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Stowo wstepne

W niniejszym wydaniu Diagnostyki 3(47)/2008
prezentowane sa prace, na ktorych podstawie
zostang wygloszone referaty w 11 sesjach
plenarnych IV~ Migdzynarodowego Kongresu
Diagnostyki Technicznej w tym referaty wygloszone
z okazji 70 rocznicy urodzin prof. Czestawa Cempla.

W  kongresie udzial wezma przedstawiciele
z nastegpujacych krajow: Anglii, Australii, Biatorusi,
Grecji, Hiszpanii, Kolumbii, Litwy, Nepalu,
Niemiec, Rosji, Stowacji, Ukrainy, USA oraz
z Polski.

Przedstawione publikacje w tym wydaniu
Diagnostyki obejmuja podstawowe 1 kluczowe
zagadnienia na obecnym etapie rozwoju diagnostyki
technicznej w zakresie: budowy modeli, nowych
metod i $rodkéw diagnostycznych. Poczawszy od
okreslenia kierunkéw rozwoju diagnostyki, roli
i znaczenia modeli dynamicznych w budowie
systemOow monitorowania maszyn, mechatroniki
w diagnostyce, dynamike powstawania symptomow
we  wnioskowaniu, metod i  algorytmow
diagnozowania wybranych uktadéw i zespotow
maszyn oraz pojazdow.

Pierwsze cztery prace poswigcone  sa
Jubilatowi — prof. Czestawowi Cempelowi.
Zestawiony dorobek naukowy Jubilata jest
imponujacy, zarowno w liczbach publikacji jak
i osiagnigciach naukowych w zakresie:

— dynamiki i wibroakustyki maszyn i systemow,

— diagnostyki wibroakustycznej maszyn,

— energetycznej teorii ewolucji maszyn,

— koncepcji wielowymiarowej informacji
diagnostycznej w ujeciu symptomowej macierzy
obserwacji,

— zastosowaniu teorii szarych systemoéw do
prognozowania.

Prof. Czestaw Cempel posiada wyjatkowa
osobowos$¢ 1 talent organizowania licznej rzeszy
uczonych do rozwiazywania istotnych problemow
badawczych. Tak zrodzita si¢ polska szkota
diagnostyki technicznej w latach siedemdziesiatych
XX wieku i Informator Polskiego Towarzystwa
Diagnostyki Technicznej pt. ,,DIAGNOSTA”.

W pierwszym numerze z 1990 roku owczesny
Prezes  Czestaw  Cempel tak pisal (...)
zainteresowanie diagnostyka techniczna w kraju
sigga 1977 roku, kiedy to liczna grupa entuzjastow
nowo powstatej dziedziny zebrata si¢ w Bialym
Borze (...). Zatem celem dzialania PTDT,
skupiajacego naukowcow, praktykdéw i wytworcow
przyrzadow diagnostycznych, jest rozpoznawanie
znanych 1 sprawdzonych metod 1 $rodkow
diagnostycznych, a takze stymulacja opracowan
nowych. W zadaniach tych niebagatelng rolg bedzie
odgrywal Informator, jako plaszczyzna wymiany
mys$li migdzy twoércami metod diagnostycznych,
srodkow diagnostycznych a uzytkownikami (...).

Tak wowczas pisat Jubilat na tamach
DIAGNOSTY jako informatora liczacego 8 stron
maszynopisu formatu B5, ktérego gldéwnym mottem
bylo ,diagnoza—geneza—prognoza — podstawa
kazdej decyzji”.

Nastgpnie z inicjatywy Jubilata poczawszy od nr
23(2000r.) Informator DIAGNOSTA  zostal
przeksztalcony w czasopismo naukowo-techniczne
DIAGNOSTYKA.

Zashigi Jubilata, jako przewodniczacego rady
programowej czasopisma sa nieocenione, w sensie
merytorycznym i koncepcyjnym. Do redakcji
Diagnostyki Jubilat stale zgltaszal nowe propozycje
w zakresie treéci 1 formy czasopisma. Pozwolito to
osiagna¢ wysoki poziom i uznanie w $rodowisku
naukowym migdzy innymi wyrazone 4 punktowa
ocena Diagnostyki na liscie MN i SW.

To wyjatkowy Jubilat,
Rozpatrujac dynamike i akustyke,
Z zapatem wtargnal w diagnostyke,
By symptomowe toczy¢ boje,
Osiqgnaql wyzyny energetycznej ewolucji maszyn.
Co zas sie tyczy Jubilata,
To tu wyznaé musze szczerze,
Ze to jest wyjatkowy naukowiec,
Bo w to co robi — wierzy szczerze.

A zZe w nauce zrobit wiele,

To nikt tutaj nie zaprzeczy,

Ze to wszystko ma sens i jest do rzeczy.

Czestawie — Tys wielki w Wibroakustyce

i Diagnostyce.

Bos wiele zrobit na tym polu,

Brawo Ci za to — Jubilacie, w imieniu wtasnym
i przyjaciol wielu,

Abys nadal trzymat szyk i styl przez nastepnych
wiele, wiele lat.

Redaktor naczelny

Ryszard MICHALSKI
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KU WYZYNOM NAUKI - PORTRET PROFESORA
prof. zw. dr hab. Czestaw CEMPEL, dr h. c. mult.
Politechnika Poznanska, Czlonek Korespondent POLSKIEJ AKADEMII NAUK

Bogdan ZOLTOWSKI

Uniwersytet Technologiczno-Przyrodniczy
85-796 Bydgoszcz, ul. Prof. S. Kaliskiego 7, e-mail: bogzol@utp.edu.pl

Sa takie chwile w zyciu czlowiceka, kiedy
zupelnie nieoczekiwanie pojawia si¢ okazja, by
dokona¢ okresowego podsumowania dokonan kogo$
bliskiego, zaufanego i prawego w kazdej sytuacji.
Mam taka przyjemno$¢ i zaszczyt jako uczen
Profesora sprawozdaé¢ pokrétce o dokonaniach
Mistrza, co wiaze si¢ z Jego 70 — rocznicg urodzin.

1. Dane biograficzne

Profesor Czestaw CEMPEL urodzit si¢ dnia 22
lipca 1938 roku w Biskupicach Zabarycznych koto
Ostrowa  Wielkopolskiego, na zapadlej wsi
w Wielkopolsce — jak pisze sam Profesor. Dom
z 1812 roku, pokryty stoma, szkota podstawowa
z jezykiem angielskim, pierwsze badania laczenia
rabarbaru z topianem, to tylko wyrwane watki
wspomnien tamtych miejsc i lat.

I tak to si¢ zaczeto...

Studia wyzsze odbyl na Wydziale Matematyki
Fizyki 1 Chemii Uniwersytetu Adama Mickiewicza
w Poznaniu uzyskujac w roku 1962 stopien magistra
fizyki w zakresie Drgania i Akustyka. Mlodziencze
lata studiéw przeplatane byly roznymi epizodami,
najczesciej wytgzong praca, takze wojskiem jak
i odpoczynkiem. Byt to trudny okres dla mtodego
cztowieka, naznaczony wieloma wyzwaniami, co do
miejsca pobytu, czasu historii trudnych loséw
naszego kraju, jak i poszukiwania sposobu na
przyszte, godziwe zycie. Wizja swojego rozwoju
wyniesiona z domu, uksztattowana przez Rodzicow
Profesora to drogowskaz postgpowania, ktory dzigki
uporowi, czasami na przekor chwilowym
trudno$ciom, widokom i opcjom data oczekiwane,
a nawet niespodziewanie wigksze efekty.

Po studiach w latach 1962 - 64 pracowat jako
asystent prof. M. Kwieka i prof. E. Karaskiewicza

w Katedrze Akustyki i Teorii Drgan Uniwersytetu.
Tu zdobywa pierwsze doswiadczenia dydaktyczne
i badawcze, co zwielokrotnione dalej wytgzong
praca sa mozliwe do obserwacji na drodze rozwoju
naukowego.

Studia przeplatane wojskiem...

Od roku 1964 pracuje w Politechnice
Poznanskiej, na poczatku w Katedrze Mechaniki
bedac asystentem prof. E. Karaskiewicza, a po
reorganizacji do chwili obecnej w Instytucie
Mechaniki Stosowanej. Byty to trudne lata pracy,
poczatki badan naukowych, nowe i trudne wyzwania
zaje¢  dydaktycznych, karkolomne  problemy
organizacji laboratoriow — z czym mtody pracownik
zmierzyt si¢ z duzym zapatem i dobrymi efektami.

Wytezona praca i niekiedy wypoczynek mtodego...
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Stopien naukowy doktora nauk technicznych
nadala mu Rada Wydzialu Budowy Maszyn
Politechniki Poznanskiej na podstawie rozprawy
doktorskiej p.t.. Drgania ukladow pretowych
g nieliniowymi warunkami brzegowymi w roku
1968. Tutaj tez w marcu roku 1971 obronit
rozprawe habilitacyjna na temat Okresowe
drgania 7 uderzeniami w dyskretnych ukladach
mechanicznych. Od roku 1972 jest docentem
w Instytucie Mechaniki i tworzy tam Laboratorium
Drgan i Halasu, a w roku 1974 zostaje mianowany
wicedyrektorem Instytutu i Kierownikiem Zaktadu
Dynamiki i Wibroakustyki Maszyn, w sktad ktérego
wchodzi utworzone poprzednio Laboratorium,
(obecnie  Zaklad Wibroakustyki i Biodynamiki
Systeméw). Profesor Cempel pehit funkcje zastepcy
dyrektora Instytutu przez wiele kadencji, bedac
réwniez jego dyrektorem w kadencji 1987-90.

W latach 1993 — 99 byl dziekanem Wydziatu
Budowy Maszyn i Zarzadzania, naonczas wydziatu
0 6 -ciu kierunkach studidow, czterech jednostkach
wydziatlowych. Zreformowal on w tym czasie
struktur¢ organizacyjng Wydziatu i wprowadzit dwie
nowe specjalnosci; Studia Techniczno Handlowe
oraz Mechatronika, obie finansowane przez
program europejski TEMPUS. Przeprowadzil takze
bezpiecznie = Wydziat  przez  rafy  zmian
organizacyjnych, zmiany nazwy oraz wprowadzit na
wydziale skuteczng reforme finansowania, czyniac
Wydziat samowystarczalnym, na drodze do obecne;j
rentownosci.

Pewne doswiadczenia z tego obszaru ekonomii
zdobywat Profesor na niwie zycia prywatnego, gdzie
wspomagany i zachgcany przez zong Krystyne
(zwiazek malzenski zawarto w 1963r.) postawit dom
letniskowy wraz z rodzing, zadbal o parking dla
pierwszego wilasnego pojazdu i odpoczywat tanio
nad polskimi jeziorami.

Profesor Cempel uzyskat tytul profesora
nadzwyczajnego w roku 1977, a zwyczajnego
w roku 1985. W roku 1991 zostal wybrany do
Komitetu Badan Naukowych, a ponownie na druga
kadencj¢ w roku 1994 z reelekcja na lata 2000 —
2004. W roku 1994, w uznaniu dorobku naukowego
zostaje  wybrany  czlonkiem korespondentem
Polskiej Akademii Nauk. W wuznaniu zastug
naukowych 1 dobrej wspotpracy z Politechnika
Szczecinska, Uczelnia ta nadaje mu w roku 1996
godno$¢ doktora honoris causa. Natomiast
w uznaniu zastug na polu innowacyjno
wdrozeniowym (14 patentow) i osiagnig¢ w zakresie
diagnostyki maszyn w 1998 roku zostaje wybrany
jako cztonek Akademii Inzynierskiej w Polsce.
W roku 2005 Akademia Gorniczo Hutnicza nadaje
mu réwniez godnos¢ doktora honoris causa.

Publikowany dorobek profesora Cempla liczy
ponad 400 prac opublikowanych w czasopismach
krajowych i zagranicznych
(http://neur.am.put.poznan.pl).

O licznych, doniostych osiagnigciach i zastugach
Profesora $wiadczy juz ten krétki rys danych
osobowych, z ktorego wynika, ze mamy do

czynienia z Czlowiekiem o duzym formacie
uczonego, uznanego w srodowisku naukowym i od
poczatku zwiazanym z Politechnika Poznanska.
Wymienione ponizej odznaczenia sa tylko dowodem
na to, ze mamy do czynienia ze wspaniatym
badaczem i wybitnym uczonym jednoczacym wiele
dziedzin nauki i wiele spojrzen na wspodiczesne
problemy nauki i zycia. Te gtéwne wyrdznienia to:

e Krzyz Kawalerski Orderu Odrodzenia Polski

1983 r.;

e Medal Komisji Edukacji Narodowej 1990r.;
¢ Krzyz Oficerski Orderu Odrodzenia Polski 2000r.

Oczywistym jest, ze trudne chwile mozolnej
i wyrdzniajacej pracy Profesora mieszaja si¢ ze
sporadycznymi  epizodami  wesotego  Zycia
towarzyskiego z przyjacioimi i rodzina.

Za wyrozniajacg prace Profesor otrzymat 12
nagroéd Ministra Nauki Szkolnictwa Wyzszego (lub
Edukacji  w  stosownym  czasie zmienionego
nazewnictwa) indywidualnych i zespotowych.

2. OSIAGNIECIA NAUKOWE

Obszar badan i osiagni¢¢ badawczych profesora

Cempla  mozna  zaliczy¢ do  Dynamiki
i  Wibroakustyki Systeméw z  glebokimi
implikacjami 1 aplikacjami w  Dynamice
i Eksploatacji Maszyn, Analizie Sygnatow
Wibroakustycznych, Diagnostyce Maszyn

i Systeméw Technicznych, Teorii i1 Inzynierii
System6éw 1 Ekologii, oraz Metodologii Badan.
Celem systematycznego przedstawienia tych
osiagni¢¢ warto je podzieli¢ na kilka obszardw.

Akustyka maszyn i srodowiska

Ten obszar badan otwiera pierwsza publikacja
prof. Cempla z roku 1964, gdzie wykryto roznice
w skladzie widmowym hatasu mtyna kulowego do
przemialu cementu w zaleznosci od jego zapelnienia
i stopnia przemiatu i zaproponowano wykorzystanie
tych cech do regulacji miyna. Ogdlnie do
najwazniejszych osiagni¢¢ nalezy tu opracowanie
korelacyjno - koherencyjnej metody identyfikacji
zrddet hatasu i akustycznych wlasnosci pomieszczen
produkcyjnych. Zwienczeniem badan w tym
obszarze bylo wydanie krajowej monografii
WIBROAKUSTYKA STOSOWANA w roku 1978r,
przez PWN (II wydanie 1985r), a potem ponownie
z calkowicie zmieniong zawartoscia w 1989r. Mozna
powiedzie¢, ze ksiazka ta pomogla wykreowad
dziedzing Wibroakustyki lansowanej wtedy przez
autora wspolnie z profesorem Z. Engelem z AGH.

Wibroakustyka narzedzi pneumatycznych

Na poczatku lat 70-tych w zespole prof.
Karaskiewicza ~w  Politechnice =~ Poznanskiej
rozpoczely si¢ pionierskie badania identyfikacyjne
zagrozenia drganiowego zZwigzanego
z uzytkowaniem mtotkow pneumatycznych, zrodtem
choroby wibracyjnej w przemysle. Zespolowa
kontynuacja tych badan wspolnie z M. Dobrym
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(obecnie prof. nzw. Politechniki Poznanskiej),
pozwolita zwolna pokonaé te trudnosci i opracowac
nieliniowy wibroizolator nie przenoszacy sit
dynamicznych narz¢dzia z doktadnoscia do sit tarcia
w jego konstrukcji.

Poszukiwania ciszy i naleznego spokoju po
wyczerpujacej tematyce drgan i hatasu od zawsze
towarzysza Profesorowi.

Zmudna zmiana nocna. ..

Wibroizolator wraz z nowym narzedziem
opatentowano w wielu krajach $§wiata i rozpoczeto
produkcje seryjng narzedzi, ktdre jako jedyne
w  Swiecie  spelniaja  drganiowe  normy
bezpieczenstwa ISO. Stad tez miedzy innymi biorag
si¢ zrodta Bio — Dynamiki uprawianej od dawna
w Zakladzie.

X

Niekonczace si¢ dysputy z Kolegami...

Dynamika ukladow z wibrouderzeniami
Uderzeniowy charakter pracy wielu maszyn
technologicznych i brak teorii dynamiki takich
uktadow S$ciagnety uwage i inicjatywe badawcza
prof. Cempla. Badajac te uktady zaproponowat
wpierw dystrybucyjny sposdb opisu i rozwigzania

rownan ruchu ukladéw z uderzeniami juz w roku
1969.

W dalszych pracach z tej dziedziny skupit si¢ na
tzw. wielomasowych uderzeniowych eliminatorach
drgan. Badajac je zaprezentowal w roku 1979
w Journal of Sound and Vibration efektywna
i zgodna z eksperymentem ‘koncepcje sily
réwnowaznej’ reprezentujacej ruch wielu mas
w pojemniku wielomasowego eliminatora drgan.
Badajac pdzniej z H. G. Natke (Uniw. Hannover)
Srutowy eliminator drgan zaprezentowat
rownowazne podejScie energetyczne reprezentujace
ruch i oddziatywania S$rutu i umozliwiajace
dodatkowo badanie oddziatywan i efektywnosci
eliminatora srutowego. Najnowsza koncepcja, ktdora
wykluta si¢ na kanwie tych badan to zastosowanie
automatow komorkowych do modelowania tych
zagadnien. Bowiem zwykle systemy symulacyjne,
np. Matlab®, zawodza w obliczu takiej ztozonosci
1 nieliniowosci.

Diagnostyka wibroakustyczna maszyn

Badania w tym obszarze rozpoczgly sig¢
w zespole prof. Cempla we wczesnych latach 70-
tych i byly prowadzone szerokim frontem, o czym
szczegdlowo mowi prof. Z. Engel w nastgpnym
artykule.

Ta redundancja, optymalizacja, kumulanty 1 inne
wypracowane czgsto po nocach w samotnosci,
czgsto po dhugich dyskusjach  spacerowych
z przyjaciotmi wyzwalaja w Profesorze potrzebg
relaksu na tonie natury.

Natura, zona i nowe pomysty...

Pionierskie prace Profesora z tego obszaru
zyskaly uznanie $wiatowe w postaci referatow
plenarnych  wielu  konferencji 1  czasopism
naukowych.

Idac tak szerokim frontem badan zaproponowat
on ogdélng  Metodologic = Wibroakustycznej
Diagnostyki Maszyn zawarta w monografiach:
Podstawy wibroakustycznej diagnostyki maszyn
— WNT 1982, a szczegélnie w Wibroakustyczna
diagnostyka maszyn — PWN 1989, z ttumaczeniem
niemieckim i angielskim. To przejscie od sztuki
pomiaru i intuicji w diagnostyce do nauki
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i technologii diagnozowania wida¢é wyraznie
w pracy zbiorowej Diagnostyka Maszyn — Zasady
Ogoélne i przyklady zastosowan, Wyd. ITE. 1982,
ktorej idea wydania, wspoltautorstwo
i wspotredakcja jest jego pomyshu. Przez diugie lata
byta ona jedynym kompendium wiedzy teoretyczne;j
i praktycznej w tej szerokiej dyscyplinie. A dopiero
niedawno wspdlnie z prof. B. Zotowskim
opracowal — réwniez w ramach pracy zbiorowej
Inzynieri¢ Diagnostyki Maszyn, Wydawnictwo
ITE, Radom 2005, str. 1111.

Energetyczna Teoria Ewolucji Maszyn
i Systemow

W pracach profesora Cempla nad modelem
ewolucji stanu maszyny, niezbgdnego
w  diagnostyce,  wylonita  si¢  koncepcja
potraktowania rosnacych uszkodzen materiatu,
elementow 1  podzespotdéw  maszyny jako
zdyssypowana i zakumulowana wewngtrznie energi¢
a potem koncepcja powiazania tej energii
z dynamika i drganiami obiektu. Tak powstal
w roku 1985 model Tribo — wibroakustyczny
opublikowany pierwotnie w WEAR w Anglii,
nastgpnie w bardziej dojrzalej formie w Biuletynie
PAN, a potem ulepszony w Journal of Mechanical
Systems and Signal Processing, i innych.
Wspdlpracujac w tym obszarze wspdlnie z prof.
Natke z Hanoweru i Dr Winiwarterem z Bordalier
Institute — Francja, udato si¢ model ten znacznie
uogdlni¢ na inne systemy mechaniczne, a takze na
inne  typy systemOéw  dziataniowych. Dla
mechanicznych procesoréw energii  (materialy,
maszyny,  konstrukcje) ~mozna  pokazaé, ze
bezwymiarowy czas zycia systemu to wprost
odpowiednik prawa Palmgrena — Minera, Odkwista
— Kaczanowa i odpowiednich praw dla innych form
zuzywania sig.

Koncepcja procesora energii doprowadzita do
sformutowania pojgcia czasu Zycia i czasu
przezycia  (awarii) procesora, jako  miary
zdyssypowanej wewnetrznie energii, mierzonej od
urodzenia systemu az do jego smierci. Umozliwito
to z kolei wprowadzenie czasu zycia innych
systemow dziataniowych, w ramach, ktorego
nastepuje ewolucja wlasnosci systemow (np. zmiana
masy, sztywnosci, tlumienia) na skutek pracy
systemu. Dalo to narzedzie do sformutowania
Holistycznej Dynamiki Systeméw Mechanicznych,
dynamiki ujmujacej dwa czasy; ewolucj¢ wlasnosci
systemOw w czasie ich dziatania (zycia) makro czas,
a takze zjawiska dynamiczne i drgania w systemie-
mikro czas. Tak rozumiana holistyczna dynamika
systemow jest podstawg ksiazki opublikowanej
wspolnie z profesorem Natke pt. Model — aided
diagnosis of mechanical systems, Springer Verlag
1997. Dalszy rozwoj tej koncepcji to systemy
ztozone  z  procesordw  energii  rdznego
przeznaczenia, co moze by¢ podstawa systemow
samodzielnych z reutylizacja energii, jak np na stacji

kosmicznej lub platformie wiertniczej. Narodzit si¢
tu rowniez nowy pomyst procesora energii
z poduktadem samo regeneracji, na podobienstwo
tego jak to si¢ odbywa w systemach ozywionych.

Diagnostyka wielouszkodzeniowa

Hardwarowe i softwarowe postepy w metrologii
W przestrzeni zjawiskowej maszyny pozwalajg
zmierzy¢ praktycznie kazdy proces mogacy
charakteryzowa¢ stan maszyny; temperatura,
drgania, moc zasilania, itd. Mamy tu zatem,
dostegpng  pomiarowo  przestrzen  mozliwych
symptomow do charakterystyki pracy i ewolucji
uszkodzen nadzorowanej maszyny. Jesli skojarzy¢
to jeszcze z obecng latwoscig obliczen,
dekompozycji i transformacji dowolnych macierzy,
to mamy mozliwos¢é ekstrakcji  niezaleznej
informacji uszkodzeniowej; wychodzac z nowo
zdefiniowanej symptomowej macierzy obserwacji
obiektu i uogdlnionych symptoméw uszkodzen. Ta
koncepcja ekstrakcji wielowymiarowej informacji
diagnostycznej z symptomowej macierzy
obserwacji, w skojarzeniu  z  ukladami
samouczacymi moze ulatwi¢ zaprojektowanie
agenta diagnostycznego, jako elementu samo
diagnostyki systemow mechanicznych
i mechatronicznych. W ostatnim jednak czasie stata
si¢ aktualna w Europie chinska metodologia
zwigzana z teoria szarych systeméw. Daj¢ ona
rowniez dobra metode prognozowania, co profesor
Cempel pokazat ostatnio w swych pracach.

InzZynieria systemow i ekologia

Inzynieria systemdw spotecznych, to réwniez
wiedza o spolecznym przetwarzaniu i tworzeniu
wiedzy, co nabiera niezwyklej wagi w obliczu
wchodzenia w gospodarke wiedzy. Przemyslenia
swoje w tym wzgledzie profesor Cempel zawart
w kilku publikacjach i w serii wyktadéw dla réznych
Szkot Wyzszych po serii spotkan z réoznymi ludzmi,
roznymi faktami i osobami.

Szerokie zainteresowania profesora Cempla
i umiejgtno$¢ syntezy ujawnily si¢ ostatnio
w publikacjach i wyktadach popularnych na temat
Ekogospodarki przysztosci i wynikajacych stad
wyzwaniach  stojagcych  przed  szkolnictwem
wyzszym. Bowiem stojaca przed nami zmiana
paradygmatu  gospodarowania, z  obecnego
Srodowisko jest zasobem gospodarki, na nowy
gospodarka to cze§¢ Srodowiska, musi by¢
poprzedzone zmiang mentalnosci kadry naukowe;j,
inzynierskiej i zarzadzajacej ksztalconej w szkotach
wyzszych.

Zainteresowania procesorem energii popchnegly
prof. Cempla w zagadnienie przetwarzania energii
w $rodowisku i do koncepcji emergii wprowadzone;j
w latach 80 tych przez Odum’a. Nowa
ekogospodarka, a zatem gospodarka energetyczna
i materiatowa musi by¢ oparta na takim
bilansowaniu pierwotnie wtozonej energii stonca,
czyli emergii. Z takiego rachunku bilansowego
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mozna wyciagna¢ wiele konkluzji, np. ile ludzi
moze utrzymac nasza geobiosfera.

3. UDZIAL PROFESORA CEMPLA
W ROZWOJU NAUKI

Ukazanie si¢ w roku 1978 ksigzki profesora
Cempla pt.: Wibroakustyka stosowana, pierwszej
ksigzki z tego obszaru w pismiennictwie polskim,
ugruntowalo potrzeb¢ 1 przyspieszylo rozwoj
i formulowanie si¢ nowego obszaru badan
Wibroakustyki Maszyn. Mozna z cala otwartoscia
stwierdzi¢, ze w kraju obszar ten zostal
wypromowany wspdlnie z profesorem Engelem
z AGH. Podobnie ma si¢ historia z wykreowaniem
ksztalcenia o specjalnosci Diagnostyka Maszyn
w latach 80 tych, jako poklosie wielu prac z tego
zakresu, a takze Owczesnego zapotrzebowania na t¢
wiedzg 1 umiejgtnosci przez przemyst.

Koncepcje te znalazly uznanie srodowisk
naukowych i spotecznosci akademickiej, co dato
pierwsze zaszczyty honorowe.

Honoris Causa dla Profesora ...

Nowa koncepcja réwnan ruchu ukladow
z uderzeniami opracowana przez profesora Cempla,
a nastgpnie koncepcja energetycznie rownowaznej
sity dla wielomasowego eliminatora drgan
z uderzeniami jest wielokrotnie cytowana przez
roznych autorow. Dato to nowa znacznie prostsza
mozliwo$¢ analizy ukladow z wibrouderzeniami,
gdyz podejscie ekwiwalentnej sity zwalnia
z rozwigzywania dziesigtkow nieliniowych rownan
rézniczkowych.

Osiagnigcia profesora Cempla
w  wibroakustycznej diagnostyce maszyn sa
widoczne zarowno w kraju jak i zagranica.

Energetyczna teoria ewolucji stanu maszyn
i systeméw to najswiezsze 1 migdzynarodowo znane
osiagnigcie profesora Cempla, a rozpropagowane
w ostatniej wspotautorskiej monografii: Model —
Aided Diagnosis of Mechanical Systems (Springer
1997). Zaczgto si¢ to od prostego modelu Ewolucji
stanu maszyny sformulowanego przez prof. Cempla
w WEAR w 1985, a zaowocowalo modelem
ewolucji Procesora Energii jako modelu systemu

dzialaniowego przetwarzajacego dowolna energie,
ze zdefiniowanym czasem Zzycia poprzez energi¢
dyssypacji, z potencjatem destrukcji (damage
capacity) 1 niezawodnos$cia symptomowa. W koncu
postuzytlo to do sformulowania holistycznej
dynamiki uktadéw mechanicznych, umozliwiajacej
badania i symulacj¢ zachowania si¢ obiektu w catym
cyklu jego zycia, od wytworzenia az do kasacji
i reutylizacji.

To o tym rozprawial Profesor na jednym
z  ostatnich Kongreséw  migdzynarodowych,
poszukujac przy tym kawy, dyskusji i spokoju.

Ciagle konieczne wyjazdy naukowe —
tu Chiny, Czeng Du ...

4. WSPOLPRACA NAUKOWA

Od wczesnych lat 70-tych, tuz po habilitacji,
profesor Cempel podejmuje wspolpracg naukowa
i organizacyjna z liczacymi si¢ osrodkami
naukowymi w kraju i zagranica. Na gruncie
krajowym jest to przede wszystkim Instytut
Podstawowych Probleméw Techniki, z prof.
S. Ziembg i doc. A. Muszynska na czele. Na ich
prosbe prof. Cempel podjal si¢ organizacji
Migdzynarodowego Kongresu Drgan Nieliniowych
w Poznaniu w 1972 roku. Bylta to wielka promocja
nauki polskiej a jednoczes$nie okazja do nawigzania
roboczych kontaktéw z uczonymi calego swiata. Od
tego tez czasu datowata si¢ wspotpraca profesora
Cempla z prof. S. H. Crandal’em z MIT — USA,
a potem z profesorem R. H. Lyon’em z tej samej
uczelni. Kolejny wspdlpracujacy osrodek to
Politechnika Warszawska z prof. Z. Osinskim
i M. Dietrichem na czele, zwlaszcza przy organizacji
Letnich Szkét z Dynamiki Maszyn, gdzie prof.
Cempel byl wielokrotnie wyktadowca, a materiaty
wyktadowe byly publikowane przez Ossolineum.
Z tego tez kregu wyszla bardzo cenna inicjatywa
nowego czasopisma Machine Dynamics Problems,
gdzie prof. Cempel jest w radzie redakcyjnej
a przewodniczyl jej prof. Z. Osinski. Po Jego $mierci
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wspolpraca dalej trwa z jego wychowankami,
profesorami Zb. Dabrowskim i St. Radkowskim.
Efektem tego sa miedzy innymi proszone wyktady
na Studium Doktoranckim Wydziatu SIMR.
Kolejnym osrodkiem intensywnej wspotpracy
prof. Cempla byt Instytut Mechaniki
i Wibroakustyki obecnego Wydzialu Inzynierii
Mechanicznej i Robotyki AGH. Dotyczy to
szczegdlnie jego tworcy prof. Z. Engela i jego
zespolu. Zespdl ten tworzy obecnie trzon
kierowniczy kilku katedr powstatych po podziale
Instytutu w latach 90 tych. Ta wczesna wspotpraca
zaowocowala calym szeregiem wspolnych tematow
badawczych w ramach Centralnych Programéw
Badawczych, raportéow 1 publikacji 1 innych
materiatow, dajac nowe impulsy rozwojowi
Wibroakustyki i Diagnostyki i w kraju.

Podréze, podréze, podrdze i cos
przy okazji ...

Wspétpraca ta trwa do chwili obecnej a jej
rozmiar wystarczy zilustrowa¢ liczbami, na okoto
200 recenzji dorobku, prac na stopien i monografii,
okoto 40 dotyczy Wydziatu Inzynierii Mechanicznej
i Robotyki AGH.

Politechnika Szczecinska to nastgpny osrodek
wspotpracy w zagadnieniach Dynamiki Maszyn
w szczeg6Olnosci. Tutaj w nowych doktoratach
i habilitacjach zostaly przetestowane niektore
koncepcje profesora Cempla, jak np. podatnosé
szerokopasmowa jako miara dynamicznosci uktadu
mechanicznego bedacego modelem konstrukeji,
miary wibroizolacji systeméw, nowych definicji
symptomow w diagnostyce maszyn, i inne.

Profesor Cempel byl i1 jest zapraszany do
cztonkostwa réznych rad naukowych; poprzednio
OBR tozysk Tocznych, Wyzsza Szkota Oficerska —
Pita, KNIPT Zespét XIII, Zespét Dydaktyczny
Mechanika przy MEN (1 kadencja), Instytut
Akustyki UAM  Poznan, Instytut Obrobki
Plastycznej — Poznan, a obecnie Instytut Maszyn
Przeptywowych PAN w Gdansku.

5. WSPOLPRACA ZAGRANICZNA

Po powrocie ze stypendium British Council
w roku 1981 i zakonczeniu stanu wojennego, prof.

Cempel zaczal wyjezdza¢ za granice nie tylko na
konferencje, ale byl zapraszany réwniez na wyktady
lub cykle wykladéw oraz dalsze stypendia,
w  szczegdlnosci DAAD. Ilustruje to ponizsze
wyliczenie — wyklady: RWTH - Aachen 1982
i 1983, Instytut Mechaniki AN NRD w Chemnitz
1985 1 1987, Politechnika w Birmingham 1985;
Uniwersytet Kaiserslautern 1986, 1988 i 1990;
Uniwersytet Hanower 1986—1995 (corocznie), 2001;
MIT - Cambridge 1987; Hawana 1985 i 1987,
Shenyang Chiny 1988; Leningrad - Moskwa — Gorki
1989; Oulu Finlandia 1992; Uniwersytet w Paryzu
1991; Bordalier Institute Francja 1991; Instytut
Inzynierii Mechanicznej CETIM Francja 1991, 1992
i 1995, Techn. Universitact Braunschweig 1998 do
2002, corocznie. 1

Poszukiwania dyskusji naukowej i spokoju,
tez za granicg ...

Stypendia: Britiish Council w Loughborough
Uniw. 3 miesiace; DAAD Hannover Uniw. po
2 mies.: 1987, 88, 89, 92, 93, 94, 95 (5 miesi¢cy) i
az do roku 2001 po 1 miesiac w roku. Profesor
Cempel uzyskat rowniez stypendium TEMPUS w
1991 we Francji na uogolnienia swego procesora
energii i drugie stypendium TEMPUS w Ilyvieska
Institute of Technology (Finlandia 1995) dla
poglebienia studidéw inzynierii systemow.

Prof. Cempel jest cztonkiem szeregu towarzystw
naukowych i technicznych, krajowych
i migdzynarodowych — tacznie 25.

Dzigki swemu autorytetowi jest zapraszany do
komitetéw organizacyjnych konferencji krajowych
i zagranicznych. Jest czionkiem rad redakcyjnych
wielu czasopism krajowych i migdzynarodowych,
migdzy innymi: Zagadnienia Eksploatacji Maszyn,
Machine Dynamics Problems, Mechanical Systems
nad Signal Processing, Maintenance Management —
COMADEM, Engineering Mechanics
i przewodniczy radzie programowej czasopisma
naukowo technicznego Diagnostyka.

6. KSZTALCENIE

Profesor Cempel prowadzil zajgcia we
wszystkich formach z Mechaniki, Wytrzymatosci
Materiatow, Mechaniki Plynow, Wibroakustyki,
Diagnostyki, Teorii i Inzynierii Systemow
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i Metodologii Badan. Te dwa ostatnie przedmioty na
studium doktoranckim w Politechnice Poznanskiej,
Warszawskiej i ATR, gdzie jednym z efektéw jest
wydanie skryptu  Wybrane  Zagadnienia

Metodologii i Filozofii Badan, dostepnego obecnie
w Internecie i w postaci wydawniczej (Wyd. ITE

Il
I

Radom 2003).

Pierwszy doktorant zagraniczny...

Jest tworca specjalnosci Wibroakustyka Maszyn
w Politechnice Poznanskiej i opracowat dla niej trzy
skrypty; Drgania Mechaniczne, Wibroakustyka,
Diagnostyka Maszyn, a dwa ostatnie po
uzupelnieniach staly si¢ krajowymi monografiami.
Byt opiekunem ponad 170 prac dyplomowych,
promotorem 17 prac doktorskich, konsultantem
i opiekunem wielu habilitacji z wibroakustyki
i diagnostyki w kraju i w swym zespole. Byt
opiniodawca  wielu  wnioskéw i awansow
profesorskich w catym kraju.

Doktoranci krajowi, tez wojskowi...

W  czasie kierowania Wydzialem Budowy
Maszyn 1 Zarzadzania wykreowano dwa 3 letnie
granty europejskie TEMPUS na ksztalcenie
inzynierow w kierunku Techniczno Handlowym,
oraz w kierunku Mechatronika. Zmodernizowano
takze w tym czasie catkowicie program studiow
inzyniersko - magisterskich na kierunku Mechanika
i Budowa Maszyn dla catego Wydziatu.

Podczas jego kadencji ustanowiono studia
doktoranckie na Wydziale, ustanawiajac dla nich

nowatorski program studiow z takimi przedmiotami
jak miedzy innymi; Technologie Informatyczne
i Symulacyjne w Badaniach i Ksztatceniu, Inzynieria
Systemow, Metodologia Badan. Przedmioty te
koncza si¢ nowatorskg forma zaliczenia, wybranym
i opracowanym samodzielnie przez studenta
problemem projektowym wprowadzenia na rynek
wyrobu, ustugi, lub efektow swego doktoratu.

Profesor Cempel kieruje obecnie Zakladem
Wibroakustyki i Bio-Dynamiki Systeméw
Instytutu Mechaniki Stosowanej, w ramach ktorego
uruchomit specjalno$¢ Eksploatacja i Diagnostyka,
oraz pi¢¢ laboratoriow badawczo ksztatceniowych:
Pomiaréw  Wielkosci  Mechanicznych, Drgan
i Dynamiki Maszyn, Dynamiki Systemow
Biomechanicznych, Diagnostyki Systemow,
Inzynierii Wibroakustycznej — w budowie. Dazac
za$ do integracji studiow i studiowania, w obliczu
niebywatego rozwoju technologii informatyczno
symulacyjnych, oraz zagrozenia S$rodowiska,
zaproponowat obecnie i wuruchomil koncepcje
zintegrowanego kierunku ksztalcenia w Politechnice
pod nazwa Ekoinzynieria, prowadzonym wspolnie
przez dwa wydziaty Politechniki od 2005r.

Taka niebywata aktywnos$¢ Profesora jest od
zawsze wspierana przez najblizszych: Zong
Krystyne, najblizsza Rodzing i niekiedy przez
Przyjaciot.

W trudnych chwilach zmudnej pracy naukowca
zawsze mozna na Nig liczy¢...

Sylwetka profesora Cempla opisana jest
wielokrotnie w amerykanskich 1 angielskich
wydawnictwach biograficznych. To samo dotyczy
polskojezycznych wydawnictw biograficznych.

Byt proszony wielokrotnie o recenzje dorobku
w sprawie nadawania honorowego doktoratu przez
rozne uczelnie: Politechnika t.0dzka dla profesora
Z. Osinskiego, AGH dla profesora Z Osinskiego
i profesora Z Engela, Politechnika Lubelska dla
profesora M. Kleibera, Politechnika Szczecinska dla
prof. J. Doerfera, dla profesora A. H., Nayfeh
z Virginia Polytechnic Institute USA, prof.
L. Kobylinskiego z Politechniki Gdanskiej, prof.
K. Marchelka z Politechniki  Szczecinskiej
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(dwukrotnie), prof. J. Niziota z Politechniki
Krakowskie;j.

PODSUMOWANIE

Jakze trudno syntetycznie napisad
o dokonaniach wielu lat zycia tak wybitnego
uczonego 1 naszego Profesora. Zastugi i odkrycia
Profesora, jakich dokonal w swym niezwykle
pracowitym zyciu sa wregez uderzajace, a opisane
zostaly w oparciu o udostgpnione mi i bardzo

uporzadkowane Jego materiaty — bo ktdz inny lepiej
ogarnie zasi¢g tych dokonan.

Profesor CEMPEL jest wybitng jednostka.
Wedlug  mojej oceny  Jego  osiagnigcia
dotychczasowe mozna oceni¢ takze na podstawie
dziatalnos$ci Jego ucznidow. Caly ich zastegp realizuje
idee 1 oczekiwania swojego Mistrza.

Pod kierownictwem i przy udziale Profesora
polska DIAGNOSTYKA, WIBROAKUSTYKA
1 TEORIA SYSTEMOW wysungly si¢ na czotowe
miejsca w $wiecie.

Zycie samo dopisze dalszy scenariusz ...

Pelny tekst referatu wraz ze spisem monografii, ksiqzek i skryptow
oraz wykaz wazniejszych publikacji
Profesora jest dostgpny w materiatach
1V Miedzynarodowego Kongresu Diagnostyki Technicznej.
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WKLAD PROFESORA CZESLAWA CEMPELA
W ROZWOJ WIBROAKUSTYKI

Zbigniew Witold ENGEL

Akademia Gérniczo-Hutnicza, Katedra Mechaniki i Wibroakustyki
Al. Mickiewicza 30, 30-059 Krakdéw, e-mail: engel@agh.edu.pl
Centralny Instytut Ochrony Pracy, ul. Czerniakowska 16, 00-701 Warszawa

1. WSTEP

Nowa dziedzina wiedzy wibroakustyka, ktorej
Wspottworcg  jest Profesor Czestaw Cempel
powstala w naszym Kraju okoto 40 lat temu. Bylo to
mozliwe, gdyz w Polsce rozwijaly si¢ rozne dziaty
nauki w tym szeroko poje¢ta mechanika. Powstaty
znaczace osrodki zajmujace si¢ problematyka
drganiowa, powstaly silne osrodki akustyki.

Do powstania wibroakustyki przyczynita sig¢
polska szkota teorii drgan oraz krakowska szkota
drganiowa tworzona przede wszystkim przez
profesorow Stefana Ziembe, Wladystawa Bogusza,
Zbigniewa Osinskiego, Romana Gutowskiego,
Janistawa Skowronskiego, Kazimierza Piszczka oraz
innych. Druga dyscypling naukowa, ktora
W znaczacy sposob przyczynita si¢ do powstania
wibroakustyki byta akustyka. Prace Marka Kwieka,
Edmunda Karaskiewicza, Ignacego Maleckiego,
Stefana Czarneckiego i wielu innych doprowadzilty
do rozwoju tej dziedziny nauki.

Rozwdj mechaniki i jej branz, akustyki i innych

dziedzin naukowych pozwolity na
wykrystalizowanie si¢ nowej dziedziny wiedzy —
wibroakustyki.

Wibroakustyka jest nowa dziedzing nauki
zajmujaca si¢ wszelkimi problemami drganiowymi
i akustycznymi zachodzacymi w przyrodzie,
technice, maszynach, urzadzeniach, $rodkach
transportu i komunikacji, a wigc w srodowisku.

2. WSPOLCZESNE ZADANIA
WIBROAKUSTYKI

wibroakustyki ~ mozna
przedstawi¢  jej cel: ,Celem  utylitarnym
wibroakustyki jest obnizenie zaklocen
wibroakustycznych maszyn, urzadzen, instalacji
oraz ich otoczenia do minimum mozliwego na
danym etapie wiedzy 1 technologii, a takze
wykorzystanie informacji zawartych w sygnale
wibroakustycznym do oceny jakosci maszyn
i urzadzen, budowli itp. oraz realizowanych
procesow technologicznych. Wykorzystanie sygnatlu
dla celow diagnostyki medyczne;j”.

Dla tak sformulowanego celu mozna podac
podstawowe zadania wibroakustyki. Na rysunku 1
przedstawiono schematycznie te zadania. Sa to:

a. Identyfikacja Zrédet energii wibroakustycznej,
ktdra polega na zlokalizowaniu zrodet w obrebie

Znajac  definicje¢

maszyny, obiektu, urzadzenia. Nastgpnie podac

nalezy  charakterystyki  zrédel,  okresli¢

wspotzaleznosé migdzy poszczegdlnymi
zrddtami, okresli¢ moc akustyczna, a takze podac
charakter generacji drgan i dzwigkow.

b. Identyfikacja drog transmisji energii
wibroakustycznej w okreslonym $rodowisku
(budowlach, obiektach, maszynach, urzadzeniach
itp.).  Opracowanie  teorii  transformacji
1 przenoszenia energii, rozdzielenie sygnatow
wibroakustycznych,  opracowanie  biernych
i czynnych metod kontroli zjawisk, opracowanie
metod analizy na pograniczu falowego
i dyskretnego ujgcia zjawisk.

c. Diagnostyka wibroakustyczna wykorzystujaca
sygnaly emitowane przez maszyny, urzadzenia
itp.  Sygnaly  wibroakustyczne  zawieraja
informacje o stanie zdrowia, stanie budowli,
obiektu, maszyny i urzadzenia. Te wlasnosci
sygnalow sa czesto wykorzystywane zarowno
w diagnostyce medycznej jak réwniez
w diagnostyce maszyn 1 urzadzen oraz
realizowanych  proceséw  technologicznych,
a takze w badaniach nieniszczacych. Zasady
diagnostyki wibroakustycznej stosowane sg
w kazdej fazie istnienia maszyn i urzadzen:
w konstruowaniu, wytwarzaniu i eksploatacji
oraz przy sterowaniu procesami
wibroakustycznymi.

d. Synteza wibroakustyczna maszyn, obiektéw oraz
sygnalow. Zadania podzieli¢ mozna na dwie
grupy zagadnien:

-synteza  parametréw  opisujacych  pole
akustyczne, wzglednie synteza wielkosci
stosowanych metodach aktywnych, synteza w
akustyce mowy;

-synteza maszyn i obiektow, przez co rozumiemy
syntezg strukturalna, kinematyczna
i dynamiczna prowadzaca do uzyskania
odpowiedniej aktywnos$ci wibroakustyczne;j.

e. Czynne zastosowanie energii wibroakustyczne;.
Procesy wibroakustyczne nie zawsze musza by¢
procesami szkodliwymi. Zastosowane celowo
przy uzyciu odpowiednich srodkoéw
zabezpieczajacych moga by¢ efektywnym
nosnikiem energii, ktdra moze by¢ wykorzystana
do realizacji réznych procesow
technologicznych. Czynne zastosowanie energii
wibroakustycznej zwiazane jest z kontrolo-
wanym wykorzystaniem tej energii,
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maksymalnej
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przy  warunku
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zewngtrznych.
Energia wibroakustyczna wykorzystana moze

by¢ rowniez dla celow medycznych przy tzw.

»terapii wibroakustyczne;j”.

f. Opracowanie metod kontroli emisji, propagacji
i eimisji energii wibroakustycznej w Srodowisku,
w tym réwniez w maszynach i urzadzeniach,
a takze opracowanie metod sterowania
procesami wibroakustycznymi, co si¢ laczy
z tzw. metodami aktywnymi. Podstawowa cecha
uktadéw aktywnych jest to, ze zawieraja one

zewnetrzne  zrodlo  energii.  Uktady  te
odpowiednio sterowane moga dostarcza¢ lub
absorbowacé energie wibroakustyczna
w okreslony sposob z dowolnych miejsc uktadu.
Metody sterowania procesami

wibroakustycznymi stanowia nowy dzial nauki

szybko rozwijajacy si¢ 1 majacy juz szereg

praktycznych zastosowan.

Wszystkie maszyny 1 urzadzenia, obiekty
znajdujace si¢ w Srodowisku tworza zlozony uktad

fizyczny, ktéory pozwala przez zastosowanie
odpowiednich uproszczen przejs¢ do modelu
mechanicznego, a  nastgpniec do  modelu

wibroakustycznego. Modelowanie wibroakustyczne
nalezy rowniez do waznych zadan wibroakustyki.

3. MASZYNY I URZADZENIA JAKO
PRZETWORNIKI ENERGII

Profesor Czestaw Cempel swoich pracach [15,
16] pokazal, ze wszelkie maszyny i urzadzenia sa
przetwornikami energii. Na rys. 2 pokazany jest
model takiego przetwornika.

