valve

The scope of research includes:
* changing the counterbalance valve setting with a constant
flow,

* changing the counterbalance valve setting with a variable
flow,

« control of opening the valve with a single pressure py,

« control opening the valve with two pressure p; and p;

Oil is directed onto the surface of A,; (Fig. 1.2), which, in the
absence of flow through the valve, increases the pressure p; to a value
required to overcome the force of spring initial deflection. With the
increase of the control pressure p; the gap expands in the valve and
the pressure p; decreases to a point in which the valve is fully open.
Further increase of pressure p; does not affect the movement of the
valve piston, which abuts the stopper ring. Characteristics of pressure
valve (Fig. 5) correspond to the theoretical assumptions, which appear
in the literature [2]. Displacement of the piston x,, at a given adjust-
ment and a constant input function by the flow, presented in Fig. 6.

2 P % = fips)

Q =40 Limin
MP:
P:ml al g = 4 mm

=

L] 5 10 15 20 F] E 3% -0
Ps[MPa]

Fig. 5. Static characteristic and displacement of plunger inside the valve x.
with constant deflection of the spring x,,

A =
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]
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Fig. 6. Braking valve static characteristics and displacement plunger inside
the valve x. for different values of flow with constant deflection of the

Spring x.

To investigate the behavior of the valve at its various settings
simulation tests at a constant flow rate have been carried out. The
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Fig. 7. The static characteristics of the braking valve for the specified flow at
different deflection of the springs x.
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Fig. 8. Characteristics of displacement plunger inside the valve at different
deflection of the spring x.. Initial phase of opening the valve
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Fig. 9. Control pressures p; and displacements of the plunger inside the valve
X, characteristics at different deflection of the spring x.,

counterbalance valve characteristics shown in Fig. 7. Through in-
crease or decrease the pressure p; has been checked hysteresis effect,
that is dependence of the current state of the system to the state in the
preceding moments.

The sum of control pressures p; and ps, needed to open the valve,
varies with the change in the valve setting x,,. The flow through the
valve at a smaller initial deflection of the spring occurs at low pres-
sure p; and low increasing of its is needed to fully open the valve.
The valve is then very sensitive and works well at low loads, where
precision counts. The opposite situation occurs when the valve setting
is large and need a greater control signal. We achieve then high pres-
sure p; and it is needed in addition sufficiently large p;. Hysteresis
occurs in the test valve, but it decreases with the increase in the spring
stiffness and initial deflection of spring.

To accurately trace the plunger displacement inside the valve, sim-
ulation tests of the valve, forced only by pressure p; with absence of
P3» has been done. Accordingly, by slowly increasing and decreasing
the input signal p;, the appearance of hysteresis verified that occurs
in the initial phase of opening of the valve, as shown in the enlarged
view in Fig. 8. A further increase of pressure p; results an increase in
movement of the plunger inside the valve, to the fully opened posi-
tion, that is, the back of the plunger of the thrust ring.

To pay more attention to the dynamics of the valve and to show
its reaction to the linear forcing the simulation tests have been done.
The input signal flow was directed to a circuit coupled to the chan-
nel 1. Sample diagrams of pressure and plunger movement inside the
valve for different initial settings of the spring show in Fig. 9. The
higher initial setting of the valve, the bigger pressure p; and the no-
ticeable jump of this pressure appear after the valve is opened and the
displacement of the plunger is smoother, without any vibrations. A
lower setting results a higher susceptibility of the piston to vibrations
during the opening. However, the pressure required to open the valve
is reduced, without pressure peaks. The time of the valve opens is
changing and it occurs more rapidly at low settings of the valve, when
the valve is forced by the same input signal.

The control of the valve opening by means of one pressure pl
is encountered in practice very often. In this case, the valve acts as
a pressure valve. Its operation will be similar to the braking valve
with an internal control (Fig. 10), which is used to stop or hold a
load back when the actuator does not need full power at the end of
stroke. In the literature, it is sometimes called a over—centre (over-
center) valve [3, 6] or internally piloted counterbalance valve [7], as
opposed to dual-pressure valve (internally/externally piloted coun-
terbalance valve), which was the subject of this paper. This type of
counterbalance valve retards continuosly, so it restists flow even af-
ter work contact stops the actuator. Power supply can be reduced and
it allows to reduce pressure in the system and, in case of emergency,
its stop and re-start occurs smoothly without shock and overload.
However, the disadvantage of this valve is necessity to adjust the
valve at each change of load.

———

VX /\ A

\

Fig. 10. The braking valve type counterbalance with internal pilot control - a
graphic symbol
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4. Evaluation of the impact of setting the braking valve e
on the behavior of the hydraulic system s

Rozciaganie e [mis]
005

Based on experimental studies of the valve on the test stand the
behavior of a system with counterbalance valves in various operating
conditions of hydrostatic system was examined. Below there are ex- 2
amples of diagrams at the wrong settings of valves in the least favor- .
able cycle, the so-called emergency. It means that, when the passage
is in an active load it is switched off (approximately 12" second of
movement) and then re-powered (approximately 18" second of move-
ment) (Fig. 11 and Fig. 12). Unfortunately, in the case of mismatched
settings of the valve, system vibrates, and the pressure reaches large e
and useless value. -

003

Sciskanie

8 s MPa)
s Tansion veimisl

005 Fig. 13. The piston speed vy, control pressures of the valve p; and p;, force

/ " acting on the piston rod S during the emergency cycle with correct

stiffness of the spring in the counterbalance valve

5

!

N\ While well-chosen setting valves (Fig. 13), the system moves
smoothly both with a passive and active load, which gives a stable
machine behavior and safety of its work. Thanks to the correct set-
tings also provide low operating pressure, which has a positive effect
on energy balance, that is a key element of today’s research.

essure below almospheric

5. Conclusions

Comgressicn
-

Choosing the setting of braking valves, all the conditions in which

S s it will be working in the hydraulic system must be considered. Any
Fig. I1. The piston speed vy, control pressures of the valve p; and p;, force change in the conditions requires different settings of the counterbal-
acting on the piston r _Od S during the emergency cycle with too low ance valve. The above developed results show that the correct settings
stiffness of the spring in the counterbalance valve of the counterbalance valve provide smooth and stable behavior of the
hydraulic system even in the case of lack of power supply. The paper
discusses the simulation programs, both for the valve and for the hy-
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I
i
1
6 ] 006 drostatic system, so it is possible to analyze various parameters of any
i system. In addition, we have the ability to choose the right setting of
P i 004 the counterbalance valve, which will provide a fully controlled move-

ment of the piston rod under all load conditions in any hydrostatic
002 system with actuator.
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e 008

Fig. 12. The piston speed vy, control pressures of the valve p; and p;, force
acting on the piston rod S during the emergency cycle with too high
stiffness of the spring in the counterbalance valve
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LIQUID KIND, TEMPERATURE, MOISTURE, AND AGEING AS AN OPERATING PA-
RAMETERS CONDITIONING RELIABILITY OF TRANSFORMER COOLING SYSTEM

RODZAJ CIECZY, TEMPERATURA, ZAWILGOCENIE ORAZ ZESTARZENIE JAKO
PARAMETRY EKSPLOATACYJNE WARUNKUJACE NIEZAWODNOSC UKLADU

CHLODZENIA TRANSFORMATORA*

The article presents research results of thermal properties of insulating liquids used in power transformer cooling system. The
authors analyzed the influence of such factors, as the kind of the liquid, temperature, moisture and ageing rate of the liquid on
thermal properties of the liquids. The analyzed properties of the liquids were thermal conductivity coefficient A, kinematic viscosity
v, density p, specific heat cp, and thermal expansion factor . These properties determine the ability of the liquid to heat transport
— heat transfer factor o.— what means the properties describe reliability of power transformer cooling system. The authors calcu-
lated the factor of heat transfer by the investigated insulating liquids on the basis of measured values of thermal properties.

Keywords: power transformers, insulating liquids, heat transfer factor, moisture, ageing.

W artykule przedstawiono wyniki badan wiasciwosci cieplnych cieczy elektroizolacyjnych, wykorzystywanych w ukladzie chto-
dzenia transformatora wysokiego napiecia. Dokonano analizy wplywu takich czynnikow jak rodzaj cieczy, temperatura, stopien
Jjej zawilgocenia oraz zestarzenia na wlasciwosci cieplne cieczy. Analizowanymi wilasciwosciami cieczy byly przewodnosé cieplna
wlasciwa 2, lepkos¢ kinematyczna v, gestosé p, cieplo wlasciwe cp oraz rozszerzalnosé cieplna . Wlasciwosci te okreslajq zdol-
nos¢ cieczy do transportu ciepla —wspolczynnik przejmowania ciepla o, a tym samym warunkujg niezawodnosé uktadu chlodzenia
transformatora. Na podstawie zmierzonych przez autoréw wartosci wlasciwosci cieplnych okreslony zostal wspolczynnik przej-
mowania ciepla badanych cieczy elektroizolacyjnych.

Stowa kluczowe: transformatory energetyczne, ciecze elektroizolacyjne, wspotczynnik przejmowania ciepla,

zawilgocenie, zestarzenie

1. Introduction

Temperature distribution in power transformer plays a crucial role
in providing proper work of the transformer [8, 15-17]. Too high tem-
perature results in many negative effects, which can cause threats for
the device itself, the maintenance personnel, and the natural environ-
ment [4, 5]. Raised temperature in the transformer affects acceleration
of insulating system ageing. The ageing may result in deterioration of
many properties of the insulating system, such as resistance drop, in-
crease of dielectric losses tan(d), moisture increase [6, 13, 14, 22, 26].
The mentioned above results were often a reason of transformer
breakdown or destruction in the past [9].

Heat transport in the transformer goes along the following way:
heat source — paper impregnated with insulating liquid — insulating
liquid — tank — air [18]. Thus, the insulating liquid plays an impor-
tant role in heat transport. This process is connected with the effect
of heat transfer by the liquid and it depends on a number of liquid
thermal properties, such as thermal conductivity, viscosity, specific
heat, density, and thermal expansion.

The insulating liquid changes its ageing and moisture rate and
works in wide range of temperature during operation. Investigations of
aged and moisture liquid and in various temperature are made mainly
for dielectric properties (not for thermal properties). In [3] there are
information about the influence of ageing rate of liquid on dielectric

properties, such as electric permittivity, dielectric losses tan(d) and
dielectric strength. The influence of liquid moisture on its dielectric
losses and electric permittivity is described in [25]. However, the
influence of temperature on dielectric properties, such as dielectric
strength and dielectric losses tan(5), is presented in [23].

There is no information about detailed thermal properties of insu-
lating liquid in literature. There is information regarding to just new
liquid (not aged and not moisture) and for chosen value of tempera-
ture. Manufacturers of insulating liquid give information concerning
to thermal properties for temperature usually not higher than 40°C
[1,7, 19]. It is possible to find not complete information regarding to
thermal properties of new insulating liquid [6, 21, 24]. However, the
influence of temperature only on one from many thermal properties
(kinematic viscosity) and only for new insulating liquid is described
n [20]. Summarizing, it is possible to say that there is not so many
investigations regarding to the influence of ageing and moisture on
thermal properties of insulating liquid.

It can be a reason of mistakes during transformer design. Tem-
perature distribution, as a result of computer simulation, which was
obtained on the basis of thermal properties just for one value of tem-
perature, can be a sample of the mistakes.

Complete knowledge about thermal properties of liquid for vari-
ous rates of ageing and moisture, and for various values of tempera-

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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ture, is necessary and will bridge a gap in literature, what is a genesis
of the paper.

2. Aim and range of the investigations

The influence of kind of liquid, temperature, moisture and ageing
on thermal properties of the insulating liquid (thermal conductivity
coefficient A, kinematic viscosity v, density p, specific heat c,, ther-
mal expansion factor f3) was the aim of the investigations. These prop-
erties describe the ability of the liquid to heat transfer — heat transfer
factor a.. On the basis of thermal properties, measured by authors, the
factor o was determined using the following formula:

o= ,H_\]/C_ll—n .gn _5311—1 . ﬂn . pn .Cpn o _qn (1)

where: o — heat transfer factor of the liquid [W-m?>K'], n, c
— constants dependent on the flow character, temperature and
geometry, A — thermal conductivity coefficient [W-m™'-K'],
g — acceleration of gravity [m-s?], § — characteristic dimen-
sion dependent on the flow character [m], § — thermal expan-
sion [K'], p — density [g1'], ¢, — specific heat [J-kg'K1,
v — kinematic viscosity [mm*s™'], ¢ — surface thermal load [W-m™].

Measurements of the mentioned above thermal properties were
taken according to appropriate standards [2, 10-12]. The measure-
ments were done on measurement systems, which in most cases had
been designed, built, and tested by the authors.

3. Measurement results

3.1. Influence of a liquid kind on thermal properties of insu-
lating liquids

Table 1 presents measurement results of five thermal properties
and calculation results of the heat transfer factor a depending on a
kind of insulating liquid. A comparative analysis was added with the
assumption that the reference liquid will be mineral oil. This choice
was supported by the fact that at present it is the most frequently used
insulating liquid in transformers.

Thermal conductivity A of both the esters was much higher than
thermal conductivity of mineral oil. Conductivity of synthetic ester
was higher than mineral oil conductivity by 18.8%. Conductivity of
natural ester was higher than mineral oil conductivity by 36.8%.

Kinematic viscosity v of the esters was much higher than viscos-
ity of the mineral oil. Viscosity of synthetic ester was higher than
mineral oil viscosity by 223%. Viscosity of natural ester was higher
than mineral oil viscosity by 230%.

Specific heat ¢, of the esters was higher than specific heat of min-
eral oil. Specific heat of synthetic ester was higher than specific heat

Table 1. Measurement results of five thermal properties of the liquids and
calculation results of the heat transfer factor a depending on a kind
of insulating liquid; temperature T=25°C, new and dry liquid

Property Mingral Synthetic Natural
oil ester ester
Thermal conductivity A [W-m™-K] 0.133 0.158 0.182
Kinematic viscosity u [mm?s] 17.08 55.14 56.29
Specific heat ¢, [J-kg'-K'] 1902 1905 2028
Density p [kg:m™] 867 964 917
Thermal expansion B [K] 0.00075 0.00076 0.00074
Heat transfer factor a [W-m2K ] 82.35 69.04 73.46

of mineral oil by 0.2%. Specific heat of natural ester was higher than
specific heat of mineral oil by 6.6%.

Density p of the esters was higher than mineral oil density. Den-
sity of synthetic ester was higher than mineral oil density by 11.2%.
Natural ester density was higher than mineral oil density by 5.8%.

Thermal expansion 3 of the esters was comparable to mineral oil
expansion. Thermal expansion of synthetic ester was higher tha min-
eral oil expansion by 1.1%. Thermal expansion of natural ester was
less than mineral oil expansion by 1.1%.

The heat transfer factor a of both esters, calculated on the basis of
the mentioned above measurement results, was less than the mineral
oil factor. The heat transfer factor of synthetic ester was less than the
heat transfer factor of mineral oil by 16.2%. The heat transfer factor
of natural ester was less than the heat transfer factor of mineral oil by
10.1%. This means that mineral oil has the best properties of carrying
away heat outside of all the studied liquids.

Alower heat transfer factor of synthetic and natural esters, in com-
parison to mineral oil, was caused by much higher viscosity (by over
200%) of the esters. Higher ester viscosity, in comparison to mineral
oil viscosity, results from their chemical composition and is connected
with substantially larger internal friction forces of the esters. When a
liquid is in motion, the neighbouring liquid layers move with different
velocities, and acting mutually with internal friction forces. The effect
of liquid viscosity can be explained by momentum exchange between
the adjacent layers of flowing liquid. This exchange takes place as a
result of migrating liquid particles from one layer to the other. The
particles that migrate from the layer moving more slowly to the layer
moving faster cause a momentum decrease of the faster layer.

3.2. Influence of temperature on thermal properties of insu-
lating liquids

Table 2 presents measurement results of five thermal properties
and calculation results of the heat transfer factor a as a function of
insulating liquid temperature. A comparative analysis was done as-
suming that the reference temperature will be 25°C.

With temperature increase from 25°C to 80°C, thermal conductiv-
ity A of all the kinds of liquids slightly decreased. For mineral oil,
thermal conductivity decreased by 5.3%, for synthetic ester by 4.4%,
and for natural ester by 3.9%.

Temperature increase also resulted in a considerable drop of kin-
ematic viscosity v independently of a liquid kind. For mineral oil, vis-
cosity decreased by 80%, for synthetic ester by 85%, and for natural
ester by 80%.

The temperature increase from 25°C to 80°C caused an increase
of specific heat ¢, of all the analyzed liquids. For mineral oil, specific
heat increased by 15%, for synthetic ester by 13%, and for natural
ester by 11%.

With temperature increase, density p of all the liquids decreased
a little. For mineral oil it was 4.0%, for synthetic ester 3.9%, and for
natural ester 4.0%.

The temperature increase from 25°C to 80°C also caused a slight
increase of thermal expansion . For mineral oil this increase was
6.7%, for synthetic ester 4.0%, and for natural ester 8.1%.

Temperature increase caused an increase of the heat transfer fac-
tor a, independently of the liquid kind. This increase was 51% for
mineral oil, 63% for synthetic ester, and 51% for natural ester. This
means the higher the temperature the better the liquid carries away
heat outside.

The heat transfer factor of a liquid was most heavily affected by
viscosity, which was caused by a higher temperature. A drop of liquid
viscosity, caused by a higher temperature, should be associated with
a decrease of attraction forces acting among liquid particles resulting
from their kinetic energy. This results in a drop of internal friction
forces and viscosity decrease.
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Table 2. Measurement results of five thermal properties and calculation
results of the heat transfer factor a as a function of insulating liquid
temperature; new and dry liquid

Mineral oil

Property S5oc 80°C
Thermal conductivity A [W-m™-K] 0.133 0.126
Kinematic viscosity u [mm?s] 17.08 3.43
Specific heat ¢, [J-kg™K'] 1902 2187
Density p [kg-m?] 867 832
Thermal expansion B [K'] 0.00075 0.00080
Heat transfer factor a [W-m2K] 82.35 124.67

Property Synthetic ester

25°C 80°C

Thermal conductivity A [W-m™-K] 0.158 0.151
Kinematic viscosity u [mm?*s™] 55.14 8.11
Specific heat ¢, [J-kg'K'] 1905 2149
Density p [kg:m™] 964 926
Thermal expansion B [K] 0.00076 0.00079
Heat transfer factor o [W-m2K] 69.04 112.24

Property Natural ester

25°C 80°C

Thermal conductivity A [W-m™-K] 0.182 0.175
Kinematic viscosity u [mm?s'] 56.29 11.50
Specific heat ¢, [Jkg™K"] 2028 2259
Density p [kg:m™] 917 880
Thermal expansion 3 [K] 0.00074 0.00080
Heat transfer factor a [W-m2K] 73.46 111.06

3.3. Moisture influence on thermal properties of insulating
liquids

Table 3 presents measurement results of five thermal properties
and calculation results of the heat transfer factor a as a function of
insulating liquid moisture. A comparative analysis was done by com-
paring thermal properties of a moistened and dry liquid.

Preparation of the liquids (both dried and moistened) consisted
in drying and moistening samples of mineral oil, synthetic ester, and
natural ester in the same conditions. As a result of different water sol-
ubility, dry and moistened samples of the particular liquids had differ-
ent water contents. For dry samples, moisture was 2 ppm for mineral
oil, 45 ppm for synthetic ester, and 34 ppm for natural ester. In turn,
for moistened samples, moisture was equal to 46 ppm for mineral oil,
1875 ppm for synthetic ester, and 822 ppm for natural ester.

With moisture increase, thermal conductivity A of all the insulat-
ing liquids practically remained the same. For mineral oil, conductiv-
ity increased slightly by 0.8% and for the esters it remained at the
same level.

Moisture increase resulted in a tenuous drop of liquid kinematic
viscosity v. Mineral oil viscosity remained at the same level. Synthetic
ester viscosity decreased by 3.7%, whereas of natural ester by 2.4%.

Liquid moisture increase brought a certain increase of their spe-
cific heat c,,. Specific heat of mineral oil increased by 6.0%, synthetic
ester by 3.7%, and natural ester by 0.8%.

Insulating liquid moisture had no effect on their density p, which
was independent of the liquid kind.

Liquid moisture did not cause any larger changes of thermal ex-
pansion f. The expansion of mineral oil and synthetic ester remained
at the same level, whereas for natural ester it decreased by 1.4%.

Moisture increase caused a slight increase of the heat transfer fac-
tor a, independently of the liquid kind. This increase was 1.1% for
mineral oil, 1.9% for synthetic ester, and 0.4% for natural ester. It
means the higher moisture the better ability of liquid to heat transfer.

A slight increase of the heat transfer factor of the liquid, caused
by its moisture should be linked with specific heat increase. Specific
heat of dry insulating liquid is equal to about 2000 J-kg'-K!, whereas
of pure water it is 4190 J-kg'-K'!. This means that insulating liquid
moisture resulted in its increase of specific heat ¢, and its effect was
an increase of the heat transfer factor a.

S

3.4. Influence of ageing on thermal properties of insulating
liquids

Table 4 presents measurement results of five thermal properties
and calculation results of the heat transfer factor a as a function of
ageing rate of an insulating liquid. A comparative analysis was done
by comparing thermal properties of a new and aged liquid.

A new liquid meant that the authors used for the research liquid
samples supplied directly from the manufacturer. The acid number
was less than 0.010 mggo g’y for mineral oil, less than 0.030
mggon g for synthetic ester, and equal to 0.020 mggo-g’ oy for
natural ester.

An aged liquid of all the three kinds meant that the ageing proc-
ess was progressing in the same conditions. This resulted in a little
different values of the acid number for the particular kinds of the lig-
uids. The acid number was equal to 0.135 mgg-g’,; for mineral
oil, 0.175 mgg o g0l for synthetic ester, and 0.173 mggo g oif for
natural ester.

With an increase of the liquid ageing rate, thermal conductivity
A of all the insulating liquids practically remained unchanged. For

Table 3. Measurement results of five thermal properties and calculation
results of the heat transfer factor a as a function of insulating liquid
moisture; temperature T=25°C, new liquid

Property Mineral oil
dry moistened
Thermal conductivity A [W-m™-K] 0.133 0.132
Kinematic viscosity u [mm?%s™] 17.08 17.08
Specific heat ¢, [J-kg'K'] 1902 2017
Density p [kg:m~] 867 867
Thermal expansion B [K'] 0.00075 0.00075
Heat transfer factor a [W-m2-K] 82.35 83.26
Property Synthetic ester
dry moistened
Thermal conductivity A [W-m™-K] 0.158 0.158
Kinematic viscosity u [mm?*s™] 55.14 53.09
Specific heat ¢, [J-kg™K"] 1905 1975
Density p [kg:m™] 964 964
Thermal expansion (3 [K] 0.00076 0.00076
Heat transfer factor a [W-m2K] 69.04 70.32
Property Natural ester
dry moistened
Thermal conductivity A [W-m™"-K] 0.182 0.182
Kinematic viscosity u [mm?s] 56.29 54.96
Specific heat ¢, [J-kg™K'] 2028 2044
Density p [kg-m] 917 916
Thermal expansion B [K'] 0.00074 0.00073
Heat transfer factor a [W-m2-K] 73.46 73.77
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Table 4. Measurement results of five thermal properties of the liquids and
calculation results of the heat transfer factor a as a function of age-
ing rate of an insulating liquid; temperature T=25°C

Property Mineral oil
new aged
Thermal conductivity A [W-m™-K] 0.133 0.133
Kinematic viscosity u [mm?s] 17.08 19.09
Specific heat ¢, [J-kg™K'] 1902 1972
Density p [kg-m?] 867 866
Thermal expansion B [K'] 0.00075 0.00075
Heat transfer factor a [W-m2K] 82.35 80.79
Synthetic ester
Property
new aged
Thermal conductivity A [W-m™-K] 0.158 0.157
Kinematic viscosity u [mm?*s™] 55.14 54.43
Specific heat ¢, [J-kg'K'] 1905 2046
Density p [kg:m™] 964 964
Thermal expansion B [K] 0.00076 0.00076
Heat transfer factor o [W-m2K] 69.04 70.28
Property Natural ester
new aged
Thermal conductivity A [W-m™-K] 0.182 0.182
Kinematic viscosity u [mm?*s™] 56.29 60.36
Specific heat ¢, [Jkg™K"] 2028 2012
Density p [kg:m™] 917 917
Thermal expansion 3 [K] 0.00074 0.00075
Heat transfer factor a [W-m2K] 73.46 72.29

synthetic ester, conductivity decreased slightly by 0.6%, whereas for
mineral oil and natural ester, it remained at the same level.

Increase of the liquid ageing rate in most cases caused increase of
its kinematic viscosity v. Mineral oil viscosity increased by 11.8%,
natural ester viscosity by 7.3%. By contrast, synthetic ester viscosity
decreased slightly by 1.3%.

With an increase of the liquid ageing rate, specific heat ¢, in-
creased in most of the insulating liquids. Specific heat of mineral oil
increased by 3.7% and of the synthetic ester by 7.4%. By contrast,
specific heat of natural ester decreased by 0.8%.

The liquid ageing rate practically had no effect on its density p. Inde-
pendently of the liquid kind, density remained at an unchanged level.
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TWO-TERMINAL RELIABILITY ANALYSIS FOR MULTI-PHASE
COMMUNICATION NETWORKS

ANALIZA NIEZAWODNOSCI PAR TERMINALI
W WIELOFAZOWYCH SIECIACH KOMUNIKACYJNYCH

Most researches of network reliability generally assume that the system structures do not change with time. This paper presents
the concept of multi-phase network systems (MPNS) to consider dynamic characteristics of networks, and analyze the reliability of
MPNS. MPNS reliability is evaluated through a cross-phase binary decision diagram (BDD). The BDD-based algorithm can act
as a platform to consider various components behaviors such as repair and growing pressure. Case study shows that the proposed
MPNS concept is an effective description of some practical communication networks, and the cross-phase BDD model is efficient
in analyzing MPNS reliability.

Keywords: Binary decision diagram, component-behavior model, multi-phase network systems, system reliability.

Wigkszos¢ badan niezawodnosci sieci ogolnie przyjgé, ze struktury systemu nie zmieniajg si¢ w czasie. W artykule przedstawiono
koncepcje systemow sieciowych wielofazowych (MPNS) rozpatrywanie dynamicznych wlasciwosci sieci i analizy niezawodnosci
MPNS. MPNS niezawodnos¢ jest oceniany przez cross-fazowego schematu decyzyjnego binarny (BDD). Algorytm z siedzibg w
BDD moze dziala¢ jako platforma do rozwazenia roznych komponentow zachowan, takich jak naprawy i rosngcej presji. Studium
przypadku pokazuje, ze proponowana koncepcja MPNS jest skutecznym opis niektorych praktycznych sieci komunikacyjnych, a
cross-fazowego modelu BDD jest skuteczny w analizie MPNS niezawodnosc.

Stowa kluczowe: Binarny schemat decyzji, model zachowania komponentow, systemow sieciowych wielofazo-

we, niezawodnoS¢ systemu.

1. Introduction

Network has become a common and effective description for many
engineering systems such as transportation, communications, and gas-
pipeline systems. In graph theory, the network is usually denoted as
G=(VE), where V is the vertex set representing terminals (bus stop,
switchboard, etc.), and E is the edge set representing links (road, cable,
etc.). Graph theory further classifies edges into directed and undirected
edges. Communication networks, as well as transportation systems,
are typical examples of undirected networks. In literature, networks
structures normally remain unchanged during the entire mission. How-
ever, changing network structures and varying stress on components
have become increasingly common in many engineering applications.
This kind of systems can be termed as the multi-phase network sys-
tems (MPNS) in comparison to traditional single-phase network sys-
tems (SPNS). A typical example of MPNS is the satellite telemetry,
tracking and control (TT&C) system which is responsible for the data
transmission between satellites and ground facilities. In satellite TT&C
systems, communications between a certain ground station and a target
satellite usually rely on many relay satellites. As different relay satel-
lites fly over the ground station, the communication networks changes
its link structures and constitutes a MPNS.

Two-terminal reliability (or terminal-pair reliability) is one of key
concern in the design and maintenance of network systems. Take com-
munication systems for instance. The two-terminal reliability can be
considered as the probability of successfully transmitting data from

one source to one receiver. Researches on two-terminal reliability of
single-phase networks have been extensively conducted since 1970s.
Early methods are mainly based on the enumeration of minimal paths/
cuts, or based on the factoring theory. In minimal paths/cuts meth-
ods [2, 9, 16, 23, 25, 28], the reliability is evaluated by enumerating
all minimal paths/cuts and summing the probabilities of their disjoint
forms. A path is a set of network components (edges/vertices) such
that if these components are operational, the system is up. A path is
minimal if it has no proper subpaths. Conversely a cut can be consid-
ered as a set of network components such that if these components
fail, the system is down. Some research [1, 22] shows that the number
of cuts is usually much smaller than the number of paths for many
practical systems, meaning that cut-based methods (i.e. to calculate the
unreliability) have better performance. However, both paths and cuts
based method have difficulties in applying to large networks since the
number of paths/cuts may grow exponentially with the network size.
In contrast to paths/cuts based approaches, factoring methods (or
decomposition/ topology methods) may exhibit better performance,
especially combined with some reduction techniques [27, 30, 31, 38].
In factoring methods, a certain component of the network is chosen
and then the network is decomposed into two subnetworks. One sub-
network assumes the component is up and the other subnetwork as-
sumes the component is down. Another version of this method does
not choose a single component, but replaces some special substruc-
tures by smaller ones [8, 12]. Some experiments [32, 43] show that
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factoring methods (with reduction) are more effective than classical
minimal paths/cuts methods.

Methods for network reliability analysis are normally based on
Boolean algebra [36], fault tree [40], digraph [4, 5, 18, 19], and BDD
[37, 45, 49]. Kelly and Bartlett [4, 5, 18, 19] compare the digraph
methods with the fault-tree methods in system fault diagnostics. In the
1990s, binary decision diagrams (BDD) based approaches [11, 14, 15,
19, 22, 33, 47] became increasingly popular for network analysis. A
strength of BDD-based methods is that the BDD provides a succinct
and disjoint description of system success/failure. Another strength
is that BDD can act as a platform to consider various engineering
problems such as common cause failure (CCF) [47], imperfect ver-
tices [22], k-terminal network reliability [15], etc. The efficiency of
BDD methods are measured by the BDD size which depends heavily
on the chosen orderings of BDD variables. Hence, a big challenge
facing BDD-based methods is the determination of the optimal order-
ings strategy and the automatic generation of BDD for large systems.
Although literature [6] shows that improving the variable ordering of
BDD is NP-complete, Friedman [11] proposes an algorithm (of time

complexity O(n23") ) to find the optimal variable ordering. For small
networks, existing ordering algorithms (such as breadth-first search-
ing [19, 44]) can usually generate a BDD which is succinct enough for
reliability computation.

From literature it can be seen that extensive efforts have been
expended to evaluate the reliability of single-phase network. Never-
theless, we can hardly find the solution to analyze MPNS reliability.
Some approaches [10] may consider changes in network connectivity,
but they seldom make allowance for multi-phase characteristics such
as the varying system configuration, changing failure rates, and repair
activities of network components, etc. Based on the BDD merging
technique, this paper proposes a non-simulation approach to analyze
the MPNS reliability. Additionally, the proposed method uses “o an-
alyze the ration, changing component-behavior model” to consider
phenomena such as the components repair, changes in failure rates,
and multi-state components. Our method can be extended to consider
unreliable vertices by minor modification to the algorithm.

The remainder of the paper is organized as follows. In Section
2, readers are briefed on the basics of phased-mission systems and
BDD. In Section 3, the proposed BDD-based algorithm is presented
as the mean to evaluate MPNS reliability. In Section 4, we insert the
component-behavior model into the BDD-based method to analyze
MPNS with repairable edges/vertices. Section 5 depicts two cases to
show that MPNS is effective in analyzing the reliability of communi-
cation systems. Finally, we draw the conclusions in Section 6.