Celowo skonstruowane obiekty (maszyny,
urzadzenia, budowle) dla wykonania okre$lonego
zadania traktujemy jako systemy dziataniowe. Sg to
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systemy otwarte z przeptywem masy (materialu),
energii i informacji. Mozna wigc stwierdzié, ze sa to
uktady transformujace energi¢ z nieodlaczng jej
dyssypacja wewnetrzna i zewnetrzng. Wejsciowy
strumien masy, energii i informacji na energi¢
uzyteczng w postaci innej jej formy lub produktu
oraz na energi¢ niepozadana, dyssypowana, ktora
jest czegsciowo emitowana do  S$rodowiska,
a czgsciowo akumulowana w obiekcie jako efekt
réznych proceséw zuzyciowych zachodzacych
podczas jego pracy. Zaawansowanie procesow
zuzyciowych determinuje jako$¢ kazdego obiektu
technicznego i nosi nazw¢ stanu technicznego. Stan
techniczny moze by¢ okreslony poprzez obserwacje
przeksztatlconej energii tj. energii uzytecznej
1 energii niepozadane;.

energia
- materiat

Rys. 2. Maszyna jako system przetwarzania energii

Analizujac energi¢ dyssypowang obserwujemy
réznego typu tzw. procesy resztkowe réznego typu
np. wibroakustyczne, termiczne, elektromagne-
tyczne itp. niezamierzone przez projektanta.
Obserwacja  wyj$¢ daje duze mozliwosci
diagnozowania stanu technicznego z jednej strony,
za$ z drugiej minimalizacj¢ czynnikéw ujemnie
wplywajacych na $rodowisko, ale takze na sam
obiekt.

Wewnetrzna dyssypacja energii w kazdym
systemie dzialaniowym ma charakter kumulacyjny,
determinujacy stan tego systemu. Dyssypacja energii
wynika z tytutu zachodzacych w systemie procesow
zuzyciowych jak: zmgczenie we wszystkich
formach, tarcie, erozja w strumieniu czastek oraz
korozje wszelkiego typu, a takze ptlynigcie
materiatu, zwlaszcza przy wysokich temperaturach,
Tacznie z pelzaniem przy wysokich obcigzeniach. Te
procesy sa przyczynkami sumarycznej dyssypacji
energii.

Sumaryczna dyssypacj¢ energii w systemie Eq4
mozna wyrazi¢ nastepujaco [15]:

0
E, (6) = J' Na[V(6),0] d6 < Eq,V <Ny
0

gdzie: Ny - intensywno$¢ dyssypacji (moc);

0 - czas dziatania(zycia) obiektu;

V(8) — moc dyssypacji zewnetrznej;

Esw - pojemnos¢ dyssypacji energii przed
zniszczeniem systemu;

Warto$¢ intensywnosci dyssypacji energii zalezy
od czasu dziatania (zycia) obiektu 6 oraz od mocy
dyssypacji zewnetrznej. Prof. Czestaw Cempel
wykazal, ze catkowita moc dyssypowana, a takze
moc dyssypacji zewngtrznej rosng monotonicznie
w funkcji czasu zycia 0 dazac do nieskonczonosci
dla czasu awarii. Pokazany na rys. 3 model ewolucji
stanu uktadu transformujacego energi¢ mozna
stosowa¢ do opisu zmian stanu eksploatacyjnego.
Ujawnia si¢ w tym fraktalna natura przeksztalcania
energii.

7

zwyzkujaca lub uzytkowa moc
wejéciowa dla nastepnego
wyzszego poziomu transformacii

Ny
N;

— Ng
moc wejSciowa  catkowita A

lub wartos¢ moc |

energii rozproszona E.
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zwrotne

m—-——————————
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Rys. 3. Model energetyczny systemu dziataniowego
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Koncepcja procesora energii doprowadzita do
sformutowania pojecia czasu zycia 1 czasu
przezycia, jako miary zdyssypowanej wewngtrznie
energii, mierzonej od urodzenia systemu az do jego
$mierci. Umozliwito to z kolei wprowadzenie czasu
zycia innych systemow dziataniowych, w ramach
ktérego nastgpuje ewolucja wlasnosci systemow.

Dato to narzgdzie do sformutowania przez
Profesora  Cempela ,Holistycznej = Dynamiki
Systeméw Mechanicznych”, dynamiki ujmujacej
dwa czasy: ewolucj¢ wlasnosci systeméw w czasie
ich dziatania — makro czas, a takze zjawiska
dynamiczne i drgania w systemie mikro czas.

4. IDENTYFIKACJA ZRODEL ENERGII
WIBROAKUSTYCZNEJ

Jednym z podstawowych zadan wibroakustyki
jest identyfikacja zrodet generacji  energii
wibroakustycznej. Identyfikacja ta obejmuje miedzy
innymi  lokalizacj¢ =~ poszczegdlnych  zrodet,
okreslenie  charakterystyk 1  wspotzaleznosci
pomigdzy poszczegélnymi zroditami. W wielu
przypadkach przyjmowato si¢, Zze maszyna lub
urzadzenie jest pojedynczym zrddlem tej energii.
Takie przyjecia byly duzym uproszczeniem, gdyz
nawet prosta maszyna czy urzadzenie posiada od
kilku do  kilkuset elementarnych  Zrodet.
Zagadnieniami  identyfikacji =~ zrodel  energii
wibroakustycznej zajmowato si¢ szereg 0sOb
w naszym kraju, migdzy innymi Prof. Cz. Cempel,
ktory na drodze teoretycznej i doswiadczalnej
prowadzil tego typu badania. Na podkreslenie
zastuguje stosowanie przez niego do identyfikacji
metod koherencyjnych. Na rys. 4 przedstawiony jest
schemat uktadu do identyfikacji zrodet przy
zastosowaniu metod koherencji, zastosowany przez
Profesora Cempela.

:@’ x(t)
- " C
P .

ft
1t
e

N Prry
- @. O
- LY

v yit)

Rys. 4. Schemat zastosowanej procedury
5. DIAGNOSTYKA WIBROAKUSTYCZNA

Na specjalne podkreslenie zashuguje wkiad
Profesora Cempela w  rozwoj diagnostyki
wibroakustycznej] maszyn 1 urzadzen. Czestaw
Cempel stworzyl podstawy teoretyczne diagnostyki
wibroakustycznej, pokazal  jej praktyczne
zastosowania. Wyniki swoich badan opublikowat
w kilku monografiach i publikacjach
w  renomowanych czasopismach naukowych.
Monografie te byly przetlumaczone na jezyki obce
i opublikowane przez takie wydawnictwa jak

Springer staly si¢ one podstawowymi podrecznikami
z tego zakresu w $wiecie naukowym.

C. Cempel stwierdzat, ze diagnostyka to
zorganizowany zbidr metod i $rodkéw do oceny
stanu technicznego obiektow, maszyn, urzadzen.
W wigkszosci  przypadkéow sa to systemy
dzialaniowe generujace 1 przenoszace procesy
wibroakustyczne.

ARSTYNA (obj
-w swych fo u_r zych

Rys. 5. Rodzaje i cele diagnostyki wibroakustyczne;j.

Procesy te sa nosnikami informacji o stanie
technicznym. Stan techniczny obiektu podawany jest
w kategoriach jakosci 1 bezpieczenstwa jego
dziatania poprzez wektor miar bezposrednich lub
posrednich. Miary bezposrednie sa np. wymiary,
parametry technologiczne itp. Miary posrednie stanu
technicznego nosza nazweg symptomow, czyli
wielkosci wspolzmienniczych z miarami stanu
technicznego.

W diagnostyce maszyn nalezy wyrdzni¢ cztery
rodzaje zastosowan: diagnostyke konstrukcyjna,
diagnostyke¢ kontrolna, diagnostyke eksploatacyjna
oraz diagnostyke proceséw (rys.5). Celem
diagnostyki konstrukcyjnej dokonywanej na etapie
badan prototypu jest identyfikacja zrodet zaktocen
wibroakustycznych jako zjawisk $wiadczacych
o niedociagnieciach projektowych i konstrukcyjno —
montazowych, a takze identyfikacja wlasnosci
dynamicznych. Celem diagnostyki kontrolnej jest
ocena jakosci wytworzonych elementéw
i podzespoldw maszyn 1 urzadzen, natomiast
diagnostyka eksploatacyjna ma za zadanie oceng
biezacego 1 przyszlego stanu eksploatacyjnego
maszyn 1 urzadzen w trakcie ich eksploatacji.
Wreszcie diagnostyka proceséw technologicznych
ma na celu oceng jakosci i etapu procesu.

Problemy badawcze 1 aplikacyjne diagnostyki

wibroakustycznej sa wiclorakie 1 coraz lepiej

rozwijane za pomoca wspotczesnych s$rodkow
pomiarowych, technologii informatycznych oraz
sztucznej inteligencji. Do nich zaliczy¢ mozna:

- wybor miejsca pomiaru sygnalu
wibroakustycznego, co decyduje o zawartosci
sygnalu uzytecznego;

- wybor sposobu przetwarzania sygnalu dla
uzyskania symptomu stanu;

- ekstrakcja catosciowej informacji diagnostycznej
ze zbioru symptoméw stanu i selekcja
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rozwijajacych  si¢ uszkodzen
w obiekcie;

- ocena zaawansowania uszkodzen i podjecie decyzji
o stanie obiektu.

Kazdy z tych czastkowych celow diagnostyki
wibroakustycznej moze by¢ rozwiazywany na wiele
sposobéw 1 w rdéznych zakresach wypehienia
zadania.

Reasumujac, nalezy stwierdzi¢, ze identyfikacja
uszkodzen w diagnostyce wibroakustycznej odbywa
si¢ poprzez pomiar specjalnych uszkodzeniowo
zorientowanych symptomow. Profesor Cempel jako
pierwszy zdefiniowat te wielkosci oraz dodat kilka
latwo  mierzalnych jak np.  wspdlczynnik
impulsowosci, luzu, czestosci Rice’a, wspotczynniki
harmonicznosci. Zaproponowat softwarowa
procedure dyskryminacji i klasyfikacji uszkodzen
maszyn poprzez wybor zbioru symptomow
o minimalnej redundancji opisujacych stan maszyny.
Procedura ta oparta byla o metody rozpoznawania
obrazow, a w szczegolnosci o metode sktadowych
glownych macierzy uszkodzen. Prof. C. Cempel
wprowadzit rowniez do zastosowan w diagnostyce
wibroakustycznej pojecie niezawodnosci
symptomowe;j.

Omowione problemy diagnostyki byly i1 sa
przedmiotem prac badawczych Profesora Cempela,
a takze licznych Jego publikacji w tym monografii.

niezaleznych

6. PODSUMOWANIE

Profesor Czeslaw Cempel jest wspoltworca
wibroakustyki — nowej dziedziny wiedzy. Okreslit
nie tylko podstawowe zadania 1 metody
wspolczesnej wibroakustyki, lecz réwniez pokazal
praktyczne zastosowania. Dziatalnos¢ naukowa
i publikacyjna Czestawa Cempela z zakresu
wibroakustyki moze by¢ podzielona na kilka grup:
-wibroakustyka maszyn i srodowiska;
-wibroakustyka  narzedzi  rgcznych,

pneumatycznych;
-dynamika uktadéw wibrouderzeniowych;
-diagnostyka wibroakustyczna.

W ramach tych grup zagadnien, Prof. Czestaw
Cempel opublikowat duzg ilo$¢ prac. Wyniki swoich
badan przedstawial na licznych kongresach,
konferencjach 1 sympozjach naukowych. Byl
wielokrotnie zapraszany do wyglaszania referatow
plenarnych na §wiatowych kongresach.

Szerokie, réznorodne Jego osiagnigcia naukowe
i wdrozenia z zakresu wibroakustyki przyczynity si¢
do rozwoju tej dziedziny wiedzy nie tylko w Polsce,
lecz rowniez na catym $wiecie.

glownie
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ROZWOJ DIAGNOSTYKI I KONGRESY DIAGNOSTYKI
TECHNICZNEJ W POLSCE

Marian W. DOBRY

Politechnika Poznanska, Instytut Mechaniki Stosowanej
60-965 Poznan, ul. Piotrowo3, fax.: 061 665 23 07, Marian.Dobry@put.poznan.pl

Streszczenie
W artykule przedstawiono rozwoj diagnostyki i Migdzynarodowych Kongresow Diagnostyki
Technicznej w Polsce. Przedstawiony rozwoj dotyczy okresu od poczatku kumulowania si¢
wiedzy praktycznej i technologii okreslania stanu technicznego obiektow technicznych do
uzyskania przez diagnostyke¢ poziomu naukowego jako nowej odrebnej dyscypliny.

Stowa kluczowe: diagnostyka techniczna, kongresy, historia.

DEVELOPMENT OF DIAGNOSTICS AND DIAGNOSTIC CONGRESSES IN POLAND

Summary
Development of machinery diagnostics and International Congresses on Machinery
Diagnostics in Poland are presented in the paper. Presented development is concerned with
a period since beginning of cumulating practical knowledge and technology defining of technical
objects condition to obtainment by Machinery Diagnostics of scientific level as a new independent

discipline.

Keywords: technical diagnostics, diagnostic congresses, history.

Poczatek rozwoju diagnostyki technicznej, jako
nauki zaliczanej do inzynierii mechaniczne;j,
przypada na lata siedemdziesigte. Diagnostyka
techniczna jest zatem stosunkowo mioda nauka.
W pierwszej  polowie lat  siedemdziesiatych
wyksztalcita si¢ ona w efekcie kumulacji praktycznej
wiedzy dotyczacej eksploatacji maszyn oraz metod
badawczych pozwalajacych okresli¢ stan techniczny
obiektéw technicznych w czasie eksploatacji. Nauka
ta pojawita si¢ na poczatku, jako naturalna potrzeba
mierzenia réznych parametréw pracy maszyn, ktore
moglyby sygnalizowaé niepoprawng prac¢ maszyny
lub jej awari¢. Zaliczy¢ do nich mozna pomiar
temperatury, ci$nienia oleju w  systemach
smarowania, drgania i hatas. Dla tych wielkosci
fizycznych  ustalono  wartosci  dopuszczalne
i opracowano normy zalecane do stosowania.
Wszystkim nam znane sa np. normy VDI 2056
i normy IRD Mechananalysis Inc. Pamigtamy
rowniez pierwsza znang amerykanska ksigzke
Bleke’a M.P. i Mitchell W.S.: Vibration and
Acoustic Measurements Handbook (Spartan Books
1972), ktéra dotyczyta bardzo praktycznych spraw
zwigzanych z pomiarami, ale bez ich postaw
teoretycznych. Podstawy teoretyczne diagnostyki
technicznej nie byly wtedy jeszcze znane. Pierwsza
ksiazka, ktora w tytule zawierata stowo diagnostyka,
byla ksiazka rosyjska zatytulowana: Akustyczna
Diagnostyka Maszyn autorstwa Pavlov’aB. V.,
wydana w Moskwie w 1971 roku. W ksigzece tej
rozpoczgto wyjasnia¢ co, dlaczego i kiedy nalezy
zrobi¢ w diagnostyce maszyn. Byl to poczatek
monitorowania  stanu  technicznego  maszyn
w praktyce, ktéry rozpoczal racjonalne i naukowe

myslenie, dlaczego jest tak i jakie to pociaga skutki
oraz co mozna udoskonali¢.

Aktywno$¢ w obszarze diagnostyki w przemysle
i na uczelniach wyzszych odnotowano réwniez
w Polsce. Pierwsze warsztaty naukowe na temat
diagnostyki maszyn odbyly si¢ w 1973 roku i byly
zorganizowane przez zespol Prof. L. Muellera. Od
tego momentu dziedzina diagnostyki maszyn
w Polsce zaczgta gwaltownie wzrastac. Wystapita
potrzeba organizowania wigcej kursow, szkolen
i spotkan, a w 1977 roku powotano oficjalnie Zespot
Diagnostyki przy Komitecie Budowy Maszyn PAN.
W organizowaniu nowej dziedziny nauki — czyli
diagnostyki, od poczatku aktywnie uczestniczyt
Prof. C. Cempel. Jako mlodemu profesorowi,
zaproponowano  mu  prowadzenie  Zespotu
Diagnostyki. Spotkania odbywaly si¢ co kwartat
kazdego roku, na ktorych wyglaszano kilka
referatow 1 wymieniano rozne idee oraz wiedzg.
Natomiast, co dwa lata, organizowano tzw. ,,Szkoty

Diagnostyki”.  Pierwsza  Szkota  Diagnostyki
zorganizowana byla w 1977 r. w Bialym Borze,
zatytutlowana: Diagnostyka Urzqdzen

Mechanicznych. Kolejne cztery Szkoly Diagnostyki
— 1L III, IV 1 V odbyly si¢ rowniez w Biatym Borze
w latach: 1978, 1979, 1980 i w 1981, a ich tematyka
byla nastgpujaca: Podstawy Diagnostyki Urzqdzen
Mechanicznych, Metody Cyfrowej Analizy Sygnalow
Wibroakustycznych, Diagnostyka Lozysk Tocznych
oraz Diagnostyka Pojazdow.

Kolejne cztery Szkoty Diagnostyki VI, VII, VIII
i IX zorganizowane przez zespot z Politechniki
Poznanskiej odbyly si¢ w Rydzynie koto Leszna
w latach 1983, 1985, 1987 i 1989. Poswigcone one
byly w kolejnych latach nastgpujacej tematyce
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sygnalizowanej w ich tytutach: Komputerowe
Przetwarzanie Sygnalow oraz w trzech kolejnych
latach — Wnioskowanie Diagnostyczne.

Ostatnia X Szkota Diagnostyki odbyta si¢
w 1992 r. w Zajaczkowie koto Poznania.

W migdzyczasie, przeprowadzono kilka innych
konferencji dedykujac je dla poszczegdlnych branz
przemystu lub wyposazenia, jak np. silnikow
wysokopreznych czy maszyn roboczych ciezkich.

Cel do osiagnigcia i zakres diagnostyki byt juz
bardzo duzy, co doprowadzilo do powotania
Polskiego Towarzystwa Diagnostyki Technicznej
w roku 1990. Liczylo ono wtedy 150 czlonkow
krajowych.

W  historii rozwoju diagnostyki technicznej
w Polsce, Diagnostyka Wibroakustyczna Maszyn
(DWA) zajmuje swoje poczatkowe miejsce.
Sformutowanie zapisu matematycznego usredniania
synchronicznego  sygnatéw  wibroakustycznych
mialo miejsce wilasnie na poczatku lat 70-tych.
W celu identyfikacji  uszkodzenn = maszyn
w diagnostyce WA  wprowadzono pomiary
specjalnych uszkodzeniowo zorientowanych
symptoméw. Do najbardziej znanych zaliczy¢
mozna zdefiniowanie takie wielkosci jak: np.
wspolezynnik impulsowosci, luzu, czestoscei Rice’a,
wspolczynniki  harmonicznos$ci i roéznego typu
kumulanty [2]. Wielkosci te sg stosowane do dnia
dzisiejszego w  diagnostyce  wibroakustycznej
maszyn.

W roku 1980 opracowano softwarowa procedure
dyskryminacji i klasyfikacji uszkodzen maszyn,
poprzez wybor zbioru symptomdéw o minimalnej
redundancji opisujacych stan maszyny. Procedura ta
oparta byla o metody rozpoznawania obrazow,
a w szczegolnosci o metode skladowych gldwnych
(PCA) macierzy obserwacji diagnostycznej i ich
odpowiednich wektorow, jako nowych niezaleznych
symptomow uszkodzen. Po dwudziestu latach, wraz
z niebywalym rozwojem systemdéw obliczeniowych,
ktére same w sobie zawieraja podobne procedury;
np. SVD (Singular Value Decomposition), mozna
bylo powréci¢ do tej koncepcji proponujac nowa
metod¢ wielowymiarowej i wielouszkodzeniowej
diagnostyki maszyn, formutujac nowa symptomowa
macierz obserwacji 1 uogélnione symptomy
niezaleznych uszkodzen. W klasyfikacji stanu
maszyny pojawita si¢ konieczno$¢ okreslenia stanu
granicznego w przestrzeni symptoméw stanu
obiektu. W tym celu zaproponowano kilka metod
opartych o rozklady wartosci obserwowanych
symptomow; np. typu Pareto, Weibulla, Frecheta.
Opis tych metod mozna znalez¢ w materiatach wielu
konferencji mi¢dzynarodowych oraz
w czasopismach naukowych takich jak: Mechanical
Systems and Signal Processing, Journal of Sound
and Vibration, Bulletin PAN, i inne krajowe
czasopisma naukowe.

W klasyfikacji stanu maszyny nieodzowne jest
okreslenie stanu granicznego w  przestrzeni
symptoméw  stanu  obiektu. W tym celu
do zastosowan w diagnostyce WA wprowadzono

rowniez pojecie niezawodnosci symptomowe;.
Pozwolito ono pézniej pokazaé jej prosty zwiazek
z czasem awarii systemu mechanicznego. Byl to
moment w badaniach, aby zaproponowaé ogdlng
Metodologig Wibroakustycznej Diagnostyki
Maszyn, ktora ukazatla si¢ w monografiach:
Podstawy Wibroakustycznej Diagnostyki Maszyn
w 1982 [2] oraz w Wibroakustycznej Diagnostyce
Maszyn w 1989 roku [3, 4]. Wymienione wyzej
koncepcje i rezultaty badan uznano w nauce jako
podstawowe dla diagnostyki WA, co dalo poczatek
nowej nauce w momencie, w ktorym ,sztuka
pomiaru i intuicja wnioskowania” byta juz dobrze
znana. Fakt ten, przej$cia do nauki i technologii
diagnozowania jest widoczny szczegdlnie w pracy
zbiorowej zatytulowanej Diagnostyka Maszyn —
Zasady ogolne i prryklady zastosowarn wydane
drukiem w 1992 [10]. Przez wicle lat byla ona
jedynym zasobem wiedzy teoretycznej i praktycznej
w tej szerokiej dyscyplinie. Taka rolg petni obecnie
ksiazka — poradnik liczacy 1111 stron, wspdlne
dzieto wielu autoréw zajmujacych si¢ diagnostyka
w Polsce pod tytulem: InZynieria Diagnostyki
Maszyn — Poradnik, wydane w 2005 r. [24].

W  rozwoju diagnostyki nalezy réwniez
wymieni¢ prace nad modelem ewolucji stanu
maszyny, niezbegdnym w diagnostyce, ktore
doprowadzity do koncepcji energetycznej ewolucji
maszyn i systemow spowodowanej przez rosnace
uszkodzenia materiatu, elementow i podzespotow
maszyny. Za miar¢ tych uszkodzen przyjeto
zdyssypowana 1 zakumulowang wewngtrznie
energie.

W efekcie ww. prac powstat w roku 1985 model
tribo-wibroakustyczny opublikowany pierwotnie
w WEAR [6] w Anglii, a nastepnie w Biuletynie
PAN i w Journal of Mechanical Systems and Signal
Processing. Model ten uogélniono na inne systemy
mechaniczne, a takze na inne typy systemow
dzialaniowych. W opracowanej w ten sposob teorii

Procesora  Energii  potaczono  obserwowany
symptom stanu (Zycia) procesora Z  jego
wewnetrznym  zaawansowaniem  (akumulacjq)

uszkodzen z tytutu dziatania (zycia).

Teorig¢ t¢ potaczono z wczesniej sformutowanym
pojeciem niezawodno$ci symptomowej. Dla
mechanicznych procesoréw energii (materialy,
maszyny, konstrukcje) pokazano, ze bezwymiarowy
czas zycia systemu jest odpowiednikiem prawa

Palmgrena — Minera, Odkwista — Kaczanowa
i odpowiednich praw dla innych form zuzywania sig.
Koncepcja  procesora  energii  umozliwita

sformulowanie pojecia czasu zycia' i czasu
przezycia (awarii) procesora. Sa to miary
zdyssypowanej wewngtrznie energii, mierzonej od
zaistnienia systemu az do jego likwidacji. Koncepcja
to pozwolita na wprowadzenie czasu zycia innych
systemow dzialaniowych, w ktérych nastepuje

' Taka energetyczna definicja C Cempla zostala zamieszczona
w International Encyklopedia of Systems and Cybernetics,
K G Saur, Muenchien, 1997
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ewolucja wilasnosci systemow (mp. zmiana masy,
sztywnosci, tHumienia) W czasie pracy systemu.
W ten sposob sformutowano Holistycznag Dynamike
Systeméw Mechanicznych, ktéra jest przedmiotem
ksigzki pt. MODEL - AIDED DIAGNOSIS OF
MECHANICAL SYSTEMS, Springer Verlag 1997
[10]. Rozwdj tej koncepcji prowadzi do systemow
ztozonych  z  procesorow  energii  réznego
przeznaczenia.

Rozwdj informatyzacji diagnostyki technicznej,
a w niej szczegdlnie informatycznych technik
pomiarowych, umozliwit precyzyjne pomiary
réznych wielosci fizycznych charakteryzujacych
stan maszyny. Zaliczy¢ do nich mozna moc
zasilania, moc obciazenia, temperatur¢, drgania —
amplitudy przyspieszen, predkosci i przemieszczen,
hatas, produkty proceséw tarciowych w maszynach
itp. W efekcie prowadzonego on-line nadzoru
diagnostycznego uzyskuje si¢ przestrzen mozliwych
symptomow stuzacych do scharakteryzowana pracy
i ewolucji réznych uszkodzen nadzorowanej
maszyny. Dalsza obrébka uzyskanej w ten sposob
bazy danych w nowoczesnych metodach
transformacji 1 dekompozycji prowadzi do
wydobycia niezaleznych informacji
uszkodzeniowych. Uzyskuje si¢ w ten sposdb
symptomowa macierz obserwacji badanego
obiektu 1 uogdlnionych symptoméw uszkodzen.

Jest to tematyka wspotczesnych badan, o ktorych
mozna dowiedzie¢ si¢ z materiatdéw konferencyjnych
np. IMEKO World Congress, June, 2003, Dubrovnik
[13] 1 czasopism naukowych takich jak np.
Mechanical Systems and Signal Processing.
Koncepcja wyodrgbniania wielowymiarowej
informacji diagnostycznej z symptomowej macierzy
obserwacji, W skojarzeniu  z  ukladami
samouczacymi si¢ moze ulatwi¢ zaprojektowanie
agenta diagnostycznego, jako elementu
samodiagnostyki systemow mechanicznych
i mechatronicznych.

W zakresie prognozy stanu przysztego proponuje
si¢ w diagnostyce technicznej metody zaczerpnigte
z teorii szeregdw czasowych i z ekonometrii.
Metody te sa obecnie wypierane przez sieci
neuronowe.

W diagnostyce technicznej pojawila si¢ rowniez
w ostatnim czasie w Europie chinska metodologia
zwigzana z teoria szarych systemow. Dzigki niej
uzyskuje si¢ dobra metod¢ prognozowania, co
wykazano w pracach Cempela.

Polityczne i gospodarcze zmiany w Polsce po
roku 1990 nie stuzyly rozwojowi Diagnostyki.
Mimo tego, dalsza edukacja i badania w tej
dziedzinie byty kontynuowane. Potrzeby
zintegrowania §rodowiska 1 wymiany wiedzy
dotyczacej diagnostyki technicznej spowodowaly, ze
Polskie Towarzystwo Diagnostyki Technicznej
zorganizowato w dniach 17-20 wrzesnia 1996 roku
I Miedzynarodowy Kongres Diagnostyki
Technicznej w Gdansku. Organizacj¢ Kongresu
powierzono  zespolowi  skladajacemu  si¢
z przedstawicieli Politechniki Slqskiej i Instytutu

Maszyn Przemystowych w Gdansku.
Przewodniczacym KO byl Wojciech CHOLEWA,
wiceprzewodniczacym Jan KICINSKI.

W Kongresie wzigto udziat ponad 350 uczestnikow
i 11 wystawcow, wygloszono 8 wyktadow
zaproszonych i1 24 plenarnych. Opublikowano 140
artykutlow w 3 tomach materialow kongresowych
i zaprezentowano 108 prac w formie posterow.
Podczas trwania Kongresu odbylo si¢ 7 specjalnych
kursow  diagnostycznych, na  ktorych  bylo
prezentowane wyposazenie specjalistyczne. Program
socjalny Kongresu dla uczestnikow 1 0séb
towarzyszacych byt bardzo dobrze zorganizowany
w kilku interesujagcych miejscach wybrzeza
battyckiego i w Gdansku.

Duzy rozglos dotyczacy I Kongresu Diagnostyki
Technicznej spowodowat, ze kolejny
II Mi¢dzynarodowy Kongres Diagnostyki
Technicznej zostal zorganizowany wspélnie przez
zespol  skladajacy si¢ z  przedstawicieli
Politechniki Warszawskiej i Instytutu Energetyki
w Warszawie w dniach 19-22 wrze$nia 2000 roku.
Przewodniczacym KO byl Stanislaw
RADKOWSKI, a wice-przewodniczacym Zenon
ORLOWSKI. W Kongresie wzig¢lo udziat ponad
110 uczestnikéw, w tym kilku z zagranicy. Obrady
odbywaty si¢ w 7 sesjach plenarnych z 36
proszonymi wyktadami, w 4 sesjach posterowych
z 87 prezentacjami. Wydrukowano dwa tomy
materiatéw kongresowych i zataczono do nich dyski
CD. Program socjalny kongresu byt réwniez
interesujacy, w ktorym uwzgledniono kilka
najpigkniejszych miejsc w Warszawie, jako stolicy
Polski.

Kolejny, III Miedzynarodowy Kongres
Diagnostyki Technicznej odby! si¢ w dniach 6-9
wrze$nia 2004 roku w Poznaniu. Organizatorem
Kongresu byl zespot skladajacy si¢
z przedstawicieli Politechniki Poznanskiej
i Akademii Techniczno — Rolniczej w Bydgoszczy.
Przewodniczacym KO byl Marian W. DOBRY,
a wiceprzewodniczacym Bogdan ZOETOWSKI.
Uczestniczylo w nim ponad 110 uczestnikow
rowniez kilku z zagranicy, wygloszono 108
referatow oraz 6 prezentacji dotyczacych aparatury
diagnostycznej wystawianej przez wystawcow. Na
IIT Kongresie wygtoszono 16 referatow plenarnych,
92 referaty sesyjne oraz odbyly si¢ dwie sesje
panelowe na temat waznych zagadnien diagnostyki.
Program socjalny zwiazany byl z prezentacja
lokalnego folkloru oraz zwiedzaniem ciekawych dla
uczestnikow miejsc regionu Wielkopolski.

Organizowane co cztery lata Migdzynarodowe
Kongresy Diagnostyki Technicznej staja si¢ dobra
tradycja. Pozwalaja one dokona¢ podsumowania
dotychczasowych badan, przegladu aktualnych
trendéw 1 nowosci w diagnostyce techniczne;j.
Zadaniem Kongresu jest rowniez wytycza¢ nowe
kierunki dalszych badan w zakresie diagnostyki
technicznej.  Mam  nadziej¢, Zze  obecny,
organizowany przez zespél z Uniwersytetu
Warminsko-Mazurskiego w  Olsztynie oraz
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z Akademii Marynarki Wojennej w Gdyni, IV
Miedzynarodowy Kongres Diagnostyki
Technicznej w Olsztynie w dniach 9-12 wrzesnia
2008 roku, spelni oczekiwania wszystkich
uczestnikow. Przewodniczacym KO jest Stanistaw
NIZINSKI, a wiceprzewodniczacym Zbigniew
KORCZEWSKI.

Kierujac do Wszystkich zyczenia owocnych
obrad i mitych spotkan w czasie IV Kongresu —
pozostajac z wyrazami powazania

— Marian W. DOBRY
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GENERALIZED SINGULAR VALUE DECOPOSITION
IN MULTIDEIMENSIONAL CONDITION MONITORING OF SYSTEMS
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Poznan University of Technology, Applied Mechanics Institute, ul. Piotrowo 3,
60-965 Poznan, Poland, email: czeslaw.cempel@put.poznan.pl

Summary

With the modern metrology, we can measure almost all variables in the phenomenon field of
a working machine, and much of measuring quantities can be symptoms of machine condition. On this
basis, we can form the symptom observation matrix (SOM) for condition monitoring. From the other
side we know that contemporary complex machines may have many modes of failure, so called faults,
which form the fault space. This multidimensional problem is not a simple one, even if we apply some
modern tool like SVD for the fault extraction purpose. So the question remains if one can learn
considering similar problem when having SOM of similar machine observed just before. In this way,
we can consider the application of generalized GSVD to the machine condition monitoring problems,
and uncover some new possibilities.

Keywords.: machine condition, multidimensional, generalized SVD, observation space,
fault space, condition similarity.

UOGOLNIONY ROZKEAD WARTOSCI SZCZEGOLNYCH’
W WIELOWYMIAROWEJ DIAGNOSTYCE STANU SYSTEMOW

Streszczenie

Obecnie potrafimy mierzy¢ wigkszos$¢ procesow pola zjawiskowego pracujacej maszyny, a wiele
z tych procesow moze dostarczy¢ symptomdéw jej stanu technicznego. Wychodzac stad mozemy
tworzy¢ symptomowa macierz obserwacji (SOM) do celow diagnostyki maszyn, czyli oceny ewolucji
jej stanu technicznego w czasie zycia 0. Ale wspdlczesne maszyny maja wiele uszkodzen
rozwijajacych si¢ wspolbieznie, stad tez propozycja diagnostyki wiclowymiarowej i zastosowania
rozktadu (SVD), co pokazano juz w wielu pracach. Powstaje pytanie czy potrafimy uzyskana wiedzg
wykorzysta¢ 1 nauczy¢ si¢ diagnozowac lepiej maszyny, ktore juz sa rozpoznane diagnostycznie za
pomoca SVD. Taki wiasni problem postawiono stosujac uogolniony rozktad SVD, umozliwiajacy
poréwnanie dwu macierzy obserwacji, znanej uprzednio i wilasnie rozwijajacej si¢. Tak mozliwos¢
istnieje, a stawia przed nami nowe wymogi nauczenia si¢ nowej semantyki wspolnego jezyka GSVD.

Stowa kluczowe: stan techniczny, wielowymiarowos¢, uogdlnione SVD, przestrzen uszkodzen,
przestrzen obserwacji, podobienstwo stanu.

1. INTRODUCTION

The multidemsionality of fault space in machine
condition monitoring is nowadays well formulated
and explored, for example by the application of
neural nets [4], singular value decomposition [6], or
principal component analysis [2]. Much worse it
looks when considering the decision making process
in multidimensional case, where we have some
method of data fusion and the concept of symptom
reliability applied to generalized fault symptom
obtained from the application of SVD [10]. So, there
is a room for looking to other promising methods of
condition symptoms processing and decision making
in a multidimensional case. This paper looks for the

! GeneralSVDO06 - Intended to Diagnostic Congress 08.

possible application of generalization of SVD
method, which takes into account the other SOM of
the similar object, with the same number of
symptoms (columns), but the number of rows
(observation) may differ. This may be the situation
of learning from the previous usage of the same
object or even similar one. The accessible list of
references to GSVD application is not big one. One
can see a few in connection with engineering, but
there are some papers of GSVD application in
physics and biology, as we will see later on. In such
situation the paper introduce the GSVD concept on
the basis of previous SVD application, and from
these introductory results one can notice the possible
application of GSVD in machine condition
monitoring, particularly when looking for the
similarity of machine wear symptoms and indices.
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2.SINGULAR VALUE DECOMPOSITION
AND EXTRACTION OF FAULT
SYMPTOMS

Having in mind the above, let us take into
consideration a critical machine in operation, where
we have the possibility to observe several ‘would be’
symptoms' of condition. During its working life 0 <
0 < 6, , (6, —anticipated breakdown time), several
independent faults (usually a few);, F(@), t = 1,2,..u,
are evolving and growing. Hence, we would like to
identify and assess the advancement of these faults
by forming and measuring the symptom observation
vector; [S,] = [Sp...,S/, which may have
components different physically, like vibration
amplitudes (displacement, velocity, acceleration),
the temperature, machine load, life time 6, etc.

In order to track machine condition (faults
evolution) by these observations, we are making
equidistant reading of the above symptom vector in
the lifetime moments; &, n =1, ... p, 6, < 6, ,
forming in this way the rows of a rectangular
symptom observation matrix (SOM). From the
previous research and papers [6], we know, that the
best way of SOM preprocessing is to center it
(subtract), and normalize (divide if) to the symptom
initial value; S;(0) = Spm , of each given symptom
(column of SOM).

It is also known from this research, that amount
of diagnostic information in SOM increases if we
append the lifetime @ column, as the first
approximation of system logistic vector L. and the
load [7]. Finally, in order to minimize stochastic
disturbances in readings we will apply also the three
points moving average procedure to the successful
symptom readings, as it was shown and validated in
the last paper [14].

So, after such preprocessing we will obtain the
dimensionless symptom observation matrix (SOM)
in the form:

SOM = Opr=[Snm]3 Snm= Snm _1) (1)
Om
where bold non italic letters indicate primary
measured and averaged dimensional symptoms.

As it was already said in the introduction, we
apply now to the dimensionless SOM (1), the
Singular Value Decomposition (SVD) [9, 15], to
obtain singular components and singular values in
the form of matrix formulae;

0,,=Uy, * X, * V[, 2)
(T- matrix transposition ),
where U, is p dimensional orthonormal matrix of
left hand side singular vectors, V,, is r dimensional
orthonormal matrix of right hand side singular
vectors, and the diagonal matrix of singular values
2,,1s as below

! Symptom is a measurable quantity taken from the
phenomenal field of the machine, which sees to be
correlated to machine condition, we are looking for.

2, =diag ( oy, ..., 01), and o; > 6;>...> 0, >0,

A3)
Oyi1 =... 6;=0, I= max (p, r), u < min (p, r),
u<r<p.

Mathematically it can be shown also, that every
perpendicular matrix has such decomposition (2),
and it may be interpreted also as the product of the
three matrices [15], namely

O,, = (Hanger) X ( Stretcher) X (Aligner). (2a)

This is very metaphorical description of SVD
transformation, but it seems to be useful analogy for
statistical reasoning and diagnostic decision making
in our case.

In terms of machine condition monitoring the
above decomposition means, that from the r
primarily measured symptoms (dimension of
observation space) we can extract only z < r
independent sources of diagnostic information
describing evolving generalized faults F,, creating in
this way fault space (see Fig. 1). As it is seen from
Fig. 1 upper right picture, only a few developing
faults are making essential contribution to total fault
information, the rest of generalized faults are below
the standard 10% level of noise. What is important
here, that such SVD decomposition can be made
currently, after each new observation (reading) of
the symptom vector /S,,/; n = 1, ... p, and in this
way we can trace the fault life evolution in any
operating mechanical system.

Diagnostic interpretation of SVD results
From the current research and implementation of
this idea [11], we can say, that the most important
fault oriented indices obtained from SVD is the first
pair: (SD,, o;), t=1,2. This pair presents the lifetime
evolution of all independent sources of information
contained in our SOM. We interpret them as the
fault development life curves F; (€). From the other
side we need also some measure of total damage
advancement in diagnosed object in a form o;(6).
The first fault indices SD, can be named as
discriminant or the generalized symptom of the fault
t, and one can get it as the SOM product and the first
singular vector of the matrix V', as below
SD = Opr * Vrr = Upp *Epr) (4)
and for the one column component of this matrix we
will have simply
SD,;= 0, *v,=0; 1. t=1,...2. %)
We know from SVD theory [9, 15], that all
singular vectors v, , u, are normalized to one, so the
energy norm of this new discriminant (vector) is
simply
Norm (SD) =//SD,//=6. ,t=1, ...,z (6)
If the number of observation is growing in the
life time, so the above discriminant SD,(6) can be
also named as lifetime fault profile, and in turn
singular value o€ as a function of the lifetime
seems to be its damage advancement (energy norm).
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Fig. 1. Tllustration of inference possibilities in multidimensional observation by the application of SVD

The similar fault inference can be postulated to
the meaning, and the evolution, of summation
quantities, what can mean the total damage profile

SumSD;(@), and total damage advancement
Sumoy(6), as follows;
SumSD,(0) =" SD,(0) Za ) = P(9)>

i=1
Norm (SumSD; (9)) = //x SD, (9)//< //z
0,(0) ui(0)//= £ 6:(6),

hence;

Sumo,(0) =Y 0,(0)~ > F(0), =
i=1 i=1

But it is worthwhile to add, that the meaning of
the last relation with o @eems to be not fully
validated experimentally, as yet. It seems to be also,
that the condition inference based on the first
summation measure; Sum(SD;) may stand for the
first approach to multidimensional condition
inference, as it was clearly shown in the previous
papers (see for example [17]), and shortly illustrated
on Fig. 1 below.

()

3. GENERALIZED SINGULAR VALUE
DECOMPOSITION GSVD

The diagnostic application of generalized SVD
[9], as far as for today, is not known at all. However,
it seems to be different from the ordinary SVD. This
is because we have not one but two symptom
observation matrices A and B. Let us assume we
have primary SOM, = A and auxiliary SOM, = B,
and we will try to align SVD decomposition to both
matrices, treating the first as primary SOM and the
second as auxiliary. Even so, the matrices may
differ, having different number of rows
(observations), but they must have the same number
of columns (symptoms).

Going to the definition of GSVD we have
following relationships [16].

If we define; gsvd(A,B) =[U,V,X,C,S],
than it gives the following decompositions of:

A=U*C*X", ®)
and ; B =V*S*X", 9)
with singular values diagonal matrix:
2 = C * g y ascending  ordered,
(10)
and additional identity relation:
C"*C+S8"*S=1I (11)

It maybe important to show, when the GSVD
becomes SVD, because we know already diagnostic
interpretation of the second decomposition.

We have from (9);
St v =X", (12)
Using it with the decomposition of 4 as in the

relations (8) one can get;

A=U*C*X"=U*C *S" V' *B=U*Z *V"*B .(13)
So, if the auxiliary matrix is the identity matrix, i. e.
B=1I,
we have the already known SVD, with the properties
shown in the paragraph of 2.1 above.

But using A4 as a self reference matrix, when
B=A, we obtain from (8) and (9) immediately,

A=U*C*X"=y*§*X", (14)

And it can be possible only if : C=S and U=V.

Finally, with this assumption we have:
T=C*S'=1 (14a)

Hence, if both matrices primary and auxiliary are
identical they singular vales obtained from GSVD
are all equal one! This means that using this property
we can investigate the similarity between two
SOMs, so between respective diagnosed objects.
From the other side we can investigate if there is
some possibility to learn, using already known
knowledge from one object to diagnose the other,
not known already.
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But before deep penetration of this possibility, let

us create the similar condition related (/ife)
quantities for both matrices SOM,4 and SOMp We
may try to obtain fault related discriminants from
GSVD in the same manner as in case of one SOM
used with usual SVD (see (4) and (5).
Several approaches to accomplish this task was
made, and one of the best which gives similar results
to the case of single SOM, (i.e B=I ) is proposed
here as below:

SD=A*X*S'=U*C*X" *Xx*§",

SDp=BX*S'=pxg=X"+ x5 (15)
and of course matrices have ascending column
norms, in contrary to ordinary SVD.

The above-proposed relations give sometimes
a little greater numeric results than for one SOM
case, but the qualitative life course of singular
vectors and symptom limit value S; is much similar.
Also this is in some agreement with information
contribution (a;) of the singular vectors v, , u;.

From the relation (13) it is seen that in a case
B # I all matrices of GSVD, that means U, 2, V,
must be aligned to the properties of 4 and B
symptom observation matrices. Hence, we can infer
that application of GSVD in diagnostic may be
interpreted also as some kind of learning process.
That mean for example that, based on previous
observation (auxiliary SOM =B) we are trying to
compare the current wear process observed by
primary SOM =A. That is we should look now for
some measures of similarity between matrices
A and B.

Having now the possibility of real application of
GSVD in condition monitoring let us look for the
help at the other branches of science, namely
bioinformatics, where one can find already the
application of GSVD [18]. Following this paper and
relation (10) with the additional condition of (14) we
can find, that for identical observation matrices A=B
all singular values of GSVD are equal unity; 2=C *
S =I.1If we interpret this as the tangent of the angle
a between two SOMs (4,B). So in the case of their
identity we have a,, = /4 =45°, and in all other cases
we will have some angular measure of similarity
differing from the angle 45° . Centering it to zero,
for the general case of similarity, we can write in
a matrix notation,

Z',,=C*S"I—I=tga; anda=arctg (2,) .

(16)

Once more, we may suppose from the above, that
if the defined measure is equal zero for a some
singular value o; of primary SOM it may mean that,
that the wear process associated with the given
singular value is similar as it was previously, for the
known already case of auxiliary SOM =B .

We can invent the other similarity measures.
Moreover, for the SOM identity case as in (14) we
have U = V, and the correlation coefficient
calculated between columns or rows is equal one.
So, for the general case of A, B matrices we can
define correlation coefficient between columns

(U, V) for the matrices defined by GSVD. Using the
commonly shared numbers of rows of both matrices
(observations) I=min(n,p) for a current life time
moment & one can write it in a Matlab® notation,
with some weighting matrix 2}

C., = corcoef(U(1:L: ),V(1:l,: )) *X (17)

In general, this means, that as for now we have
two independent measures of similarity between
primary and auxiliary SOM. The first measure (16),
shows the angles a; in the observation spaces (A, B),
between axes defined by matrices C and S of
GSVD.

The second measure (17) shows the same
similarity but seen here as the column by column
correlation coefficients of (U, V) matrices defined
by GSVD, and weighted by multiplication of
singular value matrix .. Such weighting gives much
better differentiation of values of similarity
measures for different objects.

There is another possibility of similarity measure
calculation, using the vector of singular values taken
from diagonal matrix 2 as in (10). Extracting its
diagonal, and treating it as the vector we will have it
in the form Sig=diag(2’ ). We know that in the case
of identity all singular vales are equal 1. So, it will
be good if we subtract this identity value from the
previous vector. Calculating now the norm of such
new vector and normalizing it to the not subtracted
value we can define the index of similarity of SOM
matrices in GSVD, as below

SI=1-(Sig-1)" *(Sig-1)/(Sig" * Sig) (18)

One can see from the above, that such similarity
index ranges from zero to unity, being one if both
matrices in GSVD are identical

We will see these possibilities of inferring from
the previous observations (auxiliary SOM) on the
examples below. This will indicate how these
measures of similarity of matrices A and B behaves,
and how sensitive they are to the abbreviated data in
a SOM, and to the data taken from the another
object.

4. COMPARATIVE PROPERTIES OF GSVD
IN CONDITION MONITORING, AND
POSSIBLE DIAGNOSTIC APPLICATION
AND MEANING OF GSVD

As we have mentioned earlier, generalized SVD
can use auxiliary diagnostic observation. So it is
possible to use another SOM obtained previously
from the same object, or from the similar diagnosed
object. This statement is by analogy to other
applications in computational biology [18], as for
the author knowledge, no condition monitoring
(CM) application is known to this date. Starting at
beginning let us take the simplest possible case of
the same object treated by specially elaborated
program written in Matlab® called gsvdavg.m. In
addition, we have shown earlier, that for the real
CM industrial data with some instability of
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Fig. 2. Industrial fan as an example of application of GSVD applied
to the same symptom observation matrix

symptom readings it is good to apply the moving
average operation (avg) for the primary SOM [14].
In the presented example here, we have taken the
huge industrial fan, which pumps the air to shaft of
the copper mine, and has been working 32 weeks
with one reading per week of the vibration symptom
vector (5 components). Fig. 2 present this example
elaborated by special GSVD program and
subdivided into the 8 pictures described below.