2. Preliminary knowledge

2.1. Brief of phased-mission-system reliability

The phased-mission systems (PMS), or multi-phase mission sys-
tems, describe the systems in which the components stress and system
structure may change from phase to phase. An example of PMS is the
rocket launching mission where the boosters, engines, and solar pan-
els are used at different time, resulting in different system structures in
different phases. A challenge facing the reliability evaluation of PMS
is the dependency problem which means a single component may ap-
pear repeatedly across phases. As consequence, the reliability of PMS
is not the simple multiplication of the reliability of each phase. Such
challenge does not appear in single-phase systems.

Researches in the field of PMS reliability are prevalent. Existing
non-simulation approaches are normally based on Boolean algebra
[36], fault tree (FT) [40], BDD [37, 45, 49] and Markov chains [3, 18,
34, 35, 50], etc. Markov-chains based approaches are mainly used to
analyze PMS with repairable components. In contrast, the BDD, FT,

and Boolean-algebra based algorithms are relatively more efficient in
analyzing non-repairable components. A significant challenge facing
most existing PMS researches is that they cannot be applied to large
PMS (contain up to 100 components & phases). For large systems,
most PMS approaches will encounter various explosion problems,
such as the state-space explosion for Markov-chain models and the
BDD-size explosion for BDD models.

Fortunately, methods analyzing small-scale PMS reliability are
relatively mature (especially the BDD and Markov-chain based meth-
ods). These methods have been expanded to consider various engi-
neering problems, such as the imperfect coverage [46], combinatorial
phase requirements [24], and CCF [45, 46] etc. For PMS reliability,
a remarkable algorithm is the BDD-Markov combined method [41]
which builds a separate Markov chain for each component. The
separate Markov chain and associated matrices manipulation can be
termed as the “component behavior model” [24] which is able to de-
pict various components’ failure and repair activities in a given phase.
One strength of the component-behavior model lies in its efficiency
in analyzing PMS with many repairable components, while traditional
Markov-chain models are difficult to deal with such PMS. This paper
uses the component-behavior model to allow for various component
activities (such as repair and idle) and their effects on network reli-
ability.

A noticeable difference between PMS and MPNS is that some
PMS approaches cannot be applied to MPNS. For instance, the re-
liability block diagram (RBD) based methods and the FT methods
are inapplicable to MPNS. This paper uses the BDD-based method to
analysis MPNS reliability.

2.2. BDD method for reliability evaluation

BDD or ordered BDD (OBDD) based methods [14, 15, 19, 22,
33, 47] have been widely used in analyzing network reliability since
1990s. BDD is a directed graph based on Shannon decomposition.

The Shannon decomposition for a Boolean function f is defined as:

S=xfia+X fioo (1

where x is one of the decision variables, and f,_; is the expression

of f at x=1 (i.e. x is true). By choosing an ordering over all vari-
ables, a given Boolean expression (such as Eq. ) can be expressed as a
binary tree by recursively applying the Shannon decomposition. Such
decomposition may result in a space-consuming BDD if no proper
variable ordering is chosen. Basically, reliability evaluation based on
BDD contains the following two steps.

Step (1) — Choose an ordering strategy for network components, and
generate BDD according to the chosen ordering. The chosen order-
ing strategy should ensure the resulting BDD as succinct as possible
as the size of BDD depends heavily on the ordering. Readers may
refer to [7, 17, 29] for an overview about the existing ordering
methods.

Step (2) — Calculate the network reliability based on the BDD.

In general, reliability evaluation based on BDD can be catego-
rized into two types: one is the bottom-up algorithm which traverses
all BDD nodes; the other one is the top-down algorithm which enu-
merates all BDD paths. In the bottom-up algorithm, we calculate the
probability associated with each node, from the bottom node to the
top node using a recursive method based on the Shannon Decompo-
sition of Eq. . The probability of the top node equals to the system

reliability. For instance, assume the reliability of each edge (a,b,

j ) is 0.9 (independent of time). The bottom-up evaluation of BDD
is illustrated in Fig. 1.
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R=0.9-1+0.1-P(a)

P(b)0.9:1+0.1-0

1 0

Reliability block diagram Binary decision diagram

Fig. 1. Bottom-up reliability evaluation based on BDD nodes

On the other hand, the top-down algorithm calculates the prob-
ability of each BDD path which connects the top node with the bot-

tom node [1]. And then it sums up the probabilities of these paths to
obtain the system reliability. For the system in Fig. 2, there are two

paths form j to (see Fig. 2), therefore the system reliability is

R=Pr{j}+Pr{j a b} where j represents that j fails during the
mission.

Pr{j}=0.9 Pr{j ab}=0.1-0.9-0.9

Reliability block diagram

Binary decision diagrams

Fig. 2. Top-down reliability evaluation based on BDD paths

Compared with the top-down algorithm, the bottom-up algorithm
may be more efficient to traditional (single-phase) systems as the
number of BDD nodes is normally smaller than the number of BDD
paths. However, for PMS, just the opposite is true. That is because
the bottom-up algorithm is applicable only to BDD where nodes of
the latter phase are placed higher than (or in front of) nodes of the
former phase. For PMS, such BDD are almost too complex to gener-
ate. Hence the algorithm in the next section uses the top-down algo-
rithm which is applicable to a variety of BDD.

3. BDD analysis for MPNS

In this section, a BDD-based method is proposed to analyze MPNS
reliability. Generally it contains two steps: the first step is to produce
the cross-phase BDD of MPNS; the second step is to calculate MPNS
reliability based on the cross-phase BDD.

Step 1: BDD generation for the entire MPNS

The algorithm begins with the separate generation of BDD for every
phase with classical methodologies [44]. And then these BDD are
integrated together to form the final BDD of the entire MPNS. To il-
lustrate the algorithm, consider a 3-phase MPNS which is illustrated
in Fig. 3.

There are plentiful methods of generating BDD for networks in

Fig. 3. Here we use the generation algorithm in [44]. Take the bridge

Phase 1 Phase 2

Phase 3

1y t 173 L&

Fig. 3. MPNS example with 3 phases and duplicating components

network in Fig. 3 (first phase) for example, minimal paths are ab,

aed , cd, and ceb ; hence the Boolean function of the phase-1 net-
work is:

F,

phasel = ab + aed + cd + ceb ©)

In Eq. (2), let L(x) be the length of Boolean variable x. L(x) is
defined as the length of the shortest minimal path containing x . For

instance, the length of Boolean variable « is L(a) =2 because the
shortest minimal path containing a is ab (aed is not shortest); simi-
larly L(b)=L(c)=L(d)=2, and L(e) =3. And then F),s is de-
composed by the Boolean variable whose length is shortest, meaning

that a is chosen (b, c,and d are also appropriate here), i.e.:

F,_i=b+ed+cd+ceb
F,_o=cd+ceb

(€)

When there are more than one Boolean variables whose lengths
are shortest, we choose the variable which appears most frequently in
Eq. (2). Above decomposition process (Eq. (3)) will repeat to form

the BDD of each phase, as shown in Fig. 4. In Fig. 4, BDD node x;

represents the behavior of edge x during phase 7. For instance, j,

represents the behavior of edge j during phase 2. In this section, the
assumption that all network vertices are perfectly reliable excludes
network vertices from BDD.

Fig. 4. BDD of phase 1, 2, and 3

Next, we integrate above BDD one-by-one to form a large BDD
of the entire MPNS. To do this, we combine the top node in the next-

phase BDD with the bottom node in the former-phase BDD (see
Fig. 5), based on the assumption of AND logic between phases (i.e.,
the system can progress into the task of the next phase only when it
successfully finishes the previous-phase task.). In case studies read-
ers will find this assumption common in practical MPNS. The new
cross-phase BDD represents the system behavior (success/failure)
from phase 1 to phase 2. Although the BDD combining solution can
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be found in [41], it is applied to network systems for the first time.
After the last-phase BDD is merged, we obtain the final BDD of the
entire MPNS, which is shown in Fig. 6.

BDD of phase 1

BDD of phase 1-2

BDD of phase 2
Fig. 5. Generation of BDD for phase 1-2

BDD of phase 1-2 BDD of the entire MPNS

BDD of phase 3
Fig. 6. Generation of the final BDD for the entire MPNS

Step 2: Reliability evaluation after the cross-phase BDD is gener-
ated

As mentioned in section 2, there are two algorithms available to
the BDD-based evaluation. One is the bottom-up algorithm which
traverses all BDD nodes, while the other one is the top-down algo-
rithm which enumerates all BDD paths. Here, we use the top-down
algorithm because it is applicable to a wide range of BDD (i.e., it does

not requires that latter-phase nodes are placed higher than former-
phase nodes.).
In order to evaluate MPNS reliability, we first find 20 paths from

node a; to (20=5x2x2; 5 paths for phase 1; and 2 paths for
phase 2-3). And then the system reliability is the sum of probabilities
of these 20 paths, i.e.:

20
Rypns = 2., Pripath,,} )

@@ @@

83

hs

1] !

Fig. 7. Twenty paths connecting the top node with the bottom node

In Eq. (4), Pr{path,,} is the probability of the m™ BDD path.
For instance, the path, (a;bj,a2b, 73, a1—1> b1—1> j2—0> a2—1>
b2—1> J3 —1>) indicates that edges a« and b should keep opera-
tional during phase 1 and phase 2; meanwhile j fails and is repaired
during phase 2, and then functions successfully during phase 3. By

assuming edges are independent we have:
Pr{pathz} = Pr{alaz} . Pr{blbz} . Pr{72]3} (5)

Eq. (5) is easy to calculate when specific probability distribution
functions of edges are provided. However, calculation based on Eq.
will be complex when the number of phases increases and edges be-
come repairable. In the next section we present the component-behav-
ior model to solve this problem.

4. Method Expansion

In this section, we show that some new techniques can be inserted
into the proposed method to consider various engineering problems.
The first challenge presented in this section is the multi-phase repair
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of network components. The second challenge is the failure occurred
in network vertices. Both problems are common in engineering ap-
plications.

4.1. Challenge 1: repair in MPNS components

Here, we present a component-behavior model [24] to allow for
the complex multi-phase repair/failure activities of components, based
on the following assumptions.

(1) Repaired components are reused only in the next phase. (i.e.,
repaired components cannot be reused immediately until the next
phase begins.)

(2) Components’ life and repair time are independent variables of
exponential distributions.

The component-behavior model is valuable because the tradition-
al approach is too complicated to analyze multi-phase repair. For in-
stance, consider the BDD path j j,/3/4 which indicates that the state
of j is down sometime during phase 1 (the same happens in phase
2 and 3), but the state of j is always up during phase 4. Traditional
methods usually need to discuss Pr{j; j,j3j4} ina way like Eq. (6).

Pr{ji o sy} = Pr{XYPr{YYPr{Z}-Prijy ]y sy | XYZ) + Pr{XyPr{V} Pr{Z} - Pr{y s s | XVZ} +
Pr{X}Pr{T} Pr(Z} - Pr{jy ], 73 /| XVZ} + Pr{X} Pr{Y} Pr(Z} - Pr{j ], ]2y | XVZ}

(6)

where events X ,Y ,Z represent that j isrepaired during phase 1, 2,

3, respectively. Events X ,Y ,Z represent that j is notrepaired (after

failure) during phase 1, 2, 3, respectively. The event jj, /3 j4|)?272
represents that the state of j is never repaired during phase 1 and 2;

in phase 3 j is repaired sometime but fails again; finally ;j stays
operational in phase 4. Apparently such decomposition is too cumber-
some to implement.

In order to provide a concise approach, we propose the
“component-behavior model” [24] which is effective in analyz-
ing various behavior of components. Take the system in Fig. 2 for

instance, matrices Ul(»k) and Dl(-k) (represent k is up and down in

phase i, respectively) replace the constant edge reliability (0.9), as
shown in Fig. 8.

Pr{j}=v{ -V 1"

u N\
NN
N

Pr{jab}=vP -U® 1" -Pr{j a}

Pr{j}=v-uV.1"
Reliability block diagram Binary decision diagrams

Fig. 8. Component-behavior model integrated with BDD

In Fig. 8, the initial state vector v (1,0) for initially opera-

(k) —
0
tional binary-state edge & . The column vector 17= (4,DT . In Fig. 8

we use a matrix (C,(-k)) to represent the behavior of certain network

edge k during phase i.1i.e.:

Egk), if the state of & is either operational or down in phase i
ng) ,  if component £ stays operational during phase i
Cl(k) = ng), if component & is down sometime in phase i @)

Rl(k), if component & continues repairs in phase i

1, if the state of k£ remains unchanged in phase i

In Eq. , the expression of Egk) s s Rl(k) can be found in [24]. For

instance, Ul(-k) s El(k) ,and Dl(-k) are of the form:

Ok ak 10 AN
U%’”=exp<“’ xl}-m[o O}EV‘)—exp{ RN CE R

0 Wi _Hik

®)

where Xl-k is the failure rate of & during phase i (ul-k is the repair

rate); T; is the duration of phase i. By applying the evaluation algo-
rithm (Fig. 8) to the cross-phase BDD of MPNS, we can evaluate the
reliability of MPNS with repairable edges easily. It should be noted
that the method in this section is effective even when components

becomes non-repairable (At this case let p.ik =0).
For instance, reconsider the BDD path b, j,a,b,j; which is
mention in Eq. (see Section 3). We have:
Priga,} = v - U@ . U . EW 17
Pribhy} = v U P EP) 1T (9)
Pr{jyj3} = vgj) -Efj) ,D(zj) . Ugj) 17

The probability of a;b; j,a,b, j3 can be expressed as:
Priabyrashy js} = (vOUPUVED ) (v UPUPEDT) - (vEDY 0P
(10)

t ified
a up Uf“);az up U(za);a3 not specifie Ega);

b up Ufb); b, up U(zb); b, not specified Egb);

. Notspecified ). . down . : U ).
]1p—)E§])a12 —)ng)afs—p)Ugj)’

Fig. 9. BDD path interpretation according to the component-behavior model

In fact, a;byj,ayb,j5 does not clarify the behavior of the edge j
during the first phase. Hence in Eq. the matrix Efj ) is used to repre-
sent that j may fail even if it is not used during phase 1. Conversely
we can replace Egj ) with the identity matrix I based on the assump-
tion that j will maintain its initial state (operational) during phase 1.

In this case Eq. (11) becomes:
Priab jatyby j3} = (VUL USEOT ) - (v PUPUPEDTT - (v -1-DY UYT)
(1n)

From Fig. 9 we can see it is easy to interpret BDD paths into cor-
responding matrices, making it practical to implement in computer
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languages. By summing the probabilities of all BDD paths we can
obtain the reliability of MPNS, i.e.:

Rypns = 2,y Pripath,,} (12)

where s is the number of paths linking the top node with the bottom

node [1| in the cross-phase BDD. In summary, the algorithm proposed
in this section can be illustrated by Fig. 10.

Translate BDD path into

Generate BDD of each phase corresponding matrices

! v

Form BDD,ygs5-phase 0f MPNS

v

Find all BDD path
in BDDcross-pllase

Calculate Pr{BDD path}

Calculate

Ryps = 2 Pr{BDD path}

Fig. 10. BDD and component-behavior combined method for MPNS reliability
analysis

4.2. Challenge 2: unreliable vertices

In many realistic engineering applications, network vertices may
fail as well as edges. These vertices are termed as unreliable vertices
(or imperfect vertices). In literature we can find some researches [22,
26, 40, 39] allowing for unreliable vertices. Kuo et. al. [22] replace
edges with the entities which combines both edges and vertices, and
use the entities to build BDD. This approach is called “Incident edge
substitution”. In factoring-theorem algorithms, unreliable vertices are
taken into consideration by factoring on vertices as well as on edges.
In our approach, both vertices and edges are considered as BDD vari-
ables, and meanwhile the BDD generation algorithm [44] is applied
to both of them.

Consider the MPNS in Fig. 3, the BDD generation technique [22]
is applied to both networks edges and vertices, resulting in BDD of
Fig. 11. Next, three BDD are combined one-by-one as we did in Sec-
tion 3.1 to generate a final cross-phase BDD of MPNS. Based on the
cross-phase BDD we can evaluate the reliability of MPNS. In the

)

Phase 1

Phase 2

Phase 3

Fig. 11. Network BDD considering vertices & links failure

next section we propose two practical cases which consider repairable
components and unreliable vertices, respectively.

5. Case study

5.1. Satellite telemetry, tracking & control (TT&C) mission

In the satellite telemetry, tracking & control (TT&C) mission,
high reliability is one of the top concern for communication-system
designers. To ensure reliable communications, some on-orbit satel-
lites usually act as the repeater between the source ground station and

the target satellite. For instance in Fig. 12, a relay satellite Sat; may
retransmit signals when the target Sat, is not directly visible to the

ground-station facility Facy.

% Relay Satellite Sat;

A
o.
Command Target \ § /
satellite Sat, \\ = ,/
VR
\ /
\ /..
\ L //V1s1ble
\ Y Area

Command Source \
carth ground station Fac;

1y 4
Phase 1

Fig. 12. Relay satellite between the source ground facility and the target satel-
lite

For practical satellite navigation systems, there exist several data-
relay alternatives. By considering relay satellites as vertices, the com-
munication scheme can be interpret as a network which is shown in
Fig. 13.

Relay Satellite Saz; Relay Satellite Sat,
data link
ok A
‘y Q’Q/’%
< @’) £ &
8
%, = data Jink

Source 2, Target Satellite Sat,

. <
Ground Station Fac;

B

Relay Satellite Sat;

Fig. 13. Relay satellites and combination links in a certain phase

As different non-geostationary satellites fly over the source
ground station. Data links in the previous phase may become invalid
as the original relay satellites are no longer invisible to the ground
facility. Hence it leads to the changing communication structures in
different phases, as shown in Fig. 14. This changing system structure
can be extracted as a MPNS model (see Fig. 15).
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Relay Sat; Relay Sat, Relay Sat;

— B

/ N, | 0 Ne

] & B BB

Souree \ / Target | Source "\ o Target el Target |
% Relay Sat; q& Relay Sat;

;a Phase 1 ;, Phase 2 ;2 Phase 3 A

Fig. 14. Changing communication links in the spaceflight TT&C mission

Fig. 16. BDD for the satellite TT&C systems

In order to evaluate the reliability of MPNS, we generate BDD
(Fig. 16(a)) for different phases according to the algorithm in Section
3 [44]. These BDD are combined together to form a cross-phase BDD
of MPNS (Fig. 16(b)). The reliability of MPNS is evaluated by the
top-down algorithm. For the cross-phase BDD, there are 28 vectors

which correspond to 28 paths from a; to [1]. (7 paths for phase 1; 2
paths for phase 2, and 2 paths for phase 3; we have 28 =7 x 2 x 2 paths
for the cross-phase BDD.)

For instance, the probability of path (a, 1 b, 1 f1—1>

hy —1> hy i> ) is:
Pripath} = (v - U [11])- 67 - U (L1007 B9 - [1,1) - 060 - B [1.1)) -
O B -[L1)- 0 U ) - 06 - B [1,11) - 01 08 0l 1)
(13)
where Ufa) indicates that edge a keeps operational during phase 1.

Egc) indicates that the behavior of ¢ in phase 1 is either up or down.

Igh)U(zh)Ugh) indicates that the state of # remains unchanged dur-
ing phase 1, and keeps operational during phase 2 and phase 3. The

MPNS reliability is the sum of all Pr{path;} ,i.e.:

Rypys = ZPT{Path[} (14)

In order to verify the above algorithm, we compare results of
our method and that of the simulation method under two scenarios.
The first scenario considers all communication links as nonrepairable
and their life are independent variables of exponential distributions,

failure rates [A,,A;,...,A;]=[0.2,0.22,0.24,..,0.34] (unit: prob-
ability per hour), and failure rates do not change across phases. Let

[7;,T,,T3] =[1,1,1] (hour) be the duration of phase 1-3. System reli-
ability calculated by our approach and the simulation approach are
shown in Table. 1.

Figures in Table. 1 show that our result is very close to the sim-
ulation result. The Monte Carlo simulation is carried out with the
software of Windchill Quality Solutions (formerly Relex) [42]. The

number of simulation iteration is 10° . Additionally, results of Monte
Carlo simulation is very close to the Petri-net simulation results of the
GRIF software [13]. From the 5" row data of Table. 1 we can see that
the proposed method is able to detect the sudden reliability drop at the
phase-transition moment.

Table 1.  Reliability of MPNS with nonrepairable links

System Reliability
Time Proposed
P Monte Carlo simulation
method
0 (Start of phase 1) 1 1
1 (End of phase 1) 0.85400 0.85394
1.001 (Start of phase 2) 0.85399 0.85390
2 (End of phase 2) 0.71389 0.71386
2.001 (Start of phase 3) 0.69466 0.69458
3 (End of phase 3) 0.57323 0.57334

In the second scenario, we suppose all communication links are
repairable (exponential distributed repair time) and their repair rates

are [, ty,..., 1,1 =[0.4,0.42, 0.44, ..., 0.54] (1; do not change across

phases, and other parameters equals to that in the scenario 1.). Figures
in Table. 2 show that results of our method (1st column data) are slight-
ly different from that of the simulation method (3rd column data).

Table 2. Reliability of MPNS with repairable links

System Reliability
) Proposed Proposed method
Time method (more accurate) Monte Carlo
(Original (Divide 1 phaseinto | simulation
system) 4 phases)
0 (Start of phase 1) 1 1 1
1 (End of phase 1) 0.8540 0.8656 0.8715
2 (End of phase 2) 0.7213 0.7415 0.7510
3 (End of phase 3) 0.5905 0.6164 0.6231

When the system contains repairable components, the proposed
method generates accurate results only on the assumption that re-
paired units can be reused only in the next phase (cannot be reused
immediately until next phase). Without this assumption our method
only provides an approximate result (i.e., data differences between
1% column and 3™ column in Table 2). In Monte Carlo simulation,
no such assumption exists and thus simulation approach generates a
more accurate (higher) result than our method. Fortunately the impact
of our assumption can be diminished by dividing one mission phase
into multiple ones. We divide one phase into four phases and obtain
more accurate results which is shown in the 2" column of Table. 2.
Figures in the 2™ column are close to the simulation results, partly
demonstrating the effectiveness of the proposed method in analyzing
repairable components.
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5.2. Speed-monitoring mission

In railway systems, speed detection has become an indispensable
security measure to avoid clashes and delay. A common speed-mon-
itoring equipment is the radar speedometer which uses the Doppler
effect to analyze the speed of trains. In addition, laser speedometers
are normally installed near railway stations as an alternative to super-

vise the incoming train. Consider a train P scheduled to move across
Station o., B, and 7, as shown in Fig. 17. Radar speedometers
M and N measure the speed of the train and directly transmit data
to the control center Q. In addition, laser sensors 4 ~ F measure the
speed when P approaches railway stations. Data from 4~ F can be

directly transmitted to Q, or gathered at specific sensors to be trans-
mitted together.

Radar speedometer Radar speedometer
M N
Station a / K\A Station f / \ Station y

Phase 1 Phase 2 Phase 3

Fig. 19. BDD of each phase in MPNS

Table 3.  Reliability of the speed-monitoring system

v s 5 |\ ||| e | ||| e |
t 4

®—0

sor C Sensor D, Sensor E_Sensor F

Control Center Q

Fig. 17. Train-speed monitoring mission.

Our aim is to analyze the reliability of the speed-monitoring sys-
tem when the train approaches stations. Apparently MPNS is an ef-
fective description for the system. We decompose the mission into
three phases to obtain a MPNS which is shown in Fig. 18. Suppose

both edges and vertices are prone to failure (except Pand Q), the
proposed algorithm generates the BDD for each phase (Fig. 19 con-

siders uMv or sNt as an entity) and combines them together to form
a cross-phase BDD. The system reliability is the sum of probabili-
ties of all BDD paths. (There are 392 =7x8x7 paths in the cross-
phase BDD; 7 paths for phase 1; 8 path for phase 2; and 7 paths for
phase 3)
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Fig. 18. MPNS model for the train-speed monitoring system.

By setting the following parameters we can compare our results
with simulation results (generated by Windchill [42] and GRIF soft-
ware [13]), as shown in Table. 3.

(1) Failure rates of all components A =0.1 (failure rates remain
unchanged across phases; life of components are exponentially dis-
tributed independent variables.);

(2) All components are non-repairable;

(3) Phase duration [7;,75,73]=[1,1,1] hour.

From cases in this section it can be seen that MPNS is a useful tool
to model some communication projects. Figures in Table. 3 show that
the proposed evaluation method can calculate an accurate reliability
of multi-phase networks.

System Reliability

Time
Proposed method Monte Carlo simulation
0 (Start of phase 1) 1 1
1 (End of phase 1) 0.98543 0.98544
2 (End of phase 2) 0.97908 0.97909
3 (End of phase 3) 0.95445 0.95449

6. Conclusion

The paper proposes an BDD-based algorithm to evaluate the reli-
ability of MPNS. From literatures we find existing methods do not
take dynamic characteristics of networks into consideration. Hence
this paper introduces the concept of MPNS to consider some dynam-
ic characteristics which include the varying system configuration,
changing components’ failure rates, and repair activities during the
mission. From case study it can be seen that MPNS is the effective
description of many communication systems.

The reliability of MPNS is evaluated with the cross-phase BDD
which is generated by merging BDD of different phases. When the
number of phase in MPNS increases, the merging step is easier to
implement in computers compared to the backward ordering in [49].
Another strength of the BDD-based approach is that it can be further
expanded to consider repairable edges and failure in vertices.

Future efforts will focus on the k-terminal reliability analysis of
MPNS, and the reliability analysis of directed MPNS with CCF. Ad-
ditionally, truncation of the cross-phase BDD can also be taken into
consideration to make our approach applicable to large MPNS.
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TEORETYCZNA | EKSPERYMENTALNA ANALIZA MODALNA ZESPOLU BEBNA

THEORETICAL AND EXPERIMENTAL MODAL ANALYSIS OF THE
CYLINDER UNIT FILLED WITH PUR FOAM

WCIAGARKIWYPELNIONEGO PIANKA POLIURETANOWA

In the paper the dynamic properties of the cylinder unit as a part of the theatre scenography lifting mechanism have been inves-
tigated. The noise and vibration problem of the cylinder unit when lifting loads turned out to be the crucial limit in application
of the whole mechanism for lifting scenography elements on a theatre stage. The construction of the mechanism was examined
and the main source of noise was identified as the cylinder unit. Theoretical modal analysis confirmed that thesis. Experimental
modal analyses of the hollow cylinder unit as well as the cylinder with the PUR foam filling were performed. The results showed
significant improvement of the dynamic properties due to the vibration amplitude decrease for the first three vibration modes of the
filled cylinder: The research method of modal analysis turned out to be highly efficient in dynamic properties determination in the
industrial practice. The method of improving the dynamic properties of the mechanical construction by filling closed regions with
PUR foam is of a great importance for industrial application and seems to be economically effective.

Keywords: dynamic properties, noise and vibration, theoretical and experimental modal analysis, PUR foam.

W artykule przedstawiono badania dynamicznych wiasciwosci zespotu bebna wciggarki stuzgcej do podnoszenia scenografii te-
atralnej. Problem nadmiernego hatasu i drgan wciggarki podczas podnoszenia elementow scenografii okazal sig istotnym problem
uzytkowym ograniczajgcym mozliwosci zastosowania urzgdzenia w teatrze. Przeprowadzono analize konstrukcji mechanizmu
weiggarki i wskazano zespol bebna jako zrédlo nadmiernego hatasu. Te teze potwierdzono przeprowadzajqc teoretyczng analize
modalng zespolu bebna. W czesci doswiadczalnej badan przeprowadzono analize modalng oryginalnego, pustego zespotu bebna
a nastgpnie zespolu wypetnionego pianka poliuretanowq. Otrzymano wyniki badan doswiadczalnych, na podstawie ktorych doko-
nano obserwacji, ze amplituda pierwszych trzech postaci drgan swobodnych analizowanego zespotu zostala znacznie obnizona,
co skutkuje znaczng redukcjg halasu generowanego przez begben wypelniony piankqg poliuretanowq. Analiza modalna okazata
sie wysoce przydatna w praktyce przemystowej w celu okreslania dynamicznych wilasciwosci urzqdzenia mechanicznego. Na
podstawie wynikow przeprowadzonych badan modalnych sformulowano wniosek, ze metoda wypetniania zamknietych obszaréw
konstrukcji mechanicznych piankq poliuretanowg w celu poprawienia wtasciwosci dynamicznych urzqdzenia moze by¢ szeroko
wykorzystana w praktyce przemystowej ze wzgledu na wysokq skutecznos¢ oraz wazny aspekt ekonomiczny w postaci niskiej ceny
takiego rozwiqzania.

Stowa kluczowe: wiasciwosci dynamiczne, hatas i drgania, teoretyczna i eksperymentalna analiza modalna,

pianka poliuretanowa.

1. Introduction

Vibration can be considered as an undesired phenomenon in me-
chanical mechanisms as far as it decreases lifetime of the machine,
limits its performance, influences other machines in the neighborhood
or induces high level of noise. There are some application areas where
the latter reason is referred to as the crucial one. All the measures
which must be undertaken in those circumstances focus on either
identifying and removing the excitation sources or minimizing harm-
ful results of vibration. When it is not possible to change construction
of vibrating mechanism and sources of vibration are beyond control
the efficient way to improve machine dynamic behavior parameters
is to enhance damping properties of the mechanical system. This ap-
proach can be realized as active or passive damping. Active damp-
ing methods include application of specially designed and adaptively
controlled actuators which counteract the vibration motion and use
springs of variable rigidity coefficient, viscous dampers with actively
controlled internal flow, dampers with non-newton fluids etc. Those
solutions are very efficient when well-tuned but expensive and dif-

ficult to be inserted into the existing design. That is why passive ways
of vibration damping are the most often applied applications.

To solve the noise and vibration problems and identify the dy-
namic properties of the mechanical systems new research methods
both theoretical and experimental must be applied. In the past three
decades, modal analysis has become a major technology in the quest
for determining, improving and optimizing dynamic characteristics
of engineering structures [6, 8, 12]. It has been successfully applied
to solve structural dynamic problems in mechanical [5, 7, 9, 15, 16]
and aeronautical [14] engineering. Recently modal analysis has also
found its broad applications for civil and building [11] structures,
biomechanical and harvest [3] problems, space structures, electrics
and electronics [2] acoustical instruments [1], transportation [10] and
nuclear plants.

The origin of presented research is the technical problem of
the curtain lifting mechanism making too much noise to be applied
in a theatre. The mechanisms of scenography changing must work
smoothly and quietly during a play otherwise they attract the specta-
tors’ attention spoiling the art effect.
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2. The object of research

The whole mechanism of a scenography lift consists of an electri-
cal motor combined with a reducing gear box, the cylinder unit with
bearings supported in the frame of the machine. The cylinder unit is
a welded construction of the shaft, two flanges and the cylinder. The
cylinder of 1000 mm long is supported on two flanges which connect
it to the main shaft of ca. 1400 mm long. The elements are mutually
located by means of the shapes tolerated as normal running fit. The
parts of the unit are connected with standard filled welds. The original
construction of the cylinder unit is presented in Fig.1.

On the external surface of the cylinder there is an u-groove dis-
tributed helicoidally which is designed to guide a rope winding on
the cylinder. The whole construction is made of structural steel. The
cylindrical surfaces for bearings are ground to obtain required toler-
ances. The whole unit mass is ca. 160 kg.

Fig. 1. The original construction of the cylinder unit

The construction presented in Fig.1 is optimal from the strength
point of view. However, the hollow region inside the cylinder makes
the unit susceptible to dynamic excitation because the cylinder is sup-
ported only on both sides without any support along its generating
line. That is the reason why the cylinder is prone to vibrating with
high amplitude rates which makes loud noise.