The first left top picture presents averaged
centered and normalized primary symptom
observation matrix. As it can be seen, the variability
of observed symptoms is not a great one, ranging
from zero up to + 1, although some of the symptom
life curve changes the sign of wvalues, their
oscillations is not a big one, as a result of an
introductory performed averaging operation (avg).
The same is shown on the top right picture for the
auxiliary B matrix, and as both were assumed
identical, it is the same picture as at the top left. The
next two pictures, the second row from the top,
present us the results of GSVD calculation, and here
we show only the biggest four generalized fault
symptoms F,(6), t=(1,4), calculated according to
formula (15). They are of course the same, due to
our identity assumption. The next row of pictures is
quite different, from the left one can see singular
values, and they are equal each other due to assumed
matrix identity. Further on the right picture presents
calculated symptom limit value S; , and one can

notice it seems to be quite good evolution of this
diagnostically important quantity.

The last row of pictures, at the left, shows the
same singular values as above but treated as the
tangent of the angle of similarity between the two
spaces of symptom observation matrices (16),
primary A and auxiliary B. And of course for the
identical matrices the a angle is equal zero. The
bottom right picture gives another measure of
similarity  (17), the transformed correlation
coefficient between generalized fault symptom of
primary and auxiliary matrices, multiplied
additionally by the respective part of singular value
(S matrix). This is in order to make the measure
more sensitive. Of course, for the case of identical
matrix this measure is also equal one for every
singular vale. Therefore, it seems to that in this way
as above, we can investigate the similarity between
two SOM, and to decide if the fault development
during the machine operation is the same as
previously or only slightly similar to the previous
case.

Knowing this let us take not identical SOMs but
similar one, like for example auxiliary SOM the
same as primary but with smallest number of rows.
For the good illustrative purposes it can be the same
SOM sierl, but with the smaller number of
observations. Fig. 3 illustrates this case, and the
organization and the meaning of the individual
pictures are the same as previously.
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Fig. 3. GSVD comparison of the same SOM’s but with the different number
of observations (the last sixth cancelled)

Comparing now Fig. 2 and 3 one can notice the
essential difference at the last two rows of pictures
only. That means, that GSVD singular values are not
identical, the value and the course of symptom limit
values S is also not the same. What is more, the
similarity measures at the last row of pictures are not
as previously, because the last two singular values
are not identical. We can infer that shorter SOM
produce such differentiation, although there is no
other difference, only in the number of the rows
(observations). Almost the same situation is
noticeable when we exchange the calculation
sequence of primary and auxiliary matrix. Above,
the first three singular values give the measures of
identity O (left picture) and 1 (right picture), and in
case of the matrix exchange the last three singular
values gives the sign of matrix identity.

Let us now pass to the diagnostic objects of the
same type but different copies of it. Fig. 4 present
the comparison of two different exemplars of
railroad diesel engines with the different primary
and auxiliary SOM. This gives of course the
difference in generalized symptoms (second row of
pictures), with the last two singular values
essentially different from zero. The angular measure
of similarity (picture bottom left) is spread here from
-50° to +50° degrees, giving no essential message to
us, but the correlation measure of similarity

indicates also one singular value close to unity
(picture bottom right). Finally, the course of
symptom limit value (picture second right) is
evolving gradually, and growing rapidly at the end
of the life of both systems.

Let as now compare another class of diagnosed
objects namely rolling bearings at durability-test
stand. Fig. 5 gives here the results of comparison in
the same way of pictures organization as before for
the diesel engines.

As one can notice from the first row of pictures
the durability (expected lifetime) of bearings is
different here, but the measured life curves are
similar, and the same can be said with respect of
generalized symptoms at the second row of pictures.
Again one can notice, that there is one singular value
essentially different in quantity from the others
(third row-left picture), and the symptom limit value
8; evolving gradually. The last row of pictures is
similar, like for the diesel engines, namely the
angular measure of similarity is spread from -50 to
+50 degrees, and correlation measure of similarity
indicates one singular value greater than 1. It may
mean that there is only one way of degradation,
common to both tested bearings. But if we reverse
the matrix order (primary-auxiliary) the last
indication on similarity changes a little giving one
singular values close to 1, and the second close to -1.
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Fig. 4. GSVD comparison of two different exemplars of the same diesel engines
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Fig. 5. GSVD similarity of rolling bearings at the durability test stand
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Altogether 10 ball bearings were tested at the
durability stand, and they damage advancement were
described by the same symptom observation vector
and SOM with different numbers of rows only. In
addition, in every case the measures of similarity
between bearings behave like on the last row of the
fig. 5. In particular, the angular measure of similarity
is spread —50 to + 50 degrees, and correlation
measure indicates all singular values close to zero
with the exception of the last one being close to
unity or much bigger.

Well, these are some introductory diagnostic
meaning and possible application of Generalized
SVD, and the question now remains, is that all what
can be done in condition monitoring? I am sure not,
we should investigate the other possible application
not only in condition monitoring but also in quality
monitoring and comparison, for example.

5. CONCLUSIONS AND FURTHER
PROBLEMS

As one can infer from the above consideration
and examples of application, there is some
possibility of GSVD application in machine
condition monitoring. This is based mainly on
looking at similarities in a machine wear processes
and symptoms of its condition. For this purpose,
several measure of similarity were defined and
calculated for the cases of examples taken from the
real monitored objects. There are some promising
results. However, it seems to be too early to
formulate some solid conclusions concerning GSVD
use in machine condition monitoring. Some more
approaches and trials seem to be needed to formulate
such conclusions.
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Summary
The paper shows the influence of the dynamics of the symptoms forming on the correctness of
generated diagnoses. There are given a few approaches that allow to take into account the
symptoms delays in the algorithms of diagnostic reasoning. Finally, there is presented the
algorithm of proper reasoning while the information about symptoms delays is omitted. Key issues
are illustrated with simple examples.

Keywords: fault isolation, diagnostics, dynamic systems.

PROBLEM UWZGLEDNIENIA DYNAMIKI POWSTAWANIA SYMPTOMOW
WE WNIOSKOWANIU DIAGNOSTYCZNYM

Streszczenie
W artykule rozwazany jest wplyw dynamiki powstawania symptomoéw na poprawnosé
formutowanej diagnozy. Zaprezentowanych jest kilka algorytmow pozwalajacych na
uwzglednienie opdznien symptoméw w procesie wnioskowania. Zaprezentowane sa takze
mechanizmy prawidlowego wnioskowania (pod wzglgdem formutowanych diagnoz) pomijajace
bezposrednio informacje o opdznieniach symptomow. Kluczowe zagadnienia zilustrowane sa na
prostym przyktadzie.

Stowa kluczowe: lokalizacja uszkodzen, diagnostyka, systemy dynamiczne.

1. PROBLEM FORMULATION

In most of the diagnostic strategies, to be able to
proceed with diagnosis, the mapping of the
diagnostic signal space (residual values) onto the
fault space is necessary. Different forms of this
representation are known [3, 4, 8]. Most of them
have static nature. However, the diagnosed
processes are dynamical systems. Therefore, from
the moment of fault occurrence to the moment when
one can obtain measurable symptoms the particular
time period elapses. In general, this time period is
different for each fault and each diagnostic signal
which detects that fault. Only after some period of
time all symptoms are observed. Just a few
approaches reference this problem [2].

The wrong diagnosis could be generated if one
didn’t take the dynamic of symptoms into
consideration. This is illustrated by the following
example.

Example 1. Let us consider the diagnostic binary
matrix presented in Fig. 1. Let us assume, that fault
3. occurred. It is detectable by diagnostic signals s,
s3 and s, Assume that symptoms arising times are
different for each diagnostics signal and equal
respectively: 6,=1, =2, 6;=4, 6,=6 [s]. Parallel
diagnostic reasoning runs as follows:

o Time 0-2 [s]: the fault is not detected.

SES fo s fi s Jo S s
1

S 1

s; 11 1 1 1

83 1 1 1 1

Sy /D 1 1

Fig. 1. Example of diagnostic binary matrix

o Time 2-4 [s]: achieved diagnostic signals -
S§={0,1,0,0}; diagnosis - DGN,_,/={fs}.

o Time 4-6 [s]: achieved diagnostic signals -
S§={0,1,1,0}; diagnosis - DGN,s={f3}.

o Time >6 [s]: achieved diagnostic signals -
S§={0,1,1,1}; diagnosis - DGNs={f3}.

Only diagnosis DGNg is proper and has final
nature. The earlier ones were false.

The following problems appears: How to take
into account the symptoms delays in the fault
isolation algorithms in order to eliminate possibility
of formulating false diagnosis? Is it possible to
develop faults isolation algorithm insensitive to
symptoms delays? The problems presented above are
the subject of this paper. Firstly, the formal description
of symptoms delays is introduced together with the
theoretical way of its calculation. Then, several
diagnostic reasoning strategies that take these delays
into account are presented. There are shown complex
as well as simplified approaches.
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2. SYMPTOMS DELAYS

The delays of symptoms forming depend on the
dynamic characteristic of the process, fault type
(abrupt, incipient), its time development
characteristic, the applied method and detection
algorithm parameters. It’s possible to calculate
analytically these times basing on the dynamic
description (e.g. transmittance) of the controlled part
of the process (where the fault is an input and the
process value is an output) and the transient
response of fault appearance. We make an
assumption that the limitation function parameters
are known and there is no influence of the
diagnostic test methods on the process operation.

The mathematical process description can be
achieved based on the equations describing the
physical effects taking place in the process. In this
case, it is necessary to treat all the possible faults as
separate inputs in the system of equations. After the
linearization at the operating point and applying
Laplace transformation one achieves linear model in
the form [3, 4, 8]:

y(s) = G(s)u(s) + G" (s)f(s) . (1)

Each constituent equation has the following
form:

y;($) =G (s)u(s) + G ()f(s) , )

while Gj(s) (j=1,...,J] — number of diagnostic signals)
denotes input-output transmittance:

G, i®=yi()/u,(s); p=1..,P, 3)

and G i(s) denotes the transmittance for each fault-
output couple:

GE,j(S):Yj(S)/fk(s); k=1..K. 4)

If there are no existing faults in the process, then
the following dependence is satisfied:

y;(8)=G;(s)u(s) =G} (5)f (s)=0. Q)

The residuals are calculated based on the
following equation called calculation form:

1,(5) = ¥;(5)~ G;(s)u(s) . ©)

Equation (7) (internal form) reflects general
relation between particular residual and faults:

r;(s) = G} (9)f(s) = -
= Gil (&)F; (). + G}:,k ()fy (s)... + GEK (s)fg (s).

If 1 is sensitive for fault f and no other faults are
present (f,,=0) then one achieves:

rJ(SL = Gﬁ’j(s)fk (s)f,=0m=12...,K, mzk. (8)
k

For so defined residual its time development
function is defined by the following relation:

r,(0)=2(GL(5)1,(5) ©)

The analytical calculation of the symptom

forming times is difficult in practice because it
requires the modeling of fault influence on
measurable outputs. The fault development function
as well as residual threshold value must be assumed
arbitrary. Because of modeling errors the precision
of analytical estimation of symptom times is poor.

In practice, based on the knowledge about the
process and detection algorithms, it is possible to
estimate symptom times by giving their minimum
and maximum values [4, 6]. Let us use the following
notation:

e 0'Y; — minimal time period from k" fault
occurrence to j" symptom appearance,

e 0%, - maximal time period from k" fault
occurrence to j" symptom appearance.

These parameter can be expressed in seconds or
dimensionless units equal multiple of the smallest
process value sampling time. They are assigned to
each ordered pair (fault, diagnostic signal) <f,s>
satisfying the relation S=F. The actual symptom
time belongs to interval < le,j ,Ozk,j >,

During process state monitoring the diagnose
should be formulated after all of the symptoms are
time invariant. The approach that takes into account
only the maximum symptom times Ozkﬁj allows to
avoid generating false diagnosis.

The problem can be additionally simplified, by
assigning the cumulative symptom time 6; to each
diagnostic signal [5, 7]. The cumulative symptom
time is defined as the maximum interval from the
appearing of any of the faults controlled by this test
to the moment when the symptom is detected:

0; = max{o?, bk : fy € Fs;). (10)

The use of cumulative symptom times simplifies
the way of describing the process dynamic
properties and, especially, the reasoning algorithm.
It is easier to define these parameters, however, it is
still not an easy task.

The use of cumulative symptoms times was
implemented in DTS and F-DTS methods presented
by Koscielny (1995). The full description of the
dynamic properties was applied in method
i-DTS [7].

3. DIAGNOSTIC REASONING TAKING INTO
ACCOUNT CUMULATIVE SYMPTOMS
TIMES

Presented below diagnostic reasoning is based on
the analysis of successive diagnostic signals and its
cumulative symptoms times 0; introduced in section 2.
The diagnosis is formulated in several steps, in which
the set of possible faults is gradually constrained [4]. In
the case of such reasoning (serial approach), the
diagnostic relation Rgg is defined by attributing to each
diagnostic signal the subset of faults detectable by this
signal:

F(s;) = {f; € F:f, Rpgs;} (11)
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The isolation procedure is started after the first
symptom is observed. Its occurrence indicates that
one of the fault from the set F(sy) of the faults
detectable by that diagnostic signal had arisen. Such
a subset of possible faults is indicated in the primary
diagnosis:

(t=t"YA(s, =) =DGN, =F' =F(s, =1). (12

The subset of diagnostic signals S' useful for
isolation of faults from the set F' is created:

SU=f,cSF AFs) 2. (13)

The values of the diagnostic signals from the set
S' are interpreted, step-by-step, according to the
sequence determined by the attributed symptoms
times. The j™ diagnostic signal is used under the
following condition that protects against formulating
false diagnosis:

(t—t')>0;. (14)

The time instants of consecutive diagnostic
signals interpretations are determined. They create
the following series:

0'<0?<.<0"<..<0P, (15)
where Gre{ej:sjesl}, while r defines the

sequence of analysis of the diagnostic signals from
the set S'.

Successively, in the time instant t=t'+0" for

r=1,...p, the values of particular diagnostic signals
are analyzed and the reduction of the set of possible
faults takes place. The process state z(fy) is
attributed to each of the faults f, from the set F. It is
defined in the following way:

(16)

(t,) 0 —the state without fault £},
Z =
: 1 — the state with fault f,

The “0” value of the diagnostic signal testifies,
that none of the faults controlled by that diagnostic
signal had occurred:

k:fk EF(Sj)

The “1” value testifies, that at least one of the
faults from the set F(s;) had occurred:

sj=le 4 z(fy)=l. (18)
k:fy €F(sj)

When single fault occurrence is assumed, the
following rules of reducing the set of possible faults
indicated in the consecutive steps of diagnosis
formulation are used:

e The value of ,,0” of the diagnostic signal causes
the reduction of the set of possible faults by the
faults detectable by that signal:

s;=0=DGN, =DGN, | ~DGN, ; nF(s;). (19)

o The value of ,,1” of the diagnostic signal causes
the reduction of the set of possible faults by the

faults undetectable by that signal. The new set of
possible faults is a product of past possible faults
and the set of faults detectable by that signal F(s;):

s;=1=DGN, =DGN,_| NF(s;).  (20)

During the diagnostic reasoning the preliminary
diagnosis is formulated after the first symptom is
observed and then constrained when further,
consecutive diagnostic signal values are taken into
account. Usually, there is no need to analyze all the
signals to be able to formulate the final diagnosis.
Such situation takes place when the diagnosis
consists of only one fault or the set of
indistinguishable faults.

Example 2. The serial reasoning in the case of

fault f5 appearance (example form Fig. 1) is show

below. The first observed symptom is s;=1. As
a result, the following sets are created.: the subset of
possible faults F'={f,.ffsfsfs} and the subset of
useful diagnostic signals: S'={5,,52,53,54}.

The time instants when the successive diagnostic
signals should be analyzed are determined:

0°=0,=1,0"=60,=4;, 6" =0, =6.

Then, in the following steps, the diagnosis is
constrained:

o t=t'+1;5, =0= DGN, = {f,,f;,f}
o t=t+4;5;=0=DGN; =f.

After the second step the process of diagnosing
is stopped. Finally, the same diagnosis as in the
case of parallel reasoning is assumed but it is
concluded basing on only three diagnostic signal
values after 4 seconds when the first symptom was

observed. The value of diagnostic signal s, was not
needed for final diagnosis formulation.

4. SYMPTOMS BASED REASONING

In the above described diagnostic reasoning
methods the information about the symptoms delays
was used to avoid formulating false diagnosis before
all the symptoms occur. However, achieving the
data concerning the times of symptoms arising is not
easy. The following question appears: Is it possible
to formulate proper diagnosis without taking into
account the symptom arise times? It is shown below,
that is it possible.

In the described reasoning rules the information
about the appearance of the particular symptoms, in
the predefined interval, as well as the lack of other
ones was used during diagnosis formulation. While
the symptom appearing is easy to observe, one must
wait for proper time period, when the symptom
should appear, to be able to take into account its
lack. It is possible to simplify the reasoning
procedure by taking into account only the observed
symptoms and rejecting the information carried out
by the lack of symptoms. It means the use of the rule
(18) and rejecting the rule (17). The set of possible
faults is reduced only according to the rule (20). The



34 ) DIAGNOSTYKA’ 3(47)/2008
KOSCIELNY, SYFERT, DZIEMBOWSKI, The Issue Of Symptoms Arising Delays During Diagnostic Reasoning

diagnosis, in each reasoning step, is proper and
points out such faults, for which the observed
symptoms are consistent with those ones defined in
the signatures. However, the fault isolability can be
lower.

Example 3. Let us assume, that the fault f,
appears (example form Fig.1). It is detected by the

symptom s,=1, so: t' =0
DGN, =F' = {f,f,,f,,f,,f,}, S' ={s,,5,,53,5,} .

The diagnosis is modified after each new
symptom appears. In this case, only one symptom
appears: s;=1. According to (20) one achieves:
s3=1=>DGN,={f5, f3}. It is a final diagnosis,
because none other symptoms will appear. In
comparison, the serial reasoning which takes into
account symptom times was finished after taking
into account the diagnostic signal s,=0, in time
moment t=t'+6. It leads to more precise diagnosis:
DGNZZﬁ.

One must also notice, that in the case of fault f;
considered in Example 2, the serial reasoning based
on symptoms is finalized in the first step:
s,=1= DGN,={f, f> f5 [fs} with the diagnosis that
pointing out four faults that are unisolable in
respect to only one observed symptom (so far).

5. DIAGNOSIS BASED ON THE SYMPTOMS
SEQUENCE

The sequence of symptoms arising is an
important information which is worth of using in the
diagnostic process. The different sequence of

symptoms  arising can allow to isolate
undistinguishable faults with identical fault
signatures.

The symptoms sequence for particular fault does
not depend on the fault time development
characteristic fi(t). Based on (9), assuming particular
form of a function fi(t) (e.g. step function) and the
threshold residual value it is possible to calculate the
time, after which the symptom of a k™ fault will
appear. Such calculations must be done for all the
residuals sensitive for k™ fault.

The sequence of symptoms forming can be done
by arranging the values of symptoms delays for
a particular fault in ascending order. Finally, the
signature of the symptoms forming sequence for
particular set of residuals for each fault is achieved:

SK(fy ) =< 8i,81m,8p e > (21)

The signature consists of the series of symptoms
s; for particular faults fi written down in the order of
appearing.

The different symptoms sequence can
characterize faults that are unisolable based on
binary diagnostics matrix (fault with the same
signatures). The symptoms are not isolable
(in respect to the relation Ry) based on symptoms

sequence if their sequence signatures (21) are
identical:

f R\ f, < SK(f,) = SK(f,) . (22)

In this case, the reasoning consists of comparing
registered symptom sequence with pattern ones
describing particular faults:

DGN = {f, :SK(f,) =SK} , (23)

where SK denotes currently registered symptoms
sequence.

It is sufficient to be able to isolate any pair
of faults for which the sequence of any pair of fault
symptoms is different:

SK(fy) =<sj,s, >, SK(f,,) =<sj,s, >. (24)

6. DIAGNOSTICS BASED ON
THE KNOWLEDGE ABOUT SYMPTOM
INTERVAL DELAYS

This section presents the fault isolation algorithm
that utilizes the knowledge about the diagnostic
relation and the values of the minimal and maximal
symptoms forming delays. It assumes single fault
scenarios, however, the multiple faults issue is also
addressed. The algorithm implements serial
diagnostic reasoning. The following notation is
used: DGN; — final diagnosis elaborated in '™ step
of reasoning; DGN*r, DGN**r — intermediate
diagnosis.

Three main stages of reasoning algorithm can be
distinguished: initialization, diagnosis specifying,
and final diagnosis formulation.

Initialisation of isolation procedure. The
isolation algorithm starts in the time t'=0 when the
first symptom s',=1 is observed (fault detection).
The following steps are conducted:

o Determining the set of possible faults.
The primary set of possible faults is determined
based on diagnostic relation. It consists of all the
faults, for which the diagnostic signal with the
observed symptom is sensitive for:

(sx =1) = DGNj = {f : [q(f,.sy) =11} (25)

where: DGN'; denotes temporary diagnosis,

elaborated under the condition of use of the first

1

diagnostic signal s,

but without taking into
account the intervals of symptoms delays;
q(fi, s')=1 denotes that diagnostic signal st
detects the fault fi according to the diagnostic
relation.

e Reduction of primary set of possible faults. Let us

and 9]2(,)(

for minimal and maximal periods from k™ fault

introduce the notations OL’X

occurring to the first, detected symptoms si =1

formulation, respectively. The faults, which
occurrence should cause another symptoms to be
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observed before the symptom s!

X

in respect
to known intervals of symptoms delays, are
eliminated from the set DGN(SL) :

DGN, = {f, e DGN; : \/ 07; <0} ,}, (26)

1
Sjisx

while DGN; denotes first, temporary diagnosis
elaborated while taking into account the intervals
of the symptoms delays.

o Determining the set of diagnostic signals useful
for further fault isolation in the following form:

S"={s;:F(s;)"DGN, # @} s} .  (27)

o Defining the intervals of symptoms possible
consecutive forming. Due to the fact that the real
time of fault occurring is unknown (only the time
of the first symptom detection is registered) the
time intervals of the appearing of the consecutive
symptoms of the diagnostic signals from the set
S* must be recalculated in respect to the moment
of the first symptom detection. Such calculations
must be conducted for the faults pointed out in
the diagnosis in the following way:

0 if 0, -0, <0

B}ﬂj Tal 2 kiJ ki (28)
0}~ 05, if0l; 07, >0

Bii =0k —Bix - (29)

The parameters sz,j for the faults f,e DGN; and
the diagnostic signals sjeS* are arranged in
ascending order.

Iterative diagnosis specifying. The second part
of the reasoning has iterative nature. The elaboration
of the following diagnosis takes place:

e after the detection of each, successive faults
symptom,

e cach time when the maximal period of the
symptom delay sz,j from the ordered series of
these parameters passes.

During this stage, the following steps are
conducted iteratively:

o The reduction of the set of possible faults based
o on diagnostics relation. If the symptom s;=1
(sjeS*) was detected in the proper period
of delays than the set of possible faults is
reduced according to formula:

(s =D A(s; €S)=DGN; =
= {f,, e DGN,_; :q(fy.,s;) =1 A (t [Py ;B ;1}

Such an operation is realised for all the faults
from the set f} € F(s;).

(30)

o The reduction of the set of possible faults based
on the analysis of delays interval. The faults,
which occurrence should cause another
symptoms s, =1 to be observed before the

currently observed symptom, in respect to the

known intervals of symptoms delays, can be
eliminated from the diagnosis elaborated
in previous step:

DGN," = {f, e DGN; :B;, <Bi;}  (31)

o The reduction of the set of possible faults after
the analysis of the maximal times of the
symptoms delays. The lack of symptom after

predefined time period, > f3; , allows for the

reduction of the set of possible faults due to the
formula:

(5;=0)A(s; €SHA(t>PF;) =

B (32)
DGN, = {f, e DGN"} - f,

The end of fault isolation. The algorithm stops
when all the diagnostic signals from the set S’ are
taken into account.

Taking into account the symptoms forming
delays can increase faults distinguishability
comparing with the diagnosis elaborated basing only
on binary diagnostic matrix. In some cases it reduces
the diagnosing time.

Example 4. On the base of binary diagnostic
matrix from Fig.1 faults f; and f5 as f; and f; are
undistinguishable. Let assume the symptoms delay
intervals for the first pair of undistinguishable faults
as follows:

[01,.07,1=[13], [01,,0{,1=[4,5],
[05,,02,1=[6.8],[0},.,02,1=[2.5].

This implicates that in case of f; fault the
symptom s;=1 always appears before the symptom
s,=1, whereas f; fault occurrence will cause reverse
sequence of the symptoms. It makes their unique
recognition possible.

Let us assume that delays intervals
for undistinguishable faults f; i f; are as follows:

[043.0251=[23], [0}4.,03,1=[45],
[073,673]1=[13], [67,4,67,1=[7.9].

Both faults results with the same symptoms
sequence but in spite of this they are distinguishable.
Maximal s,=1 symptom delay after s;=I symptom
for fy fault equals 5-2=3, whereas minimum time
interval between these symptoms for f; fault equals
7-3=4. Therefore if s,=1 symptom is delayed
relatively to s;=1 symptom less than 3 seconds that
this indicates f,, fault, if delay is bigger we are
inferring about f7 fault occurrence.

The algorithm has also limited ability to isolate
multiple faults. In general, if the new symptom
s; =1 is observed, and if it does not appeared in

the predefined period of symptoms delays in respect
to the first observed symptom, than the new fault
isolation thread is started. In that case it is assumed
that this symptom is caused by another fault than the
faults pointed out in the previous steps. In this case
it is sometimes possible to formulate final diagnosis
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about multiple faults if the proper sets of diagnostic
signals used in each isolation thread fulfill some
necessary conditions. The detailed description of
that problem is not in the scope of this paper. Some
information about creating fault isolation threads
can be found in [7].

7. FINAL REMARKS

The Section 3 presents the reasoning algorithm
that takes into account the simplified information
about symptoms delays and enables to elaborated
proper diagnosis for dynamic systems.

It was also shown, in Section 4, that one can
achieve proper diagnosis without taking directly into
account the information about symptom forming
times, however, it leads to lower fault isolability.

The knowledge about symptoms interval delays
enables, in many cases, to isolate the fault that are
unisolable based on binary diagnostic matrix.
However, to be able to determine the symptoms
intervals we need the residual equations in the inner
form or very precise expert knowledge. This is very
difficult to obtain in practice. Such algorithm with
detailed description was presented in Section 6.

The alternative approach was shown in Section
5. The knowledge about the sequence of symptoms
generation also enables, in many cases, to isolate the
fault that are unisolable based on binary diagnostic
matrix. It is easier to define such a sequence than
precise symptoms interval delays.
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Summary
As the number of sophisticated technical complexes with automatic control systems grows, the
number of embedded sensors increases. The specific scientific problems that emerge while
developing the sensors characterized by fault tolerance and long-term lifetime without
metrological maintenance are considered. The possible ways of solution of these problems are
outlined. The features of metrological diagnostics are demonstrated.

Keywords: automatic metrological diagnostics, sensor, fault tolerance.
AUTOMATYCZNA DIAGNOSTYKA METROLOGICZNA CZUINIKOW

Streszczenie
W miar¢ wzrostu liczby skomplikowanych technicznych komplekséw z automatycznymi
systemami sterowania zwigksza si¢ liczba wbudowanych czujnikéw. Rozpatrywane sg problemy
naukowo-techniczne zwiazane z konstrukcja czujnikow charakteryzujacych si¢ dlugim czasem
pracy bez obshugi metrologicznej i odpornoscia na uszkodzenia. Zostaly zarysowane drogi
rozwigzania tych probleméw i mozliwosci diagnostyki metrologiczne;j.

Stowa kluczowe: automatyczna diagnostyka metrologiczna, czujnik, odpornos¢ na bledy.

1. INTRODUCTION

Development of industrial equipment and
increasing number of sophisticated technical
complexes goes with complication of automatic
control systems (ACS) and with increase in the
number of in-built sensors. At the same time:

e participation of personnel in the equipment
control decreases;

e cexpenditures on metrological assurance of
ACS grows;

e intervals between scheduled outages become
longer;

e probability that invalid information can pass to
ACS increases;

o risk of accident or failure grows.

More and more, trouble-free operation and
production quality depend on sensor condition.

In many cases in order to carry out metrological
assurance procedures such as calibration or
verification (hereinafter referred to as calibration), it
is necessary to interfere in a technological process.
Meanwhile, the experience shows that calibration
does not ensure the sufficient credibility of
measurements over calibration period.

In current situation, modern technological
processes require industrial sensors which are
expected to provide many years of operation without
metrological maintenance while ensuring a high
level of confidence in their measurement data [1].

First of all, such sensors are necessary for
technical systems with long-term technological
cycle. However, in the near future, the other high
duty objects including transport equipment, power
units, etc., will need the sensors with enhanced
metrological reliability. Moreover, the development
of diagnostic systems depends, to a great extent, on
the possibilities of their application.

The distinctive features of such sensors are:

e specified lifetime of many years without
metrological maintenance (the lifetime should be
proved experimentally);

e ability to self-diagnosing and revealing the
growing uncertainty;

e the ability of a sensor to keep the measurement
uncertainty for the most of single sensor defects
within an enlarged, but permissible, range as
defined by the user (fault tolerance), as well as to
correct the uncertainty automatically (in
a number of cases).

The set of these features affords ground for
considering the corresponding sensors  as
“intelligent” [2].

2. ABOUT ASSESSMENT OF QUALITY OF
SENSORS INTENDED FOR LONG-TERM
OPERATION

The first problem the solution of which
predetermines the possibility of intelligent sensors
development is elaboration of the methods for
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sensors quality control with respect to their design
and technology, taking into account the long-term
lifetime. There is no point in complicating sensors
by introduction of the diagnostic features if the
sensors fail in a short period. Customers need to
know the estimate of the sensor lifetime 7 during
which the sensor uncertainty is kept within the
specified limits. This value is equal to the sensor
calibration interval. We could not find any special
requirements for quality check of the sensors with
a specified long-term lifetime neither in current
standards, nor in any guides, including ISO
documents.

Fridman in [3] proved that it is inexpedient to
apply fundamental assumptions of the classical
reliability theory (independence of failure rates and
failure rate stability) to measuring instruments.
Therefore, the lifetime estimation should be based
on certification tests.

Taking economical reasons into account, sensor
lifetime tests should be chosen at least 50 — 150
times shorter than the planned sensor lifetime
without maintenance, while the number of tested
sensors should be minimal. Test influencing factor
values are limited: they are to be within the limits
which provide that the sensor degradation
mechanisms under test conditions and during actual
operation are adequate. The plan of the certification
tests should take the sensor design, technology and
operation conditions into consideration.

Taking into account [4], in order to evaluate 7, it
is possible to recommend a technique which
includes: determination of influencing factors that
characterize sensor operating conditions; study of
degradation processes; detection of probable reasons
for the uncertainty increase; ranging of the

uncertainty  components according to their
contribution;  after  that, certification tests
themselves.

For the certification tests plan, one should
choose only those influencing factors that give rise
to the most “dangerous” (significant) uncertainty
components of the sensor, i.e. predominant
components or those tending to rise quickly.

Estimate of T can be obtained by processing the
results of complex tests consisted of a simulation
test and accelerated test.

In simulation test, harsh operation conditions
that may take place during operation are simulated.
At the stage of the accelerated test, it is expedient to
expose the sensors to influencing factors by equal
cycles. One cycle may include exposure to one or
several factors, e.g. vibration and temperature of
a maximum permissible level [5].

Stability of sensor manufacturing technology
should be proved by periodic and extraordinary (in
case of modification of the sensor design or
technology) tests. For these tests, the cycles like
those that were chosen for the accelerated test can be

applied [6].

At present, approaches for the plan of the tests to
evaluate 7 are different in different companies.
Therefore, the results of T evaluation can be
different. In order to obtain comparable results, it is
necessary to work out international guides that will
include corresponding test procedures. Before the
necessary documents become operational, it is
expedient to specify the test procedure on the basis
of which the lifetime of sensors would be assigned.

3. METHODS OF AUTOMATIC
DIAGNOSTICS OF SENSORS

In general, there are the following differences
between metrological diagnostics and conventional
procedures of metrological assurance of sensors:

e the value estimated in diagnostic procedure is the
parameter defined by a set of uncertainty
components (not the overall instrumental
uncertainty);

e diagnostics conditions are identical with the
technological process conditions (not the
reference conditions);

e the sensor diagnosed remains in-situ (not in
a calibration laboratory);

e metrological diagnostics envisage on-line
method which does not require interruption of
technological parameter measurements, while the
conventional procedures are out-of-process
methods.

The first way of organizing the metrological
diagnostics is integration of sensors in a system with
common diagnostic means. This system can be
organized by several methods.

The most wide-spread method is application of
a number of identical sensors and comparison of
their output signals [7].

However, for mass-produced sensors of the same
type, a drift of metrological parameters in the same
direction and with a close speed is the most probable
[2, 8]. If integration of such sensors is used, this
drift cannot be revealed. The drawback is also in the
necessity to place several (e.g., three) sensors in the
equipment, which, in many cases, is impermissible
by an argument of engineering limitations.

The second method implies integration of
sensors  that measure  various  quantities
characterizing physical field parameters that
correlate between each other.

The drawbacks of this method are:

e presence of the uncertainty components due to
the diagnostic method, which depends on the
accuracy of  relationship  between  the
measurements,

e necessity to apply more accurate sensors.

The third method involves application of a more
accurate sensor in addition to other sensors.

However, in order to organize the effective
diagnostics using this method, it is necessary to set
a stationary state of technological equipment, on one
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hand, and on the other hand, to keep

a comparatively short calibration interval for the

most accurate sensor of the system.

Nevertheless, in a number of cases, metrological
diagnostics of mass-produced sensors by their
integration in a system ensures a higher confidence
in measurements.

The other way is development of sensors with
the in- built capability of self-checking [2].

There are two different ways of realization of
this function. The first consists in embedding
a reference standard (a reference measure or
additional sensor, which is more accurate than the
sensor under check) in the equipment and
comparing output signals of the reference standard
and checked sensor. The second way is associated
with sensor intellectualization. It consists in
comparison of several signals or parameters, which
are close in accuracy, i.e. metrologically equivalent.
We call the latter method metrological diagnostic
check (MDC) [1, 2, 5].

If the metrological self-check is accompanied by
a quantitative evaluation of measurement quality, it
is usually called self-validation [9].

Development of the intelligent sensor requires
a deep metrological investigation to be carried out.
This investigation should result in determination of
the limited number of the most dangerous
uncertainty components and formation of the
required dependence of diagnostic parameters on
influencing factors. The distinguishing features of
sensors capable of performing the metrological
diagnostic checking are presence of:

e structural and/or information redundancy which
afford ground for obtaining an additional signal
regarding ambient conditions and/or sensor
“health”,

e microprocessor that provides processing of
measurement and diagnostic data.

Metrological diagnostics allows to determine
whether the sensor uncertainty is being kept within
the specified limits. If the uncertainty exceeds the
specified limits, it is possible to diagnose the
uncertainty variation specifics and to localize
a defect.

As a rule, on the basis of metrological self-
diagnostics, the specified calibration interval can be
considerably increased in comparison with its value
which can be set on the basis of conventional
method of metrological assurance.

The method requires the sensor sensitivity to be
higher than it is required for usual measurements in
the technological process. However, fulfilling this
requirement, as a rule, does not cause serious
difficulties.

The efficiency of the method is proved by the
measuring and diagnostic system with an eddy
current sensor of the DPL-KV type (MS). The MS
was developed at the VNIIM [10] in order to apply
it in the linear stepping drive that move a control rod

in the WWER-1000 nuclear reactor. The sensor of
the MS realizes a combinatory code chain. Besides
measuring the control rod position, the MS performs
metrological and technical diagnostics of the sensor
and microprocessor unit. The MDC generally
consists in comparison between:

e the code combinations identified and the code
combinations specified,;

e the code combinations related to consequent
control rod positions and the specified code
combinations;

o the control rod position and the number of steps
made by the rod.

In various countries, new self-diagnosing, self-
checking, or self-validating devices have been
developed, for example [11-20]. Since recently,
along with conventional devices, a number of
companies have started mass-production of
measuring  instruments which can perform
metrological self-diagnostics. Such instruments are
double thermocouples or resistance thermometers in
the same housing, a temperature transmitter which
can accept 2 independent temperature sensor inputs
(either Pt100 or thermocouples), as well as self-
diagnosing electromagnetic and ultrasonic flow
meters.

Some metrological self-check modes (under
various names) have been used in industry for many
years. The first national regulations [21, 22] were
published in Russia (1989) and the UK (2001).
Their main statements were developed in new
documents [23-25]. Attempts to systematize such
methods were made, for instance, in [9, 26-28].

4. SELF-CORRECTION AND FAULT
TOLERANCE

The capability of self-diagnostics which is the
inherent feature of the intelligent sensor allows to
increase metrological reliability significantly by the
application of measures of active character. These
measures are aimed at self-correction of the external
influences and ageing of components as well as at
the support of fault tolerance.

Structural and Information redundancy of sensor
as well as computer technology afford ground for
these measures.

The simplest example for self-correction in the
presence of transient errors is frequency filtration or
time filtration. In order to apply such a correction, it
is sufficient to use a priori information on the
parameters of a signal coming from the sensor and
on the specified limits of the signal.

If a fault occurs, the intelligent sensor shell:

e register the fact of fault,

e inform the human operator that the measurement
reliability decreased,

e correct the measurement result and continue
operating.
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An example of how the sensor fault tolerance is
assured is the MS [10] mentioned above. The sensor
of the MS contains a set of inductance coils. If
a fault occurs, e.g. any signal wire breaks or any coil
fails, the sensor is keeping operation.

In the most part of the position range, due to
incorporating a redundant number of coils into the
sensor (in comparison with minimally needed), the
code combination is distorted, but it keeps
information regarding the control rod position. In
addition, the position of the rod can be corrected on
the basis of the known number of steps made by the
rod from the nearest position that was reliably
measured.

In many cases, it is not possible to obtain
a quantitative estimation of the uncertainty. For
a considerable part of applications, it is expedient to
estimate the quality of measurement results using
measurement value status (MVS) [9]. In [9] the
following status values were recommended: secure,
clear, blurred, dazzled, and blind.

In the joint paper of Oxford and St.Petersburg
scientists [29] a comprehensive justification of the
necessity to introduce the measurement value status
was given and some details were proposed. It was
noted that the number of status states should depend
on the number of human operator’s actions required
in response to information about the measurement
value status. The number of MVS states is
comparatively small:

A) Firm confidence, that a measurement value is
reliable, corroborated by an additional
information source, i.e. it is based on redundant
information. The sensors are fault-free.

B) Assumption that a measurement value is reliable,
but there is no corroboration from any additional
information sources.

C) Understanding that measurement confidence has
been decreased due to some fault. Measurement
value was corrected for this fault condition, but
the wuncertainty is not too great. The
measurement confidence is sufficient to get
operator's bearings in the technological process
and technological equipment condition.

D) Conception that measurements are not reliable
for a short period of time. This relates to carrying
out a special test, technological operation, or
data filtration. In such a situation the
measurement values are projected from the past
history.

E) Confidence that measurement values are not
reliable. This situation obliges, if necessary, to
stop the technological process. If the substituted
data concerning the measurements are available,
step must be taken to move the process away
from any critical technological constraints.

5. CONCLUSION

In order to provide reliable functioning of
sophisticated technical complexes with automatic
control systems, besides technical diagnostics of the
equipment, it is necessary to apply high-reliability
sensors. They must provide long-term operation and
realization of automatic metrological diagnostics.

Development of such sensors should go with
development of specific methods for assessment of
quality of sensors in respect of their design and
technology. Automatic diagnostics should be
provided on the basis of structural and/or
information redundancy and computer technologies.

Success in developing such sensors depends, to
a great extent, on elaboration of international
regulatory documents which can establish the
requirements for sensors characterized by long- term
lifetime.
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Summary
In the paper eight channel acoustic emission (AE) device for selection, recording and
processing signals of AE intended for use in the sphere of non-destructive testing of materials,
products and structures of various forms and functional applications is described. The device is
designed using a wide range of SMD elements and is adapted to work with Windows family
operating systems. Specially developed software realizes functions of input data processing and its
visualization, determination of defect position and storing the obtained results into computer

memory.

The above-listed characteristics as well as high rate of data exchange between the device and
PC (12 Mbit/s), enables to work in real-time mode, and efficient software allow to compete with
developments of such world leading manufacturers as PAC, Vallen Systeme, Interunis etc.

Keywords: acoustic emission, destruction, non-destructive testing, technical diagnostics.

1. TOPICALITY OF PROBLEM

Presently in most production spheres new
materials and technologies are launched, experience
of using which under conditions of intensive strain
and activity of aggressive working environment is
insufficient. Therefore the objects using new
materials or technologies need to be monitored to
provide their reliable maintenance. With this
purpose new progressive methods and means of
diagnosing firmness and durability of the mentioned
items, constructions and buildings are used.

Analysis of reasons for construction materials
fail, which are widely used in mechanical and power
engineering, pipeline transport, aircraft building,
chemical and oil industry etc. showed that in the
majority of cases it is the result of initiation and
development of crack-like defects [1, 2]. Therefore
the research of these processes has become a topical
task.

Experience of the last decades proved great
potential possibilities of the acoustic emission (AE)
method. Its application is especially relevant under
conditions when visual control is impossible or
access to the object under control is complicated [3].
Distance control, high sensitivity, possibility of
remote defect detection, which considerably exceed
their sizes, possibility to obtain information
regardless of form and sizes of the object under
control, recording real time destruction development
etc. are the advantages that have put the method of
AE in a leading place among the known perspective
methods of non-destructive testing (NT) [4].

For its successful implementation new effective
portable devices based on modern achievements of
electronics have to be developed.

2. STATE OF PROBLEM

If all the developments of AE devices known in
literature are generalized, they can be classified into
the following groups: for complex researches,
specific purpose, for control over the state of large-
sized objects and portable one- and multichannel
ones.

Facilities for complex researches are intended for
the reception of AE signals during defect
development, which initiate in materials, wares and
constructions. Equipped, as a rule, by devices are
able to distinguish the signals from background
noises and hindrances, they allow to estimate
various parameters of AE signals and determine the
state of the object under control.

Facilities for the specific purpose are developed
mostly to solve particular NT tasks: to reject as
defective wares during their mechanical testing; to
record by AE signals the moment of initiation in
construction machine-building materials the tensions
which correspond to the physical limit of fluidity; to
estimate plastic volume of material; to research the
phenomenon of corrosion under tension; to record
and analyze AE signals during the friction of solids
ete.

Facilities of large-sized objects AE control allow
determining the location of developing defects.
Knowledge of coordinates of AE sources allows
estimating distribution of defects within control area
and taking into account power parameters of the
radiation to estimate the level of damage risk. Such
AE systems serve to reveal danger of initiation and
accumulation of defects, location of AE sources and
as preventive control systems for emergency
situations of responsible buildings.

When testing the state of overall objects of
complicated configuration, the determination of
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coordinates or areas of emission sources location is
performed using various methods. The most
widespread is the method of calculating coordinates
by means of triangulate calculations and area
method of locating AE sources. Both are based on
registering the difference in arrival times of AE
signals perceived by the group of primary
transformers.

Purpose of work — to develop and do
experimental approbation of the portable eight-
channel acoustic emission device.

3. DESCRIPTIONS AND BASIC ADVANTAGES

Eight channel acoustic emission (AE) device for
selection, recording and processing signals of AE is
intended for use in the sphere of non-destructive
testing of materials, products and structures of
various forms and functional applications. The
device is designed using a wide range of SMD
elements and is adapted to work with Windows
family operating systems. Specially developed
software realizes functions of input data processing
and its visualization, defect location and storing the
obtained results into computer memory.

The above-listed characteristics as well as high
rate of data exchange between the device and PC
(12 Mbit/s), enabling to work in real-time mode, and
efficient software allow to compete with
developments of such world leading manufacturers
as PAC, Vallen Systeme, Interunis etc.

In comparison with developments of world-
famous manufacturers the designed device has
a number of advantages:
= portability allows the device to be used not only

in field conditions of inspected objects

diagnosing but also in hard-to-reach, high-
altitude and other difficult conditions;

= self-contained power supply enables to use the
device under conditions of limited or unavailable
network power supply;

= supply current 120 mA;

= gsensitivity to tested surface displacement
10410 m;

= USB interface connection provides high rate of
data exchange between the device and a PC;

= programmed control capabilities: choice of
number of working channels, variability of
sampling duration etc.

* inaccuracy in determination of AE source
location depending on inspected object testing
conditions does not exceed 10 %;

= user-friendly software interface together with
convenient help system allow users to quickly
acquire skills of working with the device;

= overall dimensions: 370x256x30 mm, weight —
2,1 kg;

= compactness and good constructional solution of
the device conduce to easy and convenient
transportation;

= the price of the device is significantly lower in
comparison with similar AE equipment of this
class of other well-known manufacturers.

4. CONDUCTING EXPERIMENTAL
RESEARCHES

An approbation of the device when monitoring
the state of several bridges, overpasses, tunnel
transitions etc. was conducted, that is represented in
proper publications and acts of NT applied methods
implementation (fig. 1).

o
Fig. 1. Application of the developed AE system
when diagnosing heat-and-power engineering
equipment (a) and bridge transition (b)

5. AREA OF APPLICATION

The device can be used for monitoring and
technical diagnostics of long-term operation objects:
= bridges;
tanks, pressure vessels;
pipelines;
elements of bridge, frame and tower cranes;
port lift-and-carry mechanisms;
other components and mechanisms,
as well as in laboratories for fundamental and
applied researches of structural materials:
= static and cyclic crack growth resistance;
= creeping, plastic deformation;
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nucleation and propagation of cold - and
autocracks while welding;

threshold value of stress intensity factor for
hydrogen-induced and stress corrosion cracking
of materials;

composites research etc.
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Summary

A few systems, such as steering, brakes or suspension, critically affect the vehicle’s safety. In
light of this, it is necessary to check these elements up to a certain age in order to maintain the
vehicle in optimal safety conditions. This study is part of a project about effectiveness of Periodic
Motor Vehicle Inspections (PMVI), in order to suggest metodologies, instruments and criterions to
inspect the vehicle’s safety. It’s well known the relationship between steering geometries and the
force in contact patch. The measurement of these geometries is important to evaluate the vehicle

dynamic performance.

The main objective is to evaluate the steering inspection method at low speed, current rejection
criteria in order to analyze the effect of these results in vehicle’s safety behaviour in real dynamic
conditions. The angle that has more influence on the PMVI inspection is the toe angle, being this
one the principal parameter of analysis. Experimental force in contact patch with dynamometer
plate and simulation results with CarSimTM have been carried out in order to validate the
methodology of steering inspection and to check the information obtained in these tests.

Keywords: Vehicle’s safety, steering inspection, dynamometer plate, lateral tyre force, PMVIL

1. INTRODUCTION

The recent need to increase vehicle safety leads
to study every one of the parameters that influence
traffic accidents. Different authors such as Van
Schoor, 2001 [17], or G. Rechnitzer, 2000 [13], have
investigated PMVI influence on traffic safety,
concluding that vehicle defects are a contributing
factor over 6% of crashes.

Nowadays, PMVI analyses the vehicles steering
system. Several studies show that steering
disalignment could be an important factor in traffic
accidents. However, very little statistics are
available. It is very complicated to check that an
accident has been produced by steering disalignment
and generally other factors influence the accident.

International ~ Motor  Vehicle  Inspection
Committee (CITA) does not establish a reject value
for the steering inspection by means of standard
alignment plate. Moreover, spanish PMVI program
establishes steering disalignment, measured by
standard alignment plate, as a minor defect and no
vehicle is rejected by this measure. In this article the
need of measuring effectively the steering condition
is presented, therefore, in order to solve this problem
the dynamometer plate is proposed [1, 5].

A dynamometer plate has been used to carry out
this investigation, because it allows measuring in the
contact patch the force in the three spatial directions.
Therefore, not only the lateral deviation will be
obtained by means of the lateral force, as carried out
in PMVI, but also the longitudinal and vertical force.
In addition, to characterise the vehicle steering
system in different dynamic situations, simulations

have been carried out by means of CarSim™, a well
known simulation tool [2].

The main objective of this study is to evaluate
the steering inspection method at low speed, current
rejection criteria in order to analyze the effect of
these results in vehicle’s safety behaviour in real
dynamic conditions. The angle which has more
influence on the PMVI inspection is the foe angle
(toe describes the angle between the tire's centerline
and the vehicle’s longitudinal plane), being this one
the principal parameter of analysis in this study.
Therefore, not only the available adherence in the
contact tyre-road for different toe angles will be
investigated [3], but also the consequences over the
final steering characteristics of the vehicle [18].

2. THEORETICAL ANALYSIS

Driving dynamics deal with the mechanical laws
that govern a vehicle’s motion with respect to the
vehicle’s properties and the ones of the road. The
description of the vehicle performance is very
complex and mathematical models are required for
the design and construction of the vehicles
themselves [2, 3, 4, 11, 12].

For instance, the forces acting in the contact area
between the tyre and the road are the longitudinal or
tangential force and the lateral or side force. The
longitudinal force in a straight path causes a driving
tractive or braking movement. During cornering, the
front wheels are at an angle to the longitudinal axis
of the vehicle, thereby causing the development of
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a lateral force F that is responsible of lateral or

side friction f, defined as:

=k (1)
=%

where () is the weight vertical force on the wheel.

When both the radial and longitudinal forces are
present, the resultant force should not exceed an
upper limit that could lead to the vehicle sliding off
the road.

Fimax

Driving

%

Braking

Fig. 1. Ellipse of adhesion limits, Kiencke U.
and Nielsen L., 2000 [9]

In order to provide a safe and accurate
directional control, the steering and suspension
design on the front axle of the vehicle has lead to
sophisticated steering geometries where the wheel
alignment is governed by the following inclination
angles which play an important role in the vehicle
dynamic performance: camber, toe, caster and
steering axis angle or kingpin [8, 14].

2.1. Cornering performance

When a vehicle supports a certain lateral load
(wind, centrifugal force, etc.) a force is generated in
the tyre contact to counteract that effect. The tyre
ability to generate the needed forces so as to follow
the correct path is very important, as it allows
evaluating the safety vehicle condition. Therefore,
the forces generated in the contact patch depend on
the steering angles, and this relationship is the one
analysed in this investigation. It has been considered
as a reference case that, in which the vehicle follows
a circular path and it is subjected to a centrifugal
force [8,16].

For low values of the steering angles (the bend
radius is much bigger than the vehicle wheelbase)
and if the centrifugal force is applied in
a perpendicular direction to the vehicle longitudinal
plane the lateral forces on the front tyres Fyq and on
the rear tyres Fy, are:

Fig. 2. Two axles vehicle model

VZ
FdeZPdg—R (2)

VZ

,=2p,
Form PR )

Taking into account that a = F\/K,, where K, is
the cornering stiffness of one wheel, substituting in
Eq. (2) and Eq. (3), and considering that both wheels
of the same axle have two times the stiffness of one
of them:

Fa V: Pa
Y 4
! ZKad gR Kad ()
g VP
" 2Ku gRKu ®)

These equations for the slip angles for the front
and rear axle can be introduced in Eq. (6), obtaining

Eq. (7):

L
5'ad+at:E (6)
2
s-L (P. PV
R Kad Kat gR (7)
or:
L v’
0=—+Ky— 8
z "ok ®
Ps P
K = -
' Kad Kal (9)

Ky, is the understeer increment and its value is
of great importance to analyse the vehicle steering
performance. The vehicle cornering performance is
measured by the understeer increment sign. From Eq.
(8) it is obtained the the steering angle required for
a constant radius turn varies with the speed, or it will
be independent, depending on the sign of K. Thus,
a vehicle can be neutral steer, understeer or
oversteer. Considering R = cte:
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Neutral steer: Understeer: Oversteer:
Ky=0 Ky>0 Ky<0
(independant of /) (6 decreases when V' (6 decreases when V'
decreases) increases)
L L v’ L v’
o=— S=—+Ky— O=—-|Kvl—
R R gR R gR

Calculating K, allows knowing the wvehicle
cornering performance. It is important to highlight
that usually vehicles are designed neutral or
understeer, due to the fact that in an oversteer
vehicle the guidance angle will become negative for
a certain value of V, called the critical speed (view
Eq. (10)). From this point on, the steering wheel will
have to be rotated in the opposite direction to the
vehicle turning and the wvehicle will become
unstable.

gL
| Kyl

Vcri = (10)

3. EXPERIMENTAL ANALYSIS

In this study a dynamometer plate has been used
to obtain the instantaneous force and momentums
values in the contact patch.

The experimental data obtained by means of
dynamometer plate has been registered in PMVI test
conditions: a vehicle cross over the dynamometer
plate at low speed (1-5 Km/h). It’s important to
emphasize that the forces measured in this speed
range have a very little variations (less than 2 %),
therefore the dynamometer plate shows a great
robustness for speed variations in the considered
speed range.
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Fig. 3. Force measurement in contact patch (PMVI
conditions).

A dynamometer plate consists of a metallic plate
supported by eight load cells that measure the forces
in the vertical direction and in the contact patch

(longitudinal and lateral forces). The dynamometer
plate allows a complete force and momentum
measurement which is essential to obtain an
objective reject value, whereas the standard plate, by
itself, does not provide it. The standard plate does
not register the vertical force which is a fundamental
parameter to be taken into account.

The fig. 3 shows the force mesurement in this
test, when the vehicle cross over the dynamometer
plate. The results of the same test for different toe
angles are depicted in fig. 4.
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Fig. 4. Lateral forces variation obtained in diferents
test for nine different toes angles (PMVI conditions).

The data obtained by means of dynamometer
plate has been completed with other experimental
results for diferent vertical loads and slips [18].
These measures have been obtained by means of
dynamometer drum and trailer.

The input parameters of the simulation
application are the measurements obtained by mean
of the dinamometer plate, dynamometer drum and
trailer.

Fig. 5 shows the experimental data of the lateral
tire force in contact patch that was introduced in
simulation tool CarSim™. Similar data about
longitudinal tire force and aligning moment have
been introduced.

Fig. 5. Experimental three-dimensional graphics of
the relationship between longitudinal tire force and
slip ratio for diferent vertical loads.
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4. SIMULATION PROGRAM

An existing simulation program CarSim™ [10],
[15] was used for this particular study. The program
is a vehicle industry standard, specifically developed
for simulating the dynamics of vehicles with tires. It
shows how vehicles respond dynamically to inputs
from the driver and the immediate environment
(road and wind).

It produces the same kind of outputs that might
be measured with physical tests involving
instrumented vehicles. The program is based in part
on technologies developed by the University of
Michigan Transportation Research Institute.

The model of a vehicle is built up by using
different components that are mathematically
described by mass and inertias. The movements of
the different components are restricted relative to
each other by connection elements (ball joints, links
and swing axels) which are also described
mathematically. Force elements as coil springs, anti-
roll bar, and dampers are placed between the
components. The force characteristics of these
elements may be nonlinear. A tire model based on
Pacejka 5.2 [12] version of the Magic Formula is
usually used by the program to simulate the
behaviour of the tire. In this study the experimental
measurements have been used in order to achieve
the desired accuracy, so that safety conditions due to
steering geometry are correctly evaluated.

The input to the system consists of a path that the
vehicle has to cross at a certain speed. Other inputs
are external forces acting on the vehicle (wind
forces), the steering angle of the wheel, torque on
the driver wheel and road excitation. For the
simulation of the transition closed loop handling test
(double lane change), it is necessary to use a driver
model that steers the vehicle along the prescribed
path.

Outputs of the simulation program, which can be
extracted against time or other variable, include over
500 parameters as:

o Displacement, velocity and acceleration in any of
the six degrees of freedom of the sprung mass.

e Tire force and moments.

o Spring and damping forces and displacements.

5. VEHICLE CHARACTERISTICS

A typical model for a small class European
vehicle has been used for the purpose of this study.
The main vehicle parameters which have been used
are listed in Table 1. The rest of parameters that are
not listed in Table 1 have less influence on side
behaviour and medium values obtained from
CarSim™ database have been used.

The steer due to the steering system is obtained
by combining the steering wheel control with
nominal gear ratio, while nonlinear tables combines

the geared-down steering wheel angle to the road
steer angle, with Ackerman and others effects.

An important item to take into account is the
performance of the tire. Parameters from a 175/65
R14 tire have also been used.

Table 1. Vehicle characteristics summary.

Item Unit Value
Wheelbase m 2.49
Front Track m 1.47
Rear Track m 1.445

Total Weight N 11368
Front Weight N 6595.4
Rear Weight N 4772.6
Height of centre gravity m 0.54
Front Sprung mass kg 603
Rear Sprung mass kg 387
Front Unsprung mass kg 70
Rear Unsprung mass kg 100
Roll inertia (Ixx) kg'm® 288.0
Pitch inertia (Iyy) kgm’ 1152.0
Yaw inertia (Izz) kg'm® 1152.0
Total length m 3.925

Width m 1.68

Height m 1.545

Tires 195/60 R15

6. TEST CONDITIONS

In order to evaluate the influence of wheel
alignement (front axel) on handling characteristics
of the vehicle, a double lane change manoeuvre has
been tested. Three vehicle conditions have been
compared:

Vehicle Condition A - (Toe angle = 0°) Usual

design specification.

Vehicle Condition B = (Toe angle = 2°) Bad

condition.

Vehicle Condition C - (Toe angle = 4°) Very

bad condition.

The double lane change (DLC) is a well-known
and commonly used test that has been prescribed in
a concept standard ISO TR-3888-1 [7]. This test
allows for the evaluation and comparison of the
handling characteristics of vehicles through some
objective parameters such as roll angle, roll rate,
yaw rate, lateral acceleration (a,) and the Dynamic
Stability Index (DSI) [6].

Double lane change tests are implemented with
a transition length of 35 m and a width of 3.5 m,
following the path illustrated in fig. 5. Tests have
been done following the suggestion of the standard
ISO TR-3888-1 [7], which involves beginning at 40,
60, 80 km/h and increasing the speed until the
vehicle fails the test.
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The article simulations have been carried out at
60 km/h.

3mm

Fig. 6. Asymptotic driving course for a DLC test.

Stationary tests have also been considered to
study the vehicle steering characteristics [16]. These
tests allow obtaining the cornering stiffness, K,, and
how it changes when dynamic conditions are also
altered, as well as its relationship with the toe angle.
The proposed tests are detailed below:

- Constant radius tests: During this test the vehicle
travels along a constant radius turn, at different
speeds, measuring either the speed or the lateral
acceleration a, = V?/R, and controlling the
steering angle by means of the steering wheel
angle Jy, which allows knowing the wheel
steering, allowing us to characterise the
cornering stiffness as a function of the
centrifugal force.

- Constant speed tests: Now the vehicle travels at
a constant speed for different steering angles, the
path will be of different radius and the vehicle
will also be subjected to different lateral
accelerations (V*/gR), obtaining the cornering
stiffness as a function of the centrifugal force.

- Constant steering angle test: In this case, the
steering wheel angle Jy is constant, and when the
vehicle travels at different speed different paths
and lateral accelerations will be obtained. Thus,
the relationship between the cornering stiffness
and the centrifugal force is obtained.

7. TEST RESULTS

Preliminary simulations show the lateral forces
in a test for PMVI conditions (straight movement at
3 km/h) as fig. 7, 8 and 9 show. This information is
important to compare the simulations with
experimental test in the same conditions (fig. 4).

The results indicate the enourmous resemblance
between both kinds of data. It is a normal conclusion
because in these conditions, at low speed, there is no
load transference neither other dynamic effects, and
the results are a direct consequence of tire data
introduced.

It can be seen that the introduced toe angle in
each of the vehicles results in different lateral forces
linear proportional for the studied range (0° - 4°).
This implies, that the lateral force for vehicle A that
travels in a straight path is lower than vehicle B and
this one lower than vehicle C. It can be checked that

the relationship between the toe angle and the lateral
force is approximately equal when comparing the
simulation results (Fig. 7, 8 and 9) and the
experimental tests (Fig. 4).
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Fig. 7. Vehicle” A” lateral tire forces evolution
in a simulation (PMVI conditions).
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Fig. 8. Vehicle “B” lateral tire forces evolution.
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Fig. 9. Vehicle “C” lateral tire forces evolution.

If it is taken into account that the maximum
forces that can be transmitted to the ground are those
limited by adherence in the longitudinal and lateral
direction, as shown by the adherence ellipse shown
in Figure 1, it can be observed that the margin for
case A is bigger than for case B, and for this one
bigger than case C. Thus, a vehicle travelling along
a straight line uses more lateral adherence when the
toe angle is bigger, reducing its lateral adherence
margin for dynamic conditions.

Without taking into account the load transfer and
the slip angle, and considering a good pavement
condition with lateral adherence value of u, = 0.64
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the 3500 N that each wheel of the front axle support
leads to a maximum transmitted lateral force of 2240
N. This value is very near to that achieved for a toe
angle of 4 degrees (2100 N), that is, vehicle C will
therefore have less adherence capacity than vehicles
A or B before beginning to slip in the lateral
direction and less capacity to transmit longitudinal
forces. Therefore, the proposed assumptions,
although severs, allow carrying out a first order
approximation to how the system is conditioned and
to justify the need to have a good steering system
inspection.

To complete this argument a simulation was done
in a demanding dynamic situation, double lane change
ISO TR-3888-1 [7], to compare the differences
introduced for three differents toe angles.

Initially there were obtained qualitative outputs to
compare the different behaviours for these vehicle
configurations.

Fig. 10. Three different trajectory described for the
vehicles: A (green), B (blue) and C (red).

The fixed trajectory is correctly described by
vehicle A, however, vehicles B and C could not
describe it correctly, as depicted in fig. 10, 11.

Vehicles that are not able to follow the trajectory
describe the most nearer trajectory to the reference
one under limit adherence conditions. It is defined
a performance measure to evaluate the ability of the
vehicle to follow a predetermined path as the
maximum lateral deviation with respect to the
reference one. For vehicle condition A, the
maximum lateral deviation is 1.5 m, for vehicle B,
2.5 m and 7 m for vehicle C.

Trajectory vehicle A
e Trajectory vehicle B
15 Trajectory vehicle C

:/\/%

,5 =""7X

Y: Lateral position (m)

X: Longitudinal position (m)

Fig. 11. Trajectory for the three different toe angles.
Simulation time: 5s.

The double lane change ISO TR-3888-1 [7] is
a very hard dynamic situation, and is difficult even
for the vehicle A. The vehicle B keeps the trajectory
until the last corner, and the vehicle C loses the
trajectory on the third corner. As it has been
described previously, the vehicle with a toe angle
included between =0.25° has more adherence
available than vehicles with upper toe angles.

Yawrate, vehicle A
Yawrate, vehicle B
——— Yawrate, wehicle C

“ A [
) l
o

2 4 5 6 7

Yaw rate (deg/s)

Time (s)
Fig. 12. Yaw rate (sprung masses).
Simulation time: 7s

From Figure 12 it can be observed the
progressive vehicle B held up concern the vehicle A,
and the vehicle C concern vehicle B. The maximum
values for yaw rate are similar for three vehicles.
This maximum values for the vehicle A fit in with
the corner positions for the double lane change test
fixed.
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(Vehicle B)
Rear left tire
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e FroNt et tire
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Rear left tire
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2000

0

-2000

-4000

6000

Lateral forces (N)

-8000

Time (s)

Fig. 13. Tire lateral forces (Fy), left side.
Simulation time: 7s

It is very interesting to observe how at the
beginning of the test the lateral forces are very
different, before the first corner, as shows fig. 13.
Before the first corner, vehicle C already consumes
almost all force necessary to describe the corner and
therefore, it does not trace the correct trajectory.
From that moment on the vehicles with the three
configurations cannot describe the same trajectory;
their initial conditions do it impossible.

From above, it arise the need to characterise in
an objective and precise procedure the steering
characteristics of a vehicle. Therefore, simulations
of the stationary tests were carried out in order to
compare the values of the cornering stiffness for
different vehicle configurations.
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Next, different figures show the proposed tests
(Fig. 14, 15, 16 and 17), and the influence of the
cornering stiffness is analysed for each of them.

RADIUS=200m
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>
3 60 - /
2 £ —e— Vehic. A
c 40 - .
— /_ —=— Vehic. B
2 50 : Vehic. C
n T
0 T
0 0,5 1
Lateral Acceleration (g's)

Fig. 14. Stationary test: constant radius
turns of 200m.
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Fig. 15. Constant radius turns of 100m.

In Fig. 14, 15, 16 and 17 the most representative
results for the stationary tests are depicted.
Therefore, although other simulations with constant
steering angle and many others for turns with
different radius, different speeds, etc. because the
four figures show the most important information
about steering behaviour.

Speed=110Km/h and Steer
25 angle=1,5s

20

15 | —e— Vehic. A
—a— Vehic. B
10 A Vehic. C

Line Kv=0
5 /
0 73 : :

0 0,1 0,2 0,3
Lateral Acceleration (g's)

Steer angle (°)

Fig. 16. Stationary test: constant speed of 110km/h
constant steer angle variation 1.5%s.
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Fig. 17. Constant speed of 70km/h constant steer
angle variation 10%s.

In Fig. 14, 15, 16 and 17 it can be seen that the
vehicle with bigger understeering behaviour is the
vehicle with bigger toe angle. Specifically, in Fig.
14 and 15 it can be seen that for different radius
turns the graphic slope is more positive for bigger
values of the toe angle. If it is taken into account that
the slope of the graphic has a direct proportion with
Ky, which will be negative when the slope is
negative (oversteer), equal to zero when the slope is
zero (neutral) and positive when the slope is positive
(understeer), it is clearly observed that there is an
increase of the understeer behaviour for bigger
values of the toe angle. On the other hand, Figures
16 and 17, also show that there a relationship
between the graphic slope and K,, but in this case
the slope of 45° corresponds to K, =0, slopes bigger
than 45° will be for understeer vehicles and for
lower slopes the vehicle will be oversteer. For the
case of constant speed the vehicle will have an
unstable steering behaviour for negative slopes,
which is first arrived for bigger values of the toe
angle, as shown in Fig. 17. All of these results
indicate the due to the fact that the available
adherence capacity is decreased due to the increase
of the toe angle, the vehicle suffers a slip of the front
axle leading to an increase of the understeer
behaviour. However, this analysis has been carried
out for vehicles with different types of suspension
configurations and it has been seen that understeer
behaviour strongly depends on the type of
suspension employed.

Nowadays, and taking into account the tests and
simulations shown in this investigation, a possible
reject limit for the dynamometer plate of p, = Fy/Fz
= (.15 is proposed. However, no experimental tests
have been carried out to validate that value. The
possible range to establish a reject value of p, is
between 0.12 and 0.2. For the case of the analysed
vehicles: A, B and C, p, would be very near to
0.065, 0.57 to 1.14 respectively. However, it has to
be taken into account that extreme cases have been
considered; a value of 0.15 for this vehicle implies
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a toe angle of 0.5° in each test, which is bigger than
the conventional values fixed during steering design.

8. CONCLUSION

Measurements with dynamometer plate in
periodic inspection conditions, double lane
change simulations and stationary conditions
simulations have been carried out. The results
obtained show the need to carry out some kind of
steering inspection to guarantee the safety
vehicle conditions.

Simulations show the toe angle influence, and
the important behaviour dynamic variations.
Also it has been analyzed the camber angle, but
its influence is notably fewer than the toe angle
influence, and for this reason it has not been
included in this paper.

Other steering angles have not been studied,
because they should not change in the vehicle
life, except if the vehicle suffers an accident or
an important reform. These situations are out of
the objectives of a periodic inspection and out of
this study.

For the cornering vehicle behaviour, it has been
shown that the vehicle becomes understeer for
bigger values of the toe angle. This is due to the
increase of the slip of the front axle because the
available adherence is diminished for bigger
values of the toe angle.

Dynamometer plate measurements have shown
to be representative of vehicle safety.

In future studies other kind of dynamic tests will
be carried out, and dump conditions, toe angle
influence in emergency brake, etc. will be
included. Furtheremore the dynamometer plate
system will be analyzed as an instrument used to
carry out periodic motor vehicle inspections.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the funds

provided by the Spanish Government through the
CICYT Project TRA2004-03976/AUT.

REFERENCES

[1]

[2]

Blab R:. [Introducing Improved Loading
Assumptions into Analytical Pavement Models
Based on Measured Contact Stresses of Tires,
International Conference on Accelerated
Pavement Testing, Reno, NV, Paper Number:
CS5-3,(1999).

Diaz V., Ramirez M. Mufloz B.: 4 wheel model
for the study of the wheel angle measurement
in the periodic motor vehicle inspection.
International Journal of Vehicle Design, vol.34,
N°3. pp.297-308 (2004).

Dugoff H., Fancher P. S. and Segel L.: 4n
Analysis of Tire Traction Properties and Their

(9]

[10]

[11]

[12]

[13]

[15]

Influence on Vehicle Dynamic Performance,
SAE Paper No. 700377, (1970).

Gim G. and Nikravesh P E.: 4An Analytical
Model of Pneumatic Tires for Vehicle Dynamic
Simulations. Part 1. Pure Slips, International
Journal of Vehicle Design, 11(2):589-618,
(1990).

Gobbi M., Mastinu G., Giorgetta F.: “Sensors
for measuring forces and moments with
applications to ground vehicle design and
engineering”, 2005 ASME IMECE, November
5-11, 2005, Orlando, Florida USA (2005).
Heydinger G. J., Howe J. G.: “dnalysis of
vehicle response data measured during severe
manoeuvres”, SAE Paper 2000-01-1644, 2000.
ISO TR-3888-1 Passenger Cars. “Test track for
a severe lane-change manoeuvre”,
International Organization for Standardization,
1999.

Dixon J. C.: Tires, Suspension and Handling,
Society of Automotive Engineers, (1996).
Kiencke U. and Nielsen L.: Automotive Control
System for Engine, Driveline and Vehicle,
Springer-Verlag, Berlin, 412 p., 2000.
Mechanical Simulation Corporation,
“CarSimTM Reference Manual”, 2005.

Muiioz B.: Modelo de comportamiento de
placa  alineadora. ~ThD  Thesis, EPS
Universidad Carlos III de Madrid (2001).
Pacejka H. B., Sharp R. S.: “Shear force
development by pneumatic tyres in steady state
conditions: A review of modelling aspects”,
Vehicle System Dynamic, Vol. 20, pp. 121-
176, 1991.

Rechnitzer G., Haworth N., Kowadlo N. 2000.
The effect of vehicle roadworthiness on crash
incidence and severity. Monash University
Accident Research Centre. Report n° 164,
2000.

Sakai H.: Theoretical and Experimental Studies
on the Dynamic Properties of Tyres IIL
Calculations of the Six Components of Force
and Moment of a Tyre, International Journal of
Vehicle Design, 2(3):182-226, (1981).

Sayers M. W., Mousseau C. W., Gillespie T.
D.: “Using simulation to learn about vehicle
dynamics”, International Journal of Vehicle
Design, Vol. 29, Nos. 1 /2, pp. 112-127,2002.
Gillespie T. D.: Fundamentals of vehicle
dynamics, Society of Automotive
Engineers.Inc, (1992).

Van Schoor O., van Niekerk J. L., Grobbelaar
B., 2001. Mechanical failures as a contributing
cause to motor vehicle accidents- South Africa.
Accident Analysis and Prevention 33, 713-721,
2001.

Woltson B. R.: Wheel Slip Phenomena,
International Journal of Vehicle Design,
8(2):177-191, (1987).



DIAGNOSTYKA’ 3(47)/2008

BARTELMUS, ZIMROZ, Problems And Solutions In Condition Monitoring And Diagnostic Of Open Cast ...

55

PROBLEMS AND SOLUTIONS IN CONDITION MONITORING AND

DIAGNOSTIC OF OPEN CAST MONSTER MACHINERY DRIVING SYSTEMS

Walter BARTELMUS, Radostaw ZIMROZ

Wroctaw University of Technology
Diagnostics and Vibro-Acoustics Science Laboratory
PI. Teatralny 2, Wroclaw, 50-051, Poland
Tel. (+48 71) 320 68 49, Telefax (+48 71) 344 45 12
E-mail: {walter.bartelmus, radoslaw.zimroz} @pwr.wroc.pl

Summary

In the paper is given discussion on demands connected with vibration signal analysis for
condition monitoring of driving systems of monster machinery used in open cast mines. Because
of external load variation which cause that the vibration signal generated by driving systems is
no-stationary there is a need to use special techniques for signal analysis. The description of proper
signal analysis techniques is given together with machinery description and external load
characteristic. The description leads to design, production technology, operation, change of
condition factors analysis [1].

Keywords: condition monitoring, mining machines, open cast mines, external load variation.

PROBLEMY I ROZWIAZANIA W DIAGNOSTYCE UKLADOW NAPEDOWYCH
MASZYNOWYCH GIGANTOW PODSTAWOWYCH GORNICTWA ODKRYWKOWEGO

Streszczenie

W pracy przedstawiona jest dyskusja o wymaganiach zwiazanych z analiza drganiowego
sygnatu dla monitorowania uktadow napedowych maszynowych gigantdow uzywanych
w gornictwie odkrywkowym. Poniewaz drganiowe sygnaty generowane przez uktady napgdowe
na skutek zmienno$ci obciazenia generuja niestacjonarny sygnat istnieje potrzeba wykorzystania
specjalnych technik do analizy sygnatu. Przedstawiono opis niektdrych maszynowych gigantow
wraz z technikami analizy sygnatow i charakterystyki zmiennosci obcigzenia. Opis prowadzi do
analizy czynnikow konstrukcyjnych, technologicznych, eksploatacyjnych i zmiany stanu [1].

Stowa kluczowe: monitorowanie stanu, maszyny gornicze, goérnictwo odkrywkowe, zmienne obciazenia.

1. INTRODUCTION

For driving of open cast machinery there are
used systems which consists of electric motor,
hydraulic coupling or damping mechanic coupling
(in some cases both) and different type of gearboxes.
Taking into consideration type of the external load,
which may be classified as: varying slowly with
random cycles of many minutes or a few minutes,
varying quickly with cycle from less than a second
to a few seconds. For driving systems of belt
conveyors the length of cycle depends mainly of the
length of a conveyor and from the current output of
bucket wheel or chain excavators. Taking into
consideration driving systems a bucket wheel load
period variation depends on a bucket frequency.
Another period for bucket wheel excavators is
connected with the slewing of a bucket wheel. The
external load of driving systems causes non-
stationary vibration which is the signal for the
driving system condition. This situation demands
special treatment used for vibration signal analysis.

2. SOME MONSTER MACHINERY DRIVING
SYSTEMS

Fig. 1 shows a driving station for belt conveyor
systems with the scheme of a driving subsystem.
The driving station incorporates three or four
subsystems. Fig. 2 shows a bucket wheel during the
operation and the scheme of bucket wheel drive with
three subsystem positions. The discussed bucket
wheel drive has three independent driving systems
driven by three electric motors. The subsystem
consists of planetary gearbox with a fixed rim z3 and
three cylindrical stages of gearboxes z4 — z9. One of
alternative solutions for a compact drive used for
driving bucket wheels is given in Fig. 3. The system
consists of a bevel gear stage and a special solution
gearbox which gives possibility of driving power
distribution into two ways. This possibility is given
by planetary gearbox in which the sun z3 and rim z5
are rotated.
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Fig. 1. a) General view of belt conveyor driving
system, b) scheme of one subsystem
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Fig. 2. a) Bucket wheel during operation
b) scheme of subsystem bucket wheel drive
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Fig. 3. Bucket wheel alternative driving system

2. EXTERNAL LOAD DESCRIPTION

The bucket wheel design which comes from
digging principle is the reason of periodic variation
of external load. Much longer period of load
variation is connected with the boom slewing. The
other operation factors influencing the load
variability are connected with digging ground
properties. These design and operation factors leads
to external load variations and closely connected
with generated vibration represented by time courses
given in Fig. 4. In Fig. 4a) is given electric current
consumption variation which represents directly load
variation. The vibration signal variation is given in
Fig. 4c). Fig. 4a) and c) show positive correlation
between load and vibration. Fig. 4b) and c) shows
negative correlation between load and rotation speed
or between vibration and rotation speed. Detailed
signal analysis can show load variations connected
with bucket frequency. The vibration signal showing
the value proportional to load variation is given in
Fig. 10. The vibration signal procedures for load
variation extraction is given in [2-4].
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Fig. 4. a) Electric current consumption variation
b) input shaft rotation speed RPM variation

c) vibration signal variation

4. FACTORS INFLUENCING DIAGNOSTIC
SIGNALS

Fig. 5 and 6 show general and detailed division
of factors having influence the vibration signal. Fig.
5 shows that primary and secondary factors having
influence generated vibration signal can be divided
into four groups of factors. More details for further
division of factors is given in Fig. 6. The detailed
description of factors having influence to vibration
signals is given in [1] it also well to look into
publications [5 — 7] where many examples are given
where different factors influencing vibration signals
are considered.
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Fig. 5. General division of the factors influencing diagnostic signals
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Fig. 6. More detailed division of factors influencing diagnostic signals

5. VIBRATION SIGNALS ANALYSIS

The choice of a vibration signal analysis depends
of an external load variation. If the signal is constant
or with the slow variation the first step for signal
analysis is a spectrum analysis [6—9]. It is used for
the object presented in Fig. 1. For deeper analysis
are used also other techniques for signal analysis
like cepstrum given in Fig. 7 and time-frequency

spectrograms given in Fig. 8.
60

/ ¥ P
T-0,25=1/

40
20

20

-40

e u\s /‘1//4/' ;

1} 25

v4 gear5

0.1

Fig. 7. Acceleration [m/s2] signal time [s] trace
with series of peaks (peaks marked with arrows)
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Fig. 8. Time-frequency [s]-[Hz] spectrograms

a) spectrogram of signal without regular peaks

b) spectrogram of signal with marks equivalent
regular peaks

Details for these techniques of signal analysis are
given in publications [6, 9].

Further analysis is connected with Fig. 9 where
classification of gearing condition is given it is
based on publications [7, 8]. It should be noticed that
the inclination of the line separated the gear
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condition classes are also the measures of a gear
condition.
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Fig. 9. Effect of load on gear transmission condition
symptom value, accelerations in band
100-3500 Hz: A+D — gear transmission classes;
a+d — gear transmission points, number of gear
transmissions [7, 8]

The obtained results of signal analysis lead to
identification of distributed and local faults and it is
also the measure of the increase of a backlash in
rolling elements bearings. More details about
increase of the backlash are given for considering
the case when the cycle varying load occurs.

Non-stationary vibration signal generated by
some monster machinery needs special techniques
for signal analysis. The signal analysis should give
the background for condition evaluation and
maintenance decisions. As the result of signal
analysis one can expect detection of local and
distributed faults and increase of elements play
caused by the increased bearing backlash as result of
harsh mine environment. For identification of the
external load variation can be used signal
demodulation techniques to obtain results as it is
given in Fig. 10, [2-4] which envelopes are
proportional to load wvariation; a) signal from
gearbox before replacement b) signal from replaced
gearbox. It can be seen that if the system is in bad
condition it more yields under varying cyclic load as
is given in Fig. 10a).

Variability of some parameter, which
characterized the digging process are given in Fig.
10 to 12. In Fig. 10 and 11 are compared results of
signal analysis of two gearboxes in bad and good
condition. Fig.10 gives envelopes proportional to
load variation: a) signal from a bad gearbox before
replacement b) signal from a new replaced gearbox.
Fig. 11 gives time [s] — frequency [Hz] spectrograms
a) signal from a gearbox before replacement b)
signal from a replaced gearbox. Fig. 10 shows the
periodic variation of the signal with the bucket
digging period Tb. this period is also depicted in the
time-frequency spectrogram given in Fig. 11.
Additionally one can noticed weak a period
connected with a planetary gearbox arm/carrier
rotation Ta. Fig. 12 gives more clear evaluation of
the period by Wigner-Ville distribution with change
in condition of the arm of the planetary gearbox: a)

occurrence of distinct perturbations at the period
equivalent the second harmonic of the arm rotation
frequency, the gear condition before replacement of
the gearbox b) occurrence of distinct perturbations
at the period of the arm rotation frequency Ta for an
other gearbox in a bad condition.
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Fig. 10. Envelopes proportional to load variation:
a) signal from bad gearbox before replacement — bad
condition, b) signal from new replaced gearbox —
good condition
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Fig. 11. Time [s] — frequency [Hz] spectrograms:
a) signal from gearbox before replacement
(bad condition) b) signal from replaced gearbox
(good condition)
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Fig. 12. Evaluation of Wigner-Ville distribution with
change in condition of the arm of the planetary
gearbox a) occurrence of distinct perturbations at
second harmonic of the arm rotation frequency,
condition before replacement of the gearbox
b) occurrence of distinct perturbations at the arm
rotation frequency for an other gearbox
in a bad condition

Fig. 3 shows the scheme of a driving system
which condition will be evaluated. It is a compact
system which consists of an electric motor, one stage
bevel gear (gears zl, z2), planetary gearbox with
rotating sun z3 and rotating rim z5 and a planet z4.
The power in the compact system is transmitted to
the main gear z9 through two pinions z8 to
accomplish it two gear are added z6 and z7. The
variation of different parameters characterizing
phenomenon of bucket wheel operation are given in
Fig. 4. Fig. 4 shows in c¢) an input shaft rotation
speed variation in RPM a) electric current
consumption variation b) vibration signal variation.

Fig. 9 shows positive correlation between
investigated values; Fig. 15 shows negative
correlation for investigated values. The linear
characteristics can be expected only for some range
of an increased backlash in rolling elements
bearings.

To obtain vibration parameters the signals were
processed to get vibration spectrums as is given in
Fig. 13. It should be stressed that the spectrums
should be done for short time intervals to obtain no
smeared spectrums. The intervals are equivalent to
a bucket digging period Tb. The examples for the
smeared and non smeared frequency component are
given in Fig. 14.
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Fig. 13. Examples of short time segment
frequency analysis
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g ety ey

Fig. 15. Vibration signal RMS component sum
versus rotational speed for planetary stage
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Fig. 16. Graphic interface for data analysis system

Fig. 16 shows a graphic interface for a data
analysis system. In Fig. 16 one can see the course of
rotation frequency variation in [Hz] as a function of
time [s] (at the gearbox side of hydraulic coupling),
distribution of the rotation frequency [Hz], variation
of acceleration signal [m/s2] as a function of time,
the plot of vibration parameters as a function of
[RPM]. The plot has been obtained as the results of
several vibration signals as are given in Fig. 4b) The
values of parameters equivalent 60[s] period for
a gearbox in good condition is given by green dots.
From the vibration signal given in Fig. 4 part of the
results has been automatically rejected. Into
consideration are taken only spectrums, which have
been obtained for a proper loaded gearbox for the
distribution of the rotation frequency similar to
distribution given in Fig. 16. For the data presented
in the plot given in Fig. 15, which is also given in
Fig. 16 the linear regression analysis has been done
and obtained the equation of the external load
yielding statistical characteristics in the form
y = ax + b for good and bad planetary gearbox.

6. CONCLUSIONS

The Paper shows the different ways of signal
analysis, which have been used for condition
monitoring and diagnostic for monster machines
used in open cast mines. Some of the ways are
connected with traditional ways of the signal
analysis; these ways can be used when external load
is constant or almost constant. There have been also
shown new ways of signal analysis and its
interpretations. These ways are suitable for the
varying external load.
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Summary

The paper discusses how performance models can be used for marine gas turbines.
A particular performance model, built for on board training purposes is employed to demonstrate
the different aspects of this process. The model allows the presentation of basic rules of gas turbine
engine behavior and helps understanding different aspects of its operation. A smart designed
graphics user interface is used to present engine operation in different ways: operating line,
operating points of the components, interrelation between performance variables and parameters
etc. The perception of fault signatures on monitoring parameters is clearly demonstrated.
Diagnostics capabilities of the existing performance model installed at the Hellenic Naval
Academy Gas Turbines Virtual Lab are examined and tested using the measurement data from real
marine gas turbines. A case study is discussed in this paper where the model results and the real
engine conditions are compared for diagnostic purposes.

Keywords: gas turbines, performance, diagnostics.

1. INTRODUCTION

The propulsion system of a specific type of
frigates consists of a conventional two shaft
CODOG configuration with two MTU 956 20V TB
82 cruise diesel engines; two boost GE LM 2500 gas
turbines, Renk Tacke reduction gearboxes and two
Escher Wyss controllable pitch propellers.

Gas turbines are complex engineering systems
and performance monitoring and fault diagnosis is
a subject that has to be addressed in gas turbine
related —onboard and off board- training courses for
all level of personnel involved with gas turbine
operation and maintenance. Time and means for
education and training are limited and therefore they
must be used in an optimized manner. Computer
assisted training comes to provide tools to increase
training efficiency and fulfil such requirements [1].
The present paper discusses how marine gas turbines
condition monitoring and fault diagnosis software is
used for practical purposes.

Data from a GE LM 2500 marine gas turbine is
used for the examination and testing of the existing
performance model installed at the Hellenic Naval
Academy Gas Turbines Virtual Lab [2]. A case
study is discussed where the report from the practice
and the software generated malfunctions are
compared. The compressor efficiency is the
independent variable affecting a series of operating
parameters. The error between the calculated and the
actual values is finally obtained.

2. PROPULSION PLANT PERFORMANCE

LM 2500 is an aero-derivative robust engine of
increased power output and high efficiency
developed and manufactured by General Electric.
Overall engine design includes an annular

combustor with mechanically independent high
pressure and low pressure rotating systems. Vessel’s
propeller shaft can be driven by either one or both
gas turbines at any given time [3].

A computer model produces very easily a lot of
information that would be difficult, expensive and
some times even impossible to obtain on an actual
engine. Engine behavior can be studied at all
possible permissible operating conditions, while
even physically non-permissible conditions can be
examined, if sufficiently deep modeling is involved.
Any physical quantity can be observed, without the
need of expensive instrumentation, which must be
used on an actual engine. Even quantities that would
be impossible to obtain due to geometrical or
operating restrictions can be obtained (for example,
turbine entry temperature, interstage pressure for
a multistage compressor or turbine etc). In addition,
for given ambient conditions and turbine inlet
temperature, the change in the operating parameters
(mass flow rate, compressor discharge pressure,
compressor discharge temperature, fuel mass flow
rate, which is directly related to specific fuel
consumption and thermal efficiency, and exhaust gas
temperature), when the compressor is fouled, can be
directly and accurately evaluated.

3. UNDERSTANDING THE EFFECTS
OF MALFUNCTIONS

The advantages of computer models
implementation become even more pronounced
when operation under abnormal conditions, namely
deteriorated engines or engines with faults, are
considered. If experience is to be gained by
observing actual engines this will have to happen
either by (a) studying cases where faults have
occurred on an operating gas turbine or (b) by
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setting up tests in which faults have been artificially
introduced.

The understanding of the effects of malfunctions
can be achieved through the simulation of
component faults. Such faults are simulated by
modification of the performance characteristics of
the components. The modified characteristics are
then introduced into the model and the deviations of
cycle or performance parameters are observed. In
this way one can, for example, demonstrate very
easily the performance drop due to compressor
fouling or exhaust gas temperature variations due to
turbine nozzle erosion [1].

Map modifications are effected by using scalars,
multiplying the component performance parameters.
Such scalars have been, for example, introduced in
the past under the term ‘‘modification factors’> MF
defined as MF=X/X_.r, where X is the current value
of a parameter and X, its value for a component in
intact condition [4].

Introduction of malfunctions gives several
possibilities for demonstrating their effect on engine
parameters. First of all, by performing simulations
for healthy and faulty engines the impact of faults
can be directly assessed. The important notion of
”fault signature” can be very easily introduced, when
the above-mentioned possibility exists. Values of
measured quantities can be calculated for both
healthy and faulty operation and their differences are
calculated to provide the signatures. The model used
is the one installed in the Hellenic Naval Academy
Gas Turbines Virtual Lab and it is equipped with the
capability of directly evaluating such a signature,
whenever a fault is simulated. This particular
application was developed by the National Technical
University of Athens/ Laboratory of Thermal
Turbomachines in cooperation with the Hellenic
Naval Academy/Naval Engines Laboratory and
features a powerful, user friendly, functional,
training tool which comes up with fast and safe
conclusions about engine healthy behaviour and
operating trend both in moderate and extreme
conditions. The detailed description of the specific
capabilities of the Gas Turbines Virtual Lab and its
characteristics  (performance  simulation and
monitoring) has already been demonstrated [1, 2].

In this paper special attention is paid on the
software diagnostic capabilities.

A layout of the screen related to the GE LM
2500 performance is given in the following Fig. 1.

:Menu _.-Output +Graphs

Operating Input Picture of Component
actual engine Parameter

Fig. 1. GE LM 2500 performance layout

4. GAS TURBINE PERFORMANCE AND
ASSUMPTIONS

The information provided for the GE LM 2500 is
based on engines having clocked 2500 working
hours and on PLA actuator (torque motor located on
the GT main fuel pump) value of 72. PLA value
corresponds to 72 % propulsion plant control levers
— engine loading conditions, 2500 RPM power
turbine rotating speed and 22 knots vessel’s speed.
Controlled pitch propeller variations were negligible
and the ratio P/D attained a constant value of 1.45
[5, 6].

The following assumptions were made regarding
the real gas turbine operation and the software
simulation:

4.1. No inlet or exhaust losses

The pressure drop through the inlet air barrier
screen is estimated to be about 4 in H20 at maximum
flow rate. The maximum total pressure loss is
estimated not to exceed 12 in H20 measured at the
inlet bell mouth, while the back pressure is estimated
to be about 6 in H20 and not to exceed 20 in H20,
static pressure, measured at the exhaust extension
outlet [5, 6].

4.2. Constant atmospheric pressure
Atmospheric pressure at sea level is considered
to be constant getting a default value of 1013 mbars.

4.3. Fuel heating value

The fuel used has a lower heating value (LHV)
of 42800 KJ/Kg which refers to F-76 fuel properties,
regularly feeding marine gas turbines.

5. RESULTS AND DISCUSSION

A series of runs was performed and the results
are compared to the actual values (measurements)
available from the practice. To simulate the
existence of a malfunction, modification factors with
values different from unity are introduced.
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In the case study examined in this paper the
compressor has ‘‘experienced’” a change in
efficiency as a percentage of the reference value,
namely -3%, -1%, +1%, +3%.

The influence of the four different efficiency
levels on five different parameters is examined, i.e.
mass flow rate (W), compressor discharge pressure
(CDP), compressor discharge temperature (CDT),
fuel mass flow rate (Wy), which is directly related to
specific fuel consumption (SFC) and thermal
efficiency (), and exhaust gas temperature (EGT).
Load is the sixth parameter demonstrated in the fault
signature, although load assumed to remain constant
throughout the entire case study.

In the following fig. 2 the effect of a 3%
reduction in the compressor efficiency on the gas
turbine performance is presented.
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Fig. 2. 97% of the reference compressor efficiency

In the following fig. 3 the effect of a 1%
reduction in the compressor efficiency on the gas
turbine performance is presented.
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Fig. 3. 99% of the reference compressor efficiency

In the following fig. 4 the effect of a 1%
improvement in the compressor efficiency on the gas
turbine performance is presented.
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Fig. 4. 101% of the reference compressor efficiency

In the following fig. 5 the effect of a 3%
improvement in the compressor efficiency on the gas

turbine performance is presented.
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Fig. 5. 103% of the reference compressor efficiency

According to the previous figures when the
compressor efficiency changes from 97% to 103%
of the reference value, the following results are
obtained. Mass flow rate (W) changes from 97% to
103% of the reference value. There is a very slight
deviation on the compressor discharge pressure
(CDP) related to the reference value. Compressor
discharge temperature (CDT) changes from 104% to
96% of the reference value. Fuel mass flow rate (Wr)
changes from 103.5% to 96.5% of the reference
value. Finally, exhaust gas temperature (EGT)
changes from 106.5% to 93.5% of the reference
value.

In the following table data from the practice (real
gas turbine behavior) and simulation program results
(prediction of the virtual gas turbine behavior) are
being presented and compared. The error is derived
through the following equation:

calculated value — actual value
Yoerror = aicuta a aciuar va x100
actual value

The calculated and actual values used for the
estimation of the error are related to the specific case
when a reduction of 3% on the compressor
efficiency is observed.
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Table 1. Error between calculated and actual values

OPERATING ERROR
PARAMETER %
Mass flow rate (W) -1.8
Compressor discharge a5

pressure (CDP) )
Compressor discharge 13.9
temperature (CDT) )
Fuel mass flow rate (Wy) +2.7
Exhaust gas temperature
(EGT) +4.2

The error obtained shows that the simulation
software underestimates W and CDP and
overestimates CDT, Wr and EGT.

6. CONCLUSIONS

The Hellenic Naval Academy Gas Turbines
Virtual Lab is used in order to act as a malfunction
generator and a diagnostic tool. Data from the
practice is used in order to evaluate the accuracy of
the simulation software calculated values. As a case
study the change in the compressor efficiency is
considered.

Particular aspects, which can benefit from the
use of computer models, have been discussed.
Specific ~ simulation software designed and
developed for training and — potentially- diagnostic
purposes has been used, examined and evaluated.
The evaluation results presented a significant
accuracy when the software is used as a malfunction
generator and diagnostic tool, since the error
obtained is less than 4.5% for the parameters chosen
to be under observation.
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Summary

There have been presented within the paper optic (qualitative) and digital (quantitative)
methods of endoscoping internal spaces with industrial endoscopes and videoscopes presented
within the paper which are applied willingly during a technical shape evaluation of the complex
technical objects. They stand for a very effective diagnostic tool and they are very often reached by
marine engines operators of both the fleets: naval and merchant. There have been also
demonstrated selected metrological techniques that could be applied during diagnostic examination
of the working spaces within marine diesel and gas turbine engines. An evolution of contemporary
endoscopies as well as theoretical bases of optic and digital endoscopy has been brought forward.
There have been also shown the methods enabling measurements of surface defects on the chosen
inner parts of marine engines’ construction structure. The are based on digital recording of
endoscopy imagines: “Stereo Probe”, “Shadow probe”, laser method as well as RGB method.