3. Problem definition and proposed solution

The analysis of the lifting mechanism and the preliminary experi-
mental noise tests showed the source of the highest sound intensity
not around the motor and gear but in the middle of the winding cyl-
inder. It proved that the reason of the noise and vibration is an insta-
bility of the mechanical system of the cylinder unit of the machine.
That fact had to be verified by thorough theoretical and experimental
investigation.

The solution of the vibration minimizing problem had to be
casy-applicable and inexpensive because the production of the lift-
ing mechanisms should remain competitive. The solution which was
chosen was a passive way of vibration damping by inserting addi-
tional material of high damping properties into the existing structure.
The large region inside the cylinder seemed to be the best space to
insert vibration damping material. It needed creating some inlet hole
through which the material should be inserted. The other limitation
was the density of the material. The overall mass of the lifting mecha-
nism should not be increased too much because all the construction
assumptions and solutions could not be altered. Additionally, the ap-
plied material should be incombustible. Considering all those limita-
tions and assumptions the PUR foam of low-expansibility was chosen
for further research. That material is of low density (ca. 20kg/m* af-
ter curing) and very good adhesion properties. Its low-expansibility
makes that material structure very advantageous for vibration damp-
ing because it has small void spaces after curing.

The proposed solution needs to be investigated numerically and
experimentally in order to evaluate the influence of the additional ma-
terial of PUR foam on the dynamic properties of the whole cylinder
unit.

4. Theoretical and experimental modal analysis

Modal analysis is the process of determining the inherent dynamic
characteristics of a system in forms of natural frequencies, damping
factors and mode shapes, and using them to formulate a mathematical
model for its dynamic behavior. The formulated mathematical model
is referred to as the modal model of the system and the information
for the characteristics are known as its modal data [6]. The system
must meet several requirements in order to apply the modal analy-
sis method for its examination i.e. it has to be linear, time-invariant
and observable and it must obey the Maxwell’s reciprocity theorem.
These basic prerequisites must be checked and fulfilled prior perform-
ing modal analysis test of the system. The modal analysis (MA) can
be performed as theoretical, experimental or operational modal analy-
sis. Theoretical MA usually applies Finite Element Method (FEM) to
solve dynamic problems of the analyzed structure. The procedures
of solving the MA problem are usually implemented in the 3D CAD
software systems, which is very convenient because the analyses are
performed in the same graphic environment as the design process.

The experimental modal analysis comprises deriving the
dynamic properties of analyzed structure by means of experimentally
obtained characteristics of input signal - excitation force and corre-
sponding characteristics of vibration response signal of the system
(acceleration, velocity or position). The modal identification test is
subjected to the prerequisites of the modal analysis method. It returns
information in the form which can be applied for further evaluation
process in order to achieve the required information on the dynamic
properties of the analyzed system. The information can be also ap-
plied in the model of the machine when the mathematical form of the
obtained characteristics is properly defined. Additionally, the math-
ematical form of that definition must comply with the actual form of
the whole model of analyzed system.

Modal analysis can be considered as transformation of a complex
dynamic system into a set of single-degree-of-freedom systems [4, 6].
If the aim of research is to determine frequency of free vibrations of
the system, modal analysis can be limited to simple identification mo-
dal test for deriving frequency response function (FRF) of the system.
FRF is a transfer function and is expressed in frequency domain.

Input Transfer function
n > H(w) I > X(w)

Response

Fw)

Fig. 2. The linear mechanical system

For the linear system (Fig. 2) the following formula can be ex-
pressed — Eq. (1):

X(0)=H(0) F(o) (1)

The transfer function H(w) is the complex function which is for-
mulated as follows — Eq. (2):

X (@)

H(‘”FW 2)
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The FRF reflects dynamic properties of the investigated system. It
represents relation between the response of the system (e.g. position,
velocity, acceleration) and input force for the certain pair of meas-
urement points of response and excitation. The important feature of
the frequency response function is the fact, that it describes dynamic
properties of the investigated system regardless the type of excita-
tion signal (harmonic, impulse or random) during measurements. The
FRF provides qualitative and quantitative evaluation of the dynamic
system resonance of the machine tool [13].

The experimental modal analysis procedure can be performed by
single input-single output (SISO) method, single input — multiple out-
puts (SIMO) or multiple inputs — multiple outputs (MIMO). These
methods differ not only in the measurement equipment requirements
but also in the required aim of the research and the accuracy of the
analysis results.

SISO method is used mainly when only two-channel data acquisi-
tion measurement system is available and the resultant FRF can be
limited to several point of measurement. It is usually applied when
impact hammer test is performed (force input signal and acceleration
output signal). The method can be applied as roving hammer (fixed
accelerometer) or fixed hammer (roving accelerometer) procedure. In
practice the roving hammer procedure is much more convenient be-
cause it does not require reinstalling the accelerometer from one point
of measurement to another as it is in the fixed hammer procedure. The
problems arise with normalizing input signal for every measurement
point. Therefore averaging procedure must be introduced.

SIMO method enables application of the harmonic exciter as in
input signal generator for simultaneous exciting many points of re-
sponse measurement. It requires multi-channel data acquisition sys-
tem and gives more accurate results than SISO method, because the
same excitation signal is used for all analyzed response points while
performing modal analysis.

MIMO is more hardware-requiring method but it returns much
thorough information of the analyzed system than SISO or SIMO
method. It is usually applied when the multi-channel data acquisi-
tion system is available. The selected input points can be excited with
different force characteristics in order to enhance accuracy and ef-
ficiency of the modal analysis.

In the further analysis the SISO method was applied because of
the limitations of the measurement system which was used.

5. Research method

The theoretical modal analysis was performed in order to obtain
modal shapes and their frequencies of the cylinder unit. The 3D CAD
software applied in that study is Autodesk Inventor 2015 Professional.
In that system the 3D model of all the parts and welded assembly were
created. In order to perform the analysis efficiently some simplifica-
tions of the analyzed model were applied. They comprised excluding
small holes on the surface of the cylinder and the helicoidal groove.
The simplifications were applied in order to speed-up the analysis. In
the case of small elements modelling the finite elements dimension
must be lower and it increases the number of elements, knots and
equations to be solved. The simplifications introduced in the model
change the dynamic properties of the whole system slightly but not
significantly. The elements materials properties were assigned from
the Inventor library according to the construction documentation.
Subsequently, the boundary conditions of the analysis were defined.

The theoretical modal analysis requires indicating the support of ana-
lyzed construction. For the numerical analysis the cylindrical surfaces
of bearing contact were defined as fixed support. The assembly analy-
sis requires definition of contacts among the elements of construc-
tion. The default contact type is bonded contact of the surfaces which
are closer to each other than tolerance of 0.0lmm. Considering the
real way of connecting elements within the construction the bonded
contacts were only applied between every weld and welded element.
The other automatically created contacts were discarded in analysis.
That method of contact definition reflected the real way of elements
connection. The finite elements net was created with default settings
(tetrahedrons) of the analytical program.

The experimental modal analysis was performed in order to ob-
tain modal shapes, their frequencies and evaluate magnitude rates of
the frequency response functions in the resonances of the cylinder
unit structure. The impulse excitation was exerted by means of a mo-
dal hammer. The response was measured with an accelerometer. The
signals both from the hammer and the accelerometer were acquired
and analyzed in the PULSE system. The PULSE LITE system [17]
by Briiel&Kjar consists of the measurement module 3560L, the FFT
analysis software, the accelerometer 4514 [18] and the modal hammer
8206-003 [19].

The points of input (excitation) and response (acceleration) meas-
urement were chosen on the cylinder and the shaft in one plane be-
cause the whole construction is axially symmetrical. The accelerom-
eter was placed in the middle of the cylinder length for in that point
one can expect the highest rates of vibration amplitude. The sensor
was mounted on the cylinder with the bee wax, which is reported to as
one of the best way of connecting the accelerometer to the measured
surface [13].

In the case of noise in the output signal the H1 estimator of FRF
[13] is applied the value of which approaches the real FRF with the
growing number of measurement repetitions. The H1 estimator is
equal to the cross spectrum, between the response and force, divided
by the autospectrum of the force. The H1 estimator minimizes the
output noise effect. That is why 3 repetitions of every measurement
were applied in the experimental test procedure.

6. Results of research

Numerical simulations were performed in the Simulation module
of Autodesk Inventor 2015 Professional system. Firstly, the original
welded construction of the cylinder unit was examined (Fig.1). The
first 20 modes of the hollow unit were investigated. The results ob-
tained in simulation are presented in Table 1.

The modes obtained in numerical simulation are multiplied be-
cause analytical software recognizes modes of the same shape dis-
tributed in different planes of symmetry. Therefore modes No 3 and
4 are the same modes in two perpendicular planes respectively. The
same situation is in the case of the following pairs: 5 and 6, 7 and §,
9 and 10 etc. From the noise point of view the modes presented in the
figures 3, 4 and 5 are of particular interest. These mode shapes can
be strong sources of noise. The other shapes refer to the shaft modes
which vibrates inside the cylinder.

The legend on the side of graph shows the displacements of the
analyzed elements deformed during vibration of certain mode and
frequency but it should be noted that these values are introduced into
simulation only for comparing purposes. They do not represent real

Table 1. Frequencies of the first 20 modes of the hollow cylinder unit
Mode Ne 1 2 3 4 5 6 7 8 9 10
Frequency [Hz] 191,58 243,31 247,01 247,08 520,23 520,31 649,62 649,82 667,17 667,48
Mode N° 1 12 13 14 15 16 17 18 19 20
Frequency [Hz] 772,38 785,29 1079,32 1083,96 1102,46 1103,95 1277,07 1278,87 1450,98 1508,05
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Fig. 6. The modified construction of the cylinder unit

Fig. 3. The 6™ mode of the cylinder unit (520 Hz)

Fig. 7. The 6" mode of the cylinder unit (560 Hz)

Fig. 4. The 15" mode of the cylinder unit (1102 Hz)

Fig. 8. The 15™ mode of the cylinder unit (1230 Hz)

Fig. 5. The 19" mode of the cylinder unit (1451 Hz)

Table 2.  Frequencies of the first 20 modes of the modified cylinder unit

S 7 B R
gy | 77327 | 357 | 550 | s | vons | o | o | vaome [ vasms | vomas]
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5
Fig. 9. The 19" mode of the cylinder unit (1481 Hz)

deflections of the elements but reflect damping capabilities of the me-
chanical system when comparing one boundary situation or construc-
tion to another.

Having performed simulations of the original cylinder unit the
modification of its constructions was created. The inside of the cylin-
der element was filled with material of PUR foam (Fig. 6). The mate-
rial was supposed to be inserted by a hole of about 20mm diameter
in one flange of the unit. The hole was not modelled in analytical
software because it is insignificant for simulation results.

To perform simulation the model of the PUR foam material had
to be introduced into Autodesk Inventor Material Library. The pa-
rameters of the PUR foam material were obtained from the producer
sources and implemented into the Library. Due to the fact that the
PUR foam sticks to the metal surfaces strongly the contacts of the ma-
terial with the steel elements of the unit were taken into consideration
and modelled as bonded contacts.

The results obtained with the same boundary conditions are pre-
sented in Table 2.

The frequencies for the corresponding modes of the filled cylinder
unit are slightly higher than those of the hollow unit. It is a result of
adding lightweight material of considerable stiffness. The modes pre-
sented in Fig. 7, 8 and 9 are similar to the corresponding modes of the
hollow unit shown in Fig. 3, 4 and 5.

Analyzing the maximum deflection values (the legend in Fig. 3, 4,
5,7, 8 and 9) it can be noted that for the presented modes the rate of
deflection for modified construction of the cylinder unit is lower than
for hollow cylinder unit.

The numerical modal analysis gave promising results which in-
dicate that it is possible to obtain good results in reality. It is experi-
mental modal analysis which can fully justify the modification of the
construction and support the thesis of achieving significantly higher

”-.i| ”i:| |-L II'I-I'||I||||;I|T||.'-|I|||I|'l',|'|'|':

Fig. 10. The modal test rig of the cylinder unit

Fig. 11. The measurement points distribution

rates of structural damping by applying PUR foam filling of the hol-
low regions of the construction which will solve the problem of too
much noise of the cylinder unit.

Experimental modal analysis was performed on the test rig pre-
sented in Fig.10. The cylinder unit was supported in two holders in the
places where the unit is normally supported in the whole construction
of the lift. The way of supporting was not the same as in target con-
struction because not the whole cylindrical surfaces are fixed. Never-
theless the mass of the whole unit is so high that it should influence
obtained results insignificantly.

The response accelerometer was placed in the middle of the cylin-
der generating line. The hammer impact points were distributed even-
ly along the generating line symmetrically on both sides of the cylin-
der in one plane. The measurement points distribution is presented in
Fig. 11. The impact points are indicated with black hammer symbols,
the supporting points are indicated with arrows and the response ac-
celerometer is placed in point number 15.

The hollow cylinder unit was analyzed modally three times. All
the attempts gave similar results of the structural vibration proper-
ties of the cylinder unit system. The analysis showed that there are
three main modes which are dominant for the whole unit construction.
The magnitude of FRF H1 estimate for the point situated opposite the
response accelerometer for the hollow cylinder unit is presented in
Fig. 12.

FRF H1 (15Y+,12Y+) (Magnitude)

[(m/s”2)/N] Briiel & Kjese -8
24-
20
16
12
8
4 JL
0 , A .
0 400 800 1.2k 1.6k

[Hz]

Fig. 12. The magnitude of FRF H1 spectrum of the hollow cylinder unit

The resultant frequencies and H1 magnitudes of three main modes
are as follows:
* The first mode =580 [Hz]
» The second mode f=1035 [Hz]
* The third mode  f=1439 [Hz]

[H1|=12.61 [m/s*/N],
[H1|=1.49 [m/s*/N],
[H1|=26.83 [m/s*N].

The graphical form of the modes are presented in Fig. 13, 14 and 15.
After filling the cylinder with PUR foam and curing time of one
day the analysis was performed again in the same arrangements of
impact and response points.
The magnitude of FRF H1 estimate for the point situated opposite
the response accelerometer is presented in Fig. 16.
The results obtained after modal analysis are as follows:
* The first mode =577 [Hz] [H1|=3.51 [m/s*/N],
* The second mode f=1038 [Hz] [H1|=0.70 [m/s*/N],
* The third mode f=1436 [Hz] [H1|=2.35 [m/s*/N].
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Fig. 13. The first mode of the hollow cylinder unit Fig. 15. The third mode of the hollow cylinder unit
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Fig. 16. The magnitude of FRF HI spectrum of the PUR foam filled cylinder
g unit
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The graphical form of the modes are presented in Fig. 17, 18 ,
and 19. -
The results of magnitude of FRF H1 of the hollow and filled cyl-
inder unit are presented in Fig. 20. e
The procedure of experimental modal analysis was repeated on 12
the next day, after two days of foam curing. The results which were =1
obtained after two days of curing fully correspond to those after one -219
day, which proved that curing time of one day is sufficient to obtain -263
result of structural damping properties enhancement. 207
The results (Fig. 20) show that the filled cylinder unit vibrates less i
intensively than it can be noted in the case of the hollow cylinder unit. Under @
During experimental part of the research it could be heard by ear that

Fig. 17. The first mode of the filled cylinder unit
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Foizel Fig. 20. The magnitude of FRF H1 of the hollow and filled cylinder unit
-185m
-277m the impacts sounded muffled after filling the cylinder with PUR foam.
e The experimental modal results fully supported the sensual effects.
=46Zm .
Lo 7. Conclusions
-647m The results obtained in numerical and experimental modal analysis
_738m showed that filling the cylinder with PUR foam of low-expansibility
Undger M appeared to be very efficient solution for noise and vibration problem
of the cylinder unit of lift mechanism. The method of PUR foam ap-
Fig. 18. The second mode of the filled cylinder unit plication seems to be very easy to perform and low-cost soundproof-
ing method.
= Both numerical and experimental modal analysis procedures ap-
o olefvi-Ta tl-Inlslvialvi<irisir] plied in that case fully supported the thesis of the enhancing the con-
WM struction damping capabilities by inserting the material of PUR foam
over M of low-expansibility into the hollow regions of resonant structure. The
a results of the research are of great value for the cylinder manufacturer
o making his product competitive and high-quality with only a slight
176 additional workload and cost.
147
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Andrzej ZUCHOWSKI

ANALYSIS OF THE INFLUENCE OF THE IMPACT SPEED ON THE RISK OF
INJURY OF THE DRIVER AND FRONT PASSENGER OF A PASSENGER CAR

OCENA WPLYWU PREDKOSCI ZDERZENIA NA RYZYKO OBRAZEN KIEROWCY

I PASAZERA SAMOCHODU OSOBOWEGO*

The subject of the analysis was the influence of the speed, at which a personal car hit an obstacle, on the risk of injury of the
driver and the passenger sitting in the front seat. With this goal in mind, several hundred of crash tests were analysed, published
on the Internet by National Highway Traffic Safety Administration (USA). The analysis focuses on the cases involving a frontal
impact of the car on a rigid barrier. For the purpose of assessing the forces acting on a dummy, Head Injury Criterion (HIC34)
and Chest Acceleration (C4..), were applied, calculated on the basis of the resulting acceleration of head and chest of the dummy.
Separate analyses were performed for the forces acting on the dummy representing 50-centile man (M50) and 5-centile woman
(F5). A statistical analysis of the results of the crash tests was performed in order to determine the typical values of HIC;5 and
Cyee factors, as well as the risk of severe injury of the driver and the passenger at a given collision speed. The risk of injury was
calculated on the basis of provided in the research literature so-called injury risk curves. It was determined that increasing the
speed at which a car hits an obstacle from 25 km/h up to 56 km/h results in the increase in the risk of severe injury (41S4) of the
driver and the passenger from 2 to 10%. Some functions were proposed, describing the relation between the risk of injury and the
velocity of collision.

Keywords: road accidents, crash tests, impact speed, risk of injury.

Rozwazono wplyw predkosci uderzenia samochodu osobowego w przeszkode na ryzyko obrazen kierowcy oraz pasazera na przed-
nim fotelu. W tym celu wykorzystano wyniki kilkuset testow zderzeniowych, udostgpnionych w Internecie przez National Highway
Traffic Safety Administration (USA). Uwage skupiono na czolowe uderzenie samochodu w sztywng bariere. Podczas oceny obcig-
zen manekinow wykorzystano wskazniki obrazen glowy HIC; oraz torsu C ., ktore oblicza sig¢ na podstawie wypadkowego przy-
spieszenia dziatajgcego na glowe i tors manekina. Oddzielnie rozwazono obcigzenia manekina reprezentujqcego 50-centylowego
mezczyzne (M50) oraz 5-centylowq kobiete (F5). Przeprowadzono statystyczng oceng wynikow testow zderzeniowych, ktorej celem
bylo okreslenie dominujgcych wartosci wskaznikow HICss i C .. oraz ryzyka ciezkich obrazen kierowcy i pasazera przy danej
predkosci zderzenia. Ryzyko obrazen obliczono na podstawie dostgpnych w literaturze tzw. funkcji ryzyka obrazen. Ustalono, Ze
zwigkszenie predkosci uderzenia samochodu w przeszkode z 25 km/h do 56 km/h zwigksza ryzyko ciezkich obrazen (A1S4) kierowcy

i pasazera z 2 do 10%. Zaproponowano funkcje wigzqce ryzyko obrazen i predkosc zderzenia.

Stowa kluczowe: wypadki drogowe, testy zderzeniowe, predkos¢ zderzenia, ryzyko obrazen.

1. Introduction

Speed is a basic operating parameter of a car, taken into account
while designing roads and streets, determining the total time of the
journey but also the risk of a traffic accident and the severity of its
possible results. Legal provisions setting limits to the speed are a com-
mon solution to the problem of the abovementioned danger. However,
this solution is often inefficient because many drivers violates the lim-
its. In the European Union, 40-50% of the drivers exceed the speed
limit on a given stretch of the road, with 10-20% of drivers driving at
10 km/h or more above the limit [22]. As the research conducted in
Poland in 2013-2014 indicate, about 30% of the drivers drive at more
than 10 km/h above the speed limit [2]. Improving the measures of
supervision results in the decreasing share of the accidents caused by
the excessive speed is in the last couple of years, from 31% in 2007
to 26% in 2014. With regard to the number of fatalities it is a change
from 47% to 39%.

When setting the speed limit and deciding on the measures of
supervision to be applied, many factors are taken into account, con-
nected with the road geometry and its visibility, the condition of the
surface, intensity and structure of the traffic among others. Another
important issue is the influence of the speed on the results of the acci-

dents [5, 21]. Event data recorders (EDR), which are gaining popular-
ity among car users, make it easier to examine the relations between
the velocity of the collision and the injury to the occupants of the
vehicle [3, 4, 8, 9]. However, determining the possible injuries on the
basis of the measured forces acting on a dummy during a crash test is
still a difficult task.

Normative requirements regarding crash tests of the cars usually
specify one value of test speed (e.g. ECE UN Regulations No 44, 80,
94 and 95). The results of laboratory tests, assessing the influence of
the collision speed on the forces acting on the occupants of the vehi-
cle are rarely published, the apparent reason being the costs of this
kind of research. On order to limit the costs, the tests are sometimes
conducted with one and the same car hitting the obstacle at several
different values of speed. For example, paper [14] presents the results
of the research on the forces acting on the driver of a SUV car at the
velocity 4, 10 and 43 km/h, and in paper [20] the results are described
of a bus at 4, 7 and 30 km/h. The results of model tests are published
more often. Papers [10, 12] describe analyses of the forces acting on
the model dummies at 70-90 km/h, which is much more than in the
case of typical crash tests (30-64 km/h). The results of the research on
the influence of the car collision speed on the other variables are used

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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to assess to test the effectiveness of passive Table 1. Data on the accidents involved in the assessment of injury risk presented in Figure 1
safety devices, but also to model the injuries
of the driver for the purpose of activating Number of Degree . Impact
eCall system (automatic notification of the Ilr?e of injury Number of the injured type Country Source
accident) [12] or to assess the costs of traffic onFig. 1
accidents [10]. 1 11 (D+FP)* CT Sweden
The purpose ofthe paper is to discuss the 5 55 (D+FP) Sweden (18l

assessment of the influence of the car colli- -
sion speed on the dynamic load on the driver 3 MAIS2+ | 30 men and 12 women (D) C-C Australia [9]
and the passenger sitting in the front seat, in 4 64 (D+FP) Sweden [8]
the case of a car hitting a rigid barrier. This

. . . - 5 C-C (88%),
kind of tests is used to assess the risk of injury 145 (D+FP) . USA [4]
of the occupants of the vehicle. The risk was 6 C-0(12%)

. s . MAIS3+

calculated on the basis of so-called injury risk 7 15 (D+FP) Sweden [8]
curves presented in the research literature, s 64 (0 cC Great Britai ”
functions which take into account the forces AlS6 ©) reat Britain [16]
acting on the head and the chest of the dum- 9 no data Cc-C Sweden [23]

mies. The analysis involves the results of the
crash tests published on the Internet by Na-
tional Highway Traffic Safety Administration
[24]. The results of the assessment of the risk of injury, performed
on the basis of the laboratory tests, are applied to the data on the car
accidents. The work was aimed at identifying the vehicle design and
operation factors that are decisive for the loads on vehicle passengers
during a road accident and for the necessity of reducing the loads to
a minimum.

2. Collision speed and the results of the car accident

The results of a traffic accident depend on a variety of factors
connected with the variables of movement and the kind of the vehicle,
properties of the road and its surroundings (type of the obstacle) and
the human factors (anthropometric features, age, health). The main
parameters taken into account are the speed at which the vehicle hits
the obstacle (or another car), the direction of impact (frontal, side) or
the type of the protective devices used in the car. Another important
features include the weight and height of the occupant of the car, his
or her place in the car, and position on the seat [15, 25, 28]. A number
of tests indicate that the effectiveness of the protective devices de-
pends on the manner of use (e.g. proper positioning and tension of the
seat belt, proper infant restraint) [29]. This is why the assessment of
the influence of the impact speed (which is one of the many operating
factors) on the results of the collision requires that the other factors
are constant throughout the tests.

In the assessment of the injuries during the traffic acci-
dents, a six-degree scale called AIS (4bbreviated Injury Scale)
is often used, where specific kinds of injuries were assigned
a certain level, expressed as a number. The higher the number, the
greater the threat to life. For example, AIS3+ denotes injuries of AIS3
degree or higher. Maximum AIS Scale (MAIS) is used to describe the
condition of the injured with multiple injuries [17].

00
1 . MAIS2+
T 80 . MAIS2+
= MAIS2+
> .

3 60 . MAIS2+
£ o . MAIS2+
:‘Z . MAIS3+
2 20 i . MAIS3+

. AIS6

0- . AIS6

0 20

Delta_V [km/h]

Fig. 1. Risk of injury of the driver and the passenger on the front seat during
a frontal impact (the lines are described in Table 1)

*) D - driver, FP - passenger on the front seat

On the basis of the analysis of the data on the traffic accidents, sta-
tistical models are developed, making it possible to assess the influ-
ence of the impact speed on the risk of injury of the occupants of the
vehicle. On the basis of several research papers from 2003-2012 [4,
8,9, 16, 18, 23], injury risk curves were calculated for the occupants
of the vehicle (logistic regression), presented in Figure 1, regarding
the cases of frontal impact (overlap above 25%, impact angle within
+30°). The lines on the chart denote the risk of MAIS2+, MAIS3+ and
AIS6 injury, the last one being a fatal injury. The injuries are classified
as MAIS2 in case of e.g. concussion with a loss of consciousness, jaw
or basal skull fracture, lung or heart contusion, fracture of 4 and more
ribs at one side [12, 17, 21]. Some data on the accidents involved
in the analysis presented in Figure 1 are presented in Table 1. The
data consider the driver and the passenger on the front seat (men and
women in various age), with their seatbelts fastened, during a fron-
tal impact of a passenger car, respectively: with another personal car
(C-C) with a truck (C-T), or with an obstacle (C-O).

The change in vehicle velocity over the duration of the crash event
Delta_V was determined on the basis of the data from the devices re-
cording the variables of the movement of the cars (CPR — Crash Pulse
Recorder, EDR — Event Data Recorder), mounted in some cars even
since 1992 [9]. During a frontal crash impact involving two cars, A
and B, moving at V, and Vj speed, respectively, the change in vehicle
velocity depends on their mass, m, and mg, respectively, according to
the principle of the conservation of linear momentum [21].

Delta_V, =WV, +Vg)-mp/(my+mp)
Delta Vg =V +Vg)-my/(my+mpg)

()

Assuming that the duration of the impact phase is the same for
both of the vehicles (about 0.1-0.2 s), Delta V determines the decel-
eration of a car, which in turn determines the value of inertial forces
acting on the car and its occupants, therefore determining the severity
of the crash. As we can infer from (1), the deceleration is higher in the
case of lighter cars. If the weight of the cars is equal,
Delta V= Delta Vy=0,5-(V,+Vp). If a car hits a stationary,

non-deformable obstacle, at speed V, Delta V =V .

The results presented in Figure 1 confirm that there is a strong
dependency between the risk of injuries and Delta_V. As for MAIS2+
injuries, it was proved that a frontal impact involving a passenger car
and a lorry is more dangerous, than in case of the same type of impact
involving two passenger cars (lines no 1 and 2). Important observa-
tions include:
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— quite a high difference between the shape of the lines
referring to a given degree of injuries (with the excep-
tion of lines 4 and 5, where the functions of MAIS2+
risk, determined on the basis of research on the acci-
dents in Sweden and USA, are similar);

— risk lines 6 and 7 (MAIS3+) are quite close to lines 8
and 9 (AIS6), that is in the place where the lines are
expected regarding AIS4 and AISS injuries;

— similarities between lines 7 and 8 when Delta V>70
km/h, despite the fact that the lines refer to different de-
grees of injury (MAIS3+ and AIS6).

These results show that it is difficult to develop a function
(model) that would describe the dependence of the risk of injuries
on the speed of collision, and the small number of accidents (Table 1)
results in a low statistical representativeness of those functions. The
confidence intervals for some of the abovementioned risk functions
are presented in [4, 16].

The differences in the risk lines presented in Figure 1, referring
to the same degree of injury, may result from the factors other than
the abovementioned criteria of similarity of accidents. For example,
the accidents analysed include cars manufactured in different years,
and therefore with different passive safety systems. We know that
all the people injured had their seatbelts fastened but there is no in-
formation on the construction of those belts (lock tensioners, force
limiters), which has a very significant effect on the forces acting on
the person protected and therefore on the injuries [27]. The age and
the anthropometric features of the driver and of the passenger are also
important [3, 13].

50 {C pce

10 3 ms
—_— e

0 - u

80 t [ms] 0 20 40 60 80 t[ms]

20 40 60

Fig. 2. Resultant acceleration of the head and chest of the dummy (example)

the time span where the indicators are calculated. The hatched area
under ay(?) line denotes the integral of the expression (2).

The values of HIC;4 and Cy,. indicators are used to calculate the
risk (probability) of injuries of the head and chest. Injury risk curves
for severe injuries (AIS4+) of the head and chest [1, 11, 25] were
applied:

Pyouad (AIS4+) = {1+ exp[5,02—0,00351- HIC;4]} " 3)
Pojros; (AIS4+) = {1+ exp[5,55 - 0,0693 - C 4.1} 4)

Risk curves are presented in Figure 3, denoting the risk in per-
centage. The limit values for M50 and F5 dummies are, respectively,
HIC35 =1000 i C4,.=60 g [1, 21]. The risk of severe injury AIS4+

a b
3. Indicators of the risk of injury ) p— )100%
The injuries of the driver and the passen-  § 8% - T %y
gers during a traffic accident are caused by dy- g R e s =
namic loads, resulting by stopping the car sud- 'Té' 40% % ao%
denly. The loads are measured in the crash tests & 505, / b gy (.
usually as accelerations and forces acting on the o i -

various parts of the dummy. Further analysis fo- 0 1000
cuses on the acceleration of the head and the
chest (torso) of the dummies, representing a 50-
centile man (M50) and a 5-centile woman (F5).
Two indicators were applied:
— HICj4, Head Injury Criterion, calculated
for a time interval of up to 15 ms;
— Cyee» maximum resultant torso acceleration [g], acting for a pe-
riod of at least 3 ms.

curves P, (c)

HIC ;4 indicator is calculated on the basis of the acceleration of the
head and time of the acceleration [1, 21]:

2,5

(—1) @

5}
[ay @0at

H1C36 = max
(t=4),

where:

ay(t) — resultant acceleration of the centre of the head [g]
(CFC100 filtration), calculated on the basis of the component accel-
erations, measured in three mutually perpendicular directions;

At=1t, —1,<0.036 s — length of time [s] with the highest values of

ay(1).

C .. Indicator is calculated from the resultant chest acceleration
ac(t), while its components, measured in three mutually perpendicular
directions, were filtered with CFC180 [1]. Figure 2 presents an exem-
plary resultant acceleration of head and chest. The blue lines denote

2000 HIC;

0 30 80 9 Cplal

Fig. 3. Risk of severe injury (AIS4+) of head and chest of M50 and F5 dummies (a and b) and the risk

of head and chest does not exceed 20% in this case, but it increases
rapidly when the limit values are exceeded (Figure 3 a, b). The same
functions hold for M50 and F5 dummies.

The loads at head and chest usually do not change to such a degree
when the conditions of the crash test are changed, e.g. when the speed
of the collision is changed. This is why combined injury probability
criterion P,,,,, was used to assess the loads on the dummies [1, 11]:

Pcomb =1- (1 - Phead) : (1 - Pchest) = Phead + Pchest - Phead ' Pchest (5)

In the further part of the analysis, H/C;,=f(C,..) chart was ap-
plied, presented in Figure 3c, where the lines indicate the values of
HIC;4and C ., at which the values of P.,,,,(41S4+) indicator (risk of
severe injury) are 5, 10, 20, 30 and 40%, respectively.