Keywords: marine diesel and gas turbine engines, technical diagnostics, industrial endoscopy,
measurements methods.

DIAGNOSTYKA ENDOSKOPOWA SILNIKOW OKRETOWYCH

Streszczenie

W artykule przedstawiono optyczne (jakosciowe) i cyfrowe (ilo§ciowe) metody wziernikowania
przestrzeni wewngetrznych z wykorzystaniem endoskopow i videoskopdéw przemystowych, ktére
stanowia bardzo efektywne narzedzie diagnostyczne, po ktore réwniez coraz czgsciej siggaja
eksploatatorzy silnikow okretowych zaréwno flot wojennych jak i wielu armatoréw cywilnych
jednostek plywajacych. Zaprezentowane zostaly wybrane techniki metrologiczne, ktére moga
znalez¢ zastosowanie w diagnostycznych badaniach przestrzeni roboczych okretowych ttokowych
i turbinowych silnikow spalinowych. Przyblizono ewolucj¢ wspotczesnych endoskopow oraz
podstawy teoretyczne endoskopii optycznej i cyfrowej. Zaprezentowano metody pomiaru defektow
powierzchniowych wybranych elementéw struktury konstrukcyjnej silnikéw okretowych, ktore
bazuja na cyfrowym zapisie obrazu endoskopowego: metode ,,Stereo” (,,Stereo Probe”), metode
,Cienia” (,,Shadow Probe”), metod¢ laserowa, metod¢g RGB.

Stowa kluczowe: okretowe tlokowe i turbinowe silniki spalinowe, diagnostyka techniczna,
endoskopia przemystowa, metody pomiarowe.

(lenticular) borescopes and elastic

(optical)

The visual investigation of surfaces creating
internal spaces of the high - and medium-speed
marine engines with use of specialist view-finders so
called endoscopes is at present a basic method of
technical diagnostics. The superficial structure of
constructional ~ material is  visible  during
investigations like through magnifies glass, usually
from sure increase, which makes possible the
detection, recognition and the possible quantitative
opinion of stepping out failures and the material
defects, and in result - the opinion of degree of waste
and the dirt of studied constructional elements.

In dependence on applied method of observation
and the processing of visional painting of studied
surface it distinguishes oneself the classic optical
endoscopy, from utilization to this aim stiff

fiberoscopes as well as the dynamically developing
digital endoscopy, with use the more and more
perfect videoscopes, equipped with miniature digital
cameras at high resolution [6, 10].

2. MEASUREMENT METHODS APPLIED
WITHIN DIGITAL ENDOSCOPY

During visual inspection through an optical
endoscope of surface restricting internal spaces of
engine it often lacks the reference patterns, which
can be used for qualification of dimensions of
detected defects. The observed dimension is the
function of not only the real dimension of the defect,
but also a distance between the speculum lens and
studied surface. Because the manufacturers of
engines pass the admissible values of superficial
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defects of the most wvulnerable constructional
elements, the evaluation of real dimensions of defect
represents  the key  diagnostic  question.
In traditional, optical approach to this question there
is applied the comparative method, using with this
aim the calibrated measuring profiles put on the
ending of fiberoscope's speculum lens - [10].
Additionally, a suitable objective head should be
chosen, which will assure, in direction of
observation, the optimum angular limitation of field
of sight straight on, alternatively - in direction of
observation side. In dependence on a distance
between the lens and studied surface there is
matched such a width of sight field which will make
possible maximum increasing the studied surface at
being kept on the required depth of sharpness (the
expressiveness of  painting). Digital endoscopy
brings in this regard completely new possibilities.
The digital analyzers of painting, co-operating with
measuring heads of "Stereo”, "Shadow” or "Laser”
type, basing on theory of triangulation', are able to
qualify exactly a distance from the speculum lens to
observed surface, and consequently to mark the
dimensions of the detected surface defects. The
measuring heads give the possibility of digital
processing the stereoscopic effects, which enables
measuring the seen paintings in such way, to give
the quasi three - dimensionality impression - with its
depth, the massiveness and the mutual distribution.

2.1. ,,Stereo” method

The basis of method "Stereo” is the suitable
utilization of the prism proprieties splitting the
painting, what makes possible for digital camera its
registration from two points limited with span of
parallactical lenses, similarly to human brain
receiving information about the surrounding world
from the pair of eyes placed each other in a distance
of several centimeters ( it is so called an eye optical
base making about 65 mm) [3]. Paintings
transmitted from parallactical lenses differ each
other, and assignment of the high resolution,
resultant, digital painting on monitor LCD represents
the effect of realization of a computational
algorithm. A distance from the lens to the observed
surface is marked by counting pixels in horizontal
plane of computer's monitor between analogous
points of the left and right view of the observed
element. The larger distance to the surface is
observed the larger distance is between cursors of
the left and right view on monitor screen. In the next
stage of measurement technology the appropriate
measuring technique should be chosen. The
following metrological options are well-known for
the realization of digital measurement within the
"STEREO" method offered by significant

' W. Snellius was the creator of triangulation theory

(1615). The measurement method consists in division of
the measuring area into adjacent rectangular triangles
and marks on the plane the co-ordinates of points by
means of utilization of the trigonometrical functions.

manufacturers of endoscopy equipment i.e.
OLYMPUS and EVEREST [7, 12, 14]:

length,

multisegment length, length broken (circuit),

distance from point to base straight line

depth (salience),

area of surface ( the area).
In every metrological option the measurement
exactness is defined. When the operator possesses
high skillfulness it reaches even 95-98% [12, 14].

2.2. ,,Shadow” method

Different area for the application of the
triangulation theory, in order to mark the dimensions
of surface defects takes the "Shadow" method being
applied in digital endoscopy. The ending of
videoscope's speculum head is equipped with the
special optics generating the shadow about
characteristic shape (the most often the line of
straight line).inside the light stream (like the
projector) on surface of the studied element. The
projection of the shadow holds at known angle of
the speculum head position, in relation to the
observed surface and known angle of the
observation sector. The shadow generated in the
vicinity of detected defect is then located and
recorded by camera CCD placed inside an assembly
head. The nearer to the observed surface is the
speculum head the nearer form the left side of
monitor screen is the line of shadow. Because there
is well-known the position of shadow generating the
painting on the matrix of LCD monitor screen,
a magnification of the painting can be simply
enumerated. Moreover, the linear dimension of
distance among individual pixels, and then the real
dimensions of detected surface defects can be
evaluated.

Within the "Shadow" method the same
measurement options like in "Stereo" method are
accessible.

The possibility of taking the immediate decision
in case of doubts regarding proper interpretation
(unambiguous distinction) of detected surface
defects being effective with decrease or
accumulation of material is the very essential
advantage of the "Shadow" method. Such diagnostic
problems step out during the evaluation process of
technical state in the working space of combustion
engines: piston or turbine.

Often, because of optical and light effects the
usual dirt on surfaces of the air and exhaust
passages, in figure of mineral settlings or the
products of burning the fuel (the carbon deposit), is
interpreted as the corrosive or erosive decrement of
the constructional material. The depression of
surface (its larger distance from the speculum head)
is associated with the shadow line breaking and
shifting towards the right side of the screen, and its
salience (its larger approaching to speculum head) -
the shadow line breaking and shifting towards the
left side of the screen.
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The confirmed in investigations of diagnostic
shipping engines utilitarian values characterize the
method of ”Shadow”, and also high exactness
which, at keeping on required conditions of the
measurement, might achieve even 95% [14]. The
maximum approach to studied surface of the
speculum head represents the most essential factor
of high measurement exactness (the line of shadow
moves towards the left side as the speculum head
gets closer to the surface) as well as maintaining
perpendicular to this surface the position of
speculum head (the line of shadow runs
perpendicularly to the basis of a monitor screen).

2.3. Laser method

Laser method is the youngest measuring
technology applied in digital endoscopy. In technical
diagnostics two ways of laser rays utilization for the
measuring surface defects are well-known. The first
one is so called marker (multipoint) laser method,
patented by German concern KARL STORZ Gmbh
& Co. KG - [13]. The creature of the multipoint
measurement is the estimation of distance from the
videoscope’s speculum head to studied surface (the
increase of the real painting) on the basis of a base
plane created by at least 3 the best well-fitting (from
among 49) laser points of the marker matrix,
throwed on the observed element by means of
distracting optical arrangement of the measuring
probe [10]. The smaller distance is to studied surface
the larger is the shift of laser gauges towards left
side of the monitor screen. The painting of surface,
in the next stage of measurement realization, is
recorded (stop-frame), and then by the utilization of
triangulation theory of triangulation dimensions of
detected defect are marked, in the following options
(similarly to measuring systems of OLYMPUS and
EVEREST company): the length, depth (the
salience), the area, distance from the point to the
base straight line.

A scanning method is the second way of
application of laser rays to measure surface defects.
The method has been patented by Australian
company REMOTE VISION SOLUTIONS Pty Ltd
[8]. The method is applied by the service groups of
Boeing to search surface defects on a airplane hulk.

The optical arrangement of laser scanner makes
the transformation (the dispersion) of the laser ray in
the system of whirling mirrors. Dispersed laser
bundle raining on studied surface undergoes
reflection, which is directed on assembling lens and
measuring detector. The quantity of reflected laser
light is dependent on the state of studied surface. If
the scanning laser ray shifts over the surface defect
an absorption will occur, resulting from the smaller
quantity of reflected light. As a consequence, the
intensity of reflected light (density of light stream on
assembling lens) is smaller than in the case surface
being free from defects. The dimension evaluation
of detected surface defects is then made on the basis
of spectral analysis of distracted laser bundle in
computer analyzing programme of the scanner. The

usage of cylindrical optics in a laser bundle of the
scanner enlarges superbly its application values (the
laser ray is distracted into continuous circuit line)
giving the possibility of technical state opinion about
smaller surfaces e.g. internal spaces of combustion
engines, especially intracylindrical spaces of piston
engines.

2.4. RGB method

A digital painting recorded in videoscope's
computer consists of separate elements, so called
pixels. Each of them is specified as a group of value
of colours: red, green and blue of the painting
component in this point - RGB format. With them
suitable confusion can get all different colours. Each
of the colour in RGB format characterizes the tint,
degree of clearness (or the brightness), the degree of
saturation and the cleanness. It worth pointing out in
this place that the colour, as a special feature of
material objects, optically favoured, is dependent on
the objects' physical-chemical structure, the way of
absorbing and reflecting the light rays by the
observed surface, the character of only light,
properties of the air and peculiarity of surroundings
(the light reflexes). Taking into consideration
characteristic colours a simple spectral analysis of
the colour composition reflecting the registered
surface of construction element's painting can be
carried out and this way its structure  might be
estimated. Because certain surface defects, as the
alterations of physical properties of constructional
material, characterize themselves with a definite
pattern of colours spectrum it is possible to
recognise closely was can for mediation of
comparative analysis of ghostly paintings recognize
early development stages of the unfavorable
structure. The additional diagnostic information can
be gathered by the analysis of digital record features
on the borders of individual colours: their sharpness,
brightness, surface density etc.

Within the range of conducted research works on
diagnosing marine diesel engines worked out by the
paper author's scientific team, there has been also
undertaken trials to implement RGB method for the
estimation of carbon deposits (degree of dirt) on the
surfaces restricted the combustion chamber of
cylindrical sets.

The registered results of routine endoscopic
investigations of an engine  being in current
operation were used in this aim. IPEG format was
applied in order to record the pictures. In spite of
pilotage  character  (only) of  undertaken
investigations, during acquisition there has been
paid special attention on keeping constant
comparable intensity of lighting incidencing onto
observed surfaces of the piston bottom, by making
records in the same piston position in relation to
Inner Dead Centre (IDC). Because of the character
of making estimation (only intensity of the surface
dirt) there has been given up full analysis of the
colours distribution's intensity, but intensity of
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a) Depth measurement of dent on the blade’s trailing b) Depth measurement of dent on the blade’s trailing

edge by means of ,,Shadow” method in the option edge by means of ,,Stereo” method in the option of
of “distance from point to base straight line” - distance from point to base straight line - 0,98 mm,
0,90 mm, at measurement accuracy index 4,8, at measurement accuracy index 3,6, representing 0,5

representing 0,25 mm

blade-bed by means of ,,Shadow” method - 0,20 blade-bed by means of ,,Stereo” method - 0,29 mm,
mm, at measurement accuracy index 12,0, at measurement accuracy index 10,3, representing
representing 0,15 mm 0,1 mm

line) on the blade-bed by means of ,,Shadow” line) on the blade-bed by means of ,,Stereo” method
method - 0,55 mm?, at measurement accuracy index - 0,45 mm?, at measurement accuracy index 10,8,
11,5, representing 0,1 mm?® representing 0,1 mm?

Fig. 1. The results of measurement of surface defects on blades of naval gas turbine engines with
the utilization of "Stereo” and "Shadow” method
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greyness tints schedule of monochromatic paintings
has been taken into consideration. The introduced
method which bases on usable Able of Image the
Analyser v3.6 programme analysing the paintings in
relation to intensity of pixels occurrence of given
colour or the pixels of greyness tints was described
in publication in detail [10].

The registered results of performed by the author
endoscopic investigations of the naval gas turbine
engine's rotor blades are presented in fig. 1. It order
to estimate dimensions of detected surface defects
"Stereo” and "Shadow” method have been applied
as well as "EVEREST” videoscope XL PROTM
type has been put into use (thanks to politeness of
company representatives in Poland).

3. CONCLUSION

The detecting the material defects in the internal
spaces of machines and industrial devices by means
of endoscopes utilization represents one of the
youngest methods of technical diagnostics, in
contrary to medical diagnostics, where it has been
acknowledged as the key method of searching
pathological states inside human body since ancient
times.

Introduced in the article optical (qualitative) and
digital (quantitative) method of examining visually
internal spaces with the utilization of optical
endoscopes and industrial videoscopes are more and
more willingly applied method in the evaluation
process of technical state of the complex technical
objects. They constitute the very effective diagnostic
tool and the operators of marine engines (diesel and
gas turbine) apply them very willingly in both the
fleets: war and merchant. Especially merchant
shipowners are very interested in endoscopy
application during engines servicing.
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Summary

The work is devoted to problem solution of the gas-turbine engines (GTE) blades condition
monitoring and diagnosis of the crack-like damages at the steady-state and non-steady-state modes
of GTE. It is based on the development of theoretical basis of the vibroacoustical diagnosis
methods, the application of the modern signal processing methods and new information technique
for decision making. The application of the following signal processing methods: Wavelet-
transformation and dimensionless characteristics of the vibroacoustical signals is proved. Neural
networks are used for decision making about blades condition by the above mentioned features
application. Classification of turbine blade condition was carried out using a two-layer Probability

Neural Network (PNN).

Keywords: blade, crack-like damages, vibroacoustical condition monitoring, neural networks.

INTRODUCTION

The problem of prolongation of aircraft turbine
engine working life and increasing their reliability is
the issue of the day. This problem may be solved
using improved existing and new methods and
diagnostic instruments. Despite the fact that the
progress in development of existing methods and
instruments is considerable, the problem of
functional diagnostics of fatigue defects in
compressor and turbines blades of an aircraft engine
is not solved yet. We propose to solve this problem
by using the vibration and vibroacoustical diagnostic
methods [1]. Since the most fatigue defects of the
GTE rotor components directly connect with
vibration processes which take place in operating
engine. On the other hand, vibration and
vibroacoustical methods provide the possibility to
diagnose and non-destructively evaluate defects
without disassembling the engine. It may be done
using advances in computer-based technology and
information handling methods for recognition of the
rotor component condition in the operating engine.
Creation of the monitoring system is based on
application and further development of low-
frequency vibroacoustical diagnostic methods which
use vibrating and acoustical noise as diagnostic
information.

1. PROBLEM STATEMENT

Generally monitoring is a continuous process of
information gaining about the object vibrating
condition, transformation and analysis of it, and
making decision about object technical condition.
The stages of the mentioned informative process
depend on the engine operation modes. These modes
define specific character of vibrating and acoustical

excitation of the compressor and turbine blades, and
consequently, they define the methods and
algorithms of signal processing which must be
chosen or developed.

Initiation and increase of a fatigue crack in the
blade lead the instantancous change of its stiffness.
Usually the change of stiffness is modeled by the
piecewise-linear characteristic of the restoring force
[1, 2]. Non-linearity leads to variation of oscillation
parameters and to occurrence of local non-stationary
component in the measured signal.

The dynamic model of gas-turbine engine as an
object for fatigue cracks diagnostics in turbine
blades and compressors was created. This model is
used for simulation and analysis of vibroacoustical
processes which occur at the steady-state and non-
steady-state modes of GTE at absence and presence
of small fatigue cracks in one blade of the turbine
stage (the relative rigidity changing at the crack
presence is considered 9=0,03;0,05). The three
modes of GTE are simulated and investigated: ml -
steady-state (constant value of the rotor rotation
frequency); m2 - non-steady-state (the fast increase
of the rotor rotation frequency); m3 - non-steady-
state (the decrease of the rotor rotation frequency).

Simulated signals were processed using Wavelet-
transformation and amplitude dimensionless
characteristics of the vibroacoustical signals. The
preliminary Wavelet decomposition of signals is
used for the sensitivity increasing of the amplitude
dimensionless characteristics of the vibroacoustical
signals as fault features [3]. The following amplitude
dimensionless characteristics are used: J;- peak

factor and J 4" factor of background. Thus, the fault

features are detected and the following feature
vectors are formed: Xmi = (ngi);Jami)), i=13.
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Fig. 1. The learning sets of the feature vectors for the three modes of GTE: a) m1, b) m2 and ¢) m3
(o — without damage S, x — with damage S;).

The mentioned vectors are used for the decision
making about blades condition: the absence (S,) or
the presence (S;) crack-like damage.

By using the feature vectors the learning and
test sets are received for the above mentioned three
modes of GTE: ml, m2 and m3. The learning sets
are shown in Fig. 1 for the relative rigidity
changing at the crack presence $=0.03 and 5=0.05.
Axes indicate the peak factor and factor of
background.

As it can be seen from a given plot, the linear
division into blades conditions S, and S; occurs for
the learning sets only at the m2 mode for both cases

9=0.03 and 9=0.05, but at the mland m3 — only for
9=0.05.

The aim of this work is efficiency analysis
recognition of aircraft engine blades condition at
the steady-state and non-steady-state modes of GTE
by using neural networks.

2. RECOGNITION OF BLADES CONDITION

Classification of turbine blade condition was
carried out using a two-layer Probability Neural
Network (PNN) [4]. The first layer consists of 100
neurons. As a second layer it is used the so called
competitive layer from 2 neurons. These neurons
determine correct solution probability - the input
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- m2 (non-steady-state mode) — K=0.96 for both
cases 3=0.03 and 9=0.05 at the 6=0.1,...0.12;

- m3 (non-steady-state mode) — K=0.94 for both
cases 9=0.03 and 3=0.05 at the 6=0.1.
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Fig. 3. Dependencies of correct recognition
probability on the influence parameter ¢ of a neural
network for three modes of GTE: a) m1, b) m2
and c¢) m3 (continuous lines — 3=0.05, dotted
lines — 9=0.03).

So, in spite of diagnostic features irregularity
and little changes at turbine blade condition
changing from defectless to faulty one, PNN
provides classification of diagnostic object
condition with the high values of the correct
classification probability at the steady-state and
non-steady-state modes of GTE.

CONCLUSION
1. Simulation and analysis of vibroacoustical

signals radiated at steady-state and non-steady-
state modes by an engine rotor with defectless

and cracked blades allow to form the learning
and test sets of the feature vectors.

2. Application of a Probability Neural Network
provides turbine blades condition classification
using the peak factor and factor of background
of the results of Wavelet Decomposition of
vibroacoustical signals with the high values of
the correct classification probability at the
steady-state and non-steady-state modes of
GTE.

3. Received results are new and justify efficiency of
turbine blades condition recognition at the
presence of small crack-like damages. These
results can be used to create a vibroacoustical
monitoring system for aircraft engine rotor
components.
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Summary
In this paper digital cinema diagnostic complex is described. Its working algorithms are based
on wavelet preprocessing, statistic analysis and neural network classification. Considered methods
were practically incarnated using modern systems of computer modeling.

Keywords: diagnostics, digital cinema, wavelets, artificial intelligence.

Modern system of digital screening and film
production demands modern approach not only from
the point of view of equipment developing and
designing, but also from diagnostic one. Being
a complicated, self-optimizing system, digital
cinema complex should be observed as a segment of
informational networks, in case of diagnostic view,
and imply an estimation of big amount of various
parameters.

Such systems consist of number of simple parts,
connected to each other. This condition makes
difficulties for usage of ordinary automated systems
of diagnostic and quality control. The most
complicated are description of allowable working
rate for hardware parts.

Diagnostic signals are complex-structured and
generally transient:

s(n)=S(n)+ 0, e(n)+0,e,(n) )]
where s(n) — measured signal, S() — normal
e (n) - noise, e,(n) -

distortions due to systems defects, o, and o, -

functioning  signal,

distortion levels, n — discrete or continuous variable.

Wavelet analysis possesses an ability of time-
frequency localization of signals distortion. That is
why it is most preferable basis for diagnostic
problems solution. For our purposes, the most
informative components of signal are the noise ones
- e/(n) and e,(n) , since they carry an original
imprint of system, which makes diagnostics possible
(figure 1).

The solution of diagnostic task for noise
characteristics is rather complicated, because of
number of problems supposed to be solved. One of
the most important problem is noise separation. It
should be divided to local components and
background. For each of these two components
special analysis and thresholding methods are used.

Statistic and spectral analyses of noise components
should be performed, including threshold function
type, wavelet basis and decomposition level
selection.

Wavelet analysis is based on representation

s(n)= ;Akl//k (n) 2)
where v, (n)- basis functions, 4, - decomposition

coefficients.

Due to its time-frequency localization, wavelets
allow to analyze the non-regular signal structure.
Time localization implies that wavelet’s energy is
concentrated in some finite time interval. Frequency
localization means compactness of wavelet’s
Fourier-form, in other words it means its energy
localized inside of finite frequency interval.
Wavelets could be constructed from mother wavelet
function y,(n) by translation y,(n) —

n—>b

v,(n—>b) and dilatation v, (n) = . ( )

where parameter b called transition and a — scale.
Wavelet transform in its discrete version uses a and
b with steps divisible by 2:

a=2",b=k2", k,meZ.
Thus, wavelet function could be represented like
Ve (M=a,2 y(a," n—k) &)
where a,>1 (here we take q,=2).

Spectral transform coefficients A(m, k) are
defined as convolution of signal s(7) and wavelet
Wk Farther, in the course of getting diagnostic

information from object, there comes a necessity of
incoming data clustering to classes depending on
object’s characteristics.
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Fig. 1. Diagnostic algorithm

Clustering is performed using neural network
algorithms. The present state of neuron is calculated
like

g(4)=G" 4 @)

where GTZ( G,.G,..G ) - weight array, T-

transposition.
Array Ais formed from coefficients A(m, k) for

fixed frequency ranges @ @ ., - For

components e, (n) and e,(n) to be extracted

according to [1], the present state of neuron is
calculated like

g(4)=G, /(1) 5)
where GT:( G,.G .G ) - weight array,
f(A) - array function.

Let us observe an example of f'(A4) calculation.

Informational signal’s spectrum could be presented
by array 4" =( 4 .4 A4 ) Now, we

ml’ m22"""

have to transform array’s components [2, 3]:

Ami
Sni(A4,) =] seld,,-A, J+1] ©)
i=1,2,...n;

1,x>0;
sgnx =

-1,x<0,
where A PR threshold value for i frequencys;,
Ak,' = kA, , k= 1,2,...

Diagnosed parameters r define the values of
spectral coefficients (4). Among them, received
during statistic or fuzzy analysis of coefficients (4),
let us select such  frequency  ranges

@, @D,,...,0 Wwhich coefficients 4 = are

monotonous functions of r. Threshold value A

should be considered as function of i, that is
A =0 (A, i) where A - modified parameter.

Frequency-dependent threshold A leading is
necessarily for excluding of resonance influence to
informational signal’s analysis while mechanics
diagnostic. In case of sound and video processing it
allows to exclude non-informational components.

Function g( 4) depends on threshold value A and

diagnosed parameter r:
A .
g(A):ZGi{%sgn(Ami(r)f¢ (A’l D+]}' (3)

For classification of diagnostic data Probabilistic
Neural Network (PNN) is used. It has a structure
based on radial base network architecture. PNN
structure [1] for MATLAB modeling is shown on
figure 2.

INPUT RADIAL BASE LAYER COMPETITION LAYER

r Nr NT N\

oxk

lRl\U“ Q

a; = radbas (I IW"'- pll b))

a’ = compet (LW*'a')

Fig. 2. PNN structure [1].

Let us observe the PNN working algorithm [1].
Let the learning multitude is defined and consists of
QO pairs of input arrays. Each array consists of K
elements, which are related to some class. Thus, we
get matrix 7 with dimension K x Q, its rows
correspond to classes and columns do to input
arrays. First layer weight matrix /W"' is formed
from input arrays, taken from learning multitude
(matrix P’). If new array multitude is entered, the
|| dist|| block calculates proximity of new array to
existed ones. Then, proximities are multiplied by
deviations and got to activation function input
(radbas). The nearest learning multitude array to
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input one will be presented in output array a' by
number close to 1.

Matrix LW*' ( second layer weight matrix)
corresponds to matrix 7 (current learning multitude
tie-up matrix). By multiplication 7 and d,
correspond elements of array ' will be defined.
Thus, function compet (competition activation
function of second layer) forms 1 if largest value of
array n° and 0 otherwise. So, reviewed network
solves problem of input arrays classification by K
classes.

Considered model could be incarnated as
LabView virtual instrument (VI for short). For this
purpose Advanced Signal Processing Toolkit is used.
It has wide collection of different means of wavelet
transform. For example, let us observe the part of
diagnostic complex, responsible for noise estimation.
On fig. 3 and 4 front panel and block diagram of
program are shown.

LOCAL ANALYSIS STATISTIC AMALYSIS

THRESHOLD SEEMENIS VEAN

oo 3 = % p=1 |
4 g0 [mes |

DIAGNGETIC (NGISE) COMPOMENT AND TTS TREND

BEEREELS

Fig. 3. Front panel of virtual instrument

Assignment of front panel elements:

1. Oscillogram of informational signal and noise
component, extracted during wavelet
preprocessing

2. Oscillogram of noise (diagnostic) component and
noise trend detected

3. Local analysis results (quantity of peaks of certain
width in signal)

4. Statistic analysis results (quantity of segments,
mean, square values)

Fig. 4. Block diagram of virtual instrument

Program is based on following VIs - WA Read
From File.vi, WA Detrend.vii WA Denoise.vi, TSA
Stationarity Test.vi.

In present version, data should be contained in
wav file, although LabView supports other formats
like AIFF, TXT, BMP, JPEG. It should be clear that
analysis of 1D signals (vibration, sound) would be
performed separately from 2D signal one (pictures)
because of wavelet analysis algorithm differences,
but in some cases it is useful to estimate distortion
correlation between vibrations, sound and picture in
the same moments of time. So, on the technologic
point, to perform a diagnostic procedure, one just
have to start LabView and choose some options. If to
work with recorded data only, considered version of

diagnostic  instrument is  enough, without
supplementary  hardware needed to gather
information.
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Summary
The paper discusses the possibilities of applying some algorithms of diagnosing and
maintenance of reliability of hydraulic drives of machines. Some typical algorithms of diagnosing
are considered. The conceptual positions of structural maintenance of reliability of hydraulic drives

have been proposed.

Keywords: technical diagnosing, reliability, hydraulic drive.

1. INTRODUCTION

One of the basic functions of the test system of
a hydraulic drive is the establishment of conformity
of its technical condition to normative
requirements. The properties of hydraulic systems,
defining their technical condition, are subject to the
certain changes while in service machines.
Experience is confirmed, that with a significant part
of technogenic failures are tie up with the mistakes
admitted at designing and operation of machines,
and that the price of such mistakes is exclusively
great [1]. Therefore it is necessary to pay the big
attention to working off of algorithms of technical
diagnosing of hydraulic systems, increase of their
efficiency and reliability.

2. FEATURES OF TECHNICAL
DIAGNOSING OF HYDRAULIC DRIVES

For machines that are complex, power-intensive
and potentially dangerous to the person,
environment and economy of technical devices
especially important requirement is maintenance of
trouble-free operation. Admissible values of
parameters and attributes, preemergency and
emergency conditions of system are defined with
the obligatory account of features inherent in
actually hydraulic systems. First of all is
a centralization of functions and the mass
distribution of influences which are carried out by
a uniform working body (liquid).

Depth of troubleshooting and reliability of
results of diagnosing define a degree of safe
operation of the machine, and also reliability of the
forecast of the technical condition of the system
during the future moments of time.

While in service hydraulic drives of machines
the complex of methods of diagnosing (fig. 1) is
applied.

At functional diagnosing of the condition of
a hydraulic drive is defined by results of the current

control of parameters
operational, etc.)

(constructive, regime,

Technical
Methods
Diagnosing

Functional
Diagnosing

Logic
Methods

Diagnosing

Test Physical Methods
Diagnosing Diagnosing

Fig. 1. Methods of technical diagnosing

The basic lacks of the specified methods are
increased requirements to a memory size of the
monitoring system of parameters and low efficiency
of such systems. Especially it concerns to cases of the
control of realization of signals or their statistical
characteristics for all conditions of functioning.

3. REQUIREMENTS TO ALGORITHMS
OF DETECTION OF MALFUNCTIONS

Maintenance service of hydraulic systems of
machines demands participation of highly skilled
experts on which arms there are the modern precision
diagnostic devices having an output on a computer,
allowing to define methods of elimination of
malfunctions and maintenance of reliability of
diagnosed devices. Such method of diagnostics is
modern, but, unfortunately, yet has not received
enough wide circulation basically for the reason that
in operation often there are machines manufactured
long time ago and not equipped by such complex
diagnostic systems. However even in this case at
presence of the skilled expert it is possible to define
quickly enough and authentically the reasons of
malfunction of hydraulic system, using a so-called
logic method [2].
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All malfunctions of the hydraulic system can be
divided into two greater groups:

- The malfunctions which at present are not
influencing functioning of the machine (the
outflow, the raised noise, the raised temperature,
etc.);

- Functional malfunctions (jamming, decline of
productivity, ignitions, etc.);

Searching of malfunctions is carried out by
different algorithms. Experience of the experts and
their practical skills, as well as common sense, thus
have crucial importance. The operational
documentation, as a rule, contains a lot of the
valuable information on background of the arisen
problem (whether there were earlier the similar
malfunctions, what works were spent on
maintenance service and adjustment of those or
other units and systems). The logical analysis of
such information allows to save a lot of time at
diagnosing and prevents failures in due time.

Revealing the elementary malfunctions of type
of outflow, foaming or overheat of the working
liquid, insufficient speed of the agencies, the raised
noise in separate devices, etc. by means of sense
organs and on the basis of experience allows to
avoid excessive complications of test systems. It
promotes increase of their own reliability and
certain concentration of functionalities on search
and the analysis of more complex malfunctions.

Experience of diagnosing and good knowledge
of the device of hydraulic system allow to define
the priority procedure for test of units. If at once at
preliminary check the faulty unit is not found,
spend deeper check of each unit by means of
special control devices and stands.

After finding of the faulty unit the reasons and
possible consequences of malfunction (clearing or
replacement of a working liquid, adjustment of
safety and conditioning devices, etc.) are defined
and eliminated.

Algorithms of preliminary logic diagnosing of
hydraulic systems usually include a number of
consecutive checks of conformity of marks and
installations of units, correctness of their
adjustments and signals of management [2].

With the purpose of increasing of efficiency of
built-in diagnosing systems of mobile machines
base diagnostic models and schemes (base
algorithms) automatically in search of possible
malfunctions of hydraulic drives [3] are developed.
Thus in schemes of recognition transients in
hydraulic system are considered.

Adequate work of system of diagnosing is
possible only under condition of the coordination of
character and parameters of transients in
a hydraulic drive with parameters of the measuring
equipment.

For formation of a diagnostic model of the
hydraulic drive the special technique in which basis
the analysis of the basic scheme of a hydraulic
drive and an establishment of communications
between elements is put is offered. Synthesis of the

general algorithm of search of malfunctions is carried
out by means of connection of base algorithms
according to graphic model. If necessary the
algorithm can be supplemented with heuristic
algorithms of search of the possible defects caused by
features of connection of elements in a uniform
system (structure of the system).

The mathematical model is developed for the
formalized modeling hydraulic drives of any
structure in an automatic mode

dx_ 1
dr* Al

2
dx; dx;
i —p;i—\42;+B2;) — | sgn—-—
[Py —pi—( )(dtjgdt

_Azi@], i=1.NU, i#i;
d

dzxi_L[ _ P+R+P
dl‘z Al, Piq — i f,
2
-(42,+B2, & sgnﬁ—fﬁiﬁ],i:ic;
dr dt dt
dp, Eg+a,p dx. diyy ) . o
t=—— | fi—— fia—— |, i=1.NU, i #i;
dt v, Uy i P

fi dr i dt dt

Here: NU — quantity of sites; i — number of a site; p; —
pressure; x; — moving; V; — volume of a liquid on i-th
site; E, — the module of elasticity of a liquid; ap, — the
factor considering influence of pressure on E,; f; — the
area of section i-th site; Py — force of friction; Py, P,—
constant and item loadings; i. — a site with the
hydraulic cylinder; 7, — unit of a branching; 47, A2,
A3;, B2;— the factors considering various kinds of
losses of pressure.

dt V;

i

dp; _Ew+a,pi( . dx, dxi,, Bk |
=———— —fisk s 1=,

Adequacy of the mathematical model and
algorithm is confirmed by computer experiment. In
fig. 2 results of dynamic calculation of a brake drive
and a drive of the elevating mechanism of the car-
dumper are presented.

Transients at functioning hydraulic drives are
speedy and are accompanied by high-frequency
pulsations of pressure and significant control over,
and instant value of pressure exceeds a threshold of
adjustment of a safety valve. If not to consider
dynamics of internal processes in a hydraulic drive it
can lead to the false conclusion about a technical
condition of a hydraulic drive. Not to admit possible
wrong of diagnoses, transfer of characteristics of
quality of transient to the system of automatic search
of defects for updating of actions in case of
discrepancy of entrance and target signals is
stipulated.
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Fig. 2. Results of dynamic calculation:

a — a brake drive (py,p,,p; — pressure accordingly
on input of a contour, in a branching and in the
actuating cylinders),b — the elevating mechanism
(p — pressure ,z—moving platforms,
t—time).

4. DIAGNOSING AND MAINTENANCE OF
RELIABILITY OF HYDRAULIC DRIVES

Diagnosing of a hydraulic drive assumes
obligatory check of conformity of pressure and of
liquid consumption to demanded values for
corresponding modes. Thus adjusting installations
of units of system, streams of a working liquid
through a safety valve and drainage system, and
also vacuum an input of the pump are supervised.

Well-known, that results of diagnosing, the
information received at this stage, should be used in
the further for maintenance of working capacity and
reliability of the system of the hydraulic drive.
Experience has shown, that traditional use of
progressive technological processes and high-
quality materials by manufacturing the hydraulic
devices, already given a new push to development
in this area, has allowed at the same time to reveal
the certain restrictions which cannot be overcome
by only one improvement of technology and
material resources. Prospects of overcoming of
difficulties and the further development of
hydraulic drives of machines are connected with the
application of new approaches of structural
maintenance of their reliability.

Structural maintenance of reliability of
hydraulic drives of machines is carried out due to
purposeful development or change of the block
diagram of a hydraulic drive at a stage of its
designing [4]. Its basic essence says that, so-called

zZm

subsystems of maintenance of reliability, entered into
structure of a hydraulic drive, carry out active
influence on the parameters defining reliability.

The protection devices warning of possible
failures are known. More often they switch off the
system before elimination of the reasons of possible
refusals. Such a way is the most comprehensive at
operation concerning simple systems.

Generally management of the processes defining
reliability of a hydraulic drive of machines and their
elements can be realized on principles of
indemnification of indignations or deviations of the
parameters defining reliability. For such management
it is necessary to have an opportunity of registration
of deviations, the nobility of the characteristic of
indignations and to compensate them (fig. 3).

V

K_H

v_ X

| Hydraulic drive |——}

Fig. 3. The scheme of management of the processes
defining reliability of a hydraulic drive

Indignations V influencing on a hydraulic drive
are registered by sensitive element D; and act in
formation device FD. The signal of a mismatch from
an element of comparison EC, formed as a result of
comparison of a deviation of adjustable size x (it is
registered by sensitive element D,) and the set
coordinate y also come in FD. In FD operating
influence u, getting in a power drive of control
system CPU is developed. According to the acted
signals the drive of a control system influences the
certain element of a hydraulic drive, providing its
normal functioning. Thus, in the given general
scheme the complex of devices D;, D,, EC, FD, CPU
represents providing subsystem which changes
character of influence of indignations in the
necessary direction and influences a course of
processes in a hydraulic drive as a result of change of
cycling of loadings, a mode of greasing, air-
conditioning, inclusion of correcting parts, etc.

Antifriction  functions of subsystems of
maintenance of reliability are characteristic for all
types of hydraulic drives. The cores from them —
exception of hit of aggressive impurity in system of
a hydraulic drive, creation of a greasing layer
between cooperating elements, indemnification of
deterioration and deformation, maintenance of
demanded properties of a greasing liquid, reduction
of specific pressure and speeds of influence.

For severe loading hydraulic drives the most
typical functions of subsystems of maintenance of
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reliability are unloading (indemnification of
deformations, decrease in specific pressure,
reduction of vibrations, etc.), and also maintenance
of tightness of systems.

THE CONCLUSION

Technique and the algorithms of simulation of
a hydraulic drive are applied as the software
product for engineering calculations on mechanical
engineering firms.

The offered conceptual positions and schemes
of structural maintenance of reliability of hydraulic
drives of machines are based on characteristic
properties of hydraulic systems, results of
diagnosing of their conditions and introduction of
subsystems of active maintenance of reliability.
Distinctive property of the specified subsystems is
their ability automatically to support and if
necessary to restore working functions of hydraulic
drives during their long operation.
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Summary

The paper analyzes methodology for investigation of dynamic characteristics of heterogeneous
systems: honeycomb optical tables and pipelines with sediments, applying mechanical impedance.
The developed methodology may be used to assess the quality of plate or cylindrical heterogeneous
structures, according to the dynamic characteristics and parameters established in the methodology. It
was shown that impedance characteristics are informative to determine some parameters of the quality
of honeycomb optical tables and are correlated with the thickness of the pipe’s inner sediment layer.
Therefore it is possible to choose typical resonance frequencies and according to their changes, the
decision about inner layer presence and its value can be made.

Keywords: heterogeneous mechanical systems, quality, impedance, diagnostics.

1. INTRODUCTION

The composite structures are not just used for
creation of various constructions in the technology,
but they also could be formed as the by-product
while implementing some technological processes.

For example, for precise measurements various
light honeycomb constructions, which are
characterized by optimal ratios of mass, compression
strength and bending strength are often used. In this
case the quality of composite structure (e.g. the
honeycomb optical tables’ tabletops (Fig. 1) have
been more and more widely applied in laser
technologies and nanotechnologies) is related with
good dynamic characteristics and properties of
vibration damping in vertical and other directions.

The characteristic features of the tables of
honeycomb construction are the following:
resistance to impact of static and dynamic forces and
optimal ratio of mass and rigidity.

The features of honeycomb are determined by
core density, size of cells, material, the way of
joining (pasting, clinching, welding), thickness and
form of walls, fillings, etc. When the core density
increases (i.e. the size of cell diminishes), the
rigidity, shear module and mechanical connection
with upper and lower layers get bigger, and in such
a way they improve the characteristics of table.
These layers are made from steel, aluminium, plastic
and other materials.

The main features of tabletop are the following:
local flatness, general flatness, static/dynamic
rigidity and maximum relative tabletop motion.

Fig. 1. Examples of Honeycomb Plates’ Constructions
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All these items describe the main values of
concrete quality parameters of table. They are
introduced in the producers’ catalogues and the
consumers may perform the comparative analysis
and choose the product suitable for the needs.

The by-product may be the formation of the
heterogeneous sediment inside the pipes while
implementing the technological processes in the
industrial companies, for example while processing
the oil inside the pipe the layer of sediments (such as
combustion char and like it) is formed. In this case
the quality of pipes is related to the thickness of
sediment’s layers, which affect the dynamic
characteristics and efficiency of pipes. The control
of the sediment layer is characterized by the fact that
the measured dimension is integral in certain
distance, which is much bigger than the wall’s
thickness, e.g., in pipe’s section or area, while the
volume of measurements, i.e. lengths of pipes, are
very big.

In both cases we deal with heterogeneous
mechanical systems with special features. In such
a way the technology encounters plate and cylinder
composite constructions, while it is important for the
technological development and safe maintenance to
control simply and reliably the quality
characteristics and parameters of such constructions.

2. DETERMINATION OF DYNAMIC
CHARACTERISTICS OF OPTICAL PLATE
OF HONEYCOMB CONSTRUCTION

While assessing the quality of optical tables, it is
necessary to prepare and approbate the methodology
for determination of dynamic characteristics of
honeycomb optical tables.

The features of optical table are characterized by
static and dynamic rigidity. The maximum
deflection under the impact of static load is
considered to be the measure of tabletop’s rigidity.
Dynamic rigidity describes the resistance of table
plate to the impact of vibrations. The dynamic
characteristics of the table can be measured the best
by dynamic compliance — the dimension that is
inverse to the dimension of dynamic rigidity. The
dynamic compliance experimental curve may be
determined by impedance method. Then the
following things may be calculated using
experimental data [1]:
1.Dynamic Deflection Coefficient — DDC that

assesses the relative dynamic characteristics of
tabletop. It is determined in compliance curve.

2. Transmissibility of Isolator - 7' — frequentative
function of ratio of tabletop’s motion and reaction
of floor (base) that is expressed in decibels (dB).

3.Relative Tabletop Motion, i.e. relative movement
between two points of tabletop. The quicker the
motion is, the less possible justiration of the
components mounted on the table surface
becomes. The relative motion depends not only on
the dynamic characteristics of tabletop, but on the

characteristics  of  isolation
environmental vibrations, as well.

4.Maximum Relative Tabletop Motion is
determined after the transmissibility of isolator,
factor of compliance strengthening Q and power’s
spectral density are evaluated.

There were experimental tests made for optical
plates of honeycomb construction 1HT 12-24-20 [4].
The transmission characteristics were determined by
applying mode analysis. The reaction of the object to
the strike was fixed by stimulating vibrations in
certain points with the help of special strike gauge
MODALHAMMER mod. 2302-10, and
accelerometer that was fastened near the strike place
and connected to analyzer PULSE 3560 (Fig. 2).

system  and

Fig. 2. Determination of Dynamic Characteristics
of Optical Plate of Honeycomb Construction
1HT 12-24-20

Due to the created methodology the following
items were determined:

- Dynamic compliance (10...1000) Hz in
frequency range;

- First resonant frequencies;

- Dynamic deflection coefficient — DDC;

- Maximum relative tabletop motion — MRTM.

For this purpose the received dynamic
compliance curve (Fig. 3) of analyzed plate was
used, where two quite high resonant peaks of 199 Hz
and 220 Hz may be observed.

The table until 80 Hz is presumed to be
a perfectly solid body, where compliance diminishes
inversely to square of frequency (w = 2af). The
compliance curve helps the frequencies that are
higher than 80 Hz to diverge from the straight line of
perfectly solid body. The table cannot be considered
to be a perfectly solid body, it starts deforming
because of the vibration’s impact.

Dynamic Deflection Coefficient (DDC) and
Maximum Relative Tabletop Motion (MRTM) were
calculated according to the methodologies of
Newport and Melles Griot [2, 3].

The factor of compliance strengthening Q of
table’s point 1 in the resonant frequency f, is
calculated by drawing the characteristics of perfectly
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Fig. 3. Dynamic Compliance Curve and Resonant Frequencies (in point 1) of Optical Plate 1HT 12-24-20.

solid body, i.e. the straight line, by the compliance
curve (Fig. 3). Starting from the lowest frequency,
the compliance curve slopes down without
discontinuities until the optical table is rigid and no
relative motion is observed on the surface.

The ratio calculated according to the curve of
Fig. 3 in the zone of the first resonance (f, = 199 Hz)
is the following:

0=A/B=171.7
Dynamic Deflection Coefficient
calculated according to the formula:

DDC =0/ f2 =0,00302 =3,0210°

Inverse dimension
coefficient is DDC™' = 331.

Maximum relative tabletop motion is calculated
according to the formula:

MRTM = CT,(Q] f§  PSD),

where: T- transmissibility of isolator, PSD — power’s
spectral density, C — constant that determines the
acceleration units and assesses the worst case
between any two points. In the case being analysed
C = 0,623 m/s; PSD = 10° g¥Hz (in the
environment close to busy roads); 7= 0,01 (accepted
according to [3] Melles Griot Super Damp ™
qualitative isolators).

(DDC) s

of dynamic deflection

71,68
199°
[mm/s?].

Such a dimension may be explained by the fact
that relative motion of tabletop’s point is measured
under the impact of 1 m/s® acceleration, therefore the
value of the maximum relative motion in the point 1
of probative table 1HT 12-24-20 is 0,59 nm.

The calculated maximum relative plate motion is
the following:

MRTM=0,00176-10" m m/s*= 0.176-10" m.

Relative Tabletop Motion (max) in the catalogue
of MELLES GRIOT [3] is the following: < 0,18 nm
(7:107in.)

MRTM = 0,623-0,01- 1077 = =0,59-107

Consequently, the performed calculations are
correct and corresponding to the dynamic
characteristics presented in the catalogues [2-4].

3. EXPERIMENTAL TEST OF INNER
SEDIMENT LAYER IN PIPES

The known measurement methods of thickness
[4, 5] are not effective while measuring the thickness
of heterogeneous sediment. Firstly it is explained by
a very large number of measurements done in the
measurement point in order to receive an integral
value in certain range. The sediment layer is
honeycomb and it is quite difficult to receive a better
reflection from the inner sediment layer that is
necessary for resonant or impulse measurement of
thickness. According to the tests, the wave
interference method [6] that is now used for the
control of sediment layer has a number of
advantages, but it also has several disadvantages.
These could be the fact that the measurements are
done when the acoustic transformers are in good
contact with the exterior surface of the pipes. This
surface is often corrosive, mechanically damaged or
difficult to access. In order to overcome these
difficulties, the possibility to use the impedance
method was analyzed experimentally by determining
the existence and thickness of the inner layer of
multilayered cylinder system.

The experimental test was done with the steel
fragments of the pipes (~1 m length), which have the
calibrated thickness of inner sediment layer of
0 mm, 10 mm and 20 mm, the real (formed while
exploiting) inner sediment layer from 10 mm to 25
mm, or which do not have any inner sediment layer
at all. The external diameter of the fragments of
analyzed pipes is 150 mm, inner — 134 mm, their
layer of sediment — slash — is formed while using the
pipes in oil processing (process of petrol making).

The tests used the method of mechanical
impedance in order to compare its possibilities and
results with the already approved and analyzed
method of interference [6, 7]. The methodology of
the mechanical impedance was implemented with
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the help of the specialized equipment of the
company Briiel & Kjer GmbH, Pulse™ 360, with
the stroke hammer of the 8202 type and software BZ
7760. Such a set of equipment allowed recording
a number of impedance curves, getting their average
and analyzing them. The characteristic shock’s
frequency range is presented in Fig. 4. The
registration of the impedance characteristics was
done in various points of pipes’ fragments in the
radial direction and along the pipe.

While analyzing the impedance characteristics,
the attention was paid to the changes of their
parameters (resonant frequencies, forms, etc.) and
their correlation with the condition of pipe’s inner
layer in the measurement place.

In order to eliminate the pipe’s parry conditions,
which affect the experiment, we chose the range of
frequencies from 500 Hz to 5000 Hz for the test.

The results of the experimental test are shown in
Figs. 6-7.
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Fig. 4. Mechanical shock’s range
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Fig. 5. Impedance of the calibrated pipe with the thickness of slash layer
of 0 mm: continuous curve — excitation (stroke by hammer) in the pipe’s
polished place; spot curve — in the unpolished pipe’s place
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Fig. 6. Impedances of the calibrated pipe: continuous curve — 0 cm of slash
(cursor’s frequency 1036 Hz); spot curve — 1 cm of slash (cursor’s frequency 1040 Hz);
stroked curve — 2 cm of slash (resonance frequency 1224 Hz)
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Fig. 7. Impedance of the control pipe with real layer of slash (ca. 25 mm)
(cursor’s frequency 1296 Hz).

According to the results averaged on the basis of slash. It can be explained by the fact that the
identical measurements, the method of impedance is casing’s resonance in case of n=3 and m=2
indifferent to the condition of surface affected by the (parameters of frequency equation) is about 1020 Hz
impulse power in the contact area (see Fig. 5). The without slash, while the layer of slash affects more
impedance characteristics essentially do not differ the characteristics of system’s rigidity than mass,
from 1000 Hz, independently whether the excitation that is why the resonance (see Fig. 6) has shifted.
is done in the polished or unpolished part of the The impedance of the control pipe (the other pipe
pipe. Besides, it has been noticed that the that has a 20-25 mm slash layer) in the frequency
characteristic of the impedance in the pipe with real range of 1000+1300 Hz showed a similar change.
slash does not depend on the excitation place in This result is correlated with the impedance
terms of average in the analyzed ranges of characteristics of the stepped (calibrated) pipe.
frequencies. According to the presented results, the resonance

The results presented in Fig. 6 show the general frequency changes the most in case of thicker slash
changing tendency of resonance in pipes without layer. This shows that thinner layers change the

slash and in real pipes with the 1020 mm layer of dynamic characteristics of the mechanical system
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a little. However after the complete modal analysis
is done, it is possible to expect other n, m
combinations and relevant frequencies, in case of
which this shift may get clearer.

4. CONCLUSIONS

The done tests showed that the measurements of
mechanical impedance are informative enough to
identify =~ the  dynamic  characteristics  of
heterogeneous mechanical systems. In general
meaning, the quality of these systems can be defined
by certain quantitative parameters, determined from
the impedance curves.

The following parameters are determined in case
of plane heterogeneous mechanical systems:
dynamic compliance, first resonant frequency,
dynamic deflection coefficient, maximum relative
top motion.

With regard to the cylinder non-homogeneous
mechanical systems it was determined that:

— the impedance characteristics are correlated with
the thickness of heterogeneous layers of inner
cylinder systems;

— the information on the dynamic behavior of
cylinder system is received from the impedance
characteristics and it allows selecting the
frequencies, which are informative for the
evaluation of inner sediment layer’s thickness;

— the shift of pipe’s resonance frequency may be
used to create the simple indicator of critical
thickness of sediment layer;

— contrary to the Lamb Wave Inference method
[6], the impedance method does not need special
conditions of acoustic contact.

The developed methodology may be used to
assess the manufacturing quality of optical tables,
according to the dynamic characteristics and
parameters established in the methodology, and to
solve the identification task of the technical
condition of heterogeneous systems.
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POSSIBILITIES TO EXTEND ITS LIFETIME AT NPP’S
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Summary

According to specifications, lifetime of a linear stepping electromagnetic drive in WWER-
1000 nuclear reactors is limited by the pre-assigned lifetimes of the drive components such as
electromagnets, a latch assembly, drive rack, and control rod position sensor. The lifetime of the
drive components is from 7 to 20 years. On the basis of diagnostics of these components under
real conditions, actual lifetimes of the components at nuclear power plant (NPP) were forecasted.
It is shown that in order to extend the lifetime of the drive components up to the reactor lifetime
(60 years), it is necessary to replace the sensor of the DPL-type by the new one (of the DPL-KV
type) and to decrease the electromagnet temperature. The Measuring and Diagnostic System with
the DPL-KV sensor enables diagnosing the sensor, electronic processing unit and drive. Economic
effect due to the cumulative technical decisions is estimated to be 7 mIn.euro per NPP unit.

Keywords: linear stepping electromagnetic drive, control rod position sensor, lifetime, nuclear reactor.

DIAGNOSTYKA NAPEDU PRETA STERUJACEGO. MOZLIWOSCI ZWIEKSZENIA
CZASU EKSPLOATACIJI NAPEDOW W ELEKTROWNIACH ATOMOWYCH

Streszczenie

Zgodnie z dokumentacja czas eksploatacji elektromagnetycznych silnikoéw krokowych pretow
sterujacych w reaktorach jadrowych WWER-1000 jest ograniczony ustalonymi czasami
eksploatacji ich sktadnikéw (blok przesunigcia, pret, elektromagnesy, czujnik) — od 7 do 20 lat.
Na podstawie wynikow diagnostyki tych sktadnikéw w warunkach realnych zostata zrobiona
prognoza ich rzeczywistej zywotnosci w elektrowniach atomowych. Wykazano, ze w celu
wydhuzenia czasu eksploatacji sktadnikéw do czasu zycia reaktora (60 lat) trzeba wymieni¢
czujnik DPL na inny, bardziej niezawodny — DPL-KV i znacznie obnizy¢ temperature
elektromagnesdéw. Uklad pomiarowo-diagnostyczny wyposazony w czujnik DPL-KV pozwala
przeprowadza¢ diagnostyke czujnika, osprzetu elektronicznego i silnika. Catkowity efekt
ekonomiczny wprowadzenia zaproponowanych rozwiazan technicznych jest szacowany na 7
milionéw Euro na blok energetyczny.

Stowa kluczowe: elektromagnetyczny liniowy silnik krokowy, czujnik potozenia preta sterujacego,
czas eksploatacji, reaktor jadrowy.

1. INTRODUCTION

At present, more than twenty power units with
nuclear reactors of the WWER-1000 type are in
operation in Russia, Ukraine, Bulgaria, and Czechia.
The expected lifetime of such reactors will be about
60 years (the lifetime of 30 years, which was
specified initially, will be prolonged).

In most WWER-1000 power units, the control
and protection system applies linear stepping drives
which move control rods (CR’s).

Each drive comes in the form of a high cylinder
and comprises mechanical unit (a housing, motion
unit, and rack) and electrical unit (an electromagnet
assembly and sensor).

An internal drive part (the motion unit, rack, and
a lower part of the sensor) is in the primary coolant
(the temperature is up to 350 °C and pressure is up
to 18 MPa), whereas an external part (the
electromagnet assembly and a higher part of the
sensor) is outside the coolant.

The housing provides hermeticity of the internal
part. Under a reactor control mode, the
electromagnet assembly is moving the rack with the
control rod by interaction with the motion unit
through the housing. The sensor function is
measuring the control rod position. Under the
emergency shutdown mode, the -electromagnet
assembly is de-energized. The rack drops together
with the control rod on an arresting device.
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The specified lifetime of these drives is not
longer than 20-30 years. Accordingly, during the
expected reactor lifetime, all the drives should be
replaced at least once, that is not economic.

This problem is particularly important for the
drives of the SHEM-2 type, which are in operation
at the most WWER-1000 Nuclear Power Plants
(NPP’s). The specified lifetime of mechanical unit
of this drive is 20 years. The lifetime of electrical
unit of the drive is 10 years or less. In the
specification, the value of rated life is 6000 double
strokes and the number of rated drops from any
height in response to scram signal (the function of
emergency shutdown) is 200.

Operation experience of the SHEM-2 drives as
well as theoretical and experimental investigations
show that at the operating NPP the lifetime of such
a drive can be enhanced up to the reactor lifetime.
The prolongation can be achieved by drive
modernization at a reasonable cost.

2. LIFETIME OF MECHANICAL UNIT

In the first place, the validity of correlation
between the specified drive lifetime and specified
resource as well as that of the specified resource
should be analyzed taking into account operation
experience.

The main components of the drive mechanical
unit are the motion unit and rack. Dynamic
mechanical loads (vibration and shocks) and friction
influence the durability of these components
significantly. Correspondingly, the lifetime of the
motion unit and rack must depend on the time of
using of the resource.

The estimate of the average lifetime of the drives
can be got on the basis of information about
operation of the SHEM-2 drives during a fuel cycle.
Such information was obtained in the Measuring
and Diagnostic Systems with the DPL-KV sensor
(MS’s) [1, 2], which were in operation at the 2™
power unit of the Kalinin NPP in Russia. According
to the information obtained in 9 fuel campaigns, in
the control group, each drive made not more than
217 double strokes, while in the emergency
shutdown group the drives made only 100 double
strokes.

If the operation intensity is the same, the
resource of the motion unit for the control group
drives will be equal to approximately 250 years. The
drives are usually operating in the control group
only during several years. After that, they are moved
to the emergency shutdown group. So, during 60
years of operation, the SHEM-2 motion unit will use
only
a small part of its resource.

The lifetime of the rack depends on both the
intensity of control mode (step movement) and the
number of drops. The interaction of rack teeth with
latches of the motion unit leads to rack teeth

deterioration. Falling loads cause distortion of the
rack and wear of a rack damper.

The most period of time during the fuel cycle,
the drives of the emergency shutdown groups are at
the top end switch and do not move. Meanwhile, the
drives in the control group move only in the higher
part of the displacement range. Correspondingly,
only a part of the drive teeth is wearing in
interaction with the rack Ilatches. Therefore,
according to the criterion of rack wear, the rack
resource depends on the maximum load per rack
tooth.

The MS’s were recording all the steps of the
drives during each fuel campaign.

Fig. 1 shows a typical diagram of distribution of
the number of steps during the campaign. In order to
identify the position of the control rod, a two- digit
decimal scale is applied. After matching the control
rod positions with the number of the teeth, it follows
from this diagram that the maximum load per tooth
during a campaign is 300 times.
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Fig. 1. Typical diagram of distribution of the
number of steps during the campaign

The average duration of the fuel cycle was 10
months or so. Therefore, the resource of the rack
teeth defined on the basis of maximum load per rack
tooth is approximately 80 campaigns. Taking into
account maintenance works (2 months), that is equal
to 80 years. If the duration of the campaign
increases up to 18 months, the above estimate does
not change significantly and exceeds 60 year if we
use any method of assessment. In reality, the
resource will be much higher because of
transposition of the drives from the control group to
the emergency shutdown group.

According to the information obtained in the
MS’s, if the equipment is faultless (there is no
unscheduled outage) the average number of the
drops is not less than 4 times a year. Consequently,
the estimate of the forecasted drop rack resource is
50 years. In case of 18-months fuel cycle and the
same number of drops during the campaign, the
forecasted drop rack resource is more than 80 years.

Taking into account that after the life test
including 200 drops, the condition of the rack is
satisfactory, we can consider the real rack resource
to be significantly higher than the specified one.

The diagnostic information obtained in the 9
campaigns of the MS’s operation leaves no doubt
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that the drop time will not exceed the maximum
permissible value of 4 ¢ during 60 years.
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Fig. 2. Dependence of drop time of the rack on time
for three MS’s (extrapolation to 60 years)

An additional argument that the lifetime of the
racks is longer than 60 years is the positive result of
tests of similar racks used for SHEM-I and SHEM-3
drives. These tests included 400 and 470 drops,
correspondingly.

Thus, the forecasted lifetime of the main
components of the SHEM-2 mechanical unit
exceeds the lifetime of the reactor.

3. LIFETIME OF ELECTRICAL UNIT

Estimate of a forecasted lifetime of the electrical
unit of the SHEM-2 (electromagnet assembly and
DPL sensor) is of great importance, because these
components are very expensive whereas their
specified lifetime is too short.

The drive of the SHEM-2 type comprises three
electromagnets identical in design. Depending on
their designation, they perform functions of pulling,
locking, and fixing electromagnet. According to [3],
life time of these electromagnets depends on the coil
temperature when the drive is not moving. The
lifetime of the fixing electromagnet is 25-30 years,
for pulling and locking electromagnets it is much
longer than the lifetime of the reactor.

Possible  methods  for  decreasing the
electromagnet temperature were analyzed. They are:
e increasing the heat transfer from the

electromagnet to air;

e decreasing the power of inner heat generation in
the electromagnet coil by reducing the value of
current;

o decreasing the radiant heat exchange between the
housing and electromagnet.

Decreasing the radiant heat exchange can be
achieved by application of a thin heat-reflective
screen with a high reflectivity that does not change
significantly during long term operation. The screen
should be inserted at the inner surface of the fixing
electromagnet [3, 4].

Simulation of the electromagnet operation has
shown that application of the screen is the most
effective method for electromagnet temperature
decreasing. Insertion of the screen can be carried out
at the operating NPP during maintenance works.

The simulation results made it possible to determine
the optimum parameters of the screen, which can
provide decrease in temperature not less than 10 °C.
Such decrease corresponds to the forecasted lifetime
of 60 years. Tests of the electromagnet with the
screen under actual environment conditions
confirmed the correctness of calculations.

The least durable component of the electrical
unit is the DPL sensor. Its specified lifetime is 5-10
years. The reason for rejection of the DPL sensors
during operation is mainly concerned with oxidation
of a wire and increasing the sensor coil resistance.
As aresult, actually, the sensor lifetime is 3-7 years.

In order to avoid the multiple replacing of the
DPL sensor during the power unit operation, the
new sensor of the DPL-KV type that is much more
longevous should be applied. At the same time, an
opportunity appears to eliminate the other defects
which are inherent for the SHEM-2 drive and
electronic unit operating with the DPL sensor. They
are: significant error of position measurement,
unreliability, very small capability to organize
diagnostics, etc. The electrical components of the
DPL-KV sensor are characterized by the lifetime
longer than 60-80 years. The validity of these values
is confirmed by diagnostic information obtained in
9 operation campaigns. The sensor signals (at the
same positions and under the same conditions) has
changed insignificantly. Resistance of the
inductance coils tended to stabilization (Fig. 3).
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Fig. 3. Dependence of sensor resistance (relative
value) on time (extrapolation up to 60 years)

The forecasted variations of the average value of
the DPL-KV coils resistance are not more than
3.5%. In practice, such variations do not influence
the MS operation. All the more, its algorithm
includes adaptive procedures which correct the
signals under changing environment.

The specified lifetime of a sensor housing is not
less than 30 years. It can be prolonged up to 40-60
years on the basis of diagnostics results.

It follows from the above-said that the stability
of the DPL-KV parameters is sufficient to provide
its reliable functioning during the expected reactor
lifetime. In order to apply the DPL-KV sensor, it is
necessary to replace the standard rack by the similar
rack that includes a multi-component shunt. Since
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the racks which have partly used their drop resource
(that is the most critical parameter) will be also
replaced, such a replacement will provide the
sufficient resource of the new racks which will be
capable to operate up to the end of the reactor
lifetime.

Thus, the replacement of the DPL sensor and
standard rack with the DPL-KV sensor and the new
rack, as well as insertion of the heat-reflective
screen inside the fixing electromagnet enable
prolonging the drive lifetime up to the lifetime of the
reactor.

4. DIAGNOSTIC CAPABILITIES OF MS

It should be noticed that the lifetime of each
drive component set in the documentation was
calculated and confirmed by the life test of several
samples. The actual resource of each component
depends, to a great extent, on the quality of
manufacturing, which is checked ineffectively in
many cases [5]. Removal of a failue arisen in the
drive during the reactor operation leads to
significant expenses. In order to minimize the
probability of such a failure, it is necessary to
diagnose the drive directly during the fuel cycle.
Such diagnostic possibilities are realized in the MS,
which provide:

e CR position measurement (accuracy is within
0.3% under all possible conditions);

e metrological diagnostic check of the reliability of
CR position measurements (it is not necessary to
calibrate the sensor during operation);

e fault tolerance (maintenance of operating
integrity if any signal wire breaks or any coil
fails);

e automatic correction of a sensor, shunt and
processing unit parameters (this eliminates the
influence of temperature variations, defects of
joints, material and component aging);

e filtration of various noises;

o sclf-diagnostics of whole MS with failure
localization;

e generation of textual recommendations for
malfunction elimination;

e assessment of the condition of main drive
components (rack teeth, latches of the motion
unit and, partly, electromagnets);

e drive condition diagnostics (step missing or

delay, as well as teeth slippage);

checking of the CR and rack coupling;

sensor to processing unit connection diagnostics;

control connection diagnostics;

measurement and recording of CR drop time

diagram (this allows to diagnose the condition of

a guide sheath and rack curvature in case of CR

emergency shutdown or spontaneous drop);

e determination of the top and bottom oscillation
points during the CR damping process (this

allows to diagnose the condition of a rack

damper);

e checking whether the CR has fallen down on the
arresting device.

The high diagnostic sensitivity allows to reveal
incipient defects (even before appearance of
a significant failure). Diagnostic capabilities can be
further enhanced in the future.

Information about all CR moves, control
commands, operation modes, malfunctions or
failures as well as operator’s actions are logged in
a “black box” recorder. At the same time, the MS
estimates the drive operational conditions by
accumulating parameters like the number of drops,
steps made, input control signals, etc.

The real time CR position is displayed on a front
panel. Complete set of information can be
transferred to a special palm computer and shown on
its display. If necessary, data can be transferred to
a PC for archiving and analyzing. Each MS can be
connected to a local network. In this case, the MS
can perform cross system diagnostics. This improves
the MS fault-tolerance. For instance, the local
network gives an opportunity to inform operators
about the wrong positions of CR, including the case
of CR position mismatch in the control group as
well as of any CR slipping down from the end
switch.

Based on diagnostic information obtained during
system operation, an individual “registration
certificate” is automatically issued for each drive.
This certificate contains an assessment of drive
condition as well as recommendations for operators
how to carry out preventive maintenance.

Fig. 4 illustrates the diagnostic capabilities of the
MS. The diagnostics applies the diagrams of
displacement. The diagram enables:

e defining the actuation time of the motion unit
latches,
e checking the correctness of response to

a cyclogram of the electromagnet current,

e checking the control rod and rack coupling.

The ability to obtain such diagrams is determined
by both the high displacement sensitivity of the
sensor and the fact that the time interval between
two consecutive control rod position measurements
is very short. In case of the drive fault, the form of
the diagram is changing. This makes possible to find
out the origin of the fault or to reveal the incipient
fault (even before appearance of a significant
failure).
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Fig. 4. Diagram of drive rack move: a step up
5. CONCLUSION

In order to increase the lifetime of the control
rod drive up to the expected lifetime of the nuclear
reactor (60 years), it is necessary to replace the
standard sensor and standard rack with the DPL-KV
sensor and the new rack, as well as to decrease
noticeably the electromagnet temperature, using the
screen.

The MS with the DPL-KV sensor excels the
analogues at reliability, diagnostic capabilities, fault-
tolerance, and accuracy significantly. Diagnostic
capabilities of the MS make it possible to switch
from pre-assigned terms to forecasting equipment
condition during the future campaign and to
repairing the drives depending on their technical
condition.

The economical effect of the totality of the
suggested technical decisions is about 7 million euro
per power unit. These decisions can be also applied
to the other types of the stepping drives, for example
SHEM-3, used at the WWER-1000 nuclear reactor.
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Summary

The paper proposes an extension of the currently applied vehicle inspection, based on the
OBBD II system, and periodical inspection, by vehicle dynamic load testing. The method involves
generating faults based on an analytic model of traffic. The method takes into account the static
and dynamic properties of a vehicle within the whole range of its operation, taking into account
the variable traffic intensity, and enables early detection of defects which accumulate at variable
random loads. The highest precision of computation is ensured by traffic models with elastic and
damping constraints, with variable rigidity and damping.

Keywords: diagnostics, vehicle maintenance, dynamic load.
DIAGNOSTYKA W UTRZYMANIU POJAZDOW SAMOCHODOWYCH

Streszczenie

W pracy zaproponowano rozszerzone podejscic do obecnie stosowanej kontroli stanu
pojazdow, opartej na OBD II i kontroli okresowej, o pomiary obcigzen dynamicznych pojazdu.
Zaproponowano metod¢ generacji niezdatnosci pojazdu na podstawie modelu analitycznego
ruchu drogowego. Metoda ta uwzglednia wiasno$ci statyczne i dynamiczne pojazdu w catym
zakresie jego pracy z uwzglednieniem zmiennej intensywnosci ruchu i pozwala na wczesne
wykrycie rozwoju uszkodzen kumulujacych si¢ przy zmiennych obcigzeniach losowych.
Najwigksza dokladno$¢ obliczeniowa moga zapewni¢ modele ruchu z wigzami sprezystymi
1 thumiacymi o zmiennej sztywnosci i thumieniu.

Stowa kluczowe: diagnostyka, utrzymanie pojazdu, obciazenie dynamiczne.

1. INTRODUCTION

The basic tasks of technical diagnostics include
detection and identification of failures and faults in
cars, which — directly or indirectly — result in their
unreliability. The elements of faults in which
various factors result in disturbing the balance of
forces, moments or balance in the continuity of
energy and information flow, which may result not
only in a vehicle fault, but also in its failure or even
a car accident. Another task is the choice and
implementation of a strategy of car maintenance,
whose aim is to slow down the process of its
degradation and to restore its fitness for use [6].

The theoretical foundations for developing
various diagnostic methods are algorithms of car
inspection on various levels of its complexity
(decomposition). The knowledge of the dynamics of
a vehicle steering provides more in-depth and
comprehensive information about the vehicle
condition and static characteristics. The degrading
effect of dynamic load on kinematic nodes is greater
than that of static load or natural wear. The causes
of failures and faults in the system of vehicle
operation system are the following [6]:

- dynamic input function in the course of vehicle
operation,

- adriver’s errors made in the “man — car — road —
service” system,

- construction errors made in the process of
designing the system of a vehicle operation,

- manufacturing errors, made in the production
process,

- maintenance errors, made in the condition
inspection and during the process of
maintenance.

The problem of diagnosing the condition of

a vehicle during its operation can be reduced to

checking the correctness of parameter changes in

relation to the operation time t and determination of
status control cycles as well as locating the faults in

a vehicles.

Diagnosing a vehicle may be reduced to
comparing actual characteristics # with assumed
ones u,, according to the following relationship:

I

jp(é Nty (@,,2)—u(e,t)] dt = min

where:
ple) - function of weight, p<[0,1];

e, and € - a set of assumed and actual diagnostic

parameters;
t - variable time of vehicle condition inspection;
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k=1,2 - exponent of integrand.

The essence of the currently applied diagnostic
systems can be reduced to the action of a summing

node

D& ey =Ag,
where the programmed values e, are compared with
the set e which describes the current status, taking
into account the defects and faults of a vehicle.

2. STANDARDS OF ON-BOARD
DIAGNOSTICS (OBD)

The current standards adopted for the assessment
of the technical condition of cars as OBD I in the
last decade of the 20™ century have a number of
restrictions. Since 1996, the OBD II standard has
been applied for cars. Technical diagnostics in this
approach consists in identification and location of
a failure where it originated, usually defects in the
power transmission system, assemblies and the
vehicle functional systems from the point of view of
road safety and environment protection [4].

The principles of on-board diagnostics were
determined by SAE (Society of Automobile
Engineers) in its standard SAE J 1830, while the
requirements of on-board diagnostics by European
car manufacturers in the standard ISO 9141-2. These
standards constitute a set of technical and legal
requirements which define the on-board diagnostic
system as diagnostic procedures, installing
diagnostic sockets, processing the diagnostic signal,
monitoring the basic parameters of the power
transmission system, including exhaust emission
parameters.

The criterion of assessment of whether an
assembly and its functional elements work properly
is the exceeding of the adopted threshold of 50% of
the diagnostic parameter, which is signalled and
recorded with relevant error codes [5]. The OBD II
system is able to detect faults which are the main
elements of a power transmission system, i.e.
increased waste emission above the accepted
threshold. They are mainly related to signalling of
faulty operation of electronic systems, sensors in the
engine power supply system, leaks in the fuel
system, etc. Ultimately, the existing OBD II will
provide a basis for developing
a comprehensive diagnostic system for an entire
vehicle, with the possibility of connecting to
a remote service for locating any defects and failures
of the vehicle with the use of the GPS system.

The adopted system has a number of restrictions
which are a consequence of reducing the status
control only to selected test points and the location
of errors at the assembly and test element level. The
difficulties encountered here include diagnostic
inference, identification of diagnostic relations and
locating the types of failures. Therefore, this paper
proposes to extend the scope of a vehicle diagnostics

by new diagnostic signals, taking into account the
intensity of the vehicle work and the dynamic load
in the process of its use.

3. IDENTIFICATION OF DYNAMIC LOAD
AND VIBRATIONS IN VEHICLE MOTION

A vehicle and its elements are adapted for
transferring specific static and dynamic load. The
load taken into account in the process of a vehicle
design, in terms of the course as well as the values
and time, correspond to the average operating
conditions. Such conditions can be referred to as the
average vehicle load with cargo, good road surface
condition, moderate utilisation of engine power and
driving speed [2].

The level and nature of the dynamic load
originating in a vehicle depends on its structure and
technical condition and on the traffic conditions.
Dynamic load is a result of vibrations produced by
a vehicle motion. The vibration intensity and,
consequently, the level of dynamic load increases
with:

e increase in the driving speed and vehicle weight;

e increase in the power transmitted by the power
transmission system;

e deterioration of the road surface condition;

e driving style, including frequent changes in the
engine rotational speed, engaging the clutch and
gears;

e increasing clearance in connections, which cause
parts to hit one another.

The most dangerous values of high dynamic load
and the resulting extreme tensions in the vehicle
parts may be caused by:

e driving at high speed on a bumpy road;

o vehicle overloading;

e construction changes which are at variance with
the documentation provided by the vehicle
manufacturer, e.g. increasing the engine power,
wheel track;

e resonance in the power transmission system or
suspension.

Additionally, all the rotational elements with
clearance in connections, imperfect shape or
balance, may result in periodical dynamic
interactions. They increase with increasing
rotational speed, and the coincidence of the
rotational speed with the natural frequency of an
element or assembly results in resonance and rapidly
increasing dynamic load.

The actual load changes are random. Despite the
complex character of load which corresponds to
particular stages of a vehicle drive, they can be
approximately substituted with blocks of repeatable
cycles with predetermined amplitude and frequency.
The results of such tests can be shown, e.g. as
a Wohler’s diagram. The diagram was used to
present the relationship between the variable load 6,
and the number of load cycles N before the vehicle
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damage (destruction). If, while driving, a vehicle
element is subjected to load with an amplitude of
Gaj, it can withstand without defect the number N; of
load change cycle, which may correspond to the
number of kilometres of driving (Fig. 1).

Further considerations involved Palmgren-
Miner’s hypothesis of fatigue life, which describes
the process of linear accumulation of fatigue failures
of machine elements. The greater the load changes
amplitude, the more intensive the microdamage
development. If the load cycles are repeated,
microdamages accumulate (add up) in the element
and the element becomes damaged (e.g. cracks) after
a certain number of load cycles.

In order to describe the process of damage
accumulation, the coefficient (D) is introduced:

where:

n; - number of load cycles with the amplitude Gj;

N ; - the number of load cycles c,;, after which the

element becomes damaged.

The number n; is determined from the load
change course in the analysed element, and N; is
determined from the Wohler’s diagram. An element
damage, i.e. exceeding its durability, takes place
after the sum of load cycles is equal to:

D=%'D, =1

These considerations will be wused in
a computational example. An example changes
course of a bearing load is shown in Fig. 2.

! oA1 Zmienne obcigzenie
dynamiczne o
amplitudzie o,
t
Fig. 1. Idealised load changes during the tests of the elements durability
v
[MPa]
600

400

200

-200

-400

Fig. 2. An example change course of a drive wheel bearing dynamic load
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It has been chosen to show the effect of the
manner of a vehicle use and the dynamic load
which results from it on the vehicle condition.
Table 1 shows example results of a bearing fatigue
test, performed by the manufacturer. These are the
numbers N; of load cycles with the amplitude of c4;
until the bearing is destroyed. They were
juxtaposed with the results of bearing load test
results during the drive over the distance of 10 km.
Static load have been omitted in Fig. 2.

The random changes of the operational load was
the basis of determination of the load spectrum. To
do this, the distribution of peak loads, i.e. local
extremes, were found. After the extreme values
were counted on particular levels of load, the
numbers of cycles n; of load with amplitude of G;
were determined and shown in Table 1.

Adding up the drive wheel bearing load cycles
over a distance of 10 km:

noo1 2 2 4 19
D= L= 4 +0+ + +

N, 1000 10000 200000 500000 1000000
D=0,001237

Using the linear hypothesis of damage
accumulation, the bearing forecast has been
calculated, expressed by the mileage done before
a failure (L) for D=1.

1410
0,001237

Mileage 10 km - failure coefficient D = 0.002476
X km -failure coefficient D = 1.

Therefore, the mileage before the damage
calculated for the second case is equal to:

= _ 1o =4039km
0,002476

The computational example clearly confirms
that the higher the values of dynamic load during
the drive, the shorter the time of the bearing work
before a failure. Similar physical phenomena occur
with other structural elements of a wvehicle.
Therefore, assuming a 20% surplus of an element
durability, the technical condition of a bearing
should be checked in the first case after the mileage
of 6,500 km and in the second case — after that of
3,400 km. In the adopted standards of on-board
diagnostics, the issues of vehicle dynamics have
been practically omitted.

Vibrations during the vehicle work not only
create dynamic load of elements and assemblies,
contributing to their lower durability, but they also
significantly affect the effectiveness and efficiency
of the driver’s actions and those of people
travelling in the vehicle.

= 8084km

L

4. A FAILURE - DIAGNOSTIC - ORIENTED
MODEL OF DYNAMIC LOAD IN
A POWER TRANSMISSION SYSTEM

Considerable dynamic load may appear in the
power transmission system, due to:

e variable nature of the action of resistance forces
while driving;

¢ uneven work of a combustion engine;

e improper action of the driver on the clutch,
brake system and when changing gears;

e lack of balance and kinematic compatibility of
the drive shaft and axle-shafts;

e imprecise workmanship, wear and clearance in
assemblies of the drive transmission system.
These factors produce primarily torsional

vibrations as well as vibrations and noise in the
power transmission system.

A vehicle model is a set of interconnected
partial models:

e adriver model;

e a steering system model;

e apower transmission system model;

e a model of wheel cooperation with the ground
(a wheel model in combination with the ground
model);

e a chassis model;

e a work environment model.

The driver model describes the forcing actions
performed by the driver (the force on the steering
wheel, the position of the clutch and brake levers,
batching fuel, etc.). It is related closely to the
function of senses, mental processes in the brain,
reflexes, the level of manual skills. The steering
system model describes the geometrical and
dynamic relationships in the steering mechanism. It
helps to examine clearances and friction. It helps
determine the position of turning wheels and
moments on the stub axles depending on the
steering wheel position and the force applied to it,
as well as the shift of the suspension elements.

The basic tool applied in the process of the
vehicle model construction, are automatic system of
generating the equations of motion, used to analyse
multi body systems (MBS - Multi Body System
Formalizm), which include: [8]:

* - Failure — loss of a vehicle’s ability to perform the required functions.
Critical failure — one which poses a threat to humans, results in considerable material damage or other unacceptable

outcome [PN-93/N-50191].

**_ Fault — a condition of a vehicle in which it is unable to perform the required functions

[PN-93/N-50191].
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Table 1. Number of load cycles n;, isolated from dynamic load changes of a drive wheel bearing, assumed

during the drive over the distance of 10 km

Amplitudes of load cycles

Number of load cycles OAl OA2 OA3 O a4 Oas Oa6
600MPa | 500 MPa | 400 MPa | 300 MPa | 200 MPa | 100 MPa
N; 1000 10 000 50 000 200 000 | 500000 | 1000000

Number of load cycles n;, recorded
during the drive in nominal 1 2 0 2 4 19
conditions
Number of load cyc.les during 5 3 6 5 10 1
extreme driving

ADAMS (Automated Dynamic Analysis of
Mechanical Systems);
SIMPACK  (SIMulation
multibody systems);
MEDYNA (MEhrkorper DYNAmik);

DADS (Dynamic Analysis and Design System);
SD/FAST (Symbolic Dynamics/FAST);
MADYMO (MAthematical DYnamical
MOdel);

According to Schiehlena W., the most common
and advanced MBS systems include: ADAMS and
DADS.

DADS helps analyse dynamics in the time
domain of rigid body systems (the latest version of
the program enables analysing pliable bodies).
Such bodies may be interconnected by kinematic
and pliable nodes.

The model notation and analysis employing it
are made possible by the following program blocks:
DADS Pre-processor — makes it possible to
enter model data;

DADS Analysis — generates motion and node
equations which are used to determine: position,
speeds, accelerations and reactions.

DADS Postprocessor — generates computation
results in the form of time series;

PACKage for

e DADS Graphic Environment — generates
graphic interpretation of computation results
(animation).

The DADS environment has been used to
generate the equations of motion of a wvehicle.
A system of difference equations is generated
automatically based on Lagrange’s equation of the
second type in it input form [8]:

OE,\ OE, OE
4 -t =0,
dt\ oq; ) 0q; 0q;
i=12,...s;

where:

E, — the system kinetic energy;

E, — the system potential energy;

q; —i-th generalised coordinate;

Qyi — generalised force corresponding to the
i-th generalised coordinate;

— the number of the system’s degrees of
freedom.

N

Assuming the forces of gravity, elasticity and
attenuation as external forces, the equation has the
following form:

|

An attempt to link dynamic stresses (c4) (load)
of any vibrating element in a vehicle with the speed
of its vibration can be presented as:

c,=V,-p-c-k, forc,=0

da
di

o,
27

oE,

-0 >i=12,.,s -

where:

04 — dynamic stress;

V, — peak amplitude of vibration speed, measured
at the site of maximal dynamic deformations;

p — density of the material mass;

¢ — velocity of speed propagation in the material;

ky — the dynamic coefficient depending on the
energy concentration;

o, — working stress.

These equations can be used to identify failures
in specific functional circuits of a wvehicle.
Diagnostic inference employs models of R
relationship definite on the cartesian product of the
sets of a vehicle failures and faults

F={fsi=11
and diagnostic signals (vibrations, power, moment,
efficiency, clearances, etc.)

S=1{s,;j=11}: Ry,y cFxS§
The expression fiRs_/ means that the diagnostic

signal s; identifies the fault f. For example, the
occurrence of the failure £; (clutch clearance) results
in power drop and is a diagnostic signal with the
value of /. Then the matrix of relationships Ry can
be shown as a binary diagnostic matrix, defined as

follows:
B 0c><fl.,S.>$Rp/s
s )y 2

The relationships Rps may be defined by
assigning to each diagnostic signal a subset of
failures F(s;), detected by such a signal:

Fls, )11, e F: i85,
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Binary diagnostic matrices can be determined
by conducting simulation tests on a physical model
of
a vehicle or station tests with programmed dynamic
loads, and based on expert knowledge.

5. SUMMARY

With the development of car constructions, the
dynamics of their work increase, which creates the
demand for new diagnostic models based on
failure-oriented physical models of vehicle motion.
Such diagnostic models help improve the
effectiveness of vehicle maintenance by adapting
the wvehicle inspections to operational input
functions. Thanks to early detection of a fault in
a vehicle it is possible to prevent a failure and to
improve traffic safety.

This paper proposes an extended approach to
the currently applied vehicle condition inspection,
based on OBD II, and periodical inspection, by
a vehicle dynamic load measurement. It proposes
a method of generating a vehicle fault based on an
analytic model of traffic. The method takes into
account the static and dynamic properties of
a vehicle throughout the period of its operation,
with variable motion intensity, and enables early
detection of failures which accumulate at variable
random loads. The highest precision of
computation is ensured by traffic models with
elastic and damping constraints, with variable
rigidity and damping.

However, there are some obstacles in this
approach which are related to the structure of the
diagnostic matrix, the absence of clear diagnostic
relations, the effect of non-linearity of models
which determine the failure development. As
a consequence, it may result in missing the failures
to which the adopted diagnostic signals are
sensitive.

REFERENCE

1. PN-93/N-50191 Niezawodnos¢, jakos¢ ustugi.

2. Prochowski L.. Mechanika ruchu, pojazdy
samochodowe. WKikL. Warszawa 2005.

3. Michalski R, Wierzbicki S.: Diagnostyka
pojazdow samochodowych. Wybrane
zagadnienia  transportu  samochodowego.
PNTTE. Warszawa 2005.

4. Bochenski C.: Badania kontrolne samochodow.
WKik. Warszawa 2005.

5. Merkisz J., Mazurek St.: Pokladowe systemy
diagnostyczne  pojazdow  samochodowych.
WKibL. Warszawa 2002.

6. Nizinski S., Michalski R.: Utrzymanie pojazdow
i maszyn.  Wydawnictwo  Technologii
Eksploatacji-PIB. Radom-Olsztyn 2007.

7. Korbicz J., Koscielny J., Kowalczuk Zdz.,
Cholewa W.: Diagnostyka procesow, Modele,
Metody sztucznej inteligencji, zastosowania.
WNT 2002.

8. Szczyglak P.: Wplyw wlasnosci dynamicznych
agregatu maszynowego na jego statecznosc.
Rozprawa doktorska. Politechnika Warszawska
2005.

Prof. dr hab. inz. Ryszard
MICHALSKI jest

- ew } kierownikiem Katedry

2l

- 3 Budowy, Eksploatacji
_— ! Pojazdow 1 Maszyn na
Wydziale Nauk
Technicznych UwM
w Olsztynie.
W dziatalnosci
naukowej zajmuje  si¢
diagnostyka techniczna, niezawodnoscia,

technologia napraw i analiza systemowg
eksploatacji pojazdow i maszyn roboczych. Posiada
w swoim dorobku naukowym ponad 260 publikacji
naukowych 1  naukowo-technicznych  oraz
6 patentdw. Jest autorem lub wspotautorem
opracowan zwartych w tym: Pokladowe systemy
nadzoru maszyn ze sztuczng inteligencja (1997),
Metody oceny stanu technicznego, wyceny
pojazdow 1 maszyn (1999), Diagnostyka obicktow
technicznych ~ (2002), Diagnostyka  maszyn
roboczych (2004), Utrzymanie pojazdow i maszyn
(2007). Jest czlonkiem Zarzadu Gldéwnego
Polskiego Towarzystwa Diagnostyki Technicznej,
Redaktorem Naczelnym czasopisma
»Diagnostyka”, czlonkiem zarzadu Polskiego
Naukowo-Technicznego Towarzystwa
Eksploatacyjnego, cztonkiem zespotu
srodowiskowego Podstaw Eksploatacji Komitetu
Budowy Maszyn Polskiej Akademii Nauk,
Komitetu Motoryzacji i Energetyki Rolnictwa PAN
Oddziat w Lublinie.
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Summary

The destruction processes of technical systems extort need the changes of supervising their
technical state. Modern technical diagnostics methods are the tool of diagnosing their technical
state what is the basis undertaken the decision. The technical diagnostics, he is one from basic
sciences about the rational exploitation of objects next to tribology, reliability, safety and
exploitation theory. The acquaintance of physical phenomena drawing ahead while functioning
machine engine makes possible the qualification of qualitative relationships between destructive
processes and the machine engine condition. The great dispersion of the initial properties of
machine, how and undeterminancy and the continuity of aging and the cells processes and the
tasks of the diagnostics machine which has to work out the specific gathering of diagnosing
clearly use up outline methods.

The important problems of the article enclose: modelling the machine engines dynamics in the
aspect of diagnostics, multidimentions and her the various ways of solving SVD, PCA, Date
Fusion, diagnostics integrated with the object, artificial intelligence, diagnostic agent and system
solutions of folded objects diagnostics.

Keywords: technical state, dynamics, destruction, symptoms, fault diagnostic system, development.

DIAGNOSTYKA ZEOZONYCH OBIEKTOW TECHNICZNYCH. KIERUNKI ROZWOJU

Streszczenie

Procesy destrukcji systemow technicznych wymuszaja potrzebg nadzorowania zmian ich stanu
technicznego. Metody diagnostyki technicznej sa narzedziem diagnozowania ich stanu
technicznego, co jest podstawa podejmowanych decyzji. Diagnostyka techniczna, obok tribologii,
niezawodnosci, teorii bezpieczenstwa i teorii eksploatacji jest jedng z podstawowych nauk
o racjonalnej eksploatacji obiektow. Poznanie zjawisk fizycznych zachodzacych w czasie
funkcjonowania maszyny umozliwia okreslenie zwiazkow jakosciowych migdzy zachodzacymi
procesami destrukcyjnymi a stanem maszyny. Duzy rozrzut wlasnosci poczatkowych maszyny,
jak 1 nieoznaczonos$¢ i ciaglosé procesow starzenia i zuzy¢é wyraznie zakre$laja cele i zadania
diagnostyki maszyn, ktora musi wypracowaé sobie specyficzny zbidr metod i srodkow
diagnozowania.

Wazne problemy tego referatu obejmuja: modelowanie dynamiki maszyn w aspekcie
diagnostyki, wielowymiarowos¢ i jej rozne sposoby rozwiazywania, SVD, PCA, Data Fusion,
diagnostyka zintegrowana z obiektem, sztuczna inteligencja, agent diagnostyczny oraz
systemowe rozwigzania diagnostyki obiektow ztozonych.

Stowa kluczowe: stan techniczny, dynamika, destrukcja, symptomy, system diagnostyczny, rozwoj.

1. INTRODUCTION

The presented considerations concern modern
approach towards the dynamic state modeling
objects with the use of descriptions and researches
within the scope of identification, distinguishing the
possibilities modern IT technologies and issues
directly supporting different methods of machine
dynamics evaluation and forming. Emerging
evolutionary dynamic models improve the
methodology and inference in dynamic state
evaluation which is increasingly often used for the
optimization of constructions and which supports
exploitation decisions.

The search of ways and manners to describe the
energetic wear and tear of machines and their
elements already has some methodological premises
and first applications. However, these are still
theoretical considerations, here and there supported
by practical researches approximate to the sought-
after energetic mappings, not always, however, with
a simple physical interpretation. The modeling of
dynamic state changes and object functioning
capability, taking into consideration variable load as
well as individual approach towards the state
changes of each element, is merely the beginning
within the scope of evolutionary models application.
Such models require an analytic base while at the
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same time appropriately reflect construction and
exploitation changes taking place during the time of
machine’s life.

The knowledge of dynamic state and system
structure allows to describe its behavior, as well as
allows to create forecast models of system behavior
in the function of dynamic evolution time, based on
the model of technical state symptoms increase.
Most frequently, however, equations describing
system behavior in the function of dynamic
evolution time are not known, which justifies the
need of implementing new tools for dynamic state
research. There is, therefore, the requirement of
experimental verification for analytic models of
technical objects, for a proper model is one which
verifies itself in practice. Therefore, an experiment is
only an inspiration for further research leading to
construction optimization.

In the procedure of dynamic state experimental
identification, we have distinguished: the
methodology of information acquisition; the
methodology of vibration estimators making; the
methodology of information processing; the
methodology of cause-and-effect concluding as well
as the methodology of results static preparation.
Within these ranges, many new programs have been
offered within the framework of specified state
identification procedures, verifying their usefulness
in partial researches of the critical machines
dynamic state.

Connection of the identification of the dynamic
condition of machine with the technical diagnostics
gives many new problems and shows on roads
developmental fields.

2. DYNAMIC STATE IDENTIFI-CATION
METHODS

Researches of dynamic characteristics and loads
of machines are performed directly on objects and
with the use their physical and mathematical models.
Direct object examinations are very costly and time-
consuming: they require a technically apt object and
they often lead to its damage or destruction. In order
to avoid many of these difficulties, in the process of
creating new constructions or modernizing existing
ones, more commonly and widely simulation
methods and model examining techniques are
implemented in place of researches on objects.

Dynamic is a science on how things change in
time, and forces which are the cause of these
changes [14, 15, 18]. The aim of the system dynamic
study is understanding the rules of functioning, the
changes of dynamic loads state, and foreseeing the
proper behavior of the system. The necessity to
know the system’s dynamics stems from growing
requirements set for machines. Along with the
increase of their motion velocity and load values, the
increase of requirements concerning their durability
and reliability, as well as the necessity of automatic
steering, the importance of the construction
dynamics analysis increases.

Dynamics analysis of a system consists of the

following stages [15, 18]:

-stage I — accurate determination of the system, its
crucial characteristics and building a physical
model whose dynamic characteristics will be, to an
adequate degree, correspondent to characteristics
of the real object;

-stage II — analytical description of dynamic
phenomena reflected by a physical model, i.e.
finding a mathematical model, differentia
equations describing the motion of the physical
model,;

-stage III — studying dynamic characteristics of
a mathematical model on the basis of solving
differentia equations of the motion, determining
the predicted motion of the system;

-stage IV — making design decisions, i.e. accepting
physical parameters of the system, with
modernization adjusted to expectations. The
synthesis and optimization leading to obtaining
required  dynamic  characteristics of  the
construction.

The presented procedure is based on the
knowledge of the system’s model, and conclusions
drawn form actions on models depend on their

quality.
3. TECHNICAL SYSTEM STATE ANALYSIS

The technical systems state analysis is compound
for a set of mathematical procedures that they can be
related to each other to develop analysis of superior
order and to find relationships between procedures
and states in different systems. The procedures can
be classified according to the analysis stage in that
they are executed: pre-processing, processing, post-
processing.

There are many relationships that can be possible
with the procedures, in this work is proposed only
a few relations (see fig. 1), it is possible to formulate
other relations of procedures to do another kind of
methodologies or analysis.

PRE-PROCESSING
Import *.UNV format

The Universal file format (UNV) is a set of
ASCII file formats widely used to exchange analysis
and test data. These files are text plane archives of
data set from experimental tests and they are
available to the public domain. The data set can
come from data acquisition systems with different
sources as acceleration, displacements, temperature,
noise, etc. the data are in the dynamic time domain,
t. Starting from .UNV files, the Measures Matrix,
Mmtx, could
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Externall

i
1 .~

H Data acquisition .
! DIFA system whit *is devices
i format !
i i
i Pre-processing |
; Toread *UNV To il he
H plane text format symptoms matrix !
i exporting the fomthe signals 7
! measures to * xls measurements |

Input/Output
relationship
functions

——|  SVD procedure

buisseoold

—{ Neural Network

! J0m}<- Optimum procedure

Spline procedure

MAC
procedure

Post-processing

Fig. 1. Flow diagram of the technical systems state

analysis

be made with the ¢ observation vectors; the
observation vectors have p observations, that means:

Measures
m, mp, m,, | — Observation,
Mmix m,, m, m,, |— Observation,
m,, m, - m, |->Observation,

To build symptom matrix

The symptoms result from a Measures Matrix,
Mmtx, and are separated in two classes according to
the related between the signals: single signals
analysis, related signal analysis.