4. Selection of the crash tests for the analysis

For the purpose of the analysis of the influence of the impact
speed on the dynamic load on the driver and on the passenger, the
results of crash tests published in the Internet by National Highway
Traffic Safety Administration were applied [24]. NHTSA database in-
cludes the results of over 7000 crash tests of the cars from 1965-2016,
conducted under various conditions (different types of impact, barrier
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Fig. 4. Frontal impact of a car with a rigid barrier [24]

types, velocity of collision etc.), with the special focus on the frontal
impact of a car on a rigid, plain barrier, placed perpendicularly to the
direction of the drive (Figure 4).

Crash tests of the cars produced in 1990-2010 were chosen for the
analysis, where the dummies placed on the front seats had their seat-
belts fastened, and were protected with a front airbag (Figure 4). The
cars manufactured more recently were omitted because, for the records
from2011 on, NHTSA database includes the values HIC5( At <15 ms ),

which replaced HIC;4 (At <36 ms).

The speed with which the car hits the barrier is only one of
many factors influencing the load on the dummies. This is why for
the purpose of further analysis the results of the crash tests were
divided into several groups in such a manner as to limit the influ-
ence of the other factors on the result of the assessment performed
for the purpose of the analysis described in the paper. The first two
groups of results (data) were obtained with grouping the crash tests
according to the car’s manufacturing year (standard of the used
passive safety systems):

— the models manufactured in 1990-1999;

— the models manufactured in 2000-2010.

The indicators connected with the driver and the passenger
were analysed separately due to the fact that the loads on the same

The passenger cars have dif-
ferent construction of the frontal
crumple zone, which significantly
influences the process of deforma-
tion of the zone upon hitting the
obstacle, and therefore also the de-
celeration of the car [26]. This is
why the further division of the crash
tests into the categories was based
on the type of the car. The greatest
number was that of ,,classic” cars
(61% of the tests, weight of the car
during the crash test: 932-2562 kg)
— a category including hatchback, sedan, coupe, kombi and convert-
ible cars. Vehicles of that category have similar construction of the
integral body. Moreover, the following types of cars are included:

— utility vehicles, with a reinforced chassis, drive usually 4x4

(20% of the tests, weight 1298-2917 kg);
— pickups, with a frame chassis (11% of the tests, weight 1447-
3054 kg);

— vans (8% of the tests, weight 1661-2721 kg, including mini-

vans).

3200

2800

2400

2000

m [kg]

1600

1200

800 . :
3300 3700 4100 4500 4900 5300 5700 L [mm]

dummies may differ significantly if placed on different seats inthe  Fig. 6. Comparisonofmass (m)andlength (L) of the passenger cars (accordingto [24]):

car [25, 28]. For example, the values of HIC;4 and C .. indicators
in Figure 5, regarding M50 dummy placed on the driver and pas-
senger seat were compared (422 tests, cars from 2000-2010, speed
56 km/h). The differences in H/C;4 for the driver and the passenger
were as following:

— not more than +10% in 111 tests (26% of the results are between

the red lines):
— more than 20% in 211 tests (50% of the tests).

The differences in Cy,. for the driver and the passenger were as
following:
— not more than £10% in 274 tests (65% of the results are be-
tween the red lines):
— more than 20% in 31 tests (7% of the tests).

K — classic, U— utility vehicles; P — pickups; V - vans

In order to present the differences between the four types of cars,
their weights and length were compared in Figure 6.

Further analysis includes:

— 788 tests with Hybrid III M50 dummies on the front seats (in
55 tests from 1990-1995, there were Hybrid II dummies on the
passenger seat);

— 125 tests with Hybrid III F5 dummies on the front seats.

Table 2 provides information on the number of tests at a given
collision speed, with regard to the manufacturing year and type of the
car (acc. to NHTSA classification), as well as the kind of a dummy.
The greatest number of tests were performed at nominal speed with

which the car hit the obstacle: 40, 48 and 56 km/h (25, 30 and

1200 T 70 35 miles per hour, respectively), where the usual speed in the
% 5 // case of M50 dummy was usually 56 km/h, whereas in the case
900 A /4 & = 01 of F5 it was usually 48 km/h. The real value of the speed at
[y = ’.' 3 = which the car hit the obstacle was usually within the range of

(.“-;s 600 -, a2 o ’ & 5 +1 km/h from the nominal value.

S . 5 g
400 os © 4 5.Preliminary assessment of the influence of the
%, o impact speed on the loads of a dummies
0 } 0 ; ;

0 300 600 900 HC,q(D) 30 40 50  Cpcel(D) [a] At this stage of the analysis, all types of cars were taken

into account (Figure 6). In Figure 7, the values of HIC;4 and

Fig. 5. Comparison of HIC35 and C ., indicators, calculated for M50 dummy placed on  C .. were presented with regard to the speed at which the car
the driver's seat (D) and on the passengers seat (P); cars from 2000-2010 (56 hit the barrier. The values refer to M50 and F5 dummies placed

km/h)
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Table 2. Number of the crash tests included in the analysis (K - classic, U - utility vehicles, P - pickups,
V - vans and minivans)

M50 dummy load that in the case of F5. The val-
ues of HIC;4 and Cy,.. for F5 dummy are within a

Manuf ] K U p y Total similar range at 48 and 56 km/h (cars from 2000-
Impact speed a:aur 2??2';9 2010). As for M50 dummy, the maximum values
Y M50 | F5 | Ms0 ‘ F5 | M50 ‘ F5 | M50 ‘ F5 | M50 | F5 of HIC;4 at 56 km/h are about two times higher
<40 km/h 2000-2010 2 3 2 3 than at 48 km/h. The maximum values of C . for
o L
1990-1999 0 1 0 1 M50 dummy at 56 km/h are about 30% higher
40 km/h than at 48 km/h.
2000-2010 0 7 0 0 0 1 0 2 0 10 In further analysis of the influence of the im-
1990-1999 28 30| 9 1 3 4 6 3 46 38 pact speed on the injuries of the occupants of the
48 km/h 50002010 0137 2 131 3 | 5| 2 4 | 4 | 20 vehicle, the results of 24 tests were omitted where
the values of HIC;4 and C 4, indicators at a given
56 km/h 1990-1999 71 2 41 |0 ) 29 | 0| 30 | 0 271 | 2 collision speed were significantly higher than in
m 2000-2010 218 116127 10| 50 | 2] 27 | 4 | a22 | 22 the other cases (cf. Fig. 7). Table 3 presents the
ranges of HIC;4 and C,. indicators and the risk
Total 459 |96 | 179 | 4 85 | 12| 65 13 | 788 | 125
. .. . . 40% 40%
on the driver’s seat. What is interesting, there was a huge disper- [y 19s0-1889 %=IW 2000-2010
sion of the values of the indicators at a given speed, irrespectively nao% : n”%
of the cars’ year of production and the type of the dummy. For § 20% gt Wi § 204 :
example, the values of HIC;5when the car hit the barrier 56 km/h ~ ® i A8 0L : = s | ¢ 2
speed for M50 dummy were within the range of 176-1079 (cars p® lrs' anu’ o e F5| s Jﬁd .t L
from 2000-2010). This result shows that the effectiveness of PR BT T R i B
mih 56 km/h

protective devices used in cars varies greatly. The effect of the

speed at which the car hits the barrier is more visible in case of ~ Fig. 8. Influence of the impact speed on the value of risk Py, (AIS4+); (solid lines —
driver; dashed lines — passenger)

60 B0
: : 4 A R AR DAt D s
g 40 g B e e R L L s
Sl H [amso, 20002010, n=471 || 5 | [ M50, 2000-2010, n=471
i i 4 M50, 1990-1999, n=317 + M50, 1990-1999, n=317
20 - + ; - . 20 o t +
[} 200 400 600 800 1000 HICsg 20 30 40 50 60 Cp..lal
60 60 -
® L] i L]
=51 e = o éwe
5 40 i Ew -8 008 g B
e ® F5, 2000-2010, n=34 >~ ® [ '@ Fs, 2000.2010, n=84
° ‘ « F5, 1990-1999, n=41 ° H * F5, 1990-1999, n=41
20 - ; 7 20 ; : :
0 200 400 600 800 1000 HIC 20 30 40 50 80 Cpce[g]

Fig. 7. Influence of the impact speed on the values of HIC ;5 and C .. for M50 and F5 dummies placed on
the driver s seat

Table 3. Ranges of HIC35 and Cy., as well as Ppegq, Penest: Peom isk factors

of severe injury (AIS4+) Ppoua> Penesis Peomp OF
the driver and the passenger calculated on the
basis of (3)-(5).

The number of the tests with a passenger
(n*) is smaller than the number of the tests with
the driver (n) because the results were omitted
that do not meet the abovementioned similar-
ity criteria of the conditions of tests, e.g. there
was no air cushion for the passenger in some
of the older car models, or there was a different
dummy on the passenger seat.

There was a significant range, that is the
difference between the minimum and maximum
value, for HIC;4 and C),., at a given collision
speed, which makes it more difficult to analyse
the impact of the speed on head and chest inju-

Dummy M50 F5
My 1990-1999 2000- 2010 1990-1999 2000-2010
V [km/h] 48 56 48 56 40 48 56 40 48 56
n 44 265 48 417 1 36 2 10 46 20
Ranges of the indicators calculated for the dummy on the driver seat
HIC34 90-518 238-1088 144-532 169-894 90 96-636 174-234 51-396 75-628 126-686
Cacc [0l 27-55 32-71 32-53 28-61 27 33-65 54-55 29-47 28-56 38-55
Phead %] 1-4 1-23 1-4 1-13 1 1-6 1 1-3 1-6 1-7
Pepest [%] 2-15 3-35 3-13 3-21 2 4-26 14-15 39 3-16 5-15
Peomp [%] 3-16 5-38 5-15 5-27 3 5-28 15-16 411 5-23 7-19
Ranges of the indicators calculated for the dummy on the passenger seat (next to the driver)
n* 38 192 43 417 0 34 2 10 45 18
HIC;36 80-573 181-1163 101-536 214-902 - 69-723 174-261 93-298 91-678 196-712
Cpec la] 26-53 35-64 28-50 29-59 - 32-67 43-47 31-44 30-49 30-52
Pheaq [%] 1-5 1-28 1-4 1-14 - 1-8 1-2 1-2 1-7 1-7
P prest [%] 2-13 4-24 3-11 3-19 - 3-29 7-9 3-7 3-11 3-13
Peomp [%] 4-15 6-37 4-14 5-25 - 5-31 9-10 5-9 5-13 5-18
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ries. Minimum values of head injury indicator are usually HIC;5<900
and C <60 g for the chest. The risk of severe injury (AIS4+) in these
cases is not higher than 14% (head) and 20% (chest). The load on
the chest determines the total risk of injury P, irrespective of the
speed of the car.

In Figure 8, collision speed and the risk of severe injury P, are
juxtaposed. Taking into account the results for the two dummies (M50
and F5) placed on the driver’s seat and on the passenger’s seat, the
following ranges of the risk of injury were determined:

- cars manufactured in 1990-1999 - cars manufactured in 2000-2010
Peomb =4+31% at 48 km/h; Peomp =4+11% at 40 km/h (F5 only);
Peomp =5+38% at 56 km/h; Peomp =4+23% at 48 km/h;

Peomb =5+27% at 56 km/h.

6. Statistical analysis of the influence of the impact
speed on the loads on the dummies

6.1. The scope of the analysis

A more detailed analysis of the influence of the speed at which the
car hit the obstacle on the loads and injury risk of the occupants of the
car was performed on the basis of the statistical analysis of the values
of HIC;4 and C,. indicators and values of risk factors Py, Pepess
P, applied as random variables. In order to analyse the properties
of the probability distribution, histograms were prepared. On the basis
of the number of crash tests » and the range R of a given indicator, the
values x;, x»,..., x,, were grouped into k intervals (bins) with the length
of & (bin interval), taking into account [6, 7]:

where: X — arithmetic mean, Me — median, s — standard deviation,

1y — fourth moment about the mean.

The asymmetry coefficient 4s=0 for symmetric distribution
(X =Me=Mo ), As<0 for left-skewed distribution ( Mo > Me > X )

and As>0 for right-skewed distribution (Mo < Me < x ). The higher

the absolute value of the asymmetry coefficient, the stronger the
asymmetry of distribution. Kurtosis Ku>3 and Ku<3 characterises dis-
tribution patterns with more, or less concentration than in the case of
normal distribution, for which Ku=3 [6].

6.2. Effect of the year of production, type and weight of the
car on the HICzg and Cp

In point 5, the influence of the impact speed on the values of HI/C;,4
and C,,. indicators was analysed, separately for the cars from 1990-
1999 and from 2000-2010. At this stage, it was analysed whether there
may be a relation between the type and the weight of the car and the
high dispersion of the values of H/C;4 and C .. indicators at a given
speed of collision.

Figure 9a presents the values of HIC;4; and Cy,. indicators for
M50 dummy (a driver) in classic cars. The values of HIC;4 and Cy,.
indicators were juxtaposed with the injury risk curves (cf. Fig. 3¢). A
clear difference between the loads on the dummies in case of older
and newer cars is confirmed by the distribution functions of the risk
of injury Py

In Figure 9b, the values of HI/C;4 and C . are presented for M50
dummy (the driver) in the following types of cars: classic (K), util-
ity vehicle (U), pick-ups (P) and vans (V) from 2000-2010. Classic
cars, which are the most numerous, are additionally divided into four
groups, each of different weight (Fig. 9¢). Risk distribution P, ex-

R o : o comb>
k~In; k<Slog(n); h~ . (6) pressed as a distribution function F(P,,,,), are similar both for differ-
. e . 10
In this manner, every /" bin was assigned »; 0%
number of indicators (number of the elements 08 1
in a given bin) and the relative number of ele- el
ments p; (frequency), cumulated number of ele- E Eoo
ments ¢;, and the distribution function F in the ' 04 1 I—Méo = ;m,h
o 4o i _ . 20002010
upper limits of x;” bins: ---{ & M50, 56 kmih, 2000-2010 FE B LF
| 4 M0, 56 kmih, 1990-1999 o e
y T ? g 00 et
50 85 60 Cpcla] 0% 5% 10% 15% 20% Peoms

n.
bi=

i
s =Yn, i=1,2 ks F(x) =S (1)
j= "

s |3

On the basis of the histograms, mode was
calculated [6]:

- L
Mo=x, +h- m___m-l

®)

Ay =M1 = Mgl

5% 10% 15% 20% P comb

where: m — number of the bin with the greatest
number of elements; x; , n,, — lower limit and

number of elements of the bin where the mode
is located.

The coefficient of skewness 4s and kurtosis
Ku was used to assess asymmetry and flatten-
ing (concentration) of the analysed patterns of
distribution [6]:

As =  Ku=44 ©)

+ 1401-1700 kg
800 1-| & 17011900 kg

* 1000-1400 kg

T a19012200kg |i | & o

| =—1000-1400 kg |..
: : =—1400-1700 kg
Jod 4] —1700-1900 kg |-
: { | —1900-2200 kg

5 s 55 80 ¢, [q] 0% 5% 10% 15% 20% Peomp

Fig. 9. HIC;5 and C . indicators and the distribution functions of the injury risk P, (AIS4+) (M50, 56
km/h); a) cars from 1990-1999 and 2000-2010; b) various types of cars from 2002-2010; c) differ-
ent values of weight of classic cars (C) from 2000-2010.
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the cars from 1990-1999 and F5 dummy, at 40

Fig. 10. Histograms of the frequency of HIC;5 and C .. indicators for the dummies on the drivers seat;

M50 (48 and 56 km/h) and F5 (40, 48 and 56 km/h)

06

:j EEZEE EEE and 56 km/h, they were omitted in the further

03 analysis.

0.2 -1 [+

01 _L 6.3. Effect of the impact speed on the

¥ 8§ 58 8 8 Hee ModesofHIC;sand Cy . indicators

:: MY 2000-2010 | BFS 40 it The histograms of HIC;4 and C,,. indica-

i mrs 56 kmih || tors regarding the loads on the dummies on the

i b [k [ driver’s seat are presented in Figure 10 (similar

i i ny] distributions were prepared for the passenger).
el g s G [ fn L On the abscissa axis, there are values of the up-

BRABYSBIBOER Cpelg) BBIBISSIBYER Cpelg] 8888983y perlimits of x; bins. The frequency p; is lo-

cated on the axis of ordinates (7). The number
of elements in the tests was presented above in
Table 3. On the basis of (6), bin intervals were
applied /=70 and hcy.~4 g for the indica-

tors regarding M50 dummy, as well as ;=120 and /.. =5 g for
the indicators regarding F5 dummy.

On the basis of the analysis of the measures of location, shape
and dispersion of the distribution patterns analysed, described in
point 6.1, it was determined that the distribution of HIC;4 and C .
indicators has a very weak (]4s|<0,2) right-side skewness (4s>0, that

700 700

o0 48 kv so0 |[D40Kmh
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i O 394 wr | . :::_li‘l(mm S
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Fig. 11. Mode values of HIC;5 and C 4. indicators (M50 and F5) for the driver
(D) and for the passenger (P) in case of a car hitting the obstacle at

40, 48 and 56 km/h

ent types of cars and for different weight of classic cars. Therefore, no
significant relation was discovered between the type or weight of the
car and the distribution of HIC;4 and C ... indicators.

On the basis of the above findings, the crash tests were divided
into 14 groups (7 with the driver and 7 with the passenger), listed
above in Table 3 (8 groups of the tests with M50 dummy and 6 groups
of the tests with F5 dummy). Due to a small number of tests involving

Table 4. Values of the parameters describing the properties of risk P, distribution

is X > Mo), and concentration lower than in the case of normal dis-

tribution (usually Ku € (1,7; 2,9), and only for 2 groups Ku>3). Due
to the asymmetry of the distribution of the H/C34 and C ... indicators,
mode values Mo were applied to describe the maximum of their den-
sity functions (Fig. 11).

Increase in the impact speed of the car from 48 to 56 km/h has
a greater influence on the increase in the mode value of H/Cj4 than
C .- On the basis of dependencies (3) and (4), it was determined that
such an increase in speed results in the increase in mode value of the
risk of severe injury of head (from 2 to 4%) and chest (from 5-6% to
7-11%).

It was proved that the increase in the impact speed has a greater
influence on the loads on M50 dummy in case of older cars (cf. 9a and
11). Moreover, the mode values of H/C;4 and C ... indicators for M50
dummies on the driver’s and passenger’s seat are similar at a given
speed. However, at 56 km/h, the mode values of HIC;, indicator are

Dummy M50 F5
Place Driver Passenger Driver Passenger
MY 1990-1999 2000-2010 1990-1999 2000-2010 2000-2010
V [km/h] 48 56 48 56 48 56 48 56 40 48 56 40 48 56
Group | Il Il \% \Y VI VI Vil IX X Xl Xl Xl XIv
n 44 265 48 417 38 192 43 417 10 46 20 10 45 18
R [%] 129 32.2 10.3 225 1.5 313 9.4 19.4 6.8 18.2 11.8 43 7.9 12.5
h [%] 1.8 2.5 1.8 1.5 1.8 25 1.8 15 3.0 3.0 3.0 3.0 3.0 3.0
X [%] 9.3 17.2 8.6 1.2 7.9 16.9 7.8 1.2 6.3 104 1.4 6.3 7.9 11.1
Me [%] 9.3 15.8 8.1 10.0 7.4 15.8 7.3 103 5.2 9.1 10.9 5.9 7.6 11.0
Mo* [%] 8.6 13.8 7.7 8.7 7.6 14.0 6.6 8.6 5.0 7.8 9.8 5.5 7.3 10.7
s [%] 3.1 6.8 2.6 44 3.0 6.5 24 3.9 2.1 4.6 34 1.5 23 33
Go,25 [%] 7.2 12.2 6.7 8.2 5.4 11.9 6.0 8.3 4.5 7.0 8.5 5.1 5.9 8.8
Go,75 [%] 11.6 20.7 104 13.1 9.1 20.4 9.2 134 7.5 12.2 129 6.9 9.9 129
As 0.01 0.20 0.18 0.26 0.15 0.17 0.22 0.25 0.49 0.28 0.17 0.26 0.14 0.03
Ku 2.36 3.23 2.61 4.64 2.84 3.36 2.82 3.71 2.21 311 2.65 1.97 1.90 2.21

*) Mode values of P, indicator calculated in accordance with (8). The differences between mode values of P, indicator calculated on the basis of mode HIC3g
and Cy indicators (from Fig. 11) and acc. to (8) for 9 groups are not higher than 5% for the rest of the groups (1, Il, IV, IX and XI), the differences remaining at the

level of 8-12%.
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Fig. 12. Distribution functions of the injury risk P, (AIS4+) of the dummies on the
driver s seat (continuous lines) and on the passenger s seat (dashed lines) at the

speed with which the car hits the obstacle 40, 48 and 56 km/h

in the case of a 5-centile woman from 5 to 10% in the cars from
2000-2010.

Generalized results of the analysis of the influence of the
speed in case of a frontal impact on the risk of injury for the
driver and for the passengers on the front seat are presented in

Figure 14. The points on the charts at the speed of 40, 48 and
56 km/h denote mode values from Figure 13, while points at

Pcomb [%)]

MY 2000-2010

D_M50 P_M50 D_M50 P_M50 D_F5

Fig. 13. Mode values of the injury risk P, (A1S4+) for the driver (D) and for the pas-
senger (P) in the case of a car hitting the obstacle at 40, 48 and 56 km/h (M50

and F5 dummies)

MY 2000-2010

P_F5

Delta_ V<40 km/h represent the values of the risk of injury P,,,,;
for the driver and for the passenger, calculated on the basis of
the results of two tests with M50 dummy and three tests with F5
dummy (cf. Fig. 7 and tab. 2).

The points on the charts and the behaviour of AIS3 and AIS6
risk functions (lines 6 and 9 in Fig. 1) were used to approximate
the results with the following function (“AIS4” line in Fig. 14):

Py (AIS4+) = {1 +exp[3,9—4,1- (Delta ¥ /80)>3137! (10)

g
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=
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where Delta V [km/h] is the change in vehicle velocity over
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Fig. 14. Risk of injury of the driver and of the passenger on the front seat during a frontal

| The injury risk of the occupants on the front seats of the cars
| from 2000-2010 during a frontal impact at Delta V<60 km/h

20 30 40 50 60 70O 80 90 100 110

can be described with the following approximating function
(dashed line in Fig. 14):

Py (AIS4+) = 0,017 - Delta_ V"¢ (11)

impact as a function of Delta_V (on the left, there is a fragment of the chart from

the right); “AIS3” line acc. to [4], “AIS6” line acc. to [23]

significantly higher for F5 dummies on the place of the passengers
than on the place of the driver.

6.4. Effect of the impact speed on the modes of injury
risk Peomp

Distribution of the risk of injury P,,,, was assessed also on the
basis of histograms. In Table 4, values are presented of the parameters
describing the properties of risk P,,,,, distribution in 14 data groups
(I-XIV). On the basis of (6), bin intervals h were applied of 1.5, 1.8
and 2.5% for M50 dummy, and h=3% for F5 dummy.

Distribution in every group is characterised by right-side
asymmetry (4s>0), with very weak (|4s/<0,2) or low inten-
sity of the asymmetry (]4s[<0,4). The arithmetical mean is
8-33% higher than Mo, and standard deviation s€(1.5%; 6.8%). In
case of 5 groups (II, IV, VI, VIII, X) the concentration is higher than
in the case of normal distribution (Ku>3), and in the rest of the groups
Ku€(1.97;2.84).

In Figure 12, distribution functions of risk P,,,, are presented,
regarding dummies on the seat of the driver and the passenger. The
points indicate mode values of injury risk P,,,,;. The modes are lo-
cated between the quartile g, 5 and the median Me. What is important
is that there are differences of the distribution regarding the driver and
the passenger at 48 km/h speed.

The mode values of injury risk P,,,,;, (AIS4+) of the driver and the
passenger from Table 4 are presented in Figure 13, where the ranges
of the variable are marked (Mo-q, ,5; ¢4 75-Mo), with 50% of the re-
sults in every 14 groups.

with a high value of the coefficient of determination R*=0,920.

7. Summary

The analysis of the results of several hundred of crash tests made
it possible to assess the influence of the impact speed on the injury
risk for the driver and for the passenger on the front seat, with their
seatbelts fastened and protected with an airbag. The speed of collision
is but one of many factors with an influence on the risk of injuries for
the occupants of the car. Due to the above, the analysis was conducted
in older and newer cars, separately for F5 and M50 dummies and for
two different places in the car (on the driver’s seat and on the pas-
senger’s seat).

The analysis of the injury risk includes the loads on head and
chest (HIC;4 1 C 4, indicators). Significant dispersion of these indica-
tors made the analysis harder (pt. 5). This is why the values of HIC;,4
and Cy,.. were determined statistically, by specifying their parameters
of distribution. On the basis of the mode values of the risk of injury
P .omp» it was determined that the increase in the speed at which the
car hits the obstacle from 40 to 56 km/h increases the risk of severe
injury (AIS4+) in the case of a 5-centile woman from 5 to 10%. The
risk of injury in the case of a 50-centile man was assessed at the col-
lision speed of 48 and 56 km/h. The increase in speed in such a case
increases the risk of severe injury from 8 to 14% in the cars from
1990-1999 and from 7 to 9% in the cars from 2000-2010.

To sum up the results — it was determined that the increase in the
speed at which the car hits the obstacle from 25 to 56 km/h increases
the risk of severe injury (AIS4+) for the driver and for the passenger
from 2 to 10%. The value of the risk of injury P, is determined
by the loads on the chest, irrespective of the speed at which the car
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hits the obstacle. The results of the analysis were used to describe the dependency of the risk of severe injury (AIS4+) for the driver and for

the passenger from Delta_V parameters with functions (10) and (11).
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AN E-BAYESIAN METHOD FOR RELIABILITY ANALYSIS OF EXPONENTIALLY DIS-

TRIBUTED PRODUCTS WITH ZERO-FAILURE DATA

METODA BAYESOWSKIEJ ESTYMACJI WARTOSCI OCZEKIWANE)J
DLA PRODUKTOW O ROZKLADZIE WYKLADNICZYM
WYKORZYSTUJACA DANE O NIEZAISTNIALYCH USZKODZENIACH

This paper investigate an E-Bayesian estimation as a reliability analysis method for the seekers to deal with the zero-failure life
testing data. Firstly, we introduce an E-Bayesian estimation for the exponential distribution, and then propose a zero-failure model
with assumptions. Using the proposed model, we set up a series of life tests for the seekers, and apply the E-Bayesian estimation
on the observed zero-failure data to calculate the failure rate and reliability of the seekers. Finally, the reliability estimation results
of the seekers demonstrate the performance of the proposed method.

Keywords: E-Bayesian estimation, exponential distribution, zero-failure data, failure rate, hierarchical Baye-
sian estimation.

W pracy analizowano estymacje bayesowskq wartosci oczekiwanej jako metode analizy niezawodnosci urzqdzen naprowadzajq-
cych w przypadkach, gdy dane z badan trwatosci sq danymi o uszkodzeniach niezaistnialych (zerowych). W pierwszej czesci pracy
opisano E-estymacje bayesowskq dla rozktadu wyktadniczego, a nastgpnie zaproponowano model uszkodzen niezaistniatych oraz
opisano jego zalozenia. Wykorzystujgc zaproponowany model, zaprojektowano i zrealizowano seri¢ badan trwatosci urzqdzen
naprowadzajgcych jak rowniez zastosowano E-estymacje bayesowskq w celu obliczenia intensywnosci uszkodzen oraz niezawod-
nosci badanych urzgdzen. Wyniki oceny niezawodnosci urzqdzen naprowadzajgcych potwierdzajq przydatnosé¢ proponowanej
metody.

Stowa kluczowe: estymacja bayesowska wartosci oczekiwanej, rozklad wyktadniczy, dane o niezaistniatych
uszkodzeniach, intensywnos¢ uszkodzen, hierarchiczna estymacja bayesowska.

1. Introduction

Reliability is the probability of a component or system working
regularly. Reliability technology was firstly applied in the fields of
nuclear industry, aviation and aerospace, and then was spread to the
industries of electronic, metallurgy, mechanical and so on. The re-
searches and analyses on the reliability theories and applications have
lasted for decades. Now reliability has become one of the most im-
portant areas in the industry. With the improvement of reliability ap-
plications, products with high reliability require a long time to obtain
the failure data in normal life tests. Actually, zero-failure data is often
detected in Type I Censoring life tests.

The early research about zero-failure data started by Bartholom-
ew [1], who firstly used the test time as the estimate of the average
life, which was obviously too small. Martz and Waller [12] devel-
oped a method for an exponential failure-time model and a gamma
prior distribution on the failure rate. Chow and Shao [2, 3] used a
regression model and the weighted least squares method for access-
ing the shelf-lives of drug products. Miller, Morell and Noonan [13]
provided the formulae for the probability of failure with zero-failure
data based on some assumptions of Bayesian prior distribution, and
gave an example of failure rate estimation with zero-failure data. Han
[4, 5] developed an E-Bayesian estimate method based on hierarchi-

cal Bayesian estimation, which was proved to be feasible for zero-
failure data. Liu [9] investigated the applications of E-Bayesian esti-
mation for exponential life distribution. Based on the researches of
E-Bayesian estimation, we introduce a reliability analysis method for
the seekers, which is more convenient and effective for zero-failure
data of exponential distribution.

The remainder of the paper is organized as follows. Section 2
presents a brief description of E-Bayesian method for the failure rate
estimation of exponential distribution. In Section 3 we introduce the
assumptions for reliability testing with zero-failure data. In Section
4 we provide an E-Bayesian method for exponential distribution
with zero-failure data. In Section 5 we illustrate how the proposed
E-Bayesian method can deal with zero-failure data in life testing, and
compare it with different zero-failure analysis methods. In Section 6
We give some comments and conclusions.

2. E-Bayesian estimation for the failure rate of exponen-
tial distribution
Exponential life distribution is suitable for the electronic prod-

ucts, so it is widely applied in the field of electronic reliability. For
example, it is used as the life distribution of semiconductor devices
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both in Japanese industry standards and American military standards.
The density function of exponential distribution is:

S (@) =exp(=At) (1)

where >0, A >0, and A is the failure rate of the exponential dis-
tribution.
Han introduced the definition of E-Bayesian estimation in [8]. As-

sume that X(¢) is a continuous function defined on the interval R,

and teR .If I|7C(t)|1t (¢)dt < o, the definition of expected Bayesian
Q

(E-Bayesian) estimation is:

Kep = [ KO ()t 2)
Q

where Q is the interval of the hyper parameter ¢, w(¢) is the den-

sity function in Q, X(s) is Bayesian estimation for A . From the E-

Bayesian definition of failure rate A, we can obtain:

Kgp = [ R(Om (t)dt = E[X(1)] 3)
Q

We can see that 7CEB is the mathematical expectation of hyper

parameter ¢ in the Bayesian estimation X(r) .

It is noticeable that E-Bayesian estimation is different from hier-
archical Bayesian estimation. However, there are some connections
between the E-Bayesian estimation and hierarchical Bayesian estima-
tion, see [5,8] for further details.

3. Assumptions for zero-failure data

Different kinds of censored data are often gathered in reliabil-
ity and life tests. For Type I Censoring test, especially in the tests of
high-reliability products with small samples, zero-failure data are fre-
quently collected. With the development of technology, zero-failure
data attracted wide attention, and the researches on zero-failure data
needs intensive studies.

In reliability tests, we assume that the distribution function of
product life 7 is F(¢), follow the two steps:

* Take n samples and divide them into m groups. The number

m
of the sample in the i th group is »;, i=1,2,3,...,m, Z”i =n.
i=1

 Assume that each group starts testing at the same time 0, the i
th group stops at time ¢;, 0<# <t <...<t,, , and no product

fails during the whole test. Then (¢;,n;
data.