These distinctions are due to the mathematical
differences procedures, and generate a classification
of symptoms (see Table 1).

Table 1. Classification of symptoms

Indicators

Single symptoms

Indicators Related symptoms

Amplitude

Average

RMS time domain
RMS frequency domain
RMS power

Pick

Kurtosis

Skewnees

Standard deviation

Shape factor

Crest factor

Impulse factor
Looseness factor

Frequency

Velocity of rice frequency
Displacement of Rice frequency
Harmonic index

Time in highest correlation

Frequency in highest correlation

Cross-correlation

Amplitude in highest correlation

Covariance in highest correlation

Auto-correlation

Correlation time
Correlation frequency
Correlation Amplitude

Correlation covariance

Noise level [%]

Tri-spectrum

Wigner Ville
Wavelet

. Distribution < 2(std)
Probability
Density [0,2std]
Spectrum (Fast Fourier Transformation)
Frequency of Power spectrum
High order Bi-coherence

Frequency

Coherence Frequency of maximum coherence

Amplitude of maximum coherence
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The symptom matrix is develop starting from the
choose symptoms Smix = {S,S,,:-.S,,S,}> where

S, represents the j-th symptom vector in the life

time of the system @, that means:

SI
\
Siy Sy s, | —State 6,
Smtx= |s, - s; - S, | —State,
Spi " Sy S, | —>State 0,
PROCESSING
SVD procedure
Given a set of n data,

Smtx ={S,S,.....S;.....S, ,,S,}» Where symptom
vector S,ED " a multidimensional space, and

contain m stages in the time domain @. The
approach is focused to realize a linear analysis of the
symptomatic space. A singular value and
corresponding singular vectors of the matrix Smix
are a scalar ¢ and a pair of vectors # and v that
satisfy
Smix-v=0c-u,

Smitx" -u=0c-v. (1)

With the singular values on the diagonal of the
matrix A and the corresponding singular vectors
forming the columns of two orthogonal matrices U
and V it is obtain:

Smtx-V =U-A,and

Smth-U:V-A, )
Since U and V are orthogonal, this becomes the
singular value decomposition.

The SVD of an m-by-n Smtx matrix involves an
m-by-m U, and an n-by-n V. In other words, U and V'
are both square. If Smi#x is square, symmetric, and
positive definite, then its eigenvalues and singular
value decompositions are the same. But, as Smix
departs from symmetry and positive definiteness, the
difference between the two decompositions
increases.

The singular value decomposition is the
appropriate tool for analyzing a mapping from one
vector space into another vector space, possibly with
a different dimension. The procedure calculates the
First Generalized Damage, GS1, and Evolution of
Damage (see Fig. 2).

OPTIMUM method
Given a set of n data,

Smitx ={S,,S,.....S;,....S, ;,S,}» Where symptom

n-11

vector SjeD 7, a multidimensional space, and

contain m stages in the time domain &, time of
system life. The approach is focused to realize an
analysis of the symptomatic space with statistical
criteria.

Smtx‘
Center & Normalized S _s
relative to the initial value | § ==~
of Symptom Vector sy

Smix1

Singular Value

Decomposition @E

Singular value A(4 <4, <-+<4,)
Singular vectors v :{ﬁ&,q}}

First generalized

damage SG,=4-%4, U/

Forr=1tomdo

Smitx1(6,...6,)=U, ,-A -V, T

Evoll(r) =2,

Evolution of DS( =X 1.

damage !
AF(1)=|[Smtx1(6,,...,6, )|
DA(r) =11,

Sort Smtx1 relative to
states values 6 of the
Symptom Vector S

Fig. 2. Flow diagram of SVD

OPTIMUM establish the variation coefficient as
the parameter f1 js

f1, = 20> 3
] S

J

where O i is the standard deviation and §j is the

average, of the j-th symptomatic vector.
The parameter f2 j can be calculate to three
different ways:
- correlation coefficient,
- sensibility of symptoms,
- the Modal Assurance Criterion (MAC).

A time vector is created to computer the f 2 in
the correlation coefficient. The time frame ©
represents the existent connectivity between the
states @ . C) is
a linearly spaced and increase vector, it is mean
a degradation linearly progressive between the

states {(91,...,6’j,...,9 } is assumed; when @, is

m

the first stage of fault, 6’2 is the second stage of fault

and consecutively.
Then the correlation coefficient is defined as:

i Cles) | @)
' Je(e0)c(s,s)

C is the variance of the vector elements and its
expression is:

f2
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c(es,)= E[(@—u@)(S, - s )} (5)
where E is the mathematical expectation and
s, =ES;-

The calculation of the sensibility of symptoms

has similar expression to the variation coefficient in
the parameter f1j, therefore exist a relationship

strongly linear. The expression of sensibility of
symptoms is
Sjmax__ jmin |,

S,

J

f2, = (6)

J

MAC procedure uses the time frame ® defined
at correlation coefficient to realize the calculus, then
MAC assumes equal considerations in the stages

characteristics & . MAC expression has the form
‘@ T ~S" 2 7
2= % M
CRECIRSHES

To carry out the maximization of the

f

parameters f,., a normalization of each element of
them relative to the maximum value is executed:
. fi; ;wherei=1, 2. (8)
" max(fi;)
fi represents the statistical behavior of the each
symptom performance, which later on will permit to
mark the coordinates of ideal point.
It is possible to get an index to quantify the
relationship between each symptom performance

fi and the ideal performance. This relationship is
established through trigonometric focus, the calculus
of the existing norm L, between the statistical

symptoms performance points ( x=f1,y= fzj*) to

the ideal point (x =1y = 1)

L = \/(1 —f1j")2 +(1 —fzj’“)2 . ©)

Then, L; are converted weight expressions W

(coefficients) to have better interpretation of results:
L, (10)

n

2 (VL))

j=1
it is requisite zwj =1.
The global algorithm OPTIMUM is described in
the Fig. 3.

Wj=

Smix
czas

Variation
coefficient

Correlation
coefficient

Sensibility of
symptoms

MAC

L= -1 ) (12 f

L,
bXl)
L<L, <<L,
End

Fig. 3. Flow diagram of OPTIMUM

INPUT/OUTPUT RELATIONSHIP
FUNCTIONS

Spectrum diagram
The spectrum diagram is the Discrete Fourier
Transform (DFT) of the symptomatic vector S

computed with a Fast Fourier Transform (FFT)
algorithm:

N
FFT(k) =S a0 ", (11
i=1

(72/ri)/N .

where, w, =€ is a N root of unity.

It is compute with a Hanning window:
w[k+1)=0.5|1-cos| 2z K| |. (12)
n-1

and k=0, ...,n-1.
Transfer function

Given input signal vector x and output signal
vector y of de measures matrix Mmitx, the
relationship between the input x and output y is
modeled by the linear and time-invariant transfer
function TF,(f)- The transfer function is the quotient

of the cross power spectral density P, (f) of x and y,

and the power spectral density P_(f) of x:
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TF, uses a periodic Hamming window and

estimates the transfer function at positive
frequencies only; in this case, the output TF,, is

a function whit (p+1)/2, p is the quantity of
measures. If x or y is vector whit complex elements,
Tny estimates the transfer function for both positive

and negative frequencies.
The cross power spectral density P, of the

discrete-time signals x and y using the Welch's
averaged, modified histograme method of spectral
estimation. The cross power spectral density is the
distribution of power per unit frequency whit 50%
overlap.
Coherence

Cohe,,(f) finds the magnitude squared coherence

estimate of the input signals x and y using Welch's
averaged, modified periodogram method. The
magnitude squared coherence estimate is a function
of frequency domain with values a range of values
[0,1] that indicates how well x corresponds to y at
each frequency. The coherence is a function of the
power spectral density P P, of x and y and the

xx?

cross power spectral density ny ,

2
Pl (14)
Pu(f)-P,(f)
Cohe, (f) is calculated whit a periodic Hamming

Cohe, ()=

window of length to obtain eight equal sections of x
and y, and the value to obtain and 50% overlap.
Cross correlation

It is applied the cross correlation function XCF
between two unvaried and stochastic time series.
The sample cross correlation function between x and
y vectors is a vector of length 2(nLags)+1, which

corresponds to lags {O,i‘l,iZ,..,,nlags}. The

central element of XCF contains the 0-th lag cross
correlation.
Optimization
The optimization procedure is realized following
three basics steps:
- fitting the points to a polynomial expression,
- calculate the differential function of the
polynomial expression,
- to find the roots of the differential function.
Next, it will be develop each of the steps.
Fitting the points to a polynomial expression
Given a set of q data,

Mmtx = {M,,M,,...M,,...M, ,M,}, where the

measure vector M, (m m., -,mp,-) have a discrete

q-1’

joeees M-
number of observations p, the task is calculate a new

set of observations Mj*(mﬁ,___,mij,___,mrj), which

r>>p,and Mj‘ represent a polynomial function.

Polynomials are the approximating functions of
choice when a smooth function is to be
approximated locally. For example, the truncated
Taylor series:

> (x-a) D'f(a)/i! (15)

=0
provides a satisfactory approximation for f (X ) if f
is sufficiently smooth and X is sufficiently close to
a. But if a function is to be approximated on
a larger interval, the degree, n, of the approximating
polynomial may have to be chosen unacceptably
large. The alternative is to subdivide the interval
[a, ..., b] of approximation into sufficiently small

intervals [g,, - §j+1] , with:
b, (16)

so that, on each such interval, a polynomial p; of

a:§j<..<

1 =

relatively low degree can provide a good
approximation to f. This can even be done in such
a way that the polynomial pieces blend smoothly.
Any such smooth piecewise polynomial function is
called
a spline. 1. J. Schoenberg coined this term since
a twice continuously differentiable cubic spline with
sufficiently small first derivative approximates.
Spline interpolation

From the values of the underlying measure
vector M ;o at the points in the time vector

time {91,...,0.,...,9

J m

interpolation to  find Mj* (m

} uses a cubic spline
jreees MM )
with r =100. It means, to involve the construction

and subsequent use of a piecewise-polynomial
approximation.

In the observation j-th, ,® =6, the ordered
pair is (Mj"g/) and the spline interpolation

calculate the piecewise-polynomial function f that
satisfies

f(6,)=M, allj. (17)

There are two commonly used ways to represent
a polynomial spline, the PP-form and the B-form.
A spline in PP-form is often referred to as a
piecewise polynomial, while a piecewise polynomial
in B-form is often referred to as a spline. This
reflects the fact that piecewise polynomials and
(polynomial) splines are just two different views of
the same thing.

The PP-form of a polynomial spline of order
k provides a description in terms of its breaks

&js--sGj44 and the local polynomial coefficients
C; ofits | pieces.

M (0)=3(0-¢) ¢, (18)

1

where j=12 ...,/.

K k-1
=1
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A cubic spline is of order four corresponds to the
fact that it requires four coefficients to specify a
cubic polynomial.

Lagrange Interpolation
Calculate the Lagrange polynomial
interpolation of p-/ order from the measure vector

Mj(m”,...,ma.,...,mpj)

M 0) =S, 0=ONO=0)-(0-0,)0-0,)-(0-6,)

P G600 -6)-6-6.)6-6.)-6,-6,)
(19)

Approximation

The approximation finds the coefficients of
a polynomial curve fitting p(@) of 2, 3, 4 and 5

order that fits the data Mj, in a least squares sense.

The polynomial has the expression
p(g):p10n +p26n_1 +'”+pn9+pn+1 : (20)
Differential function of the
expressions
A procedure of numeric differentiation of the
fitting function is realized
aM(6) M (6.)-M(8)
dé o.-0

i+1 i

polynomial

this procedure is a very simpler way to calculate the
differential function, besides the computational
calculus is really fast, and it is important when there
are a lot of data. The exactitude is reasonable due to
the high density of data; the function

Mj (mﬁ,___,m,.j,___,mrj) result from the fitting

process, then the number of observations is assured,
r=100.
Differential functions roots

To determinate the local maximum and
minimum points of the function Mj* is necessary

solve the expression:

am, (0) . 22)
do
The Incremental Quest method is described in

Fig. 4.
Neural Network

Neural networks are composed of simple
elements operating in parallel. These elements are
inspired by biological nervous systems. As in nature,
the network function is determined largely by the
connections between elements. We can train a neural
network to perform a particular function by
adjusting the values of the connections (weights)
between elements. Commonly neural networks are
adjusted, or trained, so that a particular input leads to
a specific target output (see Fig. 5).

Fig. 4. Flow diagram of Incremental Quest

There, the network is adjusted, based on
a comparison of the output and the target, until the
network output matches the target. Typically many
such input/target pairs are used, in this supervised
learning, to train a network.

Target
Neural Network
Including connections
—— .
Input (called weights) Output Compare,
between neurons

Adjust
weigthts

Fig. 5. Neural arquitecture

Batch training of a network proceeds by making
weight and bias changes based on an entire set
(batch) of input vectors. Incremental training
changes the weights and biases of a network as
needed after presentation of each individual input
vector. Incremental training is sometimes refered to
as adaptive training.

Each element of the input vector X=[x4,X,...,
Xp] is connected to each neuron input (see Fig. 6).
The i-th neuron has a summer that gathers its
weighted inputs and bias to form its own scalar

output nj. The various N, taken together form an
R-element net input vector ». Finally, the neuron
layer outputs form a column vector a.

It is common for the number of elements in the
input vector to a layer to be different from the

number of neurons in the layer (P # R). A layer is
not constrained to have the number of its inputs
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equal to the number of its neurons. The developed
neural network has two layers:

- in the first layer, the number of neurons is R=2p,
- in the second one, R=1.

layer1 layer2 layer!

Fig. 6. Arquitecture of neural network
The sum of the weighted inputs and the bias forms
the input to the transfer function f.

The training process requires a set of examples
of proper network behavior - network inputs x and
target outputs y. During training the weights and
biases of the network are iteratively adjusted to
minimize the network performance function. The
performance function used for feedforward networks
is the Sum Square Error (SSE), it means, sum
squared error between the network outputs, a, and
the target
outputs t.

In the present work, the batch steepest descent
training function is used. The weights and biases are
updated in the direction of the negative gradient of
the performance function. There is only one training
function associated with a given network.

The larger the learning rate, the bigger the step.
If the learning rate is made too large, the algorithm
becomes unstable. If the learning rate is set too
small, the algorithm takes a long time to converge.
POST-PROCESSING
MAC procedure

Modal testing differs from system identification
in the fact that responses are measured at a number
of sensors which have a spatial distribution which
allows the visualization of the measured motion.
Visualization is key for a proper assessment of the
quality of an experimental result. One typically
considers three levels of models:

- Input/output models are defined at sensors.

In the fig. 7a, one represents these sensors as
arrows corresponding to the line of sight
measurements of a laser vibrometer. Input/output
models are the direct result of the identification
procedure.

- Wire frame models are used to visualize test
results. They are an essential verification tool for
the experimentalist. Designing a test well, includes
making sure that the wire frame representation is
sufficiently detailed to give the experimentalist
a good understanding of the measured motion (see
fig. 7b). With non-triaxial measurements,
a significant difficulty is to handle the perception
of motion assumed to be zero.

- Finite element models are used for test/analysis
correlation. In most industrial applications (see
Fig. c¢), test and FEM nodes are not coincident so
that special care must be taken when predicting
FEM motion at test nodes/sensors (shape
observation) or estimating test motion at FEM
DOFs (shape expansion).

ot

a. Input/Output b. Wire frame c.
Finite elements
Fig. 7. Representations of the measured motion

Correlation criteria seek to analyze the similarity
and differences between two sets of results. Usual
applications are the correlation of test and analysis
results and the comparison of various analysis
results. Ideally, correlation criteria should quantify
the ability of two models to make the same
predictions.

Since, the predictions of interest for a particular
model can rarely be pinpointed precisely, one has to
use general qualities and select, from a list of
possible criterion, the ones that can be computed and
do a good enough job for the intended purpose.

The Modal Assurance Criterion (MAC) and
Pseudo Orthogonally Checks (POC) are very
popular and useful criteria. Other criteria should be
used to get more insight when you don’t have the
desired answer or to make sure that your answer is
really foolproof. The following table gives a list of
criteria.

Shape correlation tools can also be used to
compare frequency responses. Thus the MAC
applied to FRF's is sometimes called FRAC.

MAC is the most widely used criterion for
vectors correlation (mainly because of its
simplicity). The MAC is the correlation coefficient
of vector pairs in two vectors sets, RM and EM. RM
is the reference matrix or the observation of
analytical analysis and it is defined as

RM:{R1,..,RJ.,...,R,,} where
T . .
Rj :[ﬂji---”b’---vrmn] , and EM 1is the estimate
matrix or experimental analysis and it is defined as
T
EM={E,..E,..E,} where £ _[e _.e. . e,]>
then MAC is given by:
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Table 2. Different correlation criteria
Criterion Description Advantage Limitation
Modal
Assurance
Criterion. The It can be
most popular used in all
criterion for cases. A
correlating MAC It can give very
MAC vectors. criterion misleading
Insensitive to applied to results without
vector scaling. frequency warning.
Sensitive to responses is
sensor selection called
and level of FRAC.
response at each
Sensor.
Pseudo
Orthogonally
Checks.
Requl.red m. It gives a It requires the
some industries L.
much more definition of a
for model .
validation. This | [cLaPle mass
POC S indication of | associated with
criterion is only .
correlation the known
defined for
. than the modeshape
modes since MAC components
other shapes do ’ P ’
verify
orthogonality
conditions.
Modeshape
pairing (based
E O: dt I;ell\/tIiAC) The same of = The same of
rror and relative MAC. MAC.
frequency error
and MAC
correlation.
Relatl\-/e. CITOT. It does not tell
Insensitive to Extremely
. much when
Rel scale when using = accurate .
. correlation
the modal scale criterion. oor
factor. poot.
Coordinate
ol e
Assurance gving It does not
Criteria compare more insight systematically
COMAC into the /
sets of vectors to give good
. reasons of > L2
analyze which indications.
poor
sensors lead .
. correlation.
poor correlation.
What if analysis,
where .
coordinates are Itis more
MACCO . precise than It is slower.
sequentially COMAC
eliminated from ’
the MAC.

For two vectors that are proportional MAC; [ 1
(perfect correlation). If MACI,], >0.9 is generally
considered as much correlated. If 9.9 < MAC,_]_ <0.6

should be considered with much caution (they may
or may not indicate correlation).

Next is showed - fig. 8 - the 2D and 3D
representation of MAC. The height of the patches
associated to each vector pair are proportional to
MAC value, the colour is relative to high and low

limits. The MAC compute vector pairs for all
vectors

MAC analysis
Relationship
B High SMAC> 0.9)
Y1 Low (0.9 < MAC< 008
INo (MAC < 0.05)
=
oL
< 0 ] [
=L LI I /Il
Y1 Y2 middtion Y4 5
a. Two dimension representation
MAC analysis o
Relationship
Il High SMAC >09)
1 C1Low (0.9 < MAC < 0.05)

[ INo (MAC < 0.05)

Reference Y1

Estimation

b. Three dimension representation
Fig. 8. MAC diagram

in the two sets, it is means, one way to represent the
analysis is, each vector from data set RM is
compared with each vector from data set EM.

The product of a couple vectors is a scalar
quantity. If R, and E, are identical the numerator

and denominator are equal, giving a MAC value of
1. If the two vectors are orthogonal to one another
the numerator is 0 and hence the MAC value is zero.
In the Fig. is shown a two identical set of vectors
non-orthogonals.

The MAC plot is an n x n grid (» is the number
of vectors being compared) enabling comparison of
all vectors from data set RM with all modes from
data set EM. The leading diagonal represents the
correlation between the vectors of the same number
from data sets RM and EM. If the ordering of the
vectors in each set is the same then the correlation
here should be high.
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MAC analysis Relationship

mmHigh (MAC> 09)

1 CILow (09 < MAC< 005)
INo (MAC< 005)

Reference Y1

Estimation

Fig. 9. MAC with identical matrix
5. SUMMARY

Initial qualities in case of machines are usually
geometric  features (e.g. clearance, element
permanent set) and material characteristics (e.g.
immediate resistance, fatigue strength) of their
elements. The set of all the state features: geometric
features, material and machine’s functional
parameters, necessary from the point of view
reliability, can be treated as
a multidimensional random process because many of
the features change randomly in the machine’s
exploitation course.

The course of changes in the technical state due
to external reactions, depends not only on the level
of those reactions but also on the above mentioned
features at the initial moment ¢ = 0, i.e. on the initial
technical state. The object’s technical state at the
moment ¢ depends, therefore, on time which elapsed
from the beginning of the exploitation, on the course
of external reactions within the whole time range
from ¢, to ¢, as well as on the initial technical state.
The values of the accepted amplitude features are
directly dependent on the machine’s technical state.
Amplitude features are qualities directly connected
with the state, useful for an easy theoretical mapping
of appearing (in time) changes of the object’s proper
functioning abilities.

Tools for the state evaluation are methods of
dynamic state research, supported by modern IT
technologies to which this work is dedicated.
Technical reality is the result of the models analysis
which describe it more or less properly. The process
whose aim is to build the best operational model
(mathematical or empirical) is called the
identification process. It is composed of the
problems: modeling, experiment, estimation and
model verification.

The problems of optimization are important
question. This area of investigations, in this the
reduction of information quantity and search the best
symptoms of destruction state elements of

construction. The proposed methods of PCA, SVD,
OPTIMUM permits on choice of the best measures
by defined the criterions of quality usefully.
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Summary

The article includes results of the team’s research work on vibroacoustic diagnostic of gearbox
components’ faults. A review of simulation and experimental researches that aimed at elaboration
of methods which would enable early identification of teeth faults in the form of working surface
pitting, spalling of tooth crest, crack at the tooth bottom as well as partial breaking of a tooth, is
presented. Assessment of selected methods of processing the vibroacoustic signals during the
detection of gear faults has been carried out while faults occur in gear bearings working under
various conditions. The initially processed vibration signals analyzed within time and frequency
domains constituted a basis for preparation of detection measures that were sensitive to early
stages of damage. The measures obtained as a result of simulation and experimental tests were
used to construct a set of neuron classifier models to diagnose the type and degree of toothed
wheels faults with a validation error below 5%. The achieved qualitative and quantitative
conformity of simulation and experimental research results has shown that application of an
expanded and identified dynamic model of the gear in a power transmission system enables the
acquisition of reliable diagnostic relations.

Keywords: gearbox, vibration, gear fault, diagnostics.
WYKRYWANIE USZKODZEN PRZEKEADNI NA PODSTAWIE ANALIZY DRGAN

Streszczenie

W artykule zawarto wyniki prac zespotu w zakresie diagnostyki wibroakustycznej uszkodzen
elementdw przektadni zgbatych. Przedstawiono przeglad badan symulacyjnych i doswiadczalnych,
ktérych celem byto opracowanie metod pozwalajacych na wezesng identyfikacj¢ uszkodzen zgbow
w postaci pittingu powierzchni roboczych, wykruszenia wierzchotka, peknigcia u podstawy zeba
oraz czesciowego wylamania zg¢ba. Dokonano oceny efektywnosci wybranych metod
przetwarzania sygnatow wibroakustycznych w procesie wykrywania uszkodzen kot zgbatych przy
jednoczesnym wystepowaniu uszkodzen tozyskowania przekladni pracujacych w réznych
warunkach. Wstgpnie przetworzone sygnaly drganiowe analizowane w dziedzinie czasu
i czestotliwosci stanowily podstawe do opracowania miar diagnostycznych wrazliwych na
wczesne stadia uszkodzen. Miary otrzymane w wyniku symulacji oraz badan doswiadczalnych
wykorzystano do budowy zestawu wzorcow klasyfikatora neuronowego diagnozujacego rodzaj
1 stopien uszkodzenia kot przektadni z bledem walidacji ponizej 5%. Uzyskana zgodnos¢
jakosciowa i ilosciowa wynikow badan symulacyjnych idoswiadczalnych wykazata, ze
wykorzystanie rozbudowanego i zidentyfikowanego modelu dynamicznego przektadni w uktadzie
napgdowym umozliwia pozyskanie wiarygodnych relacji diagnostycznych.

Stowa kluczowe: przektadnie zg¢bate, drgania, uszkodzenia két, diagnostyka.

1. INTRODUCTION

Toothed gears are designed for cooperation with
sources of propulsion of higher and higher power
and are exposed to high external dynamic loads. In
the design process, designers are trying to achieve
the highest possible ratio of power transmitted
through wheels to their weight. A gear working
under high load should be either sporadically or
constantly monitored to ensure safe operation. The
techniques of diagnosing the technical condition of
gears are oriented towards identification of faults of

their components in the initial phase of fault
occurrence.

One of the most frequently applied methods is
measurement of the vibroacoustic signal and on this
basis, determination of measures sensitive to
different types of damage.

The rate of propagation of vibroacoustic
disturbance caused by a changed condition of a gear
makes the vibroacoustic methods particularly useful
in diagnosing early stages of faults.

Recently, techniques of contactless measurement
of vibration have developed considerably. They
enable measuring the vibration speed of rotating
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bodies. Measurements of the vibration speed of
rotating shafts make it possible to eliminate the
consequences of complex and variable in time
transmittance of the bearing/gearbox system, which
allows obtaining effective symptoms of faults.

An essential issue in the diagnosing of gearboxes
is the ability to differentiate between various
phenomena influencing the vibroacoustic signal
connected with both, normal operation of the
gearbox and development of faults in its
components.

Toothed wheels and bearings are the gearbox
components most susceptible to damage. The
modern diagnosing methods of gearboxes are
oriented to the detection of early phases of fault
occurrence, e.g. spalling of tooth crest, crack at the
tooth bottom, fatigue chipping of the upper layer, or
galling of the interacting surfaces. In the diagnosing
of rolling bearings, detection of initial stages of
damage to the bearing race or rolling elements is
extremely important.

The development of computer hardware and
signal processing methods enables using advanced
signal analysis methods in the time-frequency plane.
The methods allow observation of non-stationary
impulse disturbance induced by faults in their initial
stages.

Experimental research on gearboxes is difficult
to carry out, as well as costly and time-consuming,
and in the case of gears produced as single items,
most often impossible. In such cases, it is justified to
use an identified dynamic model of a gear in
a power transmission system [5]. Such model will
allow making a series of numerical experiments and
analysis of the simulation results will enable
expanding the diagnostic knowledge and obtaining
higher certainty of the diagnosis.

For the monitoring of the condition of many
power transmission units, expert systems are
created, which use artificial intelligence
components. A properly constructed and taught
system can automatically recognize the existing
faults. Neuron networks in the process of learning
acquire the ability of generalizing knowledge, which
allows detection of faults in their early phases, often
not noticed during diagnosing. A basic problem
while constructing such systems is to define a set of
input data and acquire an appropriately large set of
training data [1].

2. SIGNAL ANALYSIS METHODS
IN THE DIAGNOSING OF GEARBOXES

In vibroacoustic diagnostic of gearboxes,
a number of different signal analysis methods are
used [2, 6, 7, 13, 14]. Figure 1 presents a general
classification of the existing signal processing
methods. The basis consists of a properly selected
vibroacoustic signal (WA) which, in order to
eliminate  incidental  disturbance, can  be
synchronously averaged and from which, by
applying appropriate filtration, a differential and

residual signals are obtained, as well as a signal
containing only bands of meshing frequency and its
harmonics. On the basis of the first two signals,
numerical  estimators  of  amplitude and
dimensionless discriminants are calculated. Analysis
methods are used in time domain, frequency domain,
or in time and frequency domain, as well as
statistical moments of higher orders. Those
dimensionless discriminants which are based on
statistical moments of higher orders (FM4, M6A,
MS8A, NA4 ...) are most often determined using
differential and residual signals [1, 4, 10, 12].

In case of simultaneous occurrence of faults in
wheels and bearings, it is justified to apply comb
filtration, thus enabling separation of vibration
signals generated by different faults [9].

Signal tacho

Input signal (vibration)
} b !

Time synchronous —> SIGNAL PROCESSING
averaging AND FEATURE EXTRACTION

statistical damage metrics

(Xpuss» X» & kurtosis, SF, ER,...),

FFT, short time Fourier transform SFFT,

envelope detection,

demodulation,

cepstrum,

wavelet transform (DWT, CWT, WPT),

Wigner - Ville transform,

bispectrum, trispectrum, ... ,

correlation, coherence.

T

—>| Comb filtering |47

v 3

Signal spectrum Ba‘;g}f)zais Aﬁfller

Differential Residual

Preprocessing

FFT

spectrum spectrum IFFT
IFFT IFFT|
Signal containing only
Differential Residual the mesh frequencies
signal signal and their harmonics
/ J{ ) AT 0
FM4, M6A, M8A, ..! ' NA4 (NA4), ... NB4 FMO

Fig. 1. Methods of vibroacoustic signal processing.

3. MODEL OF TOOTHED GEAR WORKING
IN A POWER TRANSMISSION SYSTEM

In the simulation tests, a dynamic model was
used representing a toothed gear working in a power
transmission system (Fig.2). The model was created
in the Matlab—Simulink environment. It takes into
account the characteristics of an electric driving
motor, single-stage gear, clutches and working
machine.
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Fig. 2. Dynamic model of toothed gear in a power
transmission system.

The simulation model allowed taking account, in the
calculations, of cyclic and random deviations which
occurred in the mesh [3, 5, 11].

The utilization of a dynamic model of gear in
a power transmission system was possible owing to
very good identification and tuning of the model
parameters. It gave very high qualitative and
quantitative consistency of simulation results with
the results obtained from tests of a real object [1, 5,
6, 9].

The gear model also enabled mapping of local
faults consisting of a crack at the tooth bottom or
chipping of tooth crest, and faults of rolling
bearings’ components.

The chipping of tooth crest throughout its length
was modeled as tooth contact section shortened by
a value equal to a predetermined part of pitch. The
effect of a changing tooth contact section length on
the meshing time was taken into account as well.
Chipping of tooth crest in a pinion results in
a premature finish of operation by a couple of teeth,
whereas chipping of the reference cone apex results
in a delayed start of cooperation between the couple
of teeth.

A crack at the tooth bottom is accompanied by
reduced rigidity of meshing. Therefore, a fault of
this sort was mapped as a percentage reduction of
rigidity of the cooperating couple of teeth in relation
to a couple without faults.

Analysis of the effect of the crack depth in the
tooth root on a change in mesh rigidity was
presented in monograph [9].

Faults of working surfaces of cooperating
elements of rolling bearings were modeled in
a similar way, by reducing the bearing rigidity while
the damaged piece of surface was in the load
transmission zone [9].

4. DETECTION OF TOOTH CREST
CHIPPING

Initial phases of tooth crest chipping
development in a toothed gear do not significantly
influence the general level of vibration. Hence,
detection of damages of this type in the early phase
is very difficult. It appears from the previous

research that the use of a contactless laser
measurement of transverse vibration speed of
rotating gear shafts, combined with advanced
methods of signal processing, such as Wigner-Ville
distribution or continuous wavelet transform,
enables detecting such fault in its initial stage. This
method of measurement eliminates the influence of
complex transmittance of the bearing - gear casing
system [9].

Fig. 3 shows the results of time and frequency
analysis WV of differential signal.
In the WV distribution, an increase of amplitude
occurs within the pinion turn angle corresponding to

the cooperation of the damaged tooth.
x 10

8

¢ [l 0o f[Hz]

Fig. 3. WV Time/frequency distribution of
differential signal — measurement of vibration speed
of pinion shaft in the direction of the force acting
between the teeth — 1 mm chip of the pinion tooth.

For easier interpretation of the results obtained,
summation was performed of WV distribution
discrete values (formula 1) in accordance with the
equation:

SWV(¢): iWV(lWVﬂkWV) (1)

kyy =4
WV(ZWV sk ) = WV(I: f) (@)
where:
Iy, kwy — discrete values of time and frequency,
respectively,

A, B — discrete values corresponding, respectively,
to limit frequencies of the summation interval £, /5.

In the presented in Fig. 4 sum of WV distribution,
local maxima coming from the chipping of the tooth
crest in the pinion are clearly visible, which
facilitates localization of the fault.

The sums S}, (¢) of WV distributions, obtained

from measurements (Fig. 4) and simulations (Fig. 5)
show high consistency.



114 DIAGNOSTYKA’ 3(47)/2008
WILK, tAZARZ, MADEJ, Gear Fault Detection Using Vibration Analysis

57z O [mm]; £,=133

S (#)

360

25 0 3B

(49!

R R e
Fig. 4. The sum of time/frequency WV distribution in
0+4500 [Hz] band, generated from a differential
signal of pinion shaft vibration speed measured in
the direction of the force acting between the teeth —
experimental research result.
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Fig. 5. The sum of time/frequency WV distribution in
0+4500 [Hz] band, generated from a differential
signal of pinion shaft vibration speed recorded in the
direction of the force acting between the teeth —
simulation result.

Based on the research, it can be affirmed that
processing of the signal of transverse vibration speed
of gear shafts, measured in the direction of the force
acting between the teeth, and the use of analyses in,
simultaneously, time and frequency, or time and
scale domains (CWT), facilitate effective detection
of chipping of a tooth crest. Using the sums of WV
distribution (Fig. 4, 5) or scalograms [9], measures
where built enabling the evaluation of the tooth chip
depth.

Computer simulations of a toothed gear with
damaged components, made using its expanded and
identified dynamic model, made it possible to verify
the measures of the case of tooth crest chipping
during the operation of gears of different
geometrical parameters of toothed wheels, at
different rotational speeds, loads or deviations in
wheel workmanship.

5. NEURON CLASSIFIER OF TOOTHED
WHEEL FAULT

The results of research connected with the
structure of neuron classifiers, which were taught
and verified on the basis of data obtained from
a simulation model of a toothed gear working in
a power transmission system, were presented in
monograph [1].

For constructing the models, signals of
transverse vibration speed of wheel shaft, analyzed
by means of FFT and CWT, were used. Based on
preliminary tests, an artificial neuron network of
MLP type was chosen as the classifier. Sets of
models were built on the basis on vibration signals
of a toothed gear working in the following
conditions:

- M =138 [Nm], » =900 [r.p.m.],

- M =138 [Nm], »=1800 [r.p.m.],

- M =206 [Nm], =900 [r.p.m.],

- M =206 [Nm], »=1800 [r.p.m.].

A neuron classifier was built, capable of
recognizing the degree of fault in wheel teeth in the
form of a crack at the tooth bottom or chipping of
tooth crest in a gear working at different shaft speeds
and different load torques.

It was assumed that the following classes would
be recognized:

# a crack at the tooth bottom in the form of
percentage reduction of rigidity of a couple of
teeth in case of such fault:

- class1]10+9%,

- class2]10+ 19 %,
class 3120 +29 %,

- class 430+ 40 %,

#* chipping of tooth crest, in the form of per cent
length of pitch, by which the tooth contact
section shortens as a result of such fault:

- class5]0+9 %,

- class6]10+ 19 %,

- class 7120 +29 %,

- class 8130+ 40 %,

The training process and the testing validation
process are presented in Fig. 6.

When using both, the models obtained from FFT
analysis and CWT analysis, the authors managed to
build neuron classifiers which can diagnose the type
and degree of fault of a gear wheel tooth with
a validation error below 5%.

Irrespective of the model building method, the
testing error for data taken from a real gear was ca.
60%.

In the successive stage, apart from data taken
from a dynamic model of a gear, part of data coming
from tests of a real gear were added to the training
set.

The testing error value obtained in that case was
ca. 20% in the case where for the construction,
layers of both sigmoidal and tangensoidal hidden
neurons were used [1].
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The research has shown that it is possible to
build a neuron classifier of two fault types of wheel
teeth in different stages of advancement for a gear
working at different rotational speeds of shaft and
with different load torques.

Neural networks

Fig. 6. Chart of the adopted methodology of working
with neuron classifiers [1].

6. CONCLUSIONS

As results from the research presented in the
paper, the methods applied to process the signal of
transverse vibration speed of shafts, measured in the
direction of the force acting between the teeth, and
the use of analyses in, simultaneously, time and
frequency or time and scale domains (CWT),
facilitate effective detection of various faults of
toothed wheels.

The achieved high qualitative and quantitative
conformity of simulation and experimental research
corroborates the fact that application of an expanded
and identified dynamic model of a gearbox working

in a power transmission system for simulating the
faults of its components enables the acquisition of
credible diagnostic relations.

The simultaneous application of experimental
methods and computer simulations has facilitated
the creation of input data to the system diagnosing
local damage of wheels, working based on artificial
intelligence methods. The research presented in the
monograph [1] shows that artificial neuron
networks, taught using data obtained from the model
and from a real gearbox, offer the highest
correctness of classification of the type and degree
of fault in gears.
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Stefan LISCAK, Pavol NAMESANSKY

Department of Road and City Transport, Faculty of Operation and Economics of Transport and Communication,
University of Zilina, Univerzitna 1, 01026 Zilina, Slovakia
E-mail: stefan.liscak@fpedas.uniza.sk, pavol.namesansky@fpedas.uniza.sk

Summary

This study investigates recognition and detection abilities of nighttime pedestrians by
observers and using a photographic method. The examination of the visibility of nighttime
pedestrians is done and afterwards evaluated by two methods. In the first method observers were
asked to detect a pedestrian from a slowly moving vehicle. In each attempt, detection distance was
recorded. From the place of detection, a digital photography was taken from the still vehicle.
Analysis of the digital photography in computer graphic software is the keystone of the second
method. The article also shows potential effect of retroreflector positioning on recognition of

nighttime pedestrians.

Keywords: pedestrian, recognition, detection, visibility, retroreflector.

1. INTRODUCTION

Reduced visibility is the major contributor to
pedestrian accidents at night. The visible distance of
dark-clad pedestrians is typically less than one-third
of the stopping distance at normal highway
speed. [1] Statistics show, that number of driven
kilometres is minor during nighttime traffic, but
accidents, which happen in dark or in lower
visibility conditions are usually tragic. When scaled
by the number of miles driven, pedestrian fatality
rate is three times higher at night. Part of the reason
is a bigger chance of driver drinking and fatigue, but
the critical factor is lower visibility due to reduced
ambient illumination. [3]

This study is oriented on investigating and
evaluating of visibility of still object — pedestrian.
Measurements were made during night. In this
article, there are included: 3 measurements, in
2 different sites, with 2 different vehicles, with
2 different groups of observers. Measurements and
evaluation were made using 2 methods. In the first
method, let us say “human method”, we measured
distances, when pedestrian was recognized by
observer from the moving vehicle. In the second
method, let us say “computer method”, digital
photographs were evaluated using a computer
software. These digital photographs were taken from
the still vehicle right from the place, where observer
had detected a pedestrian. It allowed us to compare
these two methods. We could analyze applicability
and reliability of computer method. Furthermore, in
2 measurements there was investigated an effect of
retroreflector  positioning on recognition of
silhouettes of pedestrians.

2. METHOD

2.1. Task

Observers performed a recognition task while
seated in the rear passenger’s seat of a vehicle, with
head positioned above and between front seat backs.
Two vehicles were used, in each case, with low
beam lamps. Specifically, an observer’s task was to
say stop right in the moment of recognition of
a silhouette of a pedestrian. The pedestrian was
standing on the right side of the road, ahead of the
vehicle. In each attempt, the vehicle was stopped as
soon as possible, always with the same, specially
trained driver. The speed of the vehicle was being
held approximately on the level of 17 km/h.

2.2. Observers

35 observers participated in this study. 31
observers were aged between 20 and 27 and 4 were
aged between 45 and 60. There were 11 females and
25 males in general. All observers were licensed
drivers.

2.3. Sites

There are three measurements included in this
study from two different sites. The first
measurement was done on 19" June 2007 in
Dresden, Germany. The second and the third
measurement was done on 8" December 2007 in
Dolny Hricov, Slovakia.

Since other vehicles, either preceding or
oncoming, would influence the visibility of the
pedestrians, the measurements were conducted on
rural roadway section with no traffic (Dresden) and
on the landing runaway of the airport Zilina in the
time without operation (Dolny Hricov).
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2.4. Equipment

There were two different vehicles with different
headlights used in this study. In the first
measurement, we used Mercedes Benz S 500 (made
in 2007) with bi-xenon factory headlights. In the
second and the third measurements, we used Skoda
Octavia 1,6 GLX (made in 1999) with factory
headlights, but with new bulbs OSRAM Bilux H4
12V, 60/55 W.

For measuring distances, we used measuring
tape and white chalk. For taking digital photographs,
we used digital SLR camera Nikon D70s with lens
AF-S DX Zoom-Nikkor 18-70mm f{/3.5-4.5G IF
ED. We used tripod.

2.5. Procedure

The observers were seated in the middle of rear
seat. There were two people in the vehicle during
one measurement — driver and observer. They were
told that this study investigated how well drivers can
recognize pedestrian at night. Particularly, the
observers were instructed to say stop whenever they
were sure, they recognized pedestrian as a person
(silhouette was relevant). The observers had known,
where the pedestrian was standing — on the right
side of the road. So, they had expected, where the
pedestrian were going to appear. However, they
were instructed to direct their gaze primary not on
the right side of the road. The pedestrian was
dressed in dark clothes, as shows fig. 1: black shoes,
blue/grey denim jeans, dark matte jacket, and black
cap with white marking.

Fig. 1. Photography of the pedestrian

After stopping the vehicle, detecting distance
was recorded and digital photography was taken.
Camera was mounted on a tripod. The tripod was
mounted and fixed on the right front seat.

Conditions and digital photographs parameters:
Common parameters:

Sensibility ISO: 200, Resolution: 3008 x 2000,

Colour space: Adobe RGB, File: * NEF, after

WB calibration converted to * JPG,

Long time noise reduction was activated.
Measurement 1 parameters:

Date and time: 19.6.2007, 23:00 — 2:00

Weather cond.: clear sky, light wind, 15-17 °C

Shutter speed: /5s, Aperture: 9,

WB: 3800 K, Colour space: Adobe RGB

Focal length: 18mm (27mm equal to 35mm film)

Fig. 2. Sample photography — measurement 1

Measurement 2 parameters:
Date and time: 8.12.2007, 19:40 — 21:00
Weather cond.: clear-somewhat cloudy, humid,
foggy, stronger wind occasionally, 4-6 °C
Shutter speed: 10s, Aperture: 5,6,
WB: 4000 K, Colour space: Adobe RGB
Focal length: 40mm (60mm equal to 35mm film)

Fig. 3. Sample photography — measurement 2

Measurement 3 parameters:
Date and time: 18.12.2007, 19:20 — 21:00
Weather cond.: clear-somewhat cloudy, light
wind, 1-2,5 C
Shutter speed: 10s, Aperture: 5,6,
WB: 4000 K, Colour space: Adobe RGB
Focal length: 44mm (66mm equal to 35mm film)

Fig. 3. Sample photography — measurement 2
Computer method
1. WB calibration and JPG creation.

*NEF file was recorded during the
measurement. The reason was simple. It allowed us
to make a white balance calibration. All
photographs, in particular measurement, they were
calibrated to the same WB value. NEF file works in
12 bit depth for each of RGB channel and also
enables specific photography settings: sharpness,
tone compensation, colour mode, saturation. There it
was used the best configuration to distinguish pixels
with the similar level of luminosity: sharpness-high,
tone comp.-low contrast, colour mode-Nikon Adobe
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RGB, saturation-moderate. After this process, NEF
was converted and saved as JPG with the highest
quality.

2. JPG processing

For JPG processing, it was used conventional
graphic software — Corel Photo Paint, which
provides useful statistical information about
a bitmap picture. A histogram is very good tool, how
to measure luminosity distribution in a picture or in
a selected area. The histogram represents a bar graph
of the total number of pixels that appear at different
levels of luminosity. The horizontal axis represents
the luminosity level, while the vertical axis
represents the number of pixels at each luminosity
level found within the current image. The left side of
the horizontal axis represents the darkest tones
within the image, while the right side represents the
lightest tones within the image. The histogram
provides these statistics: weighted arithmetic mean,
standard deviation, median, range, JPG file
distinguishes 256 levels (8 bit) of luminosity in one
pixel.

Drivers detect pedestrians by their contrast, the
difference in brightness between pedestrian and
background. The keystone of the computer method
was to compare luminosity of the pedestrian and
luminosity of the background. There was used
“mask” tool, which provides possibility to cut area
of the pedestrian from the background. Histogram of
the pedestrian was displayed. It was used “invert
mask” tool, what allowed us to display histogram of
the background. The difference of weighted
arithmetic means of the pedestrian and the
background is the measure of the contrast.

3. RESULTS

Primary task was to measure detecting distances
and compare human to computer method. Secondary
task was to investigate an effect of retroreflector
positioning on recognition of silhouettes of
pedestrians. Graphic charts show the results — figure
4 and 5. Correlation coefficient indicates the
strength and the direction of a linear relationship
between two variables — detection distances and
differences of weighted arithmetic means of
luminosity. The problem of visibility and
recognition is complex and there is a great
contribution from complicating factors.
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Fig. 5. Effect of retroreflector positioning

Correlatio Negative Positive
Small -0,3 to -0,1 0,1t00,3
Medium -0,3 to -0,5 0,3t00,5
Large -0,5t0-1,0 0,5t0 1,0

Fig. 6. Interpretation of a correlation coefficient
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DISCUSSION

In the primary task we investigated recognition
distances of the pedestrian in different conditions.
Graphic charts — Fig. 4, shows distances, when the
pedestrian was recognized by an observer. Mean
recognition distances and standard deviation shows
Fig. 7.

Mean Standard
Measurement | recognitio | deviatio
n distance n
1 92,29 m 9,33
2 36,53 m 12,66
3 61,82 m 10,47

Fig. 7. Arithmetic mean of recognition distances

The longest distances were measured in the
measurement 1, when there was favourable weather
and the measurement was done with Mercedes
S with bi-xenon headlights. The shortest distances
were measured in the measurement 2, when there
was foggy weather and the measurement was done
with Skoda Octavia. Thus, the influence of weather
is evident. Foggy weather is one of the most
dangerous weather conditions. It is also confirmed
by the road accidents. When scaled by total number
of traffic accidents, fatality rate is the highest in
foggy weather.

The computer method, which we have tried, is
not enough accurate. It is confirmed by a correlation
coefficient. To improve accuracy, reliability and
objectivity of the used method, it is necessary to
improve evaluating process of the photographs.
There are some proposed improvements:

a) An algorithm, which would be able to separate
(automatically and reliable) pedestrian from
background.

b) In the evaluation of luminosity of background, to
divide it to close and far background. Another
option would be to develop an integral method
with stronger importance of the close
background. However, there is a question what is
the close background.

¢) The same or similar process with pedestrian as in
the case of background.

The best solution though would be to develop
a method, which would be able to evaluate the
contrast between pedestrian and background,
reliable and quick. The existence of the algorithm,
which would be able to recognize reliable the
pedestrian by an analysis of an image, in visible, IR
spectrum or using fused image, is the condition for
developing intelligent and maybe autonomous
vehicle safety system. The biggest problem is with
the reliability, because there are uncountable
different traffic situations in different weather
conditions.