The test starts at time 0 with m group, group 1 stops testing un-

) is called zero-failure

til time ¢, group 2 stops testing until time ¢, . It goes on until time

t, , group m stops testing, when all tests come to the end. We can
obtain:

J=123,..m “4)

\UJ
Il

I M=
3

There is not any failure during the test, from time ¢ g onwards,
S samples are still under test. So we can suggest that there are S I

samples of which life is more than tp s j=L2..m.
According to the above, we can make some assumptions as fol-
lows:

» When the time of the reliability test is #, =0, the failure rate of
the product is 0, which is py = P(T <0)=F(0)=0.
¢ 5= i n;,j=1,2,3,...,m , that means at time t , there are S;
i=]
samples whose life are longer than 7., j=1,2,...,m.
¢ The failure rate at time ¢; s
0<# <ty <..<t, . Then the reliability of the product at time

p;=PT<t)),
tiis R =1-p;=P(T>1t;), pg<P << Pp-

4. E-Bayesian model for exponential distribution with
zero-failure data

If the life distribution of the product is exponential distribution,
the density function is as follows:

f(®) =Aexp(—At),t >0 %)

where A is the failure rate of the exponential distribution, and A > 0.

Assume the prior distribution of A is a Gamma distribution, the
density function is:

b )x“*‘ exp(—bL)

t(A|a,b)=——
I'(a 6)

where a and b are both hyper parameters with a >0, b>0, A >0

,and I'(a) = J'got”fleftdt is a Gamma function.

Usually the failure rate of a high quality product is less than that
of a low quality product with the failure data, which fits for the reli-
ability theory. According to that model, Xu and Liu [15] proposed a

decreasing function for prior distribution of failure rate A. The de-

rivative of the density function (A | a,b) is:

dn(\|a,b) _ A2 exp(—=bN)(a —1) — bL)

dr T(a) @

It can be seen that when 0<a <1 and b>0, from Eq. (6) one
can find that the prior distribution (XA | a,b) is a decreasing function
for A . For Bayesian estimation, when 0<a <1, the increasing of
parameter b makes the reliability robustness decreasing. Thus we set
an upper bound ¢ for parameter b , then the range of b is 0<b<c
(¢ is a constant). Assuming the prior distribution of a is U(0,1) and
that of b is U(0,c) [9]. So we can obtain the density functions of a

and b as:

n(a):1(0<a<1),n(b):l(0<b<c)
C
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In Type I Censoring tests of exponential distribution samples, if
there are X; samples failed in test i(i =1,2,...,m) , i is the number of
Type I Censoring tests. Based on [10], the failure number X; is sub-

ject to Poisson distribution with the parameters ¢;,n;, and A :

(t;mA)"

! L= exp(—t;n;\) ®)

P{X, =1} =
where 7, =0,1,...,n,and i=1,2,...m

The likelihood function of A is:

L, 10 =[P =y = T4

LN )
i=1 i=1

under zero-failure condition, which means 7 =0,i=1,2,...,
note that L(0|A) =exp(—NA) .

m, we can

If the prior density function w(A|a,b) is exactly as Eq. (6), ac-

cording to Bayes theory, the posterior density function of A is:

a-1
(A a,b)LO|N) r( )7~ exp(~bA)exp(~NL)

h(h10) =
j n(Ala, b)L(OM)‘”“ .[O @ A% exp(—bL) exp(~NA)d A

At exp[—(N +b)A] _ (N +b)* pa-1

= exp[—(N +b)A]
[ :’xa—l exp[-(N+b)Aldr L@

(10)
The Bayesian estimation of A under square loss is:

x:(N+b)“

K =] g" LA | 0)d )

o0 a
| o A exp[~(N +b)AJIA = N3

We can obtain E-Bayesian estimation of the failure rate A , which
is:

db=—1In
+b 2c

Lt LpVte )
2c

1
_ZIO'[ON+b ¢

m
where N =Y tn;,
i=I

(t;,n;) is the zero-failure data in the life tests,

i=12,...m.

5. Experimental verification and model application

In order to verify the proposed E-Bayesian estimation model, we
set up a reliability test by subjecting specimens to a series of life tests
under different working circumstances. Then the life data are collect-
ed and analyzed to obtain the life time of the specimens. The purpose
of this experiment is to estimate the reliability of the seekers with a
simplified estimation model for engineering applications.

The samples were tested in different test environments. None of
them failed during the test, and these observations are shown in Table
5.1. Assume that differences between the test environments have no
effect on the life time. We can assume that all the seekers were tested
at the same time, thus we can obtain the zero-failure working time
data of the observations, which are shown in Table 5.2.

m
According to Eq. (12), we have N =Y tn; =2051, and we can
i=l
obtain the E-Bayesian estimation of the failure rate XEB .
There are two methods to take zero-failure information into con-

sideration. Han M. [6] proposed a model for m+1 Type I Censoring
test, which is:

R R = AR D)

i=1

1 m
[ z (ti -
m—1;2

1 & . 1 &
where —Z means rounding down for — )" n; . Then we can ob-
m =1 miz
mil M+c

tain M = > tn; , and Agg = —ln
i=1

According to the average remaining life method, Wu [14] devel-

oped another model for ¢,,,, with zero-failure data:

1 1
t'm+1:tm+7’ nm+1:[7zni] (14)
A m =y

Table 5.1 Working time of the seekers

Working Time (h)

Test
Sample | Test Envi- | TestEnvi- | Test Envi- | TestEnvi- | Test Envi-
ronment A | ronment B | ronment C | ronmentD | ronment E

a 10 40 45 162 72
b 10 / / 162 68
C 12 12 3 45 105
d 10 13 3 50 102

Table 5.2 Zero-failure data of the tested seekers

e |, e
! (Test Sample 7;)
C 0 177h 4
d 0 178h 3
b 0 240h 2
a 0 32%h 1
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Table 5.3 The results of E-Bayesian estimation for failure rate

where ¢ is the moment for estimating the

c 300 500 1000 2000 3000 4000 5000 6000 pr.odu.ct reliability under the expo.nentlal.dls-
tribution. The results of E-Bayesian estima-
Rpgx107 | 22752 | 21815 | 19857 | 17015 | 15020 | 13523 | 12348 | 1.1395 | ton for reliability (#=200h ) are shown in
Table 5.4.
Xgp x107* | 15885 | 15415 | 1.4384 | 12771 | 1.1552 | 1.0591 | 09808 | 09155 These estimation results accord with the
practical situation of the seekers. Based on
~ _ the results, it can be inferred that after tak-
Agpox107* | 03568 | 03428 | 03133 | 02695 | 02383 | 02145 | 0.1957 | 0.1804 | . U ) o
ing zero-failure data into consideration, the
R reliability estimation method of the products
Ay % 1074 44515 | 42156 | 3.7409 | 3.0948 | 26687 | 23629 | 2.1307 1.9472 is significantly improved. Compared with
the average remaining life method for zero-
failure data, Eq. (13) makes the results more
Table 5.4 The results of E-Bayesian estimation for reliability con§ervaF1ve, thh, is more acceptable in
engineering applications.
c 300 500 1000 2000 3000 4000 5000 6000
N 6. Concluding remarks
Rep 0.9555 0.9573 0.9610 0.9665 0.9704 0.9733 0.9756 0.9774 . . .
In this paper, a reliability analysis meth-
- od based on the E-Bayesian estimation for
Rep 0.9687 0.9696 0.9716 0.9748 0.9772 0.9790 0.9806 0.9819 zero-failure data is proposed to estimate the
N reliability of seekers. By integrating the ze-
REBZ 0.9929 0.9932 0.9938 0.9946 0.9952 0.9957 0.9961 0.9964 ro-failure information, the precision of esti-
mation results of reliability increases greatly
Ry 0.9148 0.9191 0.9279 0.9400 0.9480 0.9538 0.9583 0.9618 based on the hierarchical Bayesian estima-
tion. Furthermore, the experiment results

where A is a unknown parameter, we use E-Bayesian estimation Agp

m
instead of A. Then we can obtain M'=Ytm; +¢', 0, and
i=1
M'+c
Ml

. 1
Mgy =—1In
EB2 2

As reported in [11], the range of ¢ is 300 < ¢ <6000, which is
reasonable in engineering practice. Based on Eq. (12), we calculate

the values of A with different ¢, and compare with the hierarchical

Bayesian estimation [7]. The results are shown in Table 5.3.
According to [9], the reliability of exponential distribution with

demonstrate that E-Bayesian method makes
the calculation process easier and more ef-
fective for exponential distribution products. In addition, smaller ¢
makes the results more conservative in engineering practices.
However, there are still some problems with reliability analysis
of zero-failure data. When using Bayesian model for analyzing zero-
failure data, the influence of assumptions about the parameters on fi-
nal results is obscure. In addition, appropriate parameters and models
selections for engineering applications need a further investigation.
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zero-failure data (¢;,n; ) is as follows:

R(t) = exp(=Xt) (15)
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MULTI-CRITERIA RELIABILITY OPTIMIZATION FOR A COMPLEX SYSTEMWITH A
BRIDGE STRUCTURE IN A FUZZY ENVIRONMENT: A FUZZY MULTI-CRITERIA

METODA ROZMYTEGO WIELOKRYTERIALNEGO ALGORYTMU GENETYCZNEGO

GENETIC ALGORITHM APPROACH

WIELOKRYTERIALNA OPTYMALIZACJA NIEZAWODNOSCI ZLEOZONEGO
SYSTEMU O STRUKTURZE MOSTKOWEJ W SRODOWISKU ROZMYTYM.

Optimizing system reliability in a fuzzy environment is complex due to the presence of imprecise multiple decision criteria such as
maximizing system reliability and minimizing system cost. This calls for multi-criteria decision making approaches that incorpo-
rate fuzzy set theory concepts and heuristic methods. This paper presents a fuzzy multi-criteria nonlinear model, and proposes a
fuzzy multi-criteria genetic algorithm (FMGA) for complex bridge system reliability design in a fuzzy environment. The algorithm
uses fuzzy multi-criteria evaluation techniques to handle fuzzy goals, preferences, and constraints. The evaluation approach incor-
porates fuzzy preferences and expert choices of the decision maker in regards to cost and reliability goals. Fuzzy evaluation gives
the algorithm flexibility and adaptability, yielding near-optimal solutions within short computation times. Results from computa-
tional experiments based on benchmark problems demonstrate that the FMGA approach is a more reliable and effective approach
than best known algorithm, especially in a fuzzy multi-criteria environment.

Keywords: multi-criteria optimization, reliability optimization, complex bridge system, genetic algorithm.

Optymalizacja niezawodnosci systemu w Srodowisku rozmytym to problem ztozony ze wzgledu na koniecznosc¢ wziecia pod uwage
wielu niedoktadnie okreslonych kryteriow decyzyjnych, takich jak maksymalizacja niezawodnosci systemu i minimalizacja kosz-
tow. Wymaga ona zastosowania wielokryterialnych metod podejmowania decyzji, ktore tgczylyby pojecia z zakresu teorii zbiorow
rozmytych oraz metody heurystyczne. W niniejszej pracy przedstawiono rozmyty wielokryterialny model nieliniowy (FMGA) oraz
zaproponowano rozmyty wielokryterialny algorytm genetyczny do projektowania niezawodnosci ztozonych systemow mostko-
wym w srodowisku rozmytym. Algorytm wykorzystuje techniki rozmytej oceny wielokryterialnej do okreslania rozmytych celow,
preferencji oraz ograniczen. Metoda oceny uwzglednia rozmyte preferencje i eksperckie wybory decydenta dotyczqce kosztow
oraz celow niezawodnosciowych. Ocena rozmyta nadaje algorytmowi cechy elastycznosci oraz adaptacyjnosci, pozwalajqgc na
otrzymanie niemal optymalnych rozwigzan w krotkim czasie obliczeniowym. Wyniki eksperymentow obliczeniowych opartych na
problemach wzorcowych pokazujq, ze podejscie z zastosowaniem FMGA jest bardziej niezawodne i wydajne niz najbardziej znany
algorytm, zwlaszcza w rozmytym srodowisku wielokryterialnym.

Stowa kluczowe: optymalizacja wielokryterialna, optymalizacja niezawodnosci, ztozony system mostkowy,
algorytm genetyczny.

1. Introduction

Reliability is central to productivity and effectiveness of real
world industrial systems [22, 35]. To maximize productivity, the sys-
tems should always be available. However, it is difficult for an indus-
trial system, comprising several complex components to survive over
time since its reliability directly depends on the characteristics of its
components. Failure is inevitable, such that system reliability optimi-
zation has become a key subject area in industry. Developing effec-
tive system reliability optimization is imperative. Two approaches for
system reliability improvement are: (i) using redundant elements in
subsystems, and (ii) increasing the reliability of system components.

Reliability-redundancy allocation maximizes system reliability
via redundancy and component reliability choices [23], with restric-
tions on cost, weight, and volume of the resources. The aim is to find a
trade-off between reliability and other resource constraints [22]. Thus,
for a highly reliability system, the main problem is to balance reliabil-

ity enhancement and resource consumption. A number of approaches
in the literature focus on the application of metaheuristic methods for
solving system reliability optimization problems [9, 7, 27, 15, 33, 34,
10, 13]. However, real-life reliability optimization problems are com-
plex:

(i) management goals and the constraints are often imprecise;

(ii) problem parameters as understood by the decision maker may
be vague; and,

(iii) historical data is often imprecise and vague.

Uncertainties in component reliability may arise due to variability
and changes in the manufacturing processes that produce the system
component. Such uncertainties in data cannot be addressed by proba-
bilistic methods which deal with randomness. Therefore, the concept
of fuzzy reliability is more promising [2, 4, 5, 6, 30, 31]. Contrary to
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probabilistic models, fuzzy theoretic approaches address uncertainties
that arise from vagueness of human judgment and imprecision [26, 3,
28,1, 13, 14].

A number of methods and applications have been proposed to
solve fuzzy optimization problems by treating parameters (coeffi-
cients) as fuzzy numerical data. [31, 11, 20, 21, 24]. In a fuzzy multi-
criteria environment, simultaneous reliability maximization and cost
minimization requires a trade-off approach. Metaheuristics are a po-
tential application method for such complex problems [9]. Population
based metaheuristics are appropriate for finding a set of solutions that
satisfy the decision maker’s expectations. This calls for interactive
fuzzy multi-criteria optimization which incorporates preferences and
expectations of the decision maker, allowing for expert judgment.
Iteratively, it becomes possible to obtain the most satisfactory solu-
tion.

In light of the above issues, the aim of this research is to address
the system reliability optimization problem for a complex bridge sys-
tem in a fuzzy multi-criteria environment. Specific objectives of the
research are (1) to develop a fuzzy multi-criteria decision model for
the problem; (2) to use an aggregation method to transform the model
to a single-criteria optimization problem; and, (3) to develop a multi-
criteria optimization method for the problem.

The rest of the paper is organized as follows: The next section
describes the problem formulation for the complex bridge system.
Section 3 provides a general fuzzy multi-criteria optimization model-
ling approach. In Section 4, a fuzzy multi-criteria genetic algorithm
approach is proposed. Computational experiments, results and discus-
sions are presented in Section 5. Section 6 concludes the paper.

2. Problem formulation

This section presents the mathematical formulation for the reli-
ability optimization for a complex bridge system. In the real world,
a typical complex bridge system [23] comprises five components or
subsystems. The general structure of the complex bridge system is
illustrated in Fig. 1.

Fig. 1. The schematic diagram of the complex bridge system

The aim is to maximize system reliability, subject to multiple lin-
ear constraints. In this respect, we present the following notations and
assumptions;

Notations:

m the number of subsystems in the system

n; the number of components in subsystem i, [<i <m

n =(ny, ny, ..., n,,), the vector of the redundancy allocation for
the system

r; the reliability of each component in subsystem i, 1<i <m
= (ry, 1y, ..., I'y), the vector of the component reliabilities for
the system

q; =1 - r;, the failure probability of each component in subsystem
i,1<i<m

R{n;) =1-g;", the reliability of subsystem i, 1 <i <m
R the system reliability
g the i constraint function

w; the weight of each component in subsystem i, 1<i <m

V; the volume of each component in subsystem i, 1<i <m

¢ the cost of each component in subsystem i, 1<i <m

14 the upper limit on the sum of the subsystems’ products of vol-
ume and weight

C the upper limit on the cost of the system

w the upper limit on the weight of the system

b the upper limit on the resource

o, f;, parameters in constraint functions of subsystem i

Assumptions

1. The availability of the components is unlimited;

2. The weight and product of weight and square of the volume of
the components are deterministic;

3. The redundant components of individual subsystems are iden-
tical,

4. Failures of individual components are independent;

5. All failed components will not damage the system and are not
repaired.

The problem can be formulated as a mixed integer nonlinear pro-
gramming model as follows [8, 34, 35]:

Max n(r,n) = RiRy + RyRy + RiR4Rs + RyRyRs + 2R RyR3 Ry Rs
—RiRyR3Ry — RiRyRyRs — RiRyRyRs — RiR3RyRs — Ry Ry R Rs
Subject to:

g (r,n)= Zwivizni2 <V
i=l
! , (1)
go(r,n) =Y 0 (=1000/In1; )" (; +exp(n;/4)) < C

i=1

m
g3(r,n) =Y wyn;exp(n; [4) < W
il

0<7 <1, n; positive integer, 1<i<m

where, 7(+) denotes the system reliability, and expressions g;(-), g>(*),
and g3() represent the total volume, cost, and weight of the system,
respectively.

In the next section, we propose a general approach to fuzzy multi-
criteria optimization, in the context of system reliability optimiza-
tion.

3. Fuzzy multi-criteria optimization modelling

In a fuzzy environment, the aim is to find a trade-off between
reliability, cost, weight and volume. A common approach is to simul-
taneously maximize reliability and minimize cost. Constraints are
transformed into objective functions, so that reliability and other cost
functions can be optimized jointly. This is achieved through the use of
membership functions, which are easily applicable and adaptable to
the real life decision process.

In general, the fuzzy multi-criteria optimization problem can be
represented by the following [13, 29];

Min 7(x)
Subject to:
- _ 2
g.(x)<or=or>0 z=12..,p
UquqSBq q=12,.,0

where, x = (x|, x2,...,xQ)T, is a vector of decision variables that opti-
mize a vector of objective functions, 7(x) = {77;(x), 72(x),...,7,(x)} are
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h individual objective functions over the decision space .X; v, and v,
are lower and upper bounds on the decision variable x,, respectively.
Note that expressions g;(-), g»(+) and g3(*) in (1) are converted into
objective functions.

Fuzzy set theory permits gradual assessment of membership,
in terms of a suitable function that maps to the unit interval [0,1].
Membership functions such as Generalized Bell, Gaussian, Trian-
gular and Trapezoidal can represent the fuzzy membership [31].
Linear membership functions can provide good quality solutions
with much ease, including the widely recommended triangular and
trapezoidal membership functions [6, 8, 11, 30, 31]. Thus, we use
linear functions to define fuzzy memberships of objective functions
(or decision criteria).

Let a, and b, denote the minimum and maximum feasible values
of each objective function 7j,(x), t = 1,2,...,h, where h is the number of
objective functions. Let p, denote the membership function corre-
sponding to the objective function f;. Then, the membership function
corresponding to minimization and maximization is defined based on
satisfaction degree. Fig. 2 illustrates the linear membership functions
defined for minimization and maximization.

Hy,

i

1

:
0 a by 0 a b
(b) for maximization

Hy,

It

(a) for minimization
Fig. 2. Fuzzy membership functions for n,(x)

As shown in Fig. 2(a), the linear membership function is suitable
for representing cost functions that should be minimized. The mem-
bership function is represented as follows;

1 n,(x) < b,
b, —n,(x
by, () = 2= ) 4 <n,(x)<h, 3
b —aq
0 n,(x) 2 b,

The linear membership function shown in Fig. 2(b) is suitable for
representing profit functions that should be maximized. The member-
ship function is represented as follows;

1 02,
xX)—a
Hy, (x)= =4 a; <1 (x) < b 4)
b, —a,
0 n:(x) 2 a;

Having defined the fuzzy model using membership functions,
the corresponding crisp model is formulated. Fuzzy evaluation
enables FMGA to cope with infeasibilities which is otherwise im-
possible with crisp formulation. This gives the algorithm speed
and flexibility, which ultimately improves the search power of the
algorithm.

4. A fuzzy multi-criteria genetic algorithm approach

FMGA is an improvement from the classical genetic algorithm
(GA). GA is a stochastic global optimization technique that evolves
a population of candidate solutions by giving preference of survival

to quality solutions, while allowing some low quality solutions to
survive, to maintain diversity in the population [18]. Each candidate
solution is coded into a string of digits, called chromosomes. New
offspring are obtained from probabilistic genetic operators, such as
selection, crossover (at probability p¢), mutation (at a probability p™),
and inversion [16]. A comparison of new and old (parent) candidates
is done based on a given fitness function, retaining the best perform-
ing candidates into the next population. Characteristics of candidate
solutions are passed through generations using genetic operators. The
overall flow of the FMGA is presented in Fig. 3.

Algorithm 1. The FMGA Pseudo-Code

1. Begin

2. Input: FMGA parameters; p°, p™, popsize, meaxgen, wi,...,Ws,
3 Initialize pop: #=0; P(0);

4. Repeat

5. Selection(){

6. evaluation (P(D):

74 create temporal population, fempp(D}

8. Crossover(){

9, select 2 chromosomes from fempp(d);

10. apply crossover operator, repair if necessary}
11. Mutation(){

12. mutate P(7);

13. add offspring to newpap(t)}

14, Replacement(){

13. compare successively, spoolt) and oldpop(i) strings;
16. take the ones that fare better;

17. select the rest of the strings with probability 0.52}
18. Diversification(){

19, caleulate population diversity A;

20. While (2 < i)

21. diversify P(2);

22 racaleulate A

23, End While

24, evaluation (P(D)}

23. New population(){

2. oldpop(t) = newpop(d;

27. advanee population, =7+ 1}

28. Until (termination criteria satisfied)

29: End

Fig. 3. The overall pseudo-code of the FMGA

4.1. Chromosome coding

Traditionally, candidate solutions were encoded as binary strings.
In the FMGA, each candidate solution is encoded into a chromosome
using the variable vectors n and . An integer variable #; is coded as a
real variable and transformed to the nearest integer value upon objec-
tive function evaluating.

4.2. |Initialization and evaluation

An initial population of the desired size, pop, is randomly gen-
erated. FMGA then computes the objective function for each string
(chromosome). The string is then evaluated according to the overall
objective function in the model.

To improve flexibility and to incorporate the decision maker’s
preferences into the model, we introduce user-defined weightings,
w = {w|, Wa,...,w;,}. We use the max-min operator to aggregate the
membership functions of the objective functions, incorporating ex-
pert opinion. Thus, from models (1) and (2), constraints g;(*), g»(*),
and g3(+) which represent volume, cost, and weight, respectively, are
transformed into objective functions using the fuzzy membership
functions. This leads to a multiple criteria system reliability optimiza-
tion model, consisting of five criteria namely, reliability, volume, cost,
and weight. In addition, the model is converted into a single objective
optimization model as follows:
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Max [IAM]/\[I/\W]A.../\(I/\W]
M Wy wy

Subject to: (5)
A(x) = M, (%) w, €[1,0] t=1,....h
UquqSBq q=12,...0

Here, p, (x)={tty, (x), ty, (x),..., iy, (x)} signifies a set of fuzzy re-

gions that satisfy the objective functions 4, which denote the degree of
satisfaction of the /" objective; x is a vector of decision variables; w,
is the weighting of the #* objective function; and symbol “A” is the
aggregate min operator. Thus, expression (1A4,(x)/w,) gives the mini-
mum between 1 and 4,(x)/w;. Though 4,(x) are in the range [0,1], the
value of 4,(x)/w; may exceed 1, howbeit, the final value of (1A4;(x)/
wy) will always lie in [0,1]. A FMGA approach is used to solve the
model.

4.3. Selection and crossover

Several selection strategies have been suggested in [16]. The re-
mainder stochastic sampling without replacement is preferred; each
chromosome j is selected and stored in the mating pool according to
the expected count e

i

- 6
I pop ©)

where, f; is the objective function value of the j™ chromosome. Each
chromosome receives copies equal to the integer part of ¢;, while the
fractional part is treated as success probability of obtaining additional
copies of the same chromosome into the mating pool.

Genes of selected parent chromosomes are partially exchanged
to produce new offspring. We use an arithmetic crossover operator
which defines a linear combination of two chromosomes [25][29].
Assume a crossover probability of 0.41. Let p; and p, be two parents
randomly selected for crossover. Then, the resulting offspring, ¢; and
¢, are given by the following expression;

g =¢p+(1-€)py )
g =(0-¢)p +ep,

where, ¢ represents a random number in the range [0,1].

4.5. Mutation

Mutation is applied to every new chromosome so as to maintain
diversity of the population, howbeit, at a very low probability. A uni-
form mutation probability rate of 0.032 is applied.

4.6. Replacement

At each generation or iteration, new offspring may be better or
worse. As a result, nonperforming chromosomes should be replaced.
A number of replacement strategies exist in the literature, e.g., proba-
bilistic replacement, crowding strategy, and elitist strategy [26]. The
proposed FMGA uses a hybrid of these strategies.

4.7. Termination

The FMGA algorithm uses two termination criteria to stop the
iterations: when the number of generations exceeds the user-defined

maximum iterations, and when the average change in the fitness of
the best solution over specific generations is less than a small number,
which is 107,

5. Computational illustrations

This section presents the computational experiments, results and
discussions based on benchmark problems in [17, 19].

5.1. Computational experiments

We use the parameter values in [23] and define the specific in-
stances of the problems as shown in Table 1.

Table 1. Basic data used for the bridge complex system

i 10%q; B wyv? w; Y C w

1 2.330 1.5 1 7 110 175 200
2 1.450 1.5 2 8 110 175 200
3 0.541 1.5 3 8 110 175 200
4 8.050 1.5 4 6 110 175 200
5 1.950 1.5 2 9 110 175 200

The FMGA was implemented in JAVA on a 3.06 GHz speed pro-
cessor with 4GB RAM. The FMGA crossover and mutation param-
eters were set at 0.45 and 0.035, respectively. A two-point crossover
was used in this application. The population size was set to 20, and
the maximum number of generations was set at 500. The termination
criteria was controlled by either the maximum number of iterations, or
the order of the relative error set at 10, whichever is earlier. When-
ever the best fitness /" at iteration ¢ is such that |f; — /'] < ¢ is satisfied,
then five best solutions are selected; where ¢ is a small number, which
was set at value & = 107 for the computational experiments.

Expression (5) is used to solve benchmark problems. A fuzzy re-
gion of satisfaction is constructed for each criterion, that is, system
reliability, cost, volume, and weight, denoted by 4;, 4,, 43, and /4,
respectively. By using the constructed membership functions together
with their corresponding weighting vectors, an equivalent crisp opti-
mization formulation is obtained [29];

Max (1AW}A(1AWJA[IAWJA(IAWJ
@ o wy o,
Subject to :
& (x) = iy, (x) t=1,..,4
05<r<1-10"°

1 €[0,1]

1<m <10 n; € positive integers

0.5<R <1-107° R, €[0,1]

®)

The set w = {w;, w,, w3, w4} are user-defined weightings in the
range [0.2,1] that indicate the bias towards specific decision crite-
ria. To illustrate, given the weighting set o = [1,1,1,1], the expert
user expects no bias towards any criterion. On the contrary, set @
=1[1,0.4,0.4,0.4], indicates preferential bias towards the region with
higher reliability values as compared to the rest of the criteria equally
weighted at 0.4. Consequently, the decision process considers the ex-
pert opinion and preferences of the decision maker.

Rather than prescribing a single solution to the user or decision
maker, the FMGA interactively provides a population of near-optimal
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solutions. The algorithm enables the decision maker to specify the
minimum and maximum values of objective functions in terms of reli-
ability 7, cost 7,, volume 75, and weight 7,. Table 2 provides a list of
selected minimum and maximum values of the objective functions for
the complex bridge system.

Table 2.  Minimum and maximum values of objective functions

m n ns3 N4
b, 1 180 190 110
a, 0.6 60 70 20

Two experiments were conducted: Experiment 1 and Experiment 2.

5.1.1 Experiment 1

The aim of experiment 1 was to demonstrate the performance of
the FMGA algorithm over time. As such, the algorithm was executed
for 500 iterations, to show the results of intermediate solutions over
time. A graphical analysis of the results was presented to show the
performance behaviour of the algorithm.

5.1.2 Experiment 2

This purpose of experiment 2 was to make a comparative analysis
of the performance of the FMGA algorithm against best known algo-
rithms in the literature. Thus, the algorithm was executed 25 times,
and the best five solutions were selected. The experimental results
were compared with best known algorithms in [17] and [19], based
on four performance criteria namely, reliability R, cost C,, weight
W, and volume V.

For further comparative analysis, an improvement measure is de-
fined R,, C,, W, and V, values obtained. Thus, for each value, the
percentage improvement / is defined according to the following ex-
pression:

1 =((vy = Vpest )/ Vbest ) x100% )

where, v, and vy, represent the FMGA solution value and the best
known solution from literature. Computational results and the ensuing
discussions are presented in the next section.

5.2 Computational results and discussions

This section presents the results of the computational experiments
outlined in the previous section.

Table 3. FMGA performance against other algorithms

1 aa s o o
M
098
096 /‘
094 r._‘[
092

0.9
088
086

Sy stemReliabilily

0 50 100 150 200 250
Generation Number

Fig. 4. Best system reliability value convergence over generations

5.2.1. Experiment 1 results

Figure shows a plot of the variation of the best fitness in each
generation over a run time of 250 generations. After 250 generations,
the following solution is obtained as the best solution: the maximum
system reliability is Ry = 0.999958830. The reliability for the 5 con-
stituent components are r; = 0.81059326:3, r, = 0.85436730, r; =
0.88721528, r,=0.72126594 and r5 = 0.71732358. The resulting sys-
tem cost C; = 175.000.

It can be seen that the algorithm converged to a desirable solution
within about 200 iterations (generations). This indicates the potential
of the algorithm in terms of computational efficiency.

5.2.2. Experiment 2 results

Computational results from experiment 2 showed the perform-
ance of FMGA as compared to other best known algorithms. The best
five FMGA solutions were compared with the best results obtained
from the literature [8][35].

Tables 3 presents the best five FMGA solutions, and the best known
solutions obtained from [8] (with system reliability R;=0.999958830,
cost C, = 175.00, weight W, = 195.7352300, and V, = 92.00). It can
be seen that, based on system reliability, cost, weight and volume, the
five FMGA solutions are better than the best known results, except
for a single weight value from solution §; (that is, 196.988273245)
which is slightly higher than the best known (that is, 195.7352300).
Further, all the five best FMGA solutions outperformed the solutions
in [35], based on all performance criteria. This indicates that, overall,
the FMGA performs better than the previous algorithms.

Table 4 presents the percentage improvement of the FMGA solu-
tions, using the best known results as benchmarks. The improvements
in reliability, cost, weight and volume are denoted by Iy, /¢, I and

Best 3 FMGA Solutions Chen (2006) 18] | WU et[;'é](zm N
Sy (rin)) S, (rin)) Sz (rin)) Sy (riny) Ss (r;2n;) (rin;) (rzn;)

1 0.790900512:4 0.828215087:2 0.825219610:3 0.817014473:3 0.820167554:3 0.81059326:3 0.82868361:3
2 0.867626123:3 0.819984805:3 0.853758959:3 0.845485199:3 0.851049098:3 0.85436730:3 0.85802567:3
3 0.902336897:3 0.894109978:4 0.894923994:3 0.913250236:3 0.905656019:3 0.88721528:3 0.91364616:2
4 0.803110963:1 0.833583709:1 0.757171007:2 0.812419422:1 0.750141630:2 0.72126594:3 0.64803407:4
5 0.625300922:1 0.763449829:1 0.677263922:1 0.682027145:1 0.640392747:2 0.71732358:1 0.70227595:1
R, 0.9999928538 0.9999863254 0.9999758049 0.9999882710 0.9999731313 0.999958830 0.999889630
G 174.99949346 174.99999999 174.86624115805 174.99989705 174.81703492 175.0000000 174.9999960
W, | 196.988273245 180.13549794 177.41388514487 165.33338239 195.53463927 195.7352300 198.4395340
v, 67.00 76.00 72.00 60.00 78.00 92.00000000 105.0000000

454 ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND REeLIABILITY VOL.18, No. 3, 2016




SCIENCE AND TECHNOLOGY

Table 4. Percentage improvement of FMGA solutions over best known results

ing approach that includes the preferences

and expert judgments of the decision mak-

Imnr::‘\;e— S S, S3 S4 Ss Average er. This study provided a multi-criteria
non-linear mixed integer program for reli-

I 0.0034 0.0027 0.0017 0.0029 0.0014 0.0024 ability optimization of a complex bridge

Ie 0.0003 0.0000 0.0764 0.0001 0.1046 0.0363 system. Using fuzzy multi-criteria evalua-

Iw -0.6402 7.9698 9.3603 15.5321 0.1025 6.4649 tion, the model is converted into a single-
objective model. Thus, FMGA uses fuzzy

Iy 27.1739 17.3913 21.7391 34.7826 15.2174 23.2609 evaluation to find the fitness of candidates

Iy, respectively. The results show positive improvements of all the
criteria. As indicated by the average values in the last column, there
was remarkable improvement in volume, weight, cost and reliability,
in that order of magnitude.

Overall, the proposed algorithm is more reliable and effective than
existing algorithms in the literature. The algorithm offers a number of
practical advantages to the decision maker, including the following:

* The FMGA method addresses the conflicting multiple objec-
tives of the problem, giving a trade-off between the objec-
tives;

* The approach accommodates the decision maker’s fuzzy pref-
erences;

» The method gives a population of alternative solutions, rather
than prescribe a single solution;

» The method is practical, flexible and easily adaptable to prob-
lem situations.

In view of the above advantages, FMGA is a useful decision sup-
port tool for the practicing decision maker in system reliability opti-
mization, especially in a fuzzy environment.

6. Conclusions

Decision makers in system reliability optimization seek to satis-
fice reliability enhancement and cost minimization. In a fuzzy envi-
ronment, management goals and constraints are often imprecise and
conflicting. One most viable and useful option is to us a fuzzy satisfic-
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RESEARCH ON TIME-VARYING CHARACTERISTICS OF
TESTABILITY INDEX BASED ON RENEWAL PROCESS

NA PODSTAWIE PROCESU ODNOWY

Testability indices are used in the phases of testability design and testability demonstration. This paper focuses on fault detec-
tion rate (FDR), which is the most widely used testability index. Leading hypothesis suggests that the value of FDR of a system
is usually a certain value. However, few attempts have been made to research the statistical characteristics of FDR. Considering
the fault occurrence process and test uncertainty, FDR is time varying and a special statistical process. Under the assumption of
perfect repairs, we build a fault occurrence model based on the renewal process theory. Supposing that test uncertainty is mainly
induced by test fault, the renewal process is employed to depict the occurrence process of test faults. Simultaneously, we depict the
process of test state change and then construct the fault detection logic based on the digraph model. Combining the fault occur-
rence model and the fault detection logic, we focus on the expectation of FDR, which is one of the key statistical characteristics.
By comparison, we introduce the calculation method of expectation of FDR in two cases, including without considering test un-
certainty and considering test uncertainty. To validate the conclusions presented in this paper, we carry on a simulation case using
an integrated controller. Based on the theoretic and simulating methods, the expectation of FDR tends to be a constant with the
increase of time under the assumptions made in this paper. The statistical characteristic of FDR presented in this paper would be
the basic theoretical guide to testability engineering.

Keywords: testability index; fault detection rate; renewal process; test uncertainty, statistical characteristics.

Wskazniki testowalnosci wykorzystuje si¢ w fazach projektowania oraz potwierdzania testowalnosci. Przedstawiony artykut po-
Swigcony jest wskaznikowi wykrywalnosci bledow (fault detection rate, FDR), ktory jest najczesciej stosowanym wskaznikiem
testowalnosci. Wiodgca hipoteza sugeruje, ze wartos¢ FDR dla danego systemu jest zwykle wartosciqg pewnq. Istnieje jednak
niewiele badan na temat statystycznych wlasnosci FDR. Biorqc pod uwage proces wystgpowania bledow oraz niepewnosé pomia-
row, wspolczynnik FDR mozna opisac jako zmienny w czasie specjalny proces statystyczny. Przy zatozeniu naprawy doskonalej,
zbudowalismy model wystgpowania bledow w oparciu o teorig procesu odnowy. Przyjmujqc, ze niepewnosé testowgq wywolujg
glownie bledy testowe, wykorzystalismy proces odnowy do zobrazowania procesu wystgpowania bledow testowych. Jednoczesnie
przedstawilismy proces zmiany stanu testu, a nastepnie zbudowalismy logike wykrywania bledow w oparciu o model grafu skie-
rowanego. Lgczgc model wystgpowania bledow z logikq wykrywania bledow, opracowalismy metode obliczania wartosci ocze-
kiwanej FDR, ktora jest jedng z najwazniejszych wlasnosci statystycznych tego wskaznika. Dla porownania, metode obliczania
wartosci oczekiwanej FDR zastosowalismy w dwoch przypadkach, z uwzglednieniem i bez uwzglednienia niepewnosci testowej.
Aby zweryfikowaé wnioski przedstawione w niniejszej pracy, przeprowadzilismy symulacje z wykorzystaniem zintegrowanego
kontrolera. Obliczenia teoretyczne i symulacja pokazujq, ze wartosé¢ oczekiwana FDR wraz z uplywem czasu staje si¢ wartosciq
stalq w warunkach zatozonych w niniejszej pracy. Przedstawiona w artykule charakterystyka statystyczna FDR stanowi jedng z
podstaw teoretycznych inZynierii testowej.

Stowa kluczowe: wskaznik testowalnosci; wskaznik wykrywalnosci btedow, proces odnowy, niepewnos¢ testu;
wlasnos¢ statystyczna

BADANIE ZMIENNYCH W CZASIE WLASNOSCI WSKAZNIKA TESTOWALNOSCI

1. Introduction

Reliability, maintainability and testability (RMT) have been in-
tegral parts of the equipment design. Equipment testability level has
effects on operational reliability and maintainability [3], which im-
proves the operational reliability and quick maintenance. For exam-
ple, shortening mean time to repair (MTTR) needs high requirements
of fault detection and isolation capability. After years of theoretical
researches and engineering practices, testability index has formed a
complete system. It is reported that the number of testability index is
as many as dozens[13]. From the point view of clear definition and

easy demonstration, these testability indices, such as fault detection
rate (FDR), fault isolation rate (FIR) and false alarm rate (FAR) etc.,
are widely used.

In particular, FDR is one of the most widely used testability index
in many engineering practices. FDR is a measure of the capability
that faults or failures occurring in the system can be detected by pre-
scriptive test means. Briefly, FDR shows the system ability to indicate
the occurred faults. FDR acts as the measure and constraint of the
testability level in the design and demonstration phases. In the test-
ability design stage, FDR is the constraint of the product testability
level. During this stage, the product purchaser usually proposes a con-
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tract value of FDR. In the testability demonstration stage, the contract
value of FDR is the measure to validate product testability level. In
this stage, the purchaser would decide whether to accept or reject the
product using the statistical sampling method [7, 22, 23]. In order to
validate the value of FDR of a series of products, it is assumed that
the real value FDR of a test product is a certain number when we use
the statistical sampling method [25]. The statistical sampling method
is the core theory of the quality inspection. In a quality inspection pro-
cedure, the only source of the statistical error is due to random sam-
pling. Currently, the demonstration test of FDR directly employs the
theoretical assumptions adopted in the quality inspection. Therefore,
if the FDR test based on the quality inspection theory can be used, it
must accord to the assumption that the real value of FDR is an existing
certain value and do not change. Moreover, the truth is that we pay lit-
tle attention to the statistical characteristics of FDR. Accordingly, the
research on statistical characteristics of FDR is crucial paramount.

FDR is a rate, which reflects the capability of automatic fault in-
dication. Intuitively, the process of fault detection includes two steps.
The first step is a fault occurs in a system. The second step, a test
means, for example a Built-in Test (BIT), detects the occurred fault
and give an indication to the operating or maintenance personnel.
Therefore, to achieve the statistical characteristics of FDR, we must
have more understandings of the laws of equipment fault occurrence
and fault detection.

Modelling of fault occurrence is the key point of reliability and
maintainability engineering [21]. The reliability level of a product is
its inherent property, which decides the fault occurrence of a product.
However, the fault occurrence process also depends on maintenance
activities. For example, good maintenance activities can reduce the
rate of occurrence of failure (ROCOF) [4]. On the contrary, poor
maintenance actions would increase the ROCOF. From the point of
view of existing testability engineering, the ROCOF of a product is
considered to be constant and the fault interval obeys the exponential
distribution [17]. Since the reliability tests carry out separately, test-
ability staff only can obtain product fault information using reliability
prediction method. The stochastic process model is related to models
of repairable systems in the reliability and maintainability literature
[1, 26, 28]. The widely used stochastic process models for repairable
systems are the Poisson process, the renewal process (RP), the gen-
eralized renewal process (GRP) and the nonhomogeneous Poisson
process (NHPP) [4, 11, 26]. The renewal process is commonly used if
all the maintenance repairs are preventive maintenance, bringing the
system to a “good-as-new”” state each time (known as perfect repair).
The renewal process (RP) is widely used to depict the fault occurrence
process in systems with perfect repairs. The maintenance model was
established based on the theory of renewal process and the periodic
inspection interval is optimized [21]. Ji et al. [8] introduced to cal-
culate time-varying failure probabilities based on a renewal-process-
based model. Kim et al. simulated the failure and repair cycle of a
component based on the alternating renewal process[10]. Reference
[29] proposed a fault sample simulation approach for virtual testabil-
ity demonstration test based on the renewal process theory.

The value of FDR is affected not only by the number of fault oc-
currence but also by the relationships of tests and faults. From a math-
ematical viewpoint, the dependency matrix (D matrix) can describe
the certain relationship among faults and tests[5]. In a dependency
matrix, the corresponding element in the D matrix is one when a test
can detect a fault. On the contrary, the matrix element is zero when
a fault is undetectable by a test. Considering the actual practice and
theoretical study, the relation between a fault and a test is not purely
zero or one. This relationship between fault and test is called as the
uncertainty relation, also known as the test uncertainty. In this case,
the relationship between a test and a fault can be depicted by a decimal
between zero to one. Such D matrix is called the uncertainty depend-
ency matrix. Reference [5] focuses on building the diagnostic strategy

based on the uncertainty correlation matrix. For the studies of sources
of test uncertainty, reference [9] investigates that sensor faults are the
main reasons causing the test uncertainty. References [18-20] focus
on solving real-time multi-fault diagnosis problem using the theory of
imperfect test. The definition of imperfect test is also a way to depict
test uncertainty. They define the probability of detection and prob-
ability of false alarm to describe the test uncertainty. Accordingly, the
relationship between a test and a fault is often uncertain. Generally,
the test certainty is only the special case.

FDR is an important indicator of the testability level of a product.
As a statistical and time varying parameter, its statistical characteris-
tics are the main points of this paper. This paper proceeds as follow.
Section 2 analyses the existing FDR test theory and describes the sta-
tistical property of FDR. Section 3 models the fault occurrence proc-
ess using the renewal process theory. Test uncertainty based on the test
fault model is described in Section 4. In Section 5, the expectation of
FDR as the key stochastic characteristic is discussed. Section 6 gives
a specific simulation example. Conclusions are given in Section 7.

2. Problem description

2.1. Existing test theory of FDR

The demonstration of FDR is carried out by artificially inject-
ing faults into equipment. Then, the purchaser makes an acceptance/
rejection decision according to the contractual requirement of FDR.
The existing demonstration theory of FDR is mainly based on the
sampling plan by attributes or sequential probability ratio test [15,
24]. The demonstration test of FDR is a Pass/Fail test. It means that
each time of the test has two results, including successful detection or
failed detection. The basic idea of the demonstration test of FDR is the
receiver operating characteristic curve [6]. The characteristic curve

L(p) can be written as eq. (1). L(p) is the probability P{f <c}
of an event f <c.Let f denote the number of failed tests of fault

detection. The event f <c¢ denotes f is smaller or equal to a speci-
fied positive integer c:

L(p)=3 Cip" (1= py (1)
i=0

where n is the number of test samples, ¢ is the maximum number of
allowable failed sample and p denotes the probability of success.

Using the sampling plan by attributes or sequential probability
ratio test to carry on the FDR demonstration test, we must accept the
implicit assumption that the FDR value of a system is a constant de-
picted as the parameter p ineq. (1). However, researchers have never
proved this hypothesis theoretically or using FDR statistical data from
the field. In order to validate the availability of this assumption, the
statistical model of FDR would be built in next section.

2.2. Statistical model of FDR

FDR is defined as a rate, which the number of successfully de-
tected faults is divided by the total number of occurred faults during
the specified time interval. According to its definition, FDR is time

varying. Here we use the notation FDR(¢) to represent fault detection

rate at time ¢ and FDR(¢) can be calculated as follows [30]:

NP @)

FDR(t) = N

2
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where N(r) denotes the total occurred number of faults at time ¢
and NP(r) denotes the total number of correctly detected faults at

time ¢ . Generally, the relationship of N(r) and N2 (r) must satisfy

N@®=NP@).
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Fig. 1. Counting processes of fault detection in multiple faults system
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Let F={F,F,,...F,} denotes a fault set in a system. It means
that faults occurred in this system are categorized as n groups. Gen-
erally, one of the groups is called a failure mode and we use the term

fault to instead. As shown in Fig. 1, each fault F; independently oc-
curs at time tij(j =1,2,...), where unfilled squares denote success-
fully detected faults and filled circles denote the undetected faults. Let

Np, () denote the total occurred number of the fault F; at time inter-

val [0,¢]. Let NIQ‘, (¢) denotes the total number of correctly detected

of the fault F; at time interval [0,#]. Accordingly, the calculation of
FDR(t) can be further rewritten as follows:

Y NE@®)
FDR(t) =%
_NRO _NR® _ NR@®
~ N(®)  N@) N(1)
NE(®)  NE () NP () 3)
N . Np, (1) s NE (1)
T ON@) N() N(1)
Np (D) Npg (0 N, (1)

=2 Mg (1) 1 (1)
i=1

where A ()=Npg(H)/ N() can be defined as an occurring weight,

which denotes the proportion of occurred number N (¢) of the fault

F; to N(¢) . The proportion TE, = Ng @/ Npg (t) can be defined as
the detection probability of the fault F;. The values A (¢) and rg (1)

lie in an interval [0,1].

From eq. (3), we can clearly find that the value of FDR(z) would
be higher if occurring weights of the detectable faults increase. Here,

the detectable faults mean that their detection probability 7 (¢) is not
equal to zero. From the definition of eq. (2), FDR(¢) always lies in

the interval [0,1]. As random variables N(r) and NP(r) are time
varying, FDR(t) can be called a statistical process. As shown in Fig.
2, FDR(t) fluctuates between zero to one. The dotted lines are the
samples of FDR(¢). The heavy line is the expectation E[FDR(?)]
of the samples of FDR(z) . From the statistical views, we must pour
much attention to the statistical characteristics of FDR(¢) , such as the
expectation E[FDR(t)] . Therefore, the trend and the statistical char-

acteristics of FDR(¢) would be the key points in following sections.

| FDR(1)

E[FDR(1)]

Fig. 2. Time varying characteristic of FDR

3. Fault occurrence model based on renewal process

The fault occurrence process is not only affected by its reliabil-
ity level, but also affected by maintenance activities. Especially for
repairable weapons and equipment, they have finite lifetimes that
may require corrective maintenance during their lifetimes. During
the whole life cycle, their fault occurrence situations should take the
effects of maintenance activities into account. According to the ef-
fects on fault occurrence from the maintenance activity, maintenance
activities can be divided into five categories [26]. Under the assump-
tion of perfect repairs for repairable system, the system is assumed to
restore to a ‘good-as-new’ state each time. Under this maintenance
strategy, renewal process is wildly used to depict the fault occurrence
processes [27, 28].

In a renewal process, N(¢) denotes the number of faults occurred
during time interval [0,7]. It is a counting process, which has the fol-
lowing properties.

(1) N =0.

(2) The value of N(¢) is an integer and increases monotonically.

(3) At different times 7 and s(s>¢), the number of occurred
fault is denoted as N(s) — N(¢) during the interval [z,s].Ina
counting process, if the value of N(s)— N(¢) is only related
to the length of the interval [z,s] and has no relation with the

starting count time 7 , this counting process is called an inde-
pendent increment process.

N(@)
4L essssessesesesss
3 ...?.I;‘...
2 "7
At,
1 A.tl -uu.i.u)l
0 1, f, f z, e

Fig. 3. Counting process of fault occurrence

A sample of counting process of fault occurrence is illustrated

in Fig. 3. The fault occurrence times are (#,t,,t,---) . We ignore the
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repair time, i.e., the system is repaired and put into new operation
immediately after a fault. Let ¢, denote the occurring time of the ith
fault. The interval At; =t; —t;_1(i=1,2,---) denotes the time interval

length between the (i —1)th fault and ith fault. Specially, £, =0.
We use the term interarrival time to depict the time interval between

two successive faults. All of the interarrival times {A¢; |i=1,2,...} are

considered independently and identically distributed. The nth fault

occurrence time ¢, can be written as:

?
1]

I M=
=

“4)

In the renewal process, the fault interval Af; obeys the same cu-

mulative distribution function F(¢) of the interarrival time, namely

At; ~ F(t) [10]. Shortly, we define the interarrival time function F(z)
to instead. And the probability density function is f(¢z) = F'(¢z) . The
F(¢) may be the exponential distribution, Weibull distribution, log-

normal distribution and Gamma distribution etc. Supposing that F(¢)
obeys exponential distribution, the renewal process degenerates into
a Poisson process. According to the current testability demonstration
theory, the assumption that the interarrival time function is an expo-
nential distribution represents that the fault occurrence process is a
Poisson process. However, the Poisson process is just a special form
of the renewal process[16]. Therefore, it is more universal using the
renewal process to describe the process of fault occurrence.

From the mathematical description of the renewal process, it

can be described by a function M (¢). M(¢) is called the renewal

function, which is defined as the expectation of N(¢). It can be
written as:

M(1)=E[N®)]

= i nP{N(t) =n}

n=1

= i n{P{N(t)= n}— P{N(t) = n+1}} (5)
n=1

= in{P{tn St}’_P{thrl St}}
n=1

where P{N(¢)=n} denotes the probability of n faults in [0,7] and
n=0,1,2,--- .
The random variable ¢, are the sum of » independent and identi-

cally random variables At; , so we can rewrite M (¢) as:

M) =Y n{F" (t)- F"™ (1)}

n=1

= 3 P )~ (= DF" (1)} ©
n=1

= Fl(0)+ [ M (t - x)dF (x)

where F”(¢) denotes the n-fold convolution of the time interval dis-

tribution function F(z). F"(¢z) is the probability that the nth fault

occurs at time ¢ . From the above analysis, F(z), F"(¢t)and M(¢)
can determine each other.
For the eq. (6), use the Laplace transform [16]:

M'(s)=F'(s)+ M ()F"(s) %

where M"(s) and F*(s) are the Laplace transform of A (¢) and
F(t) respectively.

Because f(1)=F'(r), so f(s)=sF(s). We can rewrite the eq.
(7) as:

. F'(s)

M (s)=——: (8)
1-F"(s)

After obtaining the interarrival time function F(¢), the renewal

function M (¢) can be calculated after the inverse Laplace transform
ofeq. (8).

4. Stochastic property modelling of fault detection

Realistically, the relationship between a fault and a test is uncer-
tain in the actual operation of a system. This section focuses on mod-
elling the test state change and describing fault detection logic.

The results of a test usually have three states, namely correct de-
tection, missed detection and false alarm. The correct detection means
that the test indication is consistent with the system occurred fault.
The missed detection refers to when there exist a failure, but the test
does not give the right fault indication or have no indication at all. A
false alarm represents that the test indicates a fault but there is no fault
really occurred in a system. References [19, 20] define the fault detec-
tion probability and the missed detection probability respectively to

depict test uncertainty. Considering the definition of FDR(¢) accord-
ing to eq. (2), it only relates to the existed faults whether they can be
detected or not. Therefore, the false alarms would not be considered in
this paper. So we define a test have two states, including normal state
(give right fault indication) and error state (give wrong fault indica-
tion or no indication at all). For the sake of simplicity, test states are
categorized as {0,1} , where 1 denotes the normal state and O repre-
sents the error state.

Reference [2] considered a test appears error state mainly because
of sensor failures. Simple to understand, sensor failures mean that a
sensor or test circuit itself is in fault. Generally, the reliability level
and maintenance strategy of the tests are same as the product itself.
Therefore, it is considered that fault occurrence rule of the test is con-
sistent to product itself.

4.1. Digraph model of fault detection
In order to carry out the standardized description of fault detection

in a system, F ={F,F,,...,.F,} denotes a fault set, which has » in-
dependent faults. The independence between faults refers to whether
a fault occurs or not does not relate to any other faults in the fault
set F . In addition, the system has m independent tests, which are
grouped as a set T'={7},15,...,T,,} . The independence of a test has
two meanings. Firstly, it means that whether the test is in error or
normal state keeps independent to other tests. Secondly, a test whether
can detect an existing fault is irrelevant to other tests. The relation-
ships among faults and tests can be modelled by a digraph [20]. Fig.4
illustrates a schematic digraph depicting these relationships. In Fig.4,
the upper layer nodes represent faults and the lower nodes refer to
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Failure o
Mode

Fig. 4. Digraph of fault detection relationships

tests. In Fig. 4, if there exists the detection relationship between a fault
and a test, there is a directed line connection between them.
For notation convenience, we defined the relevant fault set

RFS(T;) of test T; . The set RFS(T;) denotes a group of faults can

be detected by test 7; . Mathematically, the set RFS(T;) must sat-
isfy:

RFS(T,)={F; |F, € F and r,) =1} )

T; . . . .
where 7/ =1 denotes that there exists the physical detection relation-
1

ship between the test 7; and the fault F;. On the contrary, we define

T; .
i/ =0 when the test 7; cannot detect the fault F;. As shown in
1

Fig. 4, taking the test T, as an example, the relevant fault set of 7, is

RFS(Ty) = {F,,F3} . Generally, RFS(T;)# & , where & denotes an
empty set.

Likewise, let RTS(F;) denote a relevant test set of the fault F;.
The RTS(F}) is a group of tests which can detect the fault F; . The set
RTS(F;) must satisfy the condition:

RTS(F)={T;|T; < T and r,/ =1} (10)

AsshowninFig. 4, therelevant testsetof /3 is RTS(F3) ={T,,T3} .
If a fault F; cannot be detected by any test, it satisfies RTS(F;) = .

1

4.2. Modelling of test state change

The digraph model of between a test and a fault depict the static
detection relationship. In this section, we model the test uncertainty
based on the assumption of test state change. In reality, the state of a
test could not be recognized automatically in the real situation. Gen-
erally, when a test does not give right indications to the occurred rel-
evant faults, maintenance staff will affirm that the test is in error state.

It means that the test 7; would be repaired and its state switches to be

normal only the fault in the set RFS(T;) occurs. Otherwise, the test

T; will keep its error state. Accordingly, we define a test state change
process to depict a test repeatedly change its state from normal to er-
ror state then from error to normal state.

To describe the test uncertainty, test fault can be described by the
same way as the description of the system fault occurrence. We de-
scribe the test fault occurring model using the renewal process. Let

t%_ (j =1,2,...) denote the fault time sequence of the test 7; . It means

that the test state change from 1 to 0 at time t% (j=12,3,...). The
fault occurrence law of 7, can also described by the renewal function

My (¢) . The meaning of M. (¢) is consistent with the definition in

Section 3. Simultaneously, let fTJ: (j=1,2,3,...) denote the repair time

of T;. It means that the test state change from 0 to 1 at time

fo[‘(j =1,2,3,...).

Fault Occurrence | 5 5 4 Iy -
E ' @
Fault 0ccum’.nce= L L Iy 1 -
Ff-l (b)
State Change 1 T e —
T op_2n b-d AR ! 4
b & &t

Fig. 5. Schematic diagram of test state change

Fig. 5 illustrates an example of state change process of a test

T;. The RFS(T;) of T; is {F,,F;,;}. As shown in Fig. 5, the
fault time t% (j=1L2,..) of T; is decided by its interarrival time
Até (j=11,2,...). The repair time fé(j:1,2,...) is related to the

fault time of the faults in RFS(T;) . Let min(z | ¢(RFS(T})) > t{;) de-

note the minimum time of occurring time of the faults in RFS(T})

after the jth fault t% of the test 7; . Consequently, the state change

time of 7; can be depicted as follows:

Joii oA e
tf =i + ] j=12,.. o
i =min(t | (RFS(T)) > t].).k = j

Obviously, the fault time t% (j=12,...) of the test T; would al-

1

ternates with the repair time f% (j=1,2,...), which forms the state
1

change process of T .

4.3. Description of fault detection logic
Because of the existence of state change process of a test, the de-

tection probability of the fault F; is less than 1. The event of fault
detection can be modelled as follows.

For a fault F,, if it is not detected by any tests, namely
RTS(F;)=@ , F; would not be detected in any case. For a detect-
able fault F;, namely it satisfies RTS(F;) =< . We define an event
A{F;(t)} which represents the detection outcome of F; at the fault
occurring time ¢ . The event A{F;(t)} has two states {s, f} . Let s
denote that F; is successfully detected and f* represents the failed de-

tection. Simultaneously, let Normal[RTS(F;(t))] denote the number
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of normal tests in set RTS[F;(¢)] at time ¢ . Accordingly, we have the
following relationship:

A{F (1)} = {Normal[RTS(F;(1))] 2 1} (12)

where  {Normal(RTS[F;(¢)]) =1} denotes  the value of

Normal[RTS' (Fit )] must be more than or equal to 1.

Fault Occurrence | 4 ': I
F ' )
State Change 1 ! f 1
T of |t -
O -
State Change 1 |
. ok L
© 1, t

Fig. 6. Schematic diagram of fault detection process

Fig. 6 shows a fault detection process of fault F;. Its RTS(F;)

is the set {7;,T;,;}. The fault F, occurs at {f,t,,3}. Accord-
ing to the fault detection logic depicted in eq. (11), the values of

Normal(RTS[F;(¢)]) at (#,t,t;) are 1, 2 and O respectively. So, re-
sults of the event A{F;(¢)} at (4,t,,53) are (s,s, f).

5. Stochastic characteristics of FDR

In testability test engineering, we usually assume that tests have no
uncertainty when the testability tests are carried out under laboratory

conditions. It means that if the set RTS(F;) is nonempty, the fault F;
can be detected at every time when it occurs. For comparison, we di-

vide in two cases to study the stochastic characteristic of FDR(r) . In
Case 1, we assume that every test keeps normal state all the time. And
in Case 2, both the fault occurrence randomness and test uncertainty
are considered. In two cases, the final aim is the calculation of the sta-

tistical characteristics of FDR(¢) . In this paper, we mainly focus on
the expectation of FDR(¢) , which is denoted as E[FDR(?)] -

5.1. Casel
In this case, we make the following assumptions.

(1) In the faultset F ={F,F,,....F,} , each fault occurrence proc-
ess obeys the renewal process;
(2) The tests remain normal all the time. Namely, whether the fail-

ure mode F; can be detected is determined. When a fault F; is
detectable, its detection probability " is equal to one and F;

F. is unde-

can be detected at any time. Conversely, if a fault F

tectable, its detection probability 1 () is equal to zero and F;
is undetectable at any time.

(3) Every fault F; must obeys the same form of the interarrival
time function F(Af;ay,a,,---) . Only the distribution param-

eters ay,a,,--- are different for different faults.

As the above assumptions, we define the detectable fault set F D

The set FP must satisfy

FP ={F,|F, e F and RTS(F}) = O} (13)

Let ‘ FP ‘ =k represents the number of elements in the set F b
According to the above assumption , 15 (0) equals to one or zero. Ac-

cordingly, eq. (3) can be further described as:

FDR(t) = ikﬁ_ (1)1, (0)
i=1
) NF o (14)

=2

i=1 N(t)

where N 191, (t) represents the occurred number of detectable fault F;

attime ¢ and F; € F D , N(t) denotes the occurred number of all

faults.
The expectation E[FDR(¢)] can be calculated as follows:

kK NE(1)
E[FDR()|=FE !
[FDR(1)] 21 N

kI NE()

:ZE

= | NO

(15)

However, the comprehensive and accurate calculation of eq.
(15) is a formidable work. We suppose that the elements in set

F={F.,F,...
tion E[FDR(t)] can be approximately calculated as follows:

,F,,} keep independent. Combing eq. (5), the expecta-

kNP

E[FDR(t)]=Y E| -1
[ )] E NG
k E NF )]

El E[N@®)] (16)

F_D ®

Il
[\/]»
M:

1

i

MF ®)

~.
I

where M p (¢) refers to the renewal function of the detectable fault

Fi - My, (t) denotes the renewal function of fault F;

From the above analysis, when the form of F(¢) changes, M ()
and E[FDR(t)] would have different forms. Based on the above de-

scription, the calculation of A (¢) is very complicated. Here, taking
gamma distribution and exponential distribution for example, the cal-

culation process of E[FDR(¢)] is presented.
(1) F(r) obeys gamma distribution

Suppose that the interarrival time function F(¢) is a gamma dis-
tribution, i.e.:
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(0’

F(t)=1- MZ{ }(k—l,z,}--) (17)

The LS transform of F(z) is as follows:

F'(s)=L[F(1)]
11 Lkt (18)

= sk

Combine with eq. (8):

17 1 k )\'kfl
M(s) = = sk _ Ak (19)
11 g s+
I-=+ 2

The inverse LS transform of equation is as follows:

¢ lkfl o _ .
M(l):£+fz J [l—e At(1 u)])] (20)
k kigl-o;
where ®; =eznﬁ/k(j=1,2,,..,k—1) is the distinct root of s¥ =1 and

i is an imaginary order

From eq. (20), the limit of A (¢) is:

lim M (t) =% Q1)

t—w
According to eq. (21), M(¢) can be approximately calculated as:

M(t)= % =at (22)

where a=A/k . From eq. (22), M(¢) increases linearly with the
prolonging of time.

Combine eq. (16) and (22), E[FDR(t)] can be calculated as:

k MFD(f)
E[FDR(t)]= 27
= 1ZMF ®)

Jj=1
(23)

k
i

- Z
= const

where const refers to a constant.
(2) F(r) obeys exponential distribution
When the interarrival time function F(¢) is exponentially

distributed, namely F (t)=l—e77" . It is a special situation of

when F(¢) obeys the gamma distribution and k=1. In this case,
E[N)]=At=M(1) .

According to eq. (16), the value of E[FDR(¢)] can be calcu-
lated as:

=

E[FDR(t)] =Z -
WY

J=1

fxiz (24)

- n
DAt
J=1

= const

For the other distribution forms, such as Weibull distribution, it
is difficult to obtain the analytical expression of the renewal function

M (t) . When the time interval Az obeys the interarrival time function
F(t), the interarrival time Af¢ can be obtained using Monte Carlo
simulation. Accordingly, we can use the Monte Carlo simulation to

calculate M (¢) and E[FDR(1)] .

The core of Monte Carlo method is the process of generating ran-
dom numbers. The method of generating random numbers includes the
inverse distribution generation method and congruence method [12,
14]. Using in the computer simulation, the most widely used method
is the inverse distribution method. The procedure is as follows:

Step 1 Calculate the inverse distribution Ar=F~'(U) of the inter-
arrival time function F(Af)=U .
Step 2 Generate random numbers uy,u5, --,u; which obey a uni-

form distribution and the values of these numbers must lie
between 0 to 1.

Step 3 Calculating each u; € uj,uy,---,u; using At; = Ffl(ul-) , We

can get the interarrival time series Af),At,,..., Aty .

Under the assumption of certain test, the values of M (¢) and

E[FDR(t)] are only affected by the number of occurred faults. Fig. 7
illustrates the simulation procedure of a fault occurrence process.
The simulation can be concisely described as follows:

Step 1 For the fault F; and its interarrival time function is F(¢|F;) .

Generate the fault interval At’ (j=12,3,...) using the ran-
dom number generation method

Step 2 Calculate the fault time tfpl_ according to té_ =tﬂ'__l +At§'_ s
1 1 1

max » Stop the sim-

where tgl_ =0. When the t}’«“ reaches the ¢,
1

ulation of F;. Let ¢ denote the maximum time of fault
occurrence.

Step 3 Repeat the above two steps and obtain all the time sequences

of fault in the set F = {F,F,,...,F,} .

max

After the above of three steps, we obtain one sample of fault oc-

currence process. In order to calculate M () and E[FDR(t)], we
need repeat the simulation procedure. Here, we define the simulation

time ST .
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Fig. 7. Simulation flowchart of fault occurrence sequence

(3) F(r) obeys Weibull distribution

Probability density

4000

a=1,p=0.5
3000 —u— y=1,p=1
—— =1 f=2
—t— =1, p=d

2000
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1000 -
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Fig. 8. E[N, ()] under different parameters of Weibull distribution

When the interarrival time function is Weibull distribution,
namely F(t):l-e’o")a and ¢>0. Generally, the parameters A and
o denote shape parameter and scale parameter respectively. Let
E[Ng )] denote the expectation of cumulative number of a fault F;

at time ¢ . According to the fault occurrence simulation procedure, we

simulate the E[N (¢)] under four groups of representative distribu-

tion parameter as illustrated in Fig. 8. Fig. 8(a) depicts the probability
density functions of four different distribution parameters. Fig. 8(b)

illustrates four corresponding curves of E[N QIR We can clearly
find that each E[N 7] increases linearly and can be approximately
expressed as a function E[N r®O]=at, where a is a constant. Simi-
lar to the analysis of eq. (23), E[FDR(¢)] would tend to be a constant

with the increase of time.
According to the theoretical and simulative method proposed in
this section, when the fault occurrence process can be modelled by the

renewal process and without considering test uncertainty, the value of
E[FDR(?)] tends to be a constant.

5.2. Case2

In Case 1, we neglect the test uncertainty. In this case, we would
consider the test uncertainty as depicted in Section 4. All for the as-
sumption made in Case 1 are applicable here. In addition, let

T={n,0,,....T,,} the m independent tests in a system. Every 7; in
the 7 will obeys the same interarrival time function F(¢;6;,b,,---,b;) ,
and only the distribution parameters b;,b,,---,b; are different for dif-
ferent tests.

As shown in eq. (12), the detection condition of the fault F; must
satisfy Normal[RTS(F;(¢))] =1 . Generally, we define a characteristic
function FD(-) which shows whether F; can be detected. At time ¢,

the detection state of the fault F; can be written as:

1, Normal[RTS(F;(¢))]=1

FD(Fy(1)) ={0 (25)

R else

Since we introduce the test uncertainty, the number of detected
fault N I,Qi (¢) cannot calculate according to the theory of the renewal

process. Therefore, obtaining analytical expression of E[FDR(¢)] is
a formidable work. So we propose the simulation method to calculate

E[FDR(1)] .

Fig. 9. Simulation flowchart of the process of test state change

To verify the expectation of FDR(¢) , we must simulate the fault
occurrence process and test state change process. In Case 1, we al-
ready introduce the simulation procedure of fault occurrence se-
quence. This section would give the simulation flowchart of test state
change process.

First, let SC(TJ») denote the state of test T - When the T; is in

normal state, SC(T;)==1. On the contrary, SC(I;)==0 represent 7
is in error state. As shown in Fig. 9, it depicts the simulation procedure
of the test state change. It can be described as follows.
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Step 1 Set the state change time label i =1. From the above descrip-
tion, the length of time A#;(7;) whichatest T; keep normal
state is decided by its interarrival time function F(A; [T}) ,

namely A#(7;)~ F(At; [T;). When SC(T;)==1, the fault
time t;j of the test 7; can be calculated t}/ = t;;l +A1(T5) .

Specially, t%_ =0. At the time t}j , the T; switches its state
from normal to error.

Step2 When the state of test 7; is error, namely

SC(T;)==0 . As depicted in eq. (11), the repair time is
f;‘j :min(t|t(RFS(Tj))>t}j) (k=i) . Then, i=i+1.

Step 3 Repeat the above two steps. When t}j or f{fj reaches 7., ,

stop the simulation of test 7.
Step 4 Repeat the above three steps, we would obtain a complete

test state change sequence of 7 . Similarly, we can obtain
the other tests’ state change sequences.

After the simulation processes of fault occurrence and test state
change, the vital step is the statistics the fault detection result. As de-

scribed above, the fault F; occurs at time ¢ , its detection state (deter-
mine whether the fault can be detected or not) is decided by eq. (25). So

we can obtain the fault occurrences number N F (¢) and successfully

detected times N ,?l_ (t) in the interval [0,7]. Likewise, complete the

simulation processes of all of the faults in the set F' = {F,F,,...,F,} .
The total number occurred faults N(z) and detected faults N b ®)

can be calculated. Obtaining N(¢) and N b (t) , we can calculate the
FDR(t) according to eq. (2) and obtain a sample curve of FDR(¢) .
After the entire simulation, we obtain a sample curve of FDR(¢) .

Repeating the above process ST times, we would get ST simulation

samples {FDR'(r), FDR?(1),..., FDRST ()} . Employ the moment esti-

mation method to calculate the expectation E[FDR(¢)] as follows:

ST )
> FDR' (1)

E[FDR(1)] = ’ﬂT (26)

After the whole simulation and calculation procedure, we obtain
the E[FDR(¢)] and observe its change trend.

6. Simulation Case

To verify the theory and simulation method proposed in this pa-
per, an integrated controller in the missile control system is taken as
study case. It is used to simulating its fault detection process. Simulta-

neously, simulating calculation of E[FDR(¢)] is carried on.

The integrated controller is a LRU (Line Replaced Unit) level
product. Its main functions are outputting the drive and control signals
to the four rudders. The test relationship in the integrated controller is
shown in Fig. 10.

As illustrated in Table 1, the integrated controller has 11 failure

modes {F,F,,...,Fj} . The detection method means the way to detect

ks
i e
Inertia A v < Rudder 1

Measurement &

m;lt Integrated | Drive and Rudder 2
Controller | control signal
_Rl:dder 3
-

Central
Computer

Fig. 10. Test relationship in the integrated controller

a fault, where ATE refers to the automatic test equipment. 7; refers to
the Built-in Test. The manual test means refers to detect a fault manu-

ally. The distribution parameter denotes the parameter of the interar-

rival time function F(At|F;), where F(At|F;) obeys exponential
distribution. During the simulation, we only count the fault which can
be detected by BIT.

The interarrival time functions of tests 7;,7,,73,7; are exponen-
tially distributed and the parameter of each F'(Az|T;) is 1.408(year).

Table 1. Fault information of the integrated controller

Number Failure Mode Detection Parameter of Interarrival
Method Time Function (year)
F 1553{8 b'us com- ATE 0.963
munication error
123 SeIf—tesF function Manual test 0.079
failure
All the rudder
F; 1..7,,1;,T, .
3 drive signals error 172:73:74 0.507
F, No Rud‘der 1 drive T 0710
signal
F; No Rud.der 2 drive T 0710
signal
F No Rud.der 3 drive T 0710
signal
F No Rud‘der4 drive T, 0710
signal
Error polarity sig-
Fq T
8 nal to Rudder 1 1 0.152
Error polarity sig-
F T;
9 nal to Rudder 2 2 0.125
Error polarity sig-
F T,
10 nal to Rudder 3 3 0.125
Error polarity sig-
F T
1 nal to Rudder 4 4 0.125

As shown in Fig. 10, the integrated controller has four independent
outputs. In addition, each output is control and drive signal to a spe-
cial rudder. In the integrated controller, there are four circuits (BIT) to

monitor the 4-way signals. These four BITs denotes as {7},75,T3,74}
respectively. The test digraph of the integrated controller is built as

shown in Fig. 11. The upper nodes {F,F,,...,F};} refer to faults. The
lower nodes {T;,7,,T3,T4} refer to tests. The faults £ and F, cannot
be detected by any test in {1;,7,,73,74} . Specially, the fault F3 can
be detected by the tests {7},75,73,74} .
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Fig. 11. Test digraph of the integrated controller

In the above discussion, it is divided into two cases to study the

statistical characteristics of the FDR(¢) . However, the simulation of
two cases can be carried out together.

Set the simulation time S7 =100 and the maximum fault time to

tmax = 20(year) .

20 ; ;

_4_F1

——F,
1B —F

3
—— F,

10

N(t)

L
10
Time/Year

Fig. 12. Example of fault occurrence counting process

Firstly, generate the fault sequence sets of the 11 faults.
Fig. 12 shows the fault occurrence counting processes of
{F,F,,F;,F4,Fy} . For the sake of clarity, it does not illustrate
the fault occurrence counting processes of all the 11 faults.
Each line in Fig. 11 represents a fault occurrence number
Np (t) of fault F;.

Secondly, repeat simulation of fault occurrence 100 times
and obtain 100 samples of the fault occurrence processes.

Under the assumption certain test, the detected fault number
NP (¢) is the sum of the occurred number of faults which can

be detected. Here, a fault F; can be detected when it satisfies Errer

RTS(F;)>1. In the integrated controller, faults F5~Fj; are de-
tectable and {F},F,} are undetectable.

Fig. 13 indicates the expectation of total number of occurred
and detected faults, denoted as E[N(#)] and E[NP(r)] respectively.
Both E[N(r)] and E[NZ(¢)] approximately linearly increase with
the increase of time. E[FDR(¢)] can be approximately seemed as the

150 T T T
EIN®)]
—e— E[NOt)]
100} -
b
504 4
0 L 1 L
0 5 10 15 20

Time/Year

Fig. 13. Expectation of total number of occurred and detected faults

E[FDR(t)]
08 T
1
078l }
1
!
1 e T
076} | { A B o -
PRI o 7 e R W
TRy
0.74F ¥
¥
0.72 L L 1
0 5 10 15 20
Time/Year

Fig. 14. Time-varying process of E[FDR(t)] under certain test assumption

division of E[N?(#)] and E[N(¢)]. Accordingly, E[FDR(r)] might
gradually tend to a constant. According to the eq. (26), we can calcu-
late the E[FDR(¢)] under the assumption of certain test.

Fig. 14 shows simulation result of E[FDR(¢)] , where the expecta-

tion E[FDR(¢)] changes over time and fluctuates acutely at early pe-
riod then gradually tend to be smoothed and stabilized. Then, we carry
on the simulation process based on the assumption of test uncertainty.
According to the test state change process and fault detection logic,

we obtain four state change sequences of tests 7;,7,,73,7; and fault

detection outcomes. As shown in Fig. 15, the state change of test 7
is displayed. Simultaneously, the fault occurrence and detection proc-
esses of RFS(Ty)={F3,Fs,Fg} are shown. The fault is labelled as a

square when it is detected at occurring time. On the other hand, it is
labelled as a filled circle when it is not detected at occurring time.

Fault and d i q of Fy
Fault and i of F‘
— 00— O— 1 O—e0—{ * o e
Fault and d i of Fy
-0 . . {3 O

MNermal

8 10 12
Time/Y ear

Fig. 15. State change of T, and fault occurrence processes of RFS(T)

Next, we count the detected number of faults according to the
fault detection logic. By comparison, the expectation values of total
number of occurred faults and detected faults in two cases are dis-
played in Fig. 16. All the three curves have linear increasing charac-

150
E[N()]
—»— E[NC(t)] in Case 1
100 [ sernsnasee EIND(t)] in Case 2

50F

Fig. 16. Expectation of occurred and detected fault number in two cases
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E[FDR(t)]
0.8~ .
VAT N ey st N — - P—
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0.6 i Case 1| |
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0.5 J
0.4 i
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Time/Year

Fig. 17. Time-varying processes of the expectation of FDR(t) in two cases

teristics. Considering test uncertainty in Case 2, the total number of
detected faults is less than in Case 1.

7. Conclusions

This paper mainly focuses on the expectation of the statistical

process FDR(t), which is one of the most important statistical char-
acteristics. The works of this paper can be concludes as follows.

(1) This paper constructs the fault occurrence model based on re-
newal process.

(2) This paper presents the test uncertainty model based the real-
ity that test could be in fault and models the test state change
process and fault detection logic.

(3) We study the expectation of FDR in two cases, including con-
sidering test uncertainty and without considering test uncer-

tainty. In these two cases, the expectations of FDR(¢) tend to
be a constant along with the increase of time.

(4) When a system obeys laws of fault occurrence and test uncer-
tainty proposed in this paper, we prove the effectiveness of
the assumption that the FDR value of a system exists a cer-
tain value. Accordingly, the FDR value of this kind of systems
could be evaluated by the existing theory of testability dem-
onstration. For systems with other fault occurrence laws, the
effectiveness of the assumption needs further studies.

In order to compare the E[FDR(¢)] in two cases, we display the
E[FDR(t)] curves in two cases in Fig. 17. As shown in Fig. 17, two

E[FDR(?)] curves have the same law. Both of them fluctuate acute-
ly at the earlier period and gradually get to be stabilised with the
increase of time. According to the simulation results in two cases,
the FDR real value of the integrated controller could be assumed to
be a certain value.
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Andrzej BRATEK

POSSIBLE LEAKAGE DETECTION LEVEL IN TRANSMISSION PIPELINES
USING IMPROVED SIMPLIFIED METHODS

WERYFIKACJA MOZLIWEGO POZIOMU WYKRYWALNOSCI WYCIEKOW
W ZAKRESIE ZASTOSOWANIA ZMODYFIKOWANYCH UPROSZCZONYCH
METOD DIAGNOSTYCZNYCH*

This paper deals with issues of detecting leaks in liquid transmission pipelines. It presents an overall comparison of three im-
proved simplified methods, i.e. correlation analysis of pressure and flow rate, pressure monitoring and volume balance. Besides
the well-known solutions, the authors also propose a detection algorithm with a new process variable structure and with two
options of a resulting function. These methods do not require a complicated mathematical model and highly specialist measur-
ing hardware. Their application and maintenance are easy and low cost. The interest of this paper is to determine the leak-
age detection level, when these methods are used for diagnosing single leakages under steady-state operating pipeline’s condi-
tions. The assessment, carried out on a laboratory water pipeline, was based on two performance indexes, i.e. a magnitude of
a minimal leakage, which can be detected and the response time, i.e. time between the moment of beginning (occurrence) of leak-
age and the moment when it has been detected. The obtained results proved a high efficiency of proposed techniques in detection
of leaks.

Keywords: fault detection, pipelines, leak detection methods, leakage detection level.

Artykut dotyczy zagadnien diagnozowania wyciekow z rurociqggow przesylowych cieczy z wykorzystaniem metod, ktore bazujg na
pomiarach wewnetrznych parametrow przeplywu (zmiennych procesowych), tj.. strumienia i cisnienia. Artykul prezentuje porow-
nanie trzech zmodyfikowanych uproszczonych technik, tj.: analizy korelacyjnej sygnatow cisnienia i przeplywu, monitorowania
zmian cisnienia i bilansu strumieni. Oprocz uprzednio znanych rozwigzan autorzy proponujg rowniez rozwiqzanie algorytmu
detekcyjnego o nowej strukturze zmiennych i o dwoch wariantach funkcji wynikowych. Metody nie wymagajq zastosowania skom-
plikowanych modeli rurociggu, cechuje je niski koszt w sensie wymagan dotyczgcych urzgdzen pomiarowych oraz tatwa realizacja
i obstuga. Obszarem zainteresowania niniejszego artykutu jest okreslenie dla proponowanych metod wskaznikow jakosciowych,
w przypadku diagnozowania pojedynczych wyciekow w stanach ustalonych. Taka ocena dotyczy w szczegolnosci ustalenia mozli-
wego poziomu wykrywalnosci wycieku, tj. minimalnej wielkosci wycieku, ktory moze by¢ wykryty. Innym okreslanym parametrem
Jjest tzw. czas odpowiedzi, tj. czas od momentu wystgpienia wycieku do jego wykrycia. Podstawe weryfikacji stanowily badania
eksperymentalne przeprowadzone na stanowisku z modelem fizycznym rurociggu. Uzyskane wyniki potwierdzily wysokq skutecz-
nos¢ proponowanych technik wykrywania wyciekow.

Stowa kluczowe: wykrywanie uszkodzen, rurociggi, metody wykrywania wyciekow, poziom wykrywalnosci

wyciekow.

1. Introduction

Liquid transmission pipelines may suffer from damages, which
might result in leakages. Therefore, Leak Detection System (LDS)
is an indispensable equipment of a pipeline installation. The main
purpose of such system is to detect, locate, as well as determine the
magnitude of occurred leak.

Most popular LDS are developed with the use of diagnostic meth-
ods, which are based on measurements of internal flow parameters,
i.e. flow rate, pressure and fluid temperature. In the literature such
methods are called internal (analytical, indirect) methods [2, 11, 17].

The implementation of leak diagnosis process is a rather complex
issue. The existing internal methods, whose review might be found in
the papers [4, 10, 11, 17, 19], on their own are not able to fulfill all
mentioned above diagnostic tasks. Their utility is limited to certain,
defined operational pipeline’s states and leaks’ characteristics. Thus,

elaboration of effective and reliable LDS requires applying of at least
several internal methods working concurrently [17].

Taking into account that a LDS should first detect a leak, inter-
nal methods, which are responsible for this diagnostic task, acquire
particular significance. In practice, one or several methods must be
used to increase the reliability of LDS, which is defined as a degree of
pipeline’s operators confidence, i.e. absence of false alarms and also
system’s ability to detect any kind of occurred leak.

The most advanced solutions, aimed at leakage detection, are
based on process dynamics models. An example of this method is the
inverse analysis method [9, 19] and also so called methods with auto-
matic control approach (1,2, 10, 11, 16, 18]. Without doubt, the main
advantage of both groups of methods is the ability to detect leaks in
steady states as well as in transition states, resulting from a change in
pipeline’s operational conditions such as: an operating point change,
valve’s aperture and closure, pump’s start-up or stoppage. However,

(*) Tekst artykutu w polskiej wersji jezykowej dostepny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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these methods are quite complex and their practical application in-
volves solving many problems, which relate to constructing pipeline’s
mathematical model and developing its solutions, precise applying of
diagnostic process methodology and appropriate diagnostic means.

In case of inverse analysis methods, their general idea consists
in a comparison of model-generated data with measured data, i.e.
minimizing the obtained deviations to enable leak detection and its
localization, and depends on proper model fitting. Pipe’s flow dy-
namic modelling mainly involves applying non-stationary equations
of continuity and motion for fluids. In practice, it might be required
to perform specific tests, which consist in enforcing transitional states
in a shape of pressure impulses, generated by a valve’s closure on the
outer point of the pipeline [19]. Such tests significantly simplify pipe-
line’s dynamics description, include leak’s modelling and facilitate
solving systems of equations due to better understanding of boundary
conditions. However, in order to perform these tests correctly, it is
necessary to control appropriately the valve’s closure process, which
is raised in [9]. Closing a valve on an operating pipeline always may
be risky. Therefore, it might be required to introduce certain con-
straints to operating conditions in real-life i.e. decreasing the pressure
values and volume of liquid.

In methods considered within context of automatic control, the
mathematical model of liquid flow dynamics is mainly described in
the state-space. A common solution is an implementation of state ob-
servers, which estimate process variables, for example, the flow rate
at pipeline’s inlet and outlet [1, 2, 10, 11] or other parameters to de-
scribe the flow e.g. the friction coefficient [2, 10, 11]. By applying a
specific leak detection algorithm, it is possible to get the leak diag-
nosed and an alarm generated.

Considering a performance, in both mentioned above groups of
methods, it creates strong requirements that measurement systems
must meet. This results in high costs of LDS, related to the need of us-
ing the appropriate quantity of precise measurement instruments, well
synchronized data transmission system and powerful computers. Such
LDS should also be operated by high qualified staff.

Consequently, instead of these methods, simpler solutions are
being used, including: mass balance, pressure/flow monitoring, pres-
sure wave detection and correlation analysis of measured signals. In
general, each method considers a single hydraulic phenomenon re-
lated to the leak occurrence which is the base to elaborate appropriate
algorithms to detect leakages. Such simplified detection algorithms
(SLDA), aimed at single leak detection in liquid transmission pipe-
lines, consist the main area of focus of this paper.

The important advantages of SLDA are relatively low cost and
ease of implementation. Taking into account other features, such as:
duration of tests, disruption to normal system operation, complexity
of the instrumentation, which according to [3] all together consist the
comparison criteria for different leak diagnostic methods, in case of
SLDA they also give satisfying results. From practical point of view,
it is also worth seeing the SLDA implementation as an element of
LDS. In a LDS even a single SLDA could be used, for example, on
the basis of the mass or volume balance principle. However, more of-
ten a few SLDA are used, which, thanks to a proper synchronization,
should verify each other and/or complement each other. This should
result in being able to detect leaks not only in the state of steady flow,
but also in other operational conditions during low operational tran-
sients. SLDA may be a part of more complex leak detection proce-
dures, which use the mathematical models of liquid flow dynamics.
The last solutions can be found in papers [1, 2, 10, 11]. In the paper
[1] the comparison of the two advanced algorithms can be found. An
algorithm configured on the above schema as a SLDA combination,
“due to its good performance and good reliability is more appropri-
ated to be implemented in industrial controllers”, than the second one,
which is far more computationally sophisticated.

Besides mentioned above characteristics, independently from us-
ing complex or simplified leak detection techniques, their practical
usefulness is decided mainly on their efficiency. This is defined as the
ability to detect a given volume of leakage in determined timeframe
and with minimal number of false alarms. According to [18], pipe-
line’s operators are interested in LDS solutions, which would enable
leak detection of less than 1% nominal flow intensity. It would be
better if such results were achieved both in steady state conditions
and transient states. The operators are also interested in the evaluation
of the smallest detectable leak, which might be achieved for a deter-
mined detection algorithm.

SDLA eftectiveness depends on many factors, e.g. algorithm’s
structure. By the algorithm’s structure we consider the overall elabo-
rated solution of a given diagnostic method. This includes configu-
ration of measurement devices (their number, location), their met-
rological characteristics (precision), signal sampling, measurement
conditions (noise and distortion level) and techniques implemented
for data processing and analysing, as well as the selection of the alarm
thresholds. In relation to a pipeline, the following factors are signifi-
cant: topography (e.g. diameter and length), a type of liquid (density,
velocity of a pressure wave), flow conditions (flow and pressure rate).
Moreover, essential also are the leak parameters, i.e.: its location, size
(intensity), the nature of occurrence (rapid leaks or slowly increasing
leakages), but also the size of a pipe damage and its development. The
analysis of these issues might be found in papers [3, 7].

Unfortunately the effectiveness of commonly used nowadays
SLDA is often below the expectations. In this paper we are interested
in applying SLDA to diagnose singular liquid transmission pipeline
leak in steady states. An example of such SLDA, which uses the nega-
tive pressure wave detection method, can be reviewed in [7]. The al-
gorithm processes data obtained from two pressure sensors located at
the inlet and outlet of a pipeline. Its performance assessment, which
takes into account the smallest detectable leak, was based on carried
out simulations, in which mathematical description for the amplitude
change of negative pressure wave was used, being supplied by defined
pipeline’s parameters. The achieved smallest detectable leak, which
amounted to about 1.4% of the nominal mass flow, overpasses how-
ever the reference value (i.e. 1%). Another SLDA system, which uses
the mass-balanced leak detection method with correlation analysis, is
presented in [10]. The algorithm runs on the basis of the mass flow
rate measured only at the inlet and the outlet. It was experimentally
verified on a gasoline pipeline. The presented results relate to only a
single experiment, where the intensity of detected leak is 0.19% of the
nominal mass flow rate.

It is worth highlighting that the SLDA are discussed or mentioned
also in many other papers [5, 12]. Nevertheless, not always these pa-
pers encompass and present all information about their particular so-
lutions and their effectiveness relating to the smallest detectable leak,
which might considerably impede their potential analysis, modifica-
tions and implementation.

Considering the existent SLDA, we may notice that the effective-
ness of similar solutions, in the sense of their overall methodology,
might significantly vary. The authors consider applying an adequate
solution structure of SLDA as a way to have SLDA effectiveness im-
proved.

Therefore, the main goal of this paper is to present an overall com-
parison of a few modified SLDA solutions, taking also into account,
the evaluation of their effectiveness. The presented set of detection al-
gorithms is characterized by the fact that they combine different proc-
ess variables i.e. flow and pressure signals, commonly measured at
transmission pipelines. Besides the well-known solutions, the authors
also propose a detection algorithm with a new variable structure and
with two options of a resulting function. All presented SLDA solu-
tions are focused on detection of a single leakage in a liquid transmis-
sion pipeline in steady state conditions.
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It is worth mentioning that the authors focus especially on the leak
detection issue. A great deal of attention is paid to the leak detection
itself. This task is considered to be the most crucial activity from the
LDS standpoint as it is the first, mandatory step to be completed in
order to perform the leak position and flow estimation. Nevertheless,
the leak localization was also considered in this paper, whereas esti-
mation of a size of leakage was skipped in the presented results.

The proposed algorithms were tested in experiments carried out
on a laboratory pipeline in a wide range of leak simulations. The ba-
sis of the evaluation was established by two primary performance in-
dexes: the smallest leakage detection level and the detection response
time. These parameters are directly related to the leak detection issue.
While determining a leakage point, a location error was defined as a
estimation’s precision parameter.

The smallest detectable leak, which were achieved with elaborat-
ed algorithms, are lower than the defined reference value. According
to the authors, solutions presented in this paper for modified SLDA -
improved leakage detection techniques (algorithms) - and their results
may provide valuable information for pipeline’s operators.

This paper is organized as follows: the second chapter presents
a description of typical measurement equipment of the transmission
pipelines. The third chapter describes hydraulic phenomena related
to leak occurrence. In the next section, the basic

Assuming that a tight pipeline operates under stationary condi-
tions, the pressure and flow rate along the pipe have stabilized values
with low levels of fluctuations. Event of leak leads to changes of pres-
sure and flow in the pipeline. At the beginning, a pressure drop takes
place in the leak point. Afterwards, the pressure drop in the form of a
negative wave propagates in both directions of the pipeline with the
speed of sound. The profile of pressure wave propagation depends
on the location of the leak, its size and the way it increases (which,
in turn, depends on the development of damage to the pipeline). In
case of sudden leaks (whose flow rate reaches the nominal value in
short time after the moment of their occurrence), waves have clearly
visible fronts (Fig. 1a). For slowly increasing leakages, where pres-
sure changes have milder character, wave fronts have a smother shape
(Fig. 1c). Behind the wave front, the longer the distance is from the
leak point, the smaller the pressure drop is in the pipeline. The ob-
served pressure drops depend on the size of leakage, its position, and
flow conditions.

Medium flow in the pipeline gets stabilized for a while after the
occurrence of leakage with a new steady-state operating point. Com-
paring to the state before leakage, the flow rate in the section between
the inlet and the leak point has increased, and the flow rate in the sec-
tion from the leak point to the outlet has decreased (Fig. 1).

problems encountered during leak detection are a) [Pa] c) [Pa]
discussed. The detailed description of the proposed I B — Pigin) [
algorithms might be found in the fifth chapter. G

. p .. 255 I SN /A e s S,
The sixth section presents the laboratory pipeline i g
and experiments’ program overview. The next two L s N P3 M
chapters present the achieved results in diagnostic 1 5 1 |
of simulated leaks and discuss the aspects of im- | megative pressure wavefront s ncg‘dli\'c pressure wavelront
plementation of proposed algorithms in practice. /7 S Dy m__
Finally, overview of conclusions and some sugges- ps % ps %
tions for future research are presented. Potou) e Pt

t[s] t[s]
2. Pipeline measuring equipment
P g equip b) [m¥/s] , d) [m’/s] :

The liquid transmission pipelines are usually 1 qi(iny 1 : Gigam)

. . q Ifin) ; Gitin) :
equipped with flowmeters and pressure transduc- vt W Tt S e u
ers, installed at the inlet and outlet. Moreover, addi- 1 Dok q2(0uy) ]  Hoak 9 2(0ur)
tional pressure sensors are often installed at regular t[s] ' ! " t[s]

intervals along the pipeline. The purpose of these
sensors is to reduce the detection response time and
improve the accuracy of the leak location.

Whereas measuring systems are the basis of
SCADA (Supervisory Control and Data Acquisi-
tion) systems, which are used in pipelines to moni-
tor and control pumping process, LDS system is
usually their additional module.

The diagnostic data information, i.e. the measured pressure and
flow rate signals, required by the leakage detection systems, should be
continuously provided with defined sampling time Tp , without sig-
nificant time delays. Moreover, the measurement systems should be
error and noise resistant. However, the above mentioned disturbance
issues might appear in case of long range transmission pipelines. Ac-
cording to [20], it is quite common, when only some useful measure-
ment data is available.

3. Description of the leak phenomenon

Typical relationship between pressure (measured at the inlet and
the outlet, and also at several points along the pipeline) and flow rate
signals (measured at the inlet and the outlet) in the liquid transmis-
sion pipeline, before and after the occurrence of leak, is shown in
Figure 1.

Fig. 1. Plots of sensor's signals at the laboratory pipeline with a single leak:  py,..., pg - pressure
along the pipeline, q;,, 4, -flow rate at the inlet and outlet; Clear changes in measure-
ment signals’ trends are caused by a large leak simulated at t = t),,; . These may be found in
case of a sudden leakage. a) pressure, b) flow rate, and a slowly increasing one: c) pressure,
d) flow rate.

4. Problems faced in leak detection

Profile and clarity of changes in measured pressure and flow rate
signals (resulting from the course of leak phenomenon and metro-
logical characteristics of measuring devices) essentially determine the
leak detection level.

Such an exemplary situation is shown in Figure 2. The
plots present the pressure and flow rate histograms in an ex-
perimental pipeline (which description can be found in
section 6) initially operating in steady state conditions. Later the sud-
den leak of a 0.45% nominal flow rate was simulated at the point close
to the middle of the pipe’s length. We might observe that the pressure
and flow rate variations are hardly noticeable, which is caused by a
considerable level of noise in the signals.

We need to comment that pressure and flow rates in Figure 2 are
not expressed in the SI units, but in the units that clearly represent
flow’s characteristics in the pipeline (pipeline’s operators commonly
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use the non SI units — e.g. m¥h as well). These units are also used
through the next sections of this paper.

Etfeak t [S]

Fig. 2. Plots of measurement data collected on the laboratory pipeline for a
small, sudden leakage: Dj,, P, - pressure at the inlet and outlet,
and i, Gou - flow rate at the inlet and outlet respectively. Due to

considerable level of noise in the data, it is difficult to notice small
changes, provoked by the leakage, in the observed signal trends. The
leakage of about 0.45% of the nominal flow rate was simulated close
to the middle of the pipe’s length at the time t = t},,, .

5. Theoretical characteristics of compared solutions

The proposed modified SLDA solutions are based on using meas-
urement signals mentioned about in the chapter 2. They involve the
following methods:

— correlation analysis (labeled “method I”),

— pressure monitoring (labeled “method I17),

— volume balance (labeled “method III”").

The presented descriptions of proposed solutions might be a basis
of their practical application.

5.1. MethodlI

The proposed technique is based on correlation analysis. In con-
trast to similar solutions discussed in papers [1, 2, 10, 11], the authors
propose to use the correlation analysis not only with regards to flow
rate signals, but also to pressure signals [14, 15].

Using pressure signals is aimed at reducing the time required to
detect a leak. Considering the pipeline’s dynamics, pressure signals
may sooner identify a leakage occurrence, than flow rate signals.
This can be clearly noticed if we compare the signals measured at
the pipe’s inlet and outlet (see Fig. 1). Taking into account additional
pressure sensors mounted along a pipeline, there is a possibility to
detect a leak even quicker.

The algorithm based on the use of pressure signals may work in-
dependently. However, we need to remember that the pressure chang-
es in a pipeline not always are a consequence of the leak occurrence.
Similar symptoms of a leak, e.g. characteristic also for the wave
propagation, might be observed for other flow conditions caused by
valve regulation. It is difficult to differentiate them, what is mentioned
by [12]. In order to avoid generating false alarms and increase cred-
ibility of a diagnosis, apart from using the algorithm, which is based
on pressure signals, the second algorithm, based on flow rate signals,
working concurrently may be applied.

Taking into account the above assumptions, a few SLDA were
elaborated. All of them use the following different configurations of
diagnostic signals:

a) two flow rate signals measured at the inlet and outlet of the
pipeline,

b) two pressure signals measured at the inlet and outlet of the pipe-
line,

¢) two pressure signals measured at the inlet and outlet, and ad-
ditionally at several points along the pipeline.

The structure of each algorithm, besides their general likeness,
is characterized by the application of significant different elements.
Their basis is the correlation analysis. Such analysis in consecutive
steps of calculations considers data vectors, which are constructed
on the basis of the shifting time windows. The calculated variables
(i.e. residua) are window’s data instead of the raw measured diag-
nostic signals. The proposed solutions of algorithms consider two
configurations of time windows: with different steps of their shift-
ing defined by the determined volume of signal samples. While
building both window configurations, not only the speed of leak
detection was considered, but also the need of computing power.
The detailed solutions of all algorithms are discussed in the following
part of this subchapter.

At the beginning, measured diagnostic signals X, (suitably: g,
— flow rate signals, P, — pressure signals; where: n=1,...,j — point
number, j —amount of measuring points) being selected for the anal-
ysis are transformed into variables Ax,, .

Variables Ax, represent deviations (residua) and are calculated

as the differences between the signal current values xnk and their

reference values fnk , according to (1). The reference values are cal-

culated by applying a low pass recursive filtering such as recursive
averaging with fading memory (exponential smoothing), according
to the formula (2).

k k =k
Ax," =x," =X, (1)

where: xnk — the value of the measured signal in the moment & , fnk

— the reference value in the moment & ,

f=(a-x )+ ((1-a)-x,5) @)

k—

where: X, ! _ the reference value in the moment k-1 resulting

from the applied sampling time Tp, xnk — the value of the measured
signal in the moment &, o — filter correction factor 0 <a <1.

The use of the variables Ax, instead of x, allows to avoid the
necessary adjustment of relatively large changes of the alarm thresh-
olds, resulting from the inherent fluid dynamics changes, which for
example relate to changes of the pipeline operating point. It is quite
easy to calculate them considering that the reference values are ob-
tained using the described low pass filtering. According to the practice
[10], such approach is efficient with regards to steady states (normal
operation). Potentially it might be also applied to some inconsiderable
transient states. The used filtering also, to some extent, enables elimi-
nating noise effects and slow drift effects (drifting measurements),
what is mentioned about in [10]. For comparison, the algorithm pre-
sented in paper [1], which uses the residua defined on the basis of
flow rate signals measured at the pipeline’s inlet and outlet, requires
far more complex calculations as reference values are estimated using
a mathematical model of flow dynamics. Adopting such approach for
leak diagnosis in steady states is not required. It is also worth men-
tioning that the residua are also used in leakage diagnosis methods
for pipeline’s networks, especially for water distribution networks [8].
The way of their calculations is different, because these are the differ-
ences between the measured values and reference values but the other
ones concern the approximated states without leakages.
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Next, the pairs of the variables, defined according to the formula
(3), are created. The individual pairs correspond to consecutive meas-

uring points Ax, located along the pipeline, together with the neigh-

boring point Ax,,;, counting towards the end of the pipeline:

stzl,...,j—l = {Axn:sann+1:s+l} (3)

where: s — variable pairs number, j — total amount of measuring
points z, (analyzed signals x,, ).

For individual pairs of the variables U, cross-correlation func-
tions are determined. There are taken into account here functions
with variable delay time, i.e. cross-correlograms (4), additionally
estimated. These functions, which are vectors of about 2N —1 ele-

ments, are calculated for N sample long data vectors (time windows)
of variables Ax, and Ax,,;. Number of samples N in the window

includes period (k —7,k) . The shift value 7 is determined knowing
the dynamics of leak phenomenon (the velocity of the pressure wave
propagation in given section of the pipeline, which included analyzed
measuring points, is taken into account) and distances between meas-
uring points which are related to analyzed variables Ax, and Ax,,; .
In case of flow rate signals, due to more slow character of their chang-
es, the shift value 7 should be greater then for pressure signals.

Time windows with different moving mode may be used, what is
presented in Figure 3. In case of both types of windows, current leak

detection assessment, i.e. in moments k and k+1 relates to the last
sample in window:

1 -
Ryy, ax,,, (M) = NRAanan (m—=N); “4)

where: m=1,2,...,2N —1.

step S
1 sampling time

Tp n

|_N samples
T

Fig. 3. Schemes of used time windows

Next, for the obtained functions (4), if flow rate signals are ana-
lyzed then average value (5a) is calculated and if pressure signals are
analyzed then maximum value (5b) is calculated:

- 1 m=kit

Ry :mmzzk_t Rag,a,0 (M (52)
» k
Ry =max Ry, .., (), (sb)

To eliminate disturbances the calculated value Iéxsk is filtered, by
applying a low pass recursive filtering, according to the formula (6):

RfF =B R+ -B)-R) (6)

sampling time

where: f?fxsk ! _ the reference value in the moment k-1 resulting
from the applied sampling period Tp, B — filter correction factor

0<p<l.

In states without leakage values of the individual functions Iéfxs
are close to zero.

If the analysis concerns only two flow rate signals ¢, and
9n+i(oury (s=1), as result of the occurrence of the leakage a value
of the function f?fq decreases and becomes negative, because of

+AG iy A4 —AG,, (o) - A leak alarm is generated, when the func-

tion ﬁfq exceeds its alarm threshold Pa/, , according to the condition

7):

Rf, < Pal, (7

If the analysis concerns only two pressure signals p,;, and
Pn+i(oury ($=1), asresult of the occurrence of the leakage a value of
the function ﬁf » 18 increasing and becomes positive, because of
~APy(iny A4 —AD,, (o) - A leak alarm is generated, when the func-
tion 1§f » exceeds its alarm threshold Pal,,, according to the condi-

tion (8):

Rf, > Pal, (8)
However, if the analysis concerns larger number of pressure sig-

nals p, (s>1), the average value (9) is calculated on the basis of the

set of individual calculated variables Rf s

n 1 Sij—l
Rf pan =——

9
InR  ps ©)

—_

Next, the condition (10) which defines the possibility of the
occurrence of a leakage, is checked:

Rf panr > Pal (10)

Below there is another algorithm presented, which considers
slightly different way of processing the same flow rate variables. In
general, it is aimed at improving the leak detection level by resolv-
ing some problems we might be faced with, which are discussed in
chapter 8.

The novelty of the proposed solution consist in using new vari-

ables dq and dg , calculated according to (11) and (12), instead of a
pair of variables U, (3) as residua Agy,q) and Agyz) (1):

k k k
49" = qiny — 92(0ur) (11)

P
aq” =qiiny — 92(0ur) (12)
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where: qu — difference between the flow rate signals measured at

the inlet and outlet of a pipeline, dg k _ difference between the refer-

ence values calculated according to (2).

The next calculation’s steps correspond to previous dependencies
(4), (5a) and (6), which may be expressed as (13), (14) and (15):

1 -
R jgig (m) :Nqudq(m_N) (13)

where: m=1,2,..,2N—1.

R m=k+1
R'qk:ﬁ 2. Rigag(m) (14)
m=k—t
RfF =B R+ (-B) R (15)

The proposed algorithm assumes that two functions might be re-

sponsible for leak detection: a ﬁf ', function, obtained on the basis of

the relation (15) or the result of its median filtration, i.e. a function

Iéf "y » which corresponds to the relation (16):
I’éfnqk — med[ﬁ’f'qkfi,léf qu*i+1’“‘jéf|qk ,...Rf'quriil,R\f |qk+i] (16)

where: N4 =2i+1 - number of samples.

In no leakage situation values of the both functions f?f ', and
ﬁf ", are close to zero. A leak alarm is generated, when the particular

functions Rf ', and R "y exceed their alarm thresholds Pal’, and

Pal",, , according to the conditions (17) and (18):

Rf', > Pal', 17
Rf" > Pal" 18
q q

Initially we can state that the proposed algorithm might not re-
quire any change in alarm thresholds for slow changes in pipeline’s
flow conditions. An alternation of alarm thresholds might not be nec-
essary as well in case of a change in pipeline’s operating point. How-
ever, it is important to alert such a situation in order to avoid false
alarms being generated by the algorithm in transition states. Once the
pipeline achieves the new operating point, i.e. new steady state condi-

tions, residua function should be calculated again. If Rf ', and Rf "y

functions are still close to zero, it will mean the lack of leakage. On
the contrary, respectively higher values of both functions might indi-
cate a leak occurrence.

The implementation of the ﬁf ', function may consider two time

window options, which are presented in the Figure 3. In case of Rf "y

function, which uses median filtering, the best solution is obtained for
time windows showed in Figure 3a.

5.2. Methodllandlll

In practice, the algorithms presented in the previous subchapter,
based on the correlative analysis, require determined sampling fre-
quency. The applied sampling should ensure the visibility of signal
dynamics (i.e. change trend) related to the leak occurrence, which
improves the effectiveness of such analysis. It is also necessary to
use wide time windows, with the right shifting (e.g. overlapping win-
dows).The simplified detection algorithms presented in this subchap-
ter don’t require such conditions, in particular in respect to sampling
of measured signals.

In the first algorithm it is assumed that pressure p, is measured at
several points along the pipeline, where n=1,...,j (j — the number
of pressure sensors). This algorithm recalls the idea of Pressure Point
Analysis [6], which was modified by altering the method’s structure
and adopting a new approach towards all the pressure measurements.

Instead analyzing a single measurement point, data gathered at all
sensors is simultaneously taken into account. Such a solution should
ensure the ability to detect a leak, which is no longer significantly
dependent on a leak location.

The second algorithm is based on the traditional volume balance
approach [13], where it is assumed that flow rates Qi) > 92(our) ATC
measured on the inlet and outlet of a pipe. The proposed solutions of
both algorithms are characterized by the use of indicator functions

IF , which create the basis for alarm generation.

The approach adopted in the first index function /Fp , which re-
calls in searching for a pressure drop produced by a leak, focuses on
the comparison of the pressure over a fixed period of time.

At the start, diagnostic parameters p, are being transformed into

variables p, by averaging within a time window of N sample long:

_ 1!
pn(ti)_ﬁkZ::Opn([i—k)a (19)

where: ¢; —a time of the succeeding measurement sample.
The next step is to calculate the deviations Ax, between p,

boundary values of the reference window T, long (Fig. 4), which is
being moved over the time to follow measurement samples:

AX, (1) = Py () = P (4; = T,.) (20
step N : 1 . =
i reference time Lk snmphpg time
N samples 1 T: I N samples 1 .‘r".’
S R I R R S G R JeR i | e R PP

Fig. 4. Scheme of IFp time windows

The function IFp is defined as the minimum value of deviations

Ax,, , according to the formula:

IFp(t;) = min {A%, (1;);n =1,..., j } . 1)
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The second index function 7Fy, utilizes the principle of mass con-
servation. This approach, in the simplified form of volume balance
without compensation [13], is expressed with the following relation-
ship:

N1 N1
IFy(t) = 2, dagouny(t) = 2 Giim () - (22)
=0 i=0

In non-leakage states functions /F are close to zero. As a result
of leakage occurrence, the index function decreases and has negative
values. Its drop depends on the size of the leakage. Taking into ac-
count the calculation method of both functions /F with data averag-
ing, associated with specified time windows, their width should be
enough large to obtain satisfactory calculation precision and limit the
measurement errors and noise impact. Once the P threshold limit is
reached, the alarm is generated according to the below condition:

IF<P (23)

6. Test stand overview and experimental test sce-
narios

The above presented solutions have been put through experimen-
tal tests. They were conducted on the test stand with a physical model
of the pipeline (Fig. 5). The medium pumped through the pipeline
was water.

The pipeline is 380 meters long and is made of polyethylene
(PEHD) pipes which are 34 mm in internal and 40 mm in external
diameter. It consists of three sections each of which is over one hun-
dred meter long. The sections: 0+140 m, 140+280 m and 280+380 m,
are joined with the use of special connectors of the same diameter as
the pipeline.

The pipeline is equipped with standard measuring devices: two
electromagnetic flow meters (located at the inlet and outlet), six pres-
sure transducers (at the inlet and outlet, and also in several points
along the pipeline) and two thermometers. Sensors are connected to
a PC provided with the 16 bit A/D converter NI PCI 6259. More in-
formation about the location and metrological characteristics of the
sensors and the measurement system is shown in Table 1.

In order to simulate leakages, proportional solenoid valves auto-
matically controlled were used.

Fig. 5. View of the pipeline

Leakage simulations were performed under steady-state condi-
tions of the pipeline. The results of the carried out experiments, which
are presented in next chapters, were obtained for the following sce-
narios:

— the operating point settings of the pipeline: inlet pressure

Pin ®7.50 bar, outlet pressure p,,, =1.35 bar, nominal flow
1atC Gy m(inmour) = 140 I/min, temperature of pumped water
ranging from 15 °C to 25 °C;

— sudden leakages with the size range between 0.1 and 10.0 %
of the nominal flow rate Dnom(in=out) » simulated at the selected
points whose distance from the pipeline’s inlet was about 75,

155 and 235 m;
— two experiments were performed for each leakage value.
The PC-based data acquisition system was used to acquire pres-

sure and flow sensors’ signals with sampling frequency of fp =100
Hz.

Table 1. Characteristics of the measurement system

devices pressure sensors flow rate sensors
1(in)=1 2=61
, pIIn=1 P q1(in)=-6.5
location [m] p3=141 p4=201 2(out)=382.2
p5=281 p6(out)=341 9 R
range 0+10 [bar] 0+200 [I/min]
accuracy 0.1 % of range 0.2 % of range
uncertainty of +0.012 [bar] +0.44 [I/min]
measurement

* uncertainty of measurement = sensor + 16-bit converter

7. Aspects of using compared solutions during experi-
mental tests

7.1. General assumption

Comparison and assessment of three solutions, presented in the
chapter 5, was performed based on the basis of practical diagnostic
effectiveness for detection of simulated leakages.

For each solution the following performance indexes were de-
termined: leakage detection level and detection response time. The
principal behind the evaluation was the ability to detect the smallest
possible leakage in the shortest possible time, even under unfavorable
conditions, i.e. with the substantial level of disturbance affecting the
measured signals.

In performed experiments the source of false alarms could be
found in fluctuations and noises from the pumping (flow) of water
through the pipe and measurement transducers. Other additional dis-
turbances were not simulated.

When determining leakage detection level for compared methods
one should be aware that, among others, it depends on the obtained

form of a diagnostic function (respectively: ﬁfq I%f ‘¢ ﬁf g ﬁf »
Rf, pall » IFp , IFp ). The form of diagnostic funcfions should be char’

acterized by suitably large change of their values in a state with leak-
age in comparison to a state without leakage.

Moreover, the question of appropriate choice of the alarm thresh-
olds is one of crucial elements for proper operation of each solution.
Alarm threshold values had to be chosen in such a way that they en-
sure the absence of alarms for states without leakage. To meet the ac-
cepted criterion, on the one hand, the alarm thresholds values should
have had sufficiently large margins to prevent generating accidental
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alarms in states without leakage. On the other hand, too large margins
would make small leaks impossible to detect.

In order to compare the methods, each experiment was analyzed
according to the scheme presented in Figure 6. Diagnosing simulated
leakages concerns period 7y, . Period T, was explored only to deter-
mine alarm thresholds.

the beginning |

start obleakage i:f end
0 15 50 150 210 1 [s]

Ty Tiest

Fig. 6. Time scenario of experiments, where: Ty - period for the selection of
alarm thresholds margins, T, - period for the detection of simulated
leakages

7.2. Methodl

The method’s investigation considered different signal configu-
rations, various settings of essential parameters and modes of data
processing, i.e.:

— all configurations of diagnostic signals (labeled as “¢ ”, “ p ”,

“pall”) discussed in chapter 5.1;
— calculation of the variables Ax, (respectively: Ag, — for flow
rate signals, Ap,, — for pressure signals) in a period correspond-

ing to the sample time Tp ;

— two types of time windows shown in Figure 3a and 3b. Stand-
ard time windows (labeled as “A”) were moved with every sin-
gle signal sample. No-standard time windows (labeled as “B”)

were moved every N /2 signal samples, where N denotes the
number of samples in a window;
— different window lengths for particular configurations of diag-

nostic signals: N, =500, N, =200, N,,; =50;

— finding of cross-correlogram (4) for variables Ax, and Ax,
in Matlab with the procedure “xcorr( Ax,, , Ax,,,; ,’biased’)”;
— the following filter parameters: oo =0.995, B =0.900 .

In the proposed algorithm, the fi’f 'y and Iéf "y functions, based

on flow rate signals, are determined on the same set of N, PR B pa-
rameters. The same approach was followed as well during time steps

calculation of dg and dg variables and procedures for cross-correlo-
gram calculations (13) in Matlab program. Whereas the median filter-

ing (16) was achieved by using N, =3001 data samples.
A sclection of alarm thresholds Pal,, Pal'

Palpal

Pr Pal"q S Palp s

; was based on the statistical analysis of individual functions

ﬁfq R Iéf'q , ﬁf"q R Iéfp R Iéfpall in a state without leakage, i.e. in pe-

riod T shown in Figure 6. Furthermore, a constraint, which assumes
selecting thresholds to ensure inexistence of false alarms in period

T

test >

The alarm thresholds were set as the average value of the standard
deviations calculated for all experiments at different leakage points,
according to the following relationship:

i.e. before occurrence of leakage, was imposed.

Pal, =~b, -std {&f, }

Pal'y=b'y-std {&f", }

Pal"y=b"-sd {Bf", b (24)
Pal, =b,-std {&f, }

Pal = b,qy - std {f?f pall}

b",, b

P’b

pay — cocfficients determined experi-

where: by, b
mentally.

'
q’ q°

7.3. Method lland Ill
Calculations were performed for both index functions, marked
as [Fp and [F,. IFp function considers all available 6 pressure

points of an experiment. To average any pressure p,, 100 measure-

ment samples within 1 second window (N =100) were used, while
T, , time between the comparative data, was set to 10 seconds.

IF, function takes only supply and delivery flows into consid-

eration and also is based on 1 second time window (N =100).

The threshold limits were proposed on the basis of the statistic

analysis of index functions in pre-leak period T, (Fig. 6). This period

defines populations IF;Q and IFS of observed values with 1 second
interval. On the basis of these populations the threshold limits were
made as follows:

P:E{IFO}—b~std{lF0} (25)

It should be mentioned, that the same value of coefficient b was
established for both functions and every leak experiment.

8. Theresults

The Table 2 shows detection response times of the simulated leak-
ages, obtained for the compared methods. The time is given in seconds
and represent the average value of results gained in two experiments.

Non-detection of leakage in both experiments is marked with “—*
sign. If only one leakage detection succeeded, then it has been marked
with “—/+7.

Moreover, the Table 2 presents localization’s results of simulated
leakages (in the shape of localization errors), which were gained by
using a method based on pressure wave detection method (NPWM)
and a gradient method (GM).

To have leak point estimated with a NPWM method, a procedure
presented in [15] was applied. The first part of this procedure con-
sists of the leak occurrence detection algorithm based on the functions

Iéf P or Iéf vl already discussed, while the second part is aimed at
detecting the transition of pressure waves through each pressure sen-
sor points z, . After detection of a leak occurrence and having given

the times ¢,,,,(z,) , determined by the second algorithm, it is possible
to locate the leak with the below formula (26):

3
Zleak = 1+
[lp + ay

twav(zin) _twav(zout) (26)
(lp + ay
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where: a, =1/c,, ap =1/¢; - coefficients; c,, ¢, - average pres-
sure wave velocities along the sections: 0<z <z, Zjpgr <2</;
I - the length of the pipeline, i.e. the distance between the extreme
measurement points z;, and z,,;; fu00(Zin) > Lway(Zows) — time when
the pressure wave front reaches the points z;, =0, z,, =1.

In case of GM method, upon detection of a leak, a localization
procedure is carried out with the formula (27). For this purpose the
pressure measurement data, corresponding to the identified steady

state of the pipeline both with and without a leak, are used. These
data sets were acquired from four sensors installed on the pipeline,

Le. pygy . Py located before a leak point, ps behind a leak, and

Pé(out) -

[ dg,u i apiy = Apouy 27
dgout _dgin dgout - dgin

Zleak =

where: [ — the length of the pipeline; dg;, , dg,,, — average incre-
ments of pressure gradients in the section between the beginning of
the pipeline and the leak point and in the section between the leak

point and the end of the pipeline; dp;,, dp,, — average pressure in-
crements at the inlet and outlet of the pipeline.
Analyzing the results, one can observe that:
— leakage detection level varies in the compared solutions.
Depending on the method and the leak point, it was pos-
sible to detect leakages, which values were equal to

0.1-1.3 % of the nominal flow rate g, (inou)- From the
type of diagnostic signals perspective , the best results were
achieved when complete set of pressure signals was used

(the methods I — f?fpa” and II — IFp). Even better detec-
tion level was achieved with the proposed algorithm, based
on two flow rate signals and data transformation performed

with median filtering (the method I — Rf "y ). If we were to
compare this algorithm with other solutions, it is worth point-
ing out that only this one took advantage of median filtering.
Such filter lengthens considerably the time needed to detect a
leak. On the other hand, median filtering enabled elimination
of flow disturbance impacts, which in case of other solutions
enforced applying enough wide margins of an alarm thresh-
old. Although wide margins prevented false alarm generation,
they resulted in a deterioration of the leak detection level.
Quite good results were also obtained when two flow rate
signals were used and analyzed with the proposed algorithm

without median filtering (the method I — Iéf ') Then, slightly

worse results were obtained for the solutions based on flow

rate signals measured at the inlet and outlet of the pipeline

(the methods I — qu and Il — [Fy, ). The least confident and
satisfactory results were achieved using only two pressure
signals measured at the inlet and outlet of the pipeline (the
method I — Iéf ). It has to be underlined here that leakage
detection level depends on location of a leak. It is especially
noticeable while pressure signals are used. Considering this as
a criterion, the best results were achieved for leakages in the
middle section of the pipeline. Getting closer to the ends of the
pipeline, detection level is getting worse (the size of detectable

leaks becomes greater). The obtained results correspond to the
leak detection distribution in relation to its location, which is
presented in [7]. In case of using flow rate signals, such relation
is not so evident. Moreover, in the method I with different win-
dow times, no significant differences were noticed for windows
type A and B. Besides, B type time windows located unfavo-
rable with respect to the time period, which includes changes
of signals caused by the leakage occurrence, may result in a
deterioration of the leakage detection level;

— detection response time of simulated leakages significantly dif-
fers in the compared solutions. Observed discrepancies relate to
the use of different type of diagnostic signals. The shorter time
was obtained in case of pressure signals (the methods I and II)
and the longer one for flow rate signals (the methods I and III).
This is conditioned by the course of leak phenomenon, with
different dynamics of pressure and flow rate change. If more
than only two pressure signals, i.e. at the inlet and outlet of the
pipeline, are measured, significant improvement of detection
response time can be obtained. Comparing the obtained results
of the presented algorithm based on flow rate signals, the detec-
tion time in the proposed option without median filtering (the

method I — ﬁfq ) was slightly longer, than in case of other known
solutions (the methods: I — ﬁf , and I — IFg ). The longest de-
tection time was observed however in case of the proposed so-

lution with median filtering (the method I — Iéf "y)- This is due
to the application of a median filter. Obtaining a filter estimator
for a given time involves considering the additional time, which
corresponds to the length of the half of a data vector N, .

In case of the method I, with variable time windows, the detec-
tion response time did not exceed behind values resulting from
accepted moving mode of implemented time windows;

— localization errors of simulated leakages were greater for
the smallest leakages and they reduced for larger leakages.
In both methods, errors were significantly smaller when a
gradient technique was used. The precision of leak localiza-
tion could be improved further by considering other con-
figurations of sensors, i.e. including sensors placed closer
to a leak location. In case of the method based on pressure
wave detection, leak position errors were greater and for
a few leakages it was even not possible to determine the
leak point. The reason behind that is related to issues with
a detection and identification of pressure wave forehead. It
might be worth noticing that experiments considered only sim-
ulations of sudden leaks. If there are slowly increasing leak-
ages, results of localization could be even worse.

Besides, Figures 7e-h show an example of a comparison of f(’fq

functions, derived from the known algorithm, with Iéf 'y and R "y

functions calculated with the algorithm proposed in this paper. This
comparison is performed for two different leak simulation experi-

ments. In addition, Figures 7a-d captured flow rate signals ¢;, and

qous as well as reference variables ¢, and g,, , on the basis of

which the functions Iéfq 1§f 'y Iéf ", were obtained.

In Figure 7e we migl{t notice that the previous solutions didn’t en-
sure a successful leak detection. This is a result of unfavorable shape
of Iéfq function. However, a leak detection was possible with a use of
the proposed solution (Fig. 7g), both in case of Iéf ', and R "y func-
tions, whose shapes are far more satisfactory.

In Figure 7b a distortion of flow rate ¢, is visible. It provokes a
noticeable change in ﬁfq function, which however does not result in
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Table 2. Detection response times and localization errors of simulated leakages obtained in compared solutions

task detection localization
[s] [m]
method | I 1] NPWM GM
used signals inv Gout ‘ Pins Pout Pan Pai Pins Pout Pai
simulated diagnostic diagnostic
leakages functions (used windows) functions errors
m] | [% Gpom] IAiqu IAifq'A IAqu"A ?quB i?pr ?prB i?fpaHA IAifpallB IF, IFq ER=L-L
0.09 - - - - - - - - - - - -
0.29 - 37.34 37.77 - - - -/+ -/+ 0.97 - - 10.0
0.55 - 7.77 19.35 - 1.96 -/+ 0.34 0.49 0.91 4.88 190.7 -12.0
2 0.84 4.08 5.90 17.89 6.24 0.98 1.49 0.30 0.49 0.61 2.64 03 -2.7
117 2.98 4.82 19.22 4.99 0.90 0.99 0.27 0.49 0.63 2.77 -4.0 -0.5
1.30 3.05 3.92 18.18 4.99 0.83 0.99 0.25 0.36 0.53 2.28 -5.7 -2.3
1.94 2.73 3.71 17.05 4.99 0.82 0.99 0.26 0.36 0.39 2.00 -0.6 -4.7
0.06 - - - - - - 0.34 -/+ - - - -92.7
0.25 - 14.05 -/+ - - - 0.32 1.12 2.30 - - -3.9
0.45 5.59 6.55 20.57 -/+ -/+ - 0.24 0.61 0.70 -/+ -62.6 19
5 0.78 3.46 4.68 18.94 6.24 0.74 1.99 0.20 0.49 0.68 4.12 25.7 43
1.19 242 4.45 17.54 3.74 0.66 0.99 0.20 0.36 0.52 2.56 0.4 -0.1
1.43 2,62 4.09 18.69 4.99 0.67 0.99 0.21 0.36 0.56 243 -3.7 -2.4
1.99 2.63 413 18.74 4.99 0.64 0.99 0.19 0.36 0.42 2.44 0.4 -0.8
0.17 - - -/+ - - - - - - - - -
0.37 - - 17.39 - - - - - - - - -14.9
0.54 -/+ - 21.17 -/+ - - —-/+ - 1.20 - 454 1.1
E 0.88 3.67 9.35 19.33 6.24 - - 0.58 0.86 1.84 4.47 -14.9 -3.4
1.28 2.36 5.67 17.05 3.74 0.95 1.99 0.38 0.61 0.91 2.06 -0.4 -39
1.41 3.79 6.35 17.98 4.99 0.97 1.99 0.41 0.61 0.91 2,67 -1.6 -4.2
1.86 1.97 5.13 16.45 249 0.94 0.99 0.34 0.49 0.73 2.00 33 0.2

false alarm generation and also does not require any change in alarm
threshold margins (Fig. 7f). We might notice as well that function’s

impulse f?fq , alerting a leak occurrence, does not always take a favo-
rable shape or amplitude’s value. Considering the proposed algorithm,
the mentioned above disturbances could provoke a false alarm in case
of Iéf ' function (Fig. 7h). In order to avoid it, it was indispensable to
enlarge considerably the alarm threshold margin. Such an issue didn’t
occur in case of ﬁf ", function because the disturbance impact was
eliminated by applying median filtering.

In general, we also could notice that f(’f 'q and ﬁf "q functions
have a considerable change in their amplitude as a result of a leak oc-
currence. It significantly facilitates a leak detection.

Summarizing, in comparison to the results of the leakage detec-
tion levels mentioned in [5], the obtained results can be assessed as
highly satisfactory. However, it should be noticed, that they refer to
the model installation. For real pipelines, one should expect slightly
worse results using proposed solutions. Due to the greater length of
real pipelines, detection response time will be also longer.

It should also be noted that the discussed results relate to sudden
leakages. In case of diagnosing slow leakages, leakage detection level
would be worse and detection response time longer.

Moreover, the research was focused on detection of the smallest
possible leak, assuming no alarms for non-leak states. An important

issue was the course of the analyzed diagnostic functions and alarm
thresholds selection. The proposed solution to this problem is quite
simple and effective. However, it can be assumed that the use of even
more sophisticated solution may create opportunities for further im-
provement of leakage detection level.

9. Conclusion

This paper presents the comparison of several improved (modi-
fied) SLDA (simplified leakage detection algorithms). The compared
methods were parameterized and considered for different configura-
tions of diagnostic signals. On the basis of the leakage diagnosis re-
sults, obtained during simulations of leaks on the laboratory pipeline,
the assessment of these solutions has been performed.

The obtained results prove that, with the simple leak detection
methods, it is possible to detect leakages with highly satisfactory
diagnosing efficiency (considered as the ability to detect very small
leakages in a short time).

The proposed detection algorithm, with two diagnostic functions,
improves also a leak detection level. Both diagnostic functions are
reliable shape and amplitude indicators.

The discussed methods can be used for building leak detection
systems (LDS) in parallel to more sophisticated solutions based on
transient models of pipeline installations.

478
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It was pointed out that the requirement to perform further inves-
tigations of simple leak detection methods is crucial to achieve even
better leak detection efficiency.
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Fig.

7. Flow rate signals and diagnostic functions obtained for the experi-
ments with simulated sudden single leakages with the size of 0,55%
Gin=our at the point 75 m (left side) and the size of 0,88% qiy—pu: at
the point 235 m (right side), where: a), b), ¢), d) - flow rate and refer-
ence variables, e), f) - functions generated by the previous algorithm,
g), h) - functions generated by the newly proposed algorithm; “0”
means the beginning of leakage
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