The secondary task was to investigate an effect
of retroreflector positioning on recognition of
nighttime pedestrians. Fig. 5. shows the results. It is

necessary to point out, that we deal with static
pedestrian and we tried to recognize the silhouette.
We predicted, that the position of the retroreflector
on the ankle would be the best for recognition. It is
obvious from the Fig. 6., that the longest recognition
distances were in the case of shoulder position.
From the study of the photographs it is obvious and
visible, that the ankle position of the retroreflector
causes glare of the observer and also driver.
Consequently, the ability to recognize a silhouette is
reduced. There is no doubt, that the application of
the retroreflector, whether fixed to shoulder or
ankle, enabled visibility of the light spot from the
long distance (more than 200 m).

Generally, many researches confirmed that
pedestrians are visible at greater distances when they
wear a reflective tag or vest. However, there are
some drawbacks to reflective material. One is that
reflective material sends light primarily in one
direction. If the headlights hit the material at the
wrong angle, the reflected light goes in the wrong
direction and does not hit the driver’s eye, and the
reflector will appear dark. Further, if the reflective
material covers a small part of the body, then the
driver may detect its light but may not recognize it
as being a person. Reflective material may also
cause pedestrians to be overconfident. [3]
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Summary

Further development of proposed earlier [1] critical machinery vibration monitoring algorithm
intended for faults early detection, unlike standard monitoring techniques, is propounded. The
algorithm is founded on nondimensional S-discriminants, calculated from current amplitude-
clipped vibration signal parameters referred to the ones for the machine being in good (normal)
condition. These parameters have an inherent high sensibility to amplitude spikes magnitude and
amount growth, which takes place at vibration signal under the machine degradation, due to
suppressing intrinsic machine vibration hash. The paper shows that really effective high speed
machinery condition monitoring technique based on using casing vibration data should mandatory
take into account the acceleration parameters calculated both in wide and narrow frequency bands.

Keywords: vibration condition monitoring, non-dimensional discriminant, machine defect.

1. INTRODUCTION

To assure technical, ecological and human safe
machinery exploration one needs to use condition
monitoring and diagnostics algorithms which enable
to detect operational malfunctions at the very early
stage of their development, i.e. algorithms based on
specific methods which detect even week changes of
vibration signals originated from the incipient faults.
It is the well-known fact that vibrations carry all
information about machine dynamic behavior,
including defects manifestation as well. The wider
frequency range we use for machine problem
analysis and the more diagnostics algorithms take
into consideration the main specific features of
machine dynamic model, the better are results. It is
well-known also another fact, that generally most of
machinery monitoring and protection system
algorithms are based on the estimation of the RMS
(root mean square) value of vibration velocity over
the range of 10 to 1000 Hz, or amplitude divergence
(for wide or narrow frequency band) from base line
meanings under good machinery condition.

The conventional vibration velocity range
(10- 1000 Hz) of high-speed-rotation machinery
contains merely several first shaft rotation frequency
harmonics affected only by rough machinery
condition changes, for example due to unbalance,
eccentricity, misalignment, part breakage, and so on.
But technique of incipient fault detection (such as
erosion, corrosion, pitting, scuffing, and so on) bases
on some other principles, because their symptoms
are situated in high frequency vibration range [1-3].
The paper gives evidences of the necessity of
combined approach with incipient fault detection
and diagnostics methods as its foundation. The paper
presents some investigation results on the subject of
safe machinery operation ensuring in atomic

applications and on early detection of gas turbine
engine (GTE) rolling bearing developing defects at
a gas pipeline compressor station.

2. ANEW APPROACH TO THE VIBRATION
MONITORING OF HIGHSPEED
MACHINERY

As it is seen from practice, the more complicated
is a machine unit, the more dispersion of measured
parameters within general scope of similar machines
proves. Due to that it is important to use the
individual approach when vibration monitoring is
applied.

One feasible way for the early malfunctions
recognition is preliminary “passportization” of
vibration spectrums and posterior comparison of
measured current spectra with the passport spectral
data to estimate changes derived from machine
condition degradation during its exploration. The
point is that the procedure is not effective enough
because these changes are small and due to the
procedure is not automatic.

There was suggested another way with using
some non-dimensional vibration characteristics
(S-discriminants) which values are independent
either on machine type or vibration units, but only
on type (kind) of defect and its severity. Such well-
known discriminants as peak-factor X, /o, excess

E:(ﬂ4 /04),3 (or kurtosis), indexes of amplitude or

frequency modulation, prof. Cempel dimensionless
discriminants, and so on, often have been used for
this aim [1]. However above-mentioned
nondimensional parameters have an essential
demerit, namely — when a numerator growing along
with defect development (due to the number and
amplitude of vibration overshoots enlargement),
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a denominator behaves similarly and dependences of
these characteristics on machinery time operation are
nonlinear as a rule. It is known [1], that such
sensitive  vibration parameter to overshoots
appearance as excess coefficient, having high
sensitivity to any damages at an early stage with
small amount of overshoots per time unit, lost its
sensitivity to  well-developed damage with
overshoots quantity growing on.. Dependence of
excess (and other standard dimensionless
parameters) values from pulses number (which is
modeling the machinery parts degradation degree
along the operational time) is nonlinear function that
means non-single-valued nature of these parameters,
in contrast to S-discriminant /,(see Fig. 1).
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Fig. 1. Influence of pulse quantity m (within time
realization N=1024) on excess E, peak-factor P-F,
normalized amplitude deviation o, /o, and S-

discriminant /,; values for meaning of relative pulse
amplitude 4/o =5, where 0, 0, — are standard

amplitude deviations of random noise signal and
reference summary noise and pulses sequence

All that is the foundation for suggestion such
kind of monitoring and protective algorithms which
would be more sensitive to early fault events and
besides have monotonic dependence from machinery
degradation state during operational time. To
properly realize the “critical” machines condition
monitoring and incipient fault detection techniques
was proposed the algorithm of estimation of some
dimensionless S-discriminant magnitude declining
from the value equal to an unit that is placed in
correspondence with machinery normal condition.

Analysis of machine vibration waveforms with
operational damage in progress shows that vibration
becomes unstable and mandatory feature of an
incipient fault is an appearance of single or multiple
signal overshoots (Fig. 2) deriving from interaction
conjugate parts format changes due to erosion,
corrosion, pitting, contact surfaces welding and
scuffing, and so on.

To raise the sensitivity of the vibration features
to incipient faults and minimize the influence of
uninformative regular machine vibration (i.e., noise),
there were suggested stochastic dimensionless
characteristics (amplitude discriminants) to be
formed for vibration signals, clipped above the

specified amplitude clipthreshold P (see for example
the red lines at Fig. 2 which are drawn here at
amplitude values of +25,,). Thus it is possible to get
rid of the own machine vibration which is intrinsic
in absence of any malfunctions, and due to it
improve the parameters sensitivity.

5 Normal condition
1
< 0
-1
2
Time
a)
5 Contact wear
Time
b)

Fig. 2. Examples of vibration acceleration time
histories: a) for machine in good condition, b) for
machine with injured elements (scuffing in contact
zone)

As a result there were formed the relative
indexes from some statistical parameter of the
clipthreshold exceeding for current vibration signal
divided by the same characteristic of reference
signal, measured under machinery normal condition.
One of them is dispersion index I4 of threshold
exceeding, formulated as follows:

izli]:[(xi)(,) :P]z &

J=da .
LY

Here (x;)(;) and (x;)(,) are values of vibration
amplitude components, calculated for current and
reference (i.e. normal, without any faults) machine

conditions; P=Ac,, (A= 0.5 — 3.0) — amplitude
clip-threshold, o, — standard deviation (RMS) of

vibration signal for normal (reference) machinery
condition; K and K, — are numbers of overshoots
above the threshold P for current and normal
vibration signals.

An amplitude discriminant significance equals to
1, when the machine is under its good condition, but
becomes >1 or >>1, if any kind of damage would
take place. Thus there were formed dimensionless
amplitude discriminants, featuring high sensitivity to
instability, caused by machinery operational
imbalance, resulted from any fault, and noise
immunity to internal machinery  masking
interference.  Some  practical  (experimental)
examples of S-discriminant successful application
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for incipient detection of multistage gearbox parts
defects and of gas turbine unit rolling bearing faults
are given below.

2. VIBRATION ANALYSIS RESULTS OF GAS
TURBINE ENGINE (GTE) AND GEARBOX

The example below is given to clearly prove that
standard monitoring technique is not effective to
evaluate changes of complex high speedy machinery
and is not applicable to incipient faults detection and
recognition (malfunctions of bearing supports, tooth
gears, compressor and turbine blades, and so on) due
to practically absence of information of these
machine parts operability in vibration velocity
signals. Really, plant’s limiting values of vibration
velocity RMS within 10...1000 Hz frequency band
(overall level) could be exceeded only under great
machine degradation that distorts of its shaft line
(bearing breakage, blade breakaway, and so on).

Accordingly with GTE failure statistics there
about 80% breakdowns are the result of bearing
malfunctions. Typical plot of lateral vibration
acceleration spectrum being acquired at one of navy
GTE type DG-90 casing measurement points is
given in Fig. 3 for front support of low pressure
compressor (LPC) in vertical direction [2].
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Fig. 3. GTE casing vibration acceleration spectrum

It is clear, that frequencies of bearings generated
vibration lay, as a rule, exceed 1000 Hz and as
a matter of fact the deterioration of LPC front
support ball bearing in question had not been
detected timely with the conventional on-line
monitoring system because of no one vibration
velocity threshold had not been exceeded.

In Figure 4 the several non-dimensional vibration
parameters plots are shown under degradation
process in ball-bearing of front support of low
pressure compressor (LPC) of navy gas turbine
engine DG-90 during operation time 01.06.04 to
19.07.04, when machinery was stopped due to metal
chips appearance in lubrication.

All parameters were measured for narrow band
(1.0+1.75 kHz) case vibration acceleration — around
of the inner race frequency (BPFI) [2]. The
discriminant /, actually has max value of _ 100, but
Figure 4 scale (0 to 25) was chosen for purpose the
other parameters (peak-factor P-F, normalized
standard deviation o, /o, , excess E) — to be

recognizable. The first significant discriminant
overshoot which corresponds to dramatic change
condition of ball-bearing one could see at 25.06.04
point, i.e. three weeks before the train has been
stopped.

Vibration parameters values

% 3 2 %
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Fig. 4. Narrow band (1.0-1.75 kHz) case vibration
various parameter behavior during ball bearing
damage development in LPC of gas turbine engine
DG-90 front support.

Some practical examples of S-discriminant
application  for  multistage  gearbox  parts
malfunctions are described below. Wide-band
vibration discriminant analysis permits to detect
informative measurement point for consequent
detailed narrow-band signal analyses. In Fig. 5 there
are given the dependences of discriminants from
operation time of research reactor IBR-2 movable
reflector-modulator [3], that are calculated for
narrow frequency band (5.0-6.3 kHz) casing gearbox
vibration, measured in points #1-4.
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Fig. 5. Narrow-band gearbox casing vibration
discriminant trends for measurement points (#1-4)

In Fig. 6 are given the amplitude modulation
indexes, calculated for informative measuring point
#4 on the ball bearings defect passing frequencies.

In such a way it’s possible to realize the
procedure of machinery deterioration development
detection generally, and after that — specific
malfunction localization by means of frequency
identification. For objective estimation of operating
machinery condition it is reasonably to estimate both
wideband and narrowband vibration parameters
evolution during machinery service life such as
S-discriminant.



124

DIAGNOSTYKA’ 3(47)/2008

SOKOLOVA, BALITSKY, On Some Critical Machinery Vibration Monitoring Algorithm And ...

—e—FTF-12=9.22Hz
—=a—BPFO-14=76Hz
—a—FTF-13=9.46Hz

Ampl. Modulation Index
o

7500 10000 12500 15000

Time, hrs

17500 20000

Fig. 6. Trends of ball bearings defect passing
frequencies amplitude modulation indexes

Only combined utilization of a set different
methods and algorithms for operating condition
monitoring of critical machinery, leaning on the
information, obtained with incipient failure detection
methods can give a reliable estimation of its
condition.
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Summary

The paper presents a new method for diagnosing internal combustion engines with automatic
ignition in traction conditions. Its substance involves determination of engine torque on the basis
of recording of acceleration in road conditions. Extensive preliminary and primary experimental
research has been conducted. Three variants of the internal combustion engine diagnostic model
have been developed using a trivalent evaluation of states. Algorithms have been proposed to
control a state and location of engine defects. The new method has been verified in traction
conditions. A probability of a correct diagnosis of internal combustion engine is 0.85 + 1.

Keywords: military vehicles, internal combustion piston engines, diagnostics.

METODA DIAGNOZOWANIA SILNIKOW SPALINOWYCH O ZAPLONIE SAMOCZYNNYM
NA PODSTAWIE POMIARU MOMENTU OBROTOWEGO, W WARUNKACH TRAKCYJINYCH

Streszczenie

W pracy przedstawiono nowa metod¢ diagnozowania silnika spalinowego o ZS w warunkach
trakcyjnych. Istota polega na wyznaczeniu momentu obrotowego silnika na podstawie rejestracji
przyspieszenia w warunkach drogowych. Wykonano obszerne wstgpne i zasadnicze badania
eksperymentalne. Opracowano trzy warianty modelu diagnostycznego silnika spalinowego,
z wykorzystaniem trojwartosciowej oceny stanow. Zaproponowano algorytmy kontroli stanu
i lokalizacji uszkodzen silnika. Zweryfikowano nowa metod¢ w warunkach trakcyjnych.
Prawdopodobienstwo poprawnej diagnozy silnika spalinowego wynosi 0,85 + 1.

Stowa kluczowe: pojazdy wojskowe, ttokowe silniki spalinowe, diagnostyka.

1. INTRODUCTION

Based on analysis and assessment of diagnostic
methods for internal combustion engines with
automatic ignition, it should be stated that 3, 4, 6]:
1. tool-free methods for research and assessment of

a state of internal combustion engines with
automatic ignition, based on senses of eyesight,
hearing and touch may be used as supplementary
methods in mechanical vehicles diagnostic-
servicing process, although they are not excluded
to be used as primary methods in practical
realization of processes for diagnosing and
servicing internal combustion engines;

2. a considerable number of diagnostic methods
being used for internal combustion engines with
automatic ignition is characterized with complex
diagnostic algorithms and a high labor
consumption, which results in their low
usefulness in diagnostics of those technical
objects;

3. a large number of existing diagnostic methods
for internal combustion engines with automatic
ignition has no fixed boundary values of
diagnostic parameters;

4.

so far there are no objective diagnostic methods
for quantitative determination of a wearing
degree of piston-crank system and camshaft of
internal combustion engines;

a need arises to develop methods for finding
a genesis and forecasting a state in an aspect of
possibilities for them to be used in practical
realization of the internal combustion engines
servicing process;

a significant number of existing methods stands
for static and quasi-dynamic methods that are
useless for applications in board diagnostic
systems;

in our opinion, at present there is no sufficient set
of diagnostic methods and means allowing for
full and effective control of a state and location
of damages in engine with automatic ignition
both in stationary conditions and in particular
while driving;

there is a need to develop an effective method to
control a state and location of damages in
internal combustion engine with automatic
ignition for its further use in board diagnostic
systems in conditions while a vehicle is in
motion.



126 ) DIAGNOSTYKA’ 3(47)/2008
NIZINSKI, KUPICZ, Method For Diagnosing Internal Combustion Engines With Automatic Ignition...

2. DIAGNOSTIC MODEL FOR VEHICLE

ACCELERATION
2.1. Gist of vehicle acceleration process

In the vehicle acceleration process in a selected
gear, internal combustion engine’s torque from
crank-shaft is transferred to a clutch, gearbox and
further through distribution box, final drive — onto
vehicle wheels. Driving force F,, that is generated
by the engine must be higher than total motion
resistances force that consists of: inertia force F7,
rolling resistance force F, and air resistance force F,
on a horizontal route.

The higher driving velocity the higher total
motion resistances force and vehicle acceleration
keeps declining until stability of velocity at which
driving force becomes balanced by the motion
resistances force, or when a maximum rotation
speed of the engine has been achieved.

2.2. Equations of vehicle motion while

car acceleration

General equation of vehicle’s rectilinear motion
on a flat route has a form of [1, 2]:

Fn:F;+Fp+Fb (21)

where: F, — driving force on vehicle wheels; F, —

rolling resistances force; [, — air resistances force;
F, — inertia resistances force;

After its transformations, expression (2.1) has
a form of:

F, = fing + yC AV + dma (2.2)
where: f — rolling resistances coefficient; m —
vehicle weight; g — gravitational acceleration; p —

air density defined by a formula:

— HT 7—'0

P =P HT, (2.3)
where: po — air density in normal conditions = 1.189
kg/m®’; H; — air pressure at the moment of
measurements taking; H, — reference pressure of
100 kPa; T7 — air temperature at the moment of
measurements taking; 7, — reference temperature of
293 K; C, — air resistances coefficient; 4 — vehicle
face surface; a — vehicle momentary acceleration;
v — vehicle linear velocity; 6 — vibrating masses

coefficient defined by a formula:
1 +1,)i’n, +21
5:1+(s+ T)lzcnm-"_ k (24)

r,m

where: /; - moment of inertia of engine vibrating
masses; Ir — coefficient to undefined states of
internal combustion engine; i, — total ratio of
driving system; #,,— driving system efficiency; [; —
driving wheels moment of inertia; r;, — real,
momentary dynamic radius of wheels.
2.3. Gist of New Method
The method being proposed bases on
determination of engine torque on the basis of
acceleration recording while vehicle is in motion in
road conditions. A simultaneous measurement of
fuel consumption allows for determining hourly fuel
consumption in engine’s rotational speed function. It

is worthwhile stressing that a concept of
methodology, defined below, for determining
a torque of internal combustion engine has not been
applied so far in diagnostic systems of mechanical
vehicles in traction conditions.
2.4. Methodology for determining

a set of diagnostic parameters

A problem with determining a set of diagnostic
parameters of internal combustion engines in
traction conditions will be solved by the following
steps:
STEP I

Measurement of vehicle linear velocity and
engine rotational speed
STEP 11

Determination of dynamic radius of a circle r,

from dependence:

(2.5)

where: v — vehicle linear velocity; i, — total ratio of

driving system; #, — engine rotational speed.
STEP 111

Attempt of vehicle free rundown. A quantity
being measured is a delay a; and a, of vehicle
motion. The gist of measurement involves
acceleration of the wvehicle up to a possibly
maximum speed, and then setting a gear-shifting
lever into neutral and recording a delay 4 ;=1

until the vehicle has stopped. Motion resistances are
determined at velocities below 10 k% when

influence of air resistances is ommittably small. Air
resistances are determined by delay a. recorded at
velocities of 75-20 km/h.
STEP IV

Determination of motion resistances coefficient
from the following formula:

s :“’f[uz[k] (2.6)

g\ my
where: a, — vehicle motion delay; g — gravitational
acceleration; /; — driving wheel moment of inertia;
m — vehicle weight.

It is worth stressing that the motion resistances
coefficient includes rolling resistances and frictions
in: wheel bearings, meshing of gear wheels and
shafts joints.

STEP V

Determination of vehicle air resistances

coefficient from the following formula:

aC IC
c;[—p;”sz[ngﬁ EZ’J (2.7)

where: 4 — vehicle face surface; a. — vehicle motion
delay; p — air density.
A measurable quantity is vehicle motion delay a,
being recorded at velocities of 70 + 20 km/h, in
a rundown attempt being realized in STEP II1.
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STEP VI

Measurement of vehicle acceleration and fuel
consumption is started upon a minimum velocity has
become stable on third gear, and then through
a rapid maximum stepping on acceleration pedal the
vehicle gathers speed until a maximum velocity has
been achieved. Vehicle dislocation, rotational speed
of engine crank shaft and fuel consumption are
measured.

A measured quantity is vehicle dislocation s P

The gist behind measuring that quantity involves
a rapid acceleration of the vehicle until a maximum
velocity on a give gear has been achieved and
recording of dislocation s, =f(t) - The vehicle

2
dsp.

dr’

motion acceleration is obtained as , _
»

STEP VII
Having the following data: dynamic radius of
circle o motion resistances coefficient f, air

resistances coefficient C, and motion

acceleration a,> it is possible to determine torque

from the following dependence:
mgfi, + pC_AV’r, + omr,a
MS=[ i PP J 2.8)

where: ¢ — vibrating masses coefficient; a, — vehicle
motion acceleration; G, — momentary hourly fuel
consumption measured in acceleration process.

2.5. Summary
Analysis of the vehicle acceleration diagnostic

model authorizes to formulate the following

conclusions:

1. the basis for the new method of research and
assessment of a state of internal combustion
engine with automatic ignition is equation of
vehicle rectilinear motion on a flat route (2.1),
and dependence (2.8).

2. a set of parameters of a state of internal
combustion engine with automatic ignition
includes:
engine torque M, ;
hourly fuel consumption G, ;
diagnostic parameters of vehicle state and
internal combustion engine can also be as
follows:
dynamic radius of circle - 7,
motion resistances coefficient f;
delay ay;
delay a.;
acceleration a,, .
it should be stressed that for the above-
mentioned sets of diagnostic parameters to be
symptoms of a state of internal combustion
engine with automatic ignition, their usefulness
should be proved in a sense of meeting the
hereto criteria: sensitivity, uniqueness, stability
and informativeness, using experimental
research.

oW

mESe*RI

—_ O

3. EXPERIMENTAL RESEARCH
3.1. Research goal

The preliminary research goal was [5] to:

o define properties of signals being examined;

e determine an influence of factors being tested on
values of physical quantities being measured;

e determine defined research terms and conditions,
required by developed method to control a state
and location of 4CTi90-1 BE6 engine damages.
The goal of primary research has been specified

as follows:

e to select the best diagnostic parameters due to
states differentiation criterion;

e determine boundary values of diagnostic
parameters for selected states of 4CTi90—-1 BE6
engine;

e determine states—diagnostic parameters
couplings, that is, to obtain a diagnostic model of
4CTi90-1 BES6 engine, type - informative model
Is.

The purpose of laboratory research is to collect
data essential for comparing their values with values
of results obtained in the primary experimental
research, and on their basis verify the developed
method for diagnosing 4CTi90-1 BEG6 engine.

3.2. Research Program

Preliminary diagnostic testing program for the
engine has been presented on fig. 1.

Primary diagnostic testing program for 4CTi90—
1 BE6 engine has been presented on fig. 2.

Laboratory testing program for 4CTi90-1 BE6
engine has been presented on fig. 3.

3.3. Test stand and measuring apparatus

A test stand for diagnostic testing of 4CTi90-1
BE6 engine has been HONKER make vehicle.

Individual signals have been recorded using the
following apparatus:

e optoelectronic sensor of linear velocity of DLS-1
vehicle made by Corrsys-Datron company:

e sensor of rotational velocity of FS2—-60 engine
made by Keyence company;

e 116H type of fuel flow-meter made by Pierburg
company,

o fuel temperature sensor;

e data acquisition and processing station pEEP—10
made by Corrsys-Datron company

4. PRELIMINARY TESTS RESULTS

ANALYSIS
4.1. Influence of whether conditions on values

of physical quantities being measured

e Analysis of performed tests results has indicated
essential differences in values of physical
quantities being measured in diverse weather
conditions. In order to reduce uncertainty of
diagnosis made, an analysis has been conducted
of the weather conditions impact and correction
equations have been presented allowing for
referring obtained results to standard ambient
conditions i.e. temp. 20° C, pressure 100 kPa.
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Fig. 1.Chart of preliminary diagnostic testing
program for 4CTi90-1 BE6 engine
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Fig. 2. Chart of primary diagnostic testing program
for 4CTi90-1 BE6 engine

Micjsce badari

Stan techniczny

OO0 O0O-O OO-O OO-O

Fig. 3. Chart of diagnostic laboratory testing program
for 4CTi90-1 BE6 engine

Ambient temperature

Tests performed at identical air pressure have
been separated out of a set of all measurement
results. Maximum values of internal combustion
engine torque have been assumed for analysis.
Results have been presented on fig. 4. The
maximum torque value has been marked on the chart

as average value and a standard deviation. This
quantity characterizes a dispersion of results, that is,
a statistical component of uncertainty of the
measurement result (A type).

Obtained testing results are convergent with data
included in technical literature. Growing ambient
temperature effects in declining air density, and thus
its smaller amount is sucked into the engine
cylinder, which worsens a level of fulfillment and
a progress of the combustion process, and therefore
reduces effective pressure and engine torque.

The hereto considered process has been
approximated with a straight line. Straight line
inclination coefficient has been used to determine
a correction equation, leading the obtained
characteristics of the internal combustion engine
torque to normal temperature of 20° C. The
dependence takes the following form:

M. =M —(0,4060*(T,-T))

STy

4.1)

where: M,, —torque corrected to temperature of 20°

C; M, - torque measured in ambient

temperature 7; T, — reference temperature —

20°C;

Ambient temperature influences a temperature of
fuel being delivered to engine injection pump.
Injection apparatus had no temperature controlling
device in the wvehicle being tested. Therefore,
differences in velocity characteristics of hourly fuel
consumption, being measured while testing in
various ambient temperatures, have been expected.
Results of the performed analysis are presented on
fig. 5.

A correction equation to standard ambient
temperature has been determined in analogical way
as that for the torque.

= %
G(,T0 =G, —(0,02142*(T, -T)) 4.2)

where: G . fuel consumption corrected do
ely

temperature of 20° C; G, — fuel consumption

measured in ambient temperature T, 7, —

reference temperature — 20° C;
Air pressure

Corrected maximum torque values have been
analyzed again due to ambient pressure value.
Comparative results have been presented on fig. 6.
A correction equation of air pressure influence on
torque characteristics has been determined in
analogical way as that for the temperature:

Msk :MsTO +(2’0042*(p0_p)) (43)

where: p7, — torque corrected to normal conditions

(temperature 20° C, air pressure 100 kPa);

M,, — torque corrected to temperature 20° C;

po — reference pressure (normal) reaching
100 kPa; p — air pressure while making
measurements.
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Air Humidity

Relative air humidity depends on pressure and
temperature. In order to become independent from
those two quantities, for the purposes of this method,
a relative humidity has been measured and then
converted to absolute humidity (so-called proper
humidity) expressed as content of water in one
kilogram of dry air. Influence of absolute humidity
on torque results is presented on fig. 7.

As indicated on the above figure, absolute
humidity hereto applied measurement method has no

185 T

significant influence on torque value. Statistical
(A type) uncertainty of results of individual
measurements (performed in stable conditions) is
higher than differences effecting from the impact of
proper humidity.

Correction equations of the impact of weather
conditions can also be determined on the basis of
analysis of multiple regressions. It allows for
obtaining a single equation that contains influence of
all the factors being tested.

184 Moment y silnik
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Fig. 4. Influence of ambient temperature on maximum torque values
of internal combustion engine 4CTi90-1 BE6
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Fig. 5. Influence of ambient temperature on hourly fuel consumption of internal combustion engine 4CTi90-1
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Fig. 6. Influence of air pressure on maximum values of 4CTi90-1 BE6 internal combustion engine torque
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Fig. 7. Impact of air absolute humidity on obtained values of maximum torque
of internal combustion engine 4CTi90-1 BE6

Summary
On the basis of performed tests and analyses of

weather conditions influence on values of physical

quantities being measured, it should be stated that:

1.ambient temperature has essential impact on
values of parameters characterizing a process from
a torque of internal combustion engine 4CTi90-1
BE6;

2.ambient pressure has a very essential influence on
values of parameters related to a torque of internal
combustion engine 4CTi90-1 BE6;

3.proper air humidity has a minor impact on
parameters values determined for internal
combustion engine 4CTi90-1 BE6 torque
characteristics;

4.influence of weather conditions on parameters
values related to fuel consumption by the engine is
immaterial;

5.in order to obtain reliable testing results, torque
and fuel consumption values being obtained
should be corrected to normal conditions;

6.the most convenient method of correction to
normal conditions is a use of multiple regression
equations recognizing the influence of all factors
being tested;

7.percentage of explained volatility for weather
conditions impact on torque value is very high and
exceeds 90%, and for fuel consumption 76.43%;

finally, correction equations of weather conditions

influence have the following form:

e for the torque:

M, =M, —(0,5066%(T, —T))+2,1704*

*(p, — p)+0,1435%(DP, — DP) (4.4)
where: p7 — torque corrected to normal conditions

(temperature 20° C, air pressure 100 kPa,
reference humidity defined as dew-point 10° C);
M, — torque measure in ambient temperature 7,
pressure p and humidity DP; p, — reference
pressure (normal) reaching 100 kPa; p — air
pressure while making measurements; 7, —
reference temperature: 20° C; 7 — ambient
temperature while making measurements; DP —

dew-point  temperature
humidity);  DP,  —
temperature: 10° C,
o for fuel consumption:
Ge, = Ge +(0,0394 % (T, — T)) — 0,8545 *
*(p, — p) —0,3013 * (DP, — DP) (4.5)

(characterizing  air
dew-point/reference

where: Ge; — fuel consumption corrected to normal
conditions (temperature 20° C, air pressure 100
kPa, reference humidity defined as dew-point 10°
C);Ge — fuel consumption measured in ambient
temperature 7, pressure p and humidity DP;
4.2. Influence of motion conditions on values
of physical quantities being measured
Rolling resistances
Rolling resistances of the vehicle being tested
have been changed by reducing air pressure in
vehicle tires. Tests have been conducted in two
variants: at pressure reaching 0.25 MPa and 0.42
MPa. They are extreme pressure values allowed for
Goodyear tires G90 7.50 R16C that the wvehicle
being tested has been equipped in.
Trust ranges have been calculated for parameters
following this dependence:

2 2
— S0 — S0
yﬂ_[ai<yn<yn+taﬁ (46)

where: t, — variable t-Student for n-1 degrees of
freedom, fulfilling the relation P(— t,< t < t,)=1-0;

. 2
y, — parameter average value; s — parameter

variance defined by dependence:
- —
svizsin:an(yn_yn) (47)
n=1

States differentiation test has been applied for the
purposes of this study, comparing average values of
parameters and trust ranges for a state of usability
and non-usability. Damage identifiability has been
defined via trivalent assessment of a parameter. The
,,0”” value has been assumed for no identifiability. If
a value of a tested parameter keeps declining
because of damage, a checking result is ,,-1”, and if
it is rising ,,1”. Procedure of proceeding is presented
on the model:
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1. definition whether a change in the parameter is

identifiable upon considering the trust range:

2

2
SyO Syn

W

where: y, — parameter average value corresponding

>, +1,,

o-,

to a state of usability; Z — parameter average
value corresponding to a state of n-th non-

2

usability; , Sy
aO\/ﬁ

un

parameter corresponding to a state of usability;

half of trust range of

t, i — half of trust range of parameter

ni’l

corresponding to a state of n-th non-usability.

2. if checking result is a number different from ,,0”
definition whether a value of the tested
parameter has declined or maybe grown as
a result of damage.

Analysis of the presented results indicates that tire
pressure, and effectively vehicle rolling resistances,
have no influence on testing results. It allows to
formulate a conclusion that the assumed
methodology, recognizing real vehicle rolling
resistances (determined in a free rundown attempt),
make the measurement result independent from
motion resistances impact.

Driving direction
Impact of driving direction on results of

diagnostic parameters being obtained has been tested
by conducting a series of measurements in both
driving directions. While conducting tests, wind
velocity has exceeded 2 m/s lengthwise of the
measured section. Analysis has bee carried out
separately for measurements performed for driving
against the wind and with the wind.

The torque process analysis indicates that
parameters values slightly differ. Trust levels remain
at the same unchanged level. Noticeable is a shift of
a maximum torque into directions of lower rotational
speed, and a faster accumulation of a torque in range
1800 - 2500 rotations per minute. This results from
phenomena occurring during cooperation of turbo-
compressor with the engine. Higher motion
resistance (adverse wind) cause higher load on the
engine, higher combustion pressure, and thus
combustion fumes that generate higher supercharge
pressure at low rotational velocities. Therefore, wile
driving against the wind torque is higher than that at
low rotational velocities; however, upon considering
trust ranges the differences are insubstantial.

The states differentiation test does not show any
significant differences in values of parameters,
determined on the basis of measurements made with
the wind and against the wind. This proves
a correctness of the assumed testing methodology.
Surface type of measured section

Research tests on influence of a surface type
have been conducted on two measurement sections:

local road section Halinow — Cisie with asphalt
surface and on military airfield Sochaczew with
concrete surface. Honker vehicle with EURO-3
engine version has been the testing object in both
cases. Measurements have been taken with an
interval of two days with slightly different weather
conditions, therefore results have been corrected to
normal conditions, following equations of (4.4) and

(4.5).

The performed tests results indicate that there are
no significant differences in the proposed values of
diagnostic parameters.

Vehicle face surface
The analysis of vehicle face surface impact on

measurements results has been conducted on the

basis of measurements made on Honker and

Scorpion vehicles. The face surface in the first tested

object has reached 3.55 m?, while in the second case

3.82 m’ Characteristics have been compared and

corrected to normal conditions.

Values of parameters related to engine torque
slightly differ. Upon considering trust ranges, there
are no differences between average values. This
allows saying that the assumed methodology
including in its calculations real resistances in
vehicle motion is a correct one. The states
differentiation test detects differences in parameters
related to fuel consumption: consumption at
rotational speed of maximum torque Ge,, and
maximum consumption Ge,,,. The reason behind
this situation is probably a production dispersion of
engines. The two vehicles originated from different
production batches: Honker from year 2002, while
the vehicle marked with a cryptonym of Scorpion
from year 2003.

4.3. Conclusions
Based on performed preliminary rests and

analyses of results obtained, it should be said that:

1. results repeatability tests has indicated that the
proposed parameters are characterized with
repeatability for the engine usability state;

2. point and range estimations of research results
indicate that average values of the proposed
parameters are characteristic for the usability
state and individual damages, which proves their
usefulness for building a diagnostic model of
internal combustion engine;

3. weather conditions have been found to have
essential impact on engine torque values, but
a small influence on fuel consumption average
value;

4. based on many variances uniqueness test, it has
been found that there are no basis for rejecting
a hypothesis about equality of variances in tested
parameters for usability state, but the torque
variance value differs for individual damages;

5. on the basis of correlation analysis, a dependence
has been found of average torque on weather
conditions;
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an analysis has been made of weather conditions
impact and regression analysis and equations
have been generated correcting the testing results
to normal ambient conditions;
results of motion conditions influence allow for
formulating the following conclusions:
impact of rolling resistances on values of
physical  quantities being measured is
immaterial;
driving direction has no influence on values of
physical quantities being measured;
type of surface has no influence on values of
physical quantities being measured;
vehicle face surface has no influence on values
of physical quantities being measured;
diagnostic parameters for usable internal
combustion engine have been proposed and
determined;
states differentiation test (4.4) has been proposed
that contains trust ranges for states of usability
and non-usability. This has resulted in a trivalent
assessment of internal combustion engine states.

5. PRIMARY RESEARCH RESULTS
ANALYSIS

5.1. Characteristics of usable engine
Characteristics of usable 4CTi90-1 BE6 engine

have been determined based on 8 measuring sessions

conducted in various weather conditions. Some 30

measurements have been taken during each of the
sessions. Characteristics of usable engine have been
presented on fig. 8. + fig. 9. The charts also present
trust ranges for proposed diagnostic parameters and
characteristics curves equations. Trust range of
a parameter has been determined from dependence
(4.6).

Table 1 presents values of proposed diagnostic
parameters of usable 4CTi90-1 BE6 engine, in
EURQO2 version, corrected to normal ambient
conditions, and their trust ranges.

5.2. Influence of damages on values of physical
quantities being measured

Weak links of the engine being tested, which
have been determined on the basis of vehicles
maintenance monitoring at military bases, have been
assumed as a criterion for selection of damages to be
diagnosed. Table 2 presents weak links of internal
combustion engine 4CTi90-1 BE6

Testing results of individual damages impact on
values of proposed diagnostic parameters, corrected
to normal conditions, have been presented in
a comparison with usable engine parameters. Trust
ranges of proposed diagnostic parameters have been
calculated for individual damages and the states
differentiation test has been performed based on
dependence (4.4).

Results have been presented on fig. 10 + fig. 11.
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Table 1. Proposed diagnostic parameters of usable

Table 2. Weak links of 4CTi90-1 BE6 engine

4CTi90-1 BE6 internal combustion engine Non-
Marki Value aff Half of No Element- Damage probability usability
ng diagnostic trust range state
parameter 1 injection pump 0.1 w!
Average. torque [Nm] | M, 160.64 +2.28 2 turbo-compressor 0.1 w!
Max torque [Nm] M, 175.11 +1.02 3 air filter 0.4 wl
Torque at min. speed .
[Nm] Y 137.31 +5.07 4 injectors 0.3 wo
Torque at max speed M. 140.07 L 184 5 cylinder damage 0.05 w
[Nm] i ) ) —
6 t t 0.05 0
Rotational speed of 1Ting gear system Ws
max. torque Ny 2600 +21
[rotations/min] Based on primary experimental research that has
% Cai 0.7842 £0.0415 been conducted in traction conditions, it should be
o said that:
MM— Cana 0.7999 +0.0112 1. states differentiation test with trivalent
assessment of state has been prepared,
Average fucl Ge 16.14 +0.74 2. a set of diagnostic parameters has been
consumption [1/h] . .
Consumption at proposed and their values have been determined
rotational speed of Guu 15.48 £035 for usable 4CTi90-1 BE6 engine; '
max. torque [I/h] 3. values of parameters have been determined
Consumption at min. | . 489 L 051 corresponding to six selected damages;
rotational speed [I/h] o ' ) 4. states differentiation test has been made for
Conzunln/ition atmax. | o 21.49 1048 ?ntrosiuce(.i' individual damage?s and a damage
speed [/h] identifiability has been determined,
Ge,,
Go - Con 0.5744 +0.0343
Gemax
o Coor 0.7204 +0.0306
pe
ot - \
181 — — —Ms pompa
176 ————— Ms turbo
1:? P N oo
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Fig. 10. A comparison of torque characteristics for usable engine and for individual damages
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Table 3 presents results of the states
differentiation test for individual damages. An
analysis of Table 3 indicates that:

1. results of the states differentiation test for
individual damages vary for specific damages,
which proves that parameters have been
correctly matched;

2. the most information providing parameters are:
ﬁs, M, M,,, for which a change in parameter

value is differentiable in all tested damage
cases;

3. the least information providing parameters are:
Cg.> — no differentiability for four damages, C,;
(see item 6.1) — no differentiability for four
damages,

4. the easiest identifiable are: injection pump
damage — a change in all parameters besides
Cy and Cg,), and injectors damage — a change
in all parameters besides n), and Cg., , however,
the value of all parameters keeps growing for
this type of damage;

5. the most difficult identifiable is a damage
involving a leaky combustion chamber. In this
case, only three parameters change: E, M,

and My (see item 6.1);

6. Table 3 is information model (diagnostic
matrix) enabling a control of a state and location
of selected damages of 4CTi90-1 BE6 engine.

Table 3. Information model (diagnostic matrix) of
internal combustion engine 4CTi90-1 BE6

Marking | Pump | Tur | Air | Inject | Cylinder | Leaky | Usable
corre | bo | Filter | ors combusti
ctor on

chamber
M, 0 -1 -1 -1 1 -1 -1
M; 0 -1 -1 -1 1 -1 -1
My 0 -1 -1 -1 1 -1 -1
M 0 -1 -1 -1 1 -1 0
Ny 0 -1 1 0 0 -1 0
Cwi 0 1 0 0 1 0 0
Cwz 0 0 1 -1 1 0 0
Ge 0 -1 0 0 1 -1 0
Gem 0 -1 1 0 1 -1 0
Gemin 0 -1 -1 -1 1 -1 0
Gemax 0 -1 0 -1 1 -1 0
Coa 0 | 1| 1 0 1 0 0
Coer 0 |0 1 1 0 0 0

6. INTERNAL COMBUSTION ENGINE
4CTI90-1 BE6 DIAGNOSTIC METHOD

6.1. Diagnostic Model

Based on experimental research analysis results,
three variants have been developed of diagnostic
model of 4CTi90-1 BE6 engine. This paper will
present the most extended variant. The variant is

characterized with the highest precision — accuracy
of diagnosis being made. Its disadvantage is a high
cost and labor consumption when taking
measurements. It requires fuel consumption
measurement, which is associated with a purchase of
expensive apparatus and time-consuming assembly
inside the vehicle.

Those diagnostic parameters in the model are as
follows:
1. average torque A/

2. maximum torque value M, at rotational speed

Ny,

3. torque value M, at minimum rotational speed
no=Nmin,

4. torque value M,; at maximum rotational speed
Ni=Nmax 5

5. placement of maximum torque on rotational
speed axis - rotational speed of maximum
torque n,y,

6. aratio of torque at minimum rotational speed to
maximum torque:

CMI =

M
- (6.1)
Mmax
7. aratio of torque at maximum rotational speed to
maximum torque:

M .
Cup = 6.2)

8. average fuel consumption Ge ;
fuel consumption G, at rotational speed of
maximum torque 7,

10. consumption at minimum rotational speed G.,.;;

11. consumption at maximum speed Geay

12. ratio of fuel consumption at maximum torque to

a minimum consumption:
Ge,,
CGel Ge
13. ratio of maximum fuel consumption to
consumption at maximum torque:
Ge, ..
Coer = Ge. (6.4)
The research results obtained are compared to
values of quantities of usable-model engine and then
a parameter value is being determined:

e 0” — no changes (the parameter value
corresponds to the state of usefulness);

e 17 — the parameter value has been suspended
compared to the value corresponding to the state
of usefulness;

o 17 the parameter value has declined
compared to the state of usefulness.

If all parameters have ,,zero” value, then object is
usable. If ,,1” or ,,-1” has been recorded in the results
sheet, then a set of results of parameters checks is
compared to combinations of results characteristic
for individual damages. A non-usability state is
determined on that basis and damage is located.
Then location of the damage is verified through
a comparison of absolute values of obtained

e

(6.3)

min
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parameters with values corresponding to individual
damages. Accuracy (probability) of diagnosis is
calculated on the basis of a number of parameters
that reflect changes with their character (,,0”, ,,1” or
»-17) and absolute value of parameters describing
a given damage.

State control and 4CTi90-1 BE6 engine damages
location algorithm, developed on the basis of model
I, has the following form:

State control:
If (a, = 0) and (M, = 0) and (M= 0) and (M,; = 0)

and (ny, = 0) and (C);= 0) and (Cy= 0) and ( Ge =0)
and (G = 0) and (G, = 0) and (G, = 0) and
(Cger= 0) and (Cg,>= 0) then the state is wh
Location of damage:
If (p,=—-1) and (M, = —1) and (M= —1) and (M,; =
—1) and (ny, = -1) and (Cy;= 1) and (Cy,= 0) and
(Ge="-1) and (G.y;=—1) and (Gopin = —1) and (Gepax
= 0—1) and (Cg.;= 1) and (Cg,.,= 0) then the state is
Wi,

Supplementary test aiming at higher certainty of
diagnosis
If (p,=126,59+ 1,48 Nm) and (M, =134,44+ 1,59
Nm) and (M= 127,85+ 2,03 Nm) and (M,;=109,56+
3,32 Nm) and (n), =2440+ 109 rotations/min) and
(Cyy=0,9510+ 0,0159) and (C,,=0,8150+ 0,0211)
and (Ge =12,39+ 0,54 1/h) and (G.), =10,94% 0,57
I/h) and (G,,,;,=7,28+0,501/h) and (G,pe = 16,70+
0,09 1Vh) and (Cg,= 0,6653= 0,0440) and
(Cger=0,6552+ 0,0504) then the state is w;";

If (pm,=—1) and (M =-1) and (M= —1) and (M; =
—1) and (ny, = 1) and (Cy;= 0) and (Cyp= 1) and
(@ :0) and (GeM = 1) and (GEmin = 71) and (Gemax =
0) 0and (Cge= —1) and (Cg.= 1) then the state is
W2

Supplementary test aiming at higher certainty of
diagnosis
If (a7, =133,54+ 1,81 Nm) and (M, =144,08+ 2,33
Nm) and (M= 113,04+ 1,88 Nm) and (M,;=125,33+
1,80 Nm) and (n), =3100+ 83 rotations/min) and
(Cyy=0,7846+ 0,0115) and (C,;,=0,8699+ 0,0130)
and (Ge=15,11% 0,83 1I/h) and (G, =17,77+ 0,24
1/h) and (Gepin = 7,95+ 0,19 I/h) and (G = 20,94+
+ 0,16 Vh) and (Cg,= 0,4473= 0,0186) and
(Cges=0,8485+ 0,0328) then the state is w,";

If (a7, =—1) and (M, = -1) and (M= —1) and (M; =

—1) and (ny, = 0) and (Cy;= 0) and (Cy,= —1) and

(a :0) and (GeM = O) and (Gemin = _1) and (Gemax =

—-1) and (Cg.;= 0) and (Cg.,= 1) then the state is
0

W35

Supplementary test aiming at higher certainty of
diagnosis
If (a7, =132,78+ 4,02 Nm) and (M, =157,10+ 4,47

Nm) and (M= 121,46+ 2,07 Nm) and (M,=87,72+

7,35 Nm) and (n,, =2640+ 67 rotations/min) and
(C=0,7731+ 0,0681) and (C,;,=0,5584+ 0,0363)
and (Ge =14,80+ 0,68 1/h) and (G.), =14,98+ 0,20
I/h) and (G,,;y = 7,88+ = 0,07 V/h) and (G =
18,08+ 0,45 1/h) and (Cg.= 0,5263%+ 0,0154) and
(Cge2=0,8281+ 0,0363) then the state is w;";

If (p, = 1) and (M, = 1) and (M= 1) and (M; = 1)

and (n),= 0) and (Cy;= 1) and (Cy= 1) and (Ge =1)
and (G = 1) and (Gepi, = 1) and (Gepee = 1) and
(Cgei= 1) and (Cg,.= 0) then the state is w

Supplementary test aiming at higher certainty of
diagnosis
If (pr =187,76+ 1,51 Nm) and (M, =195,14+ 1,53
Nm) and (M= 184,33+ 1,59 Nm) and (M,;=169,85+
1,98 Nm) and (n, =2620+ 39 rotations/min) and
(Cyi=0,9446+ 0,0054) and (C);=0,8704+ 0,0205)
and (Ge =18,89+ 0,70 1/h) and (G, =17,83+ 0,08
1/h) and (Gemin =13,07+ 0,09 Vh) and (G, = 23,49+
0,08 Ih) and (Cg,=0,7328+ 0,0121) and
(Cges=0,7591+ 0,0123) then the state is w,";

If (37, =1) and (M, = —1) and (M= —1) and (M,; =
—1) and (ny, = —1) and (Cy;= 0) and (Cp,= 0) and
(Ge=—1) and (Ges; = —1) and (Gopin = —1) and (Goper
= ;1) and (Cg.;/= 0) and (Cg.,= 0) then the state is
W55

Supplementary test aiming at higher certainty of
diagnosis
If (37, =104,54+ 1,32 Nm) and (M, =111,07+ 2,77
Nm) and (M= 89,27+ 2,33 Nm) and (M;;=98.02+
2,39 Nm) and (ny, =2460+ 115 rotations/min) and
(C1=0,8037+ 0,0248) and (C3,,=0,8825+ 0,0494)
and (Ge=11,41% 0,58 1/h) and (G.y =10,92+ 0,08
1/h) and (Gepi, =6,60+ 0,12 1/h) and (G,pee = 15,29+
0,16 1/h) and (Cg,=0,6048+ 0,0340) and
(Ce=0,71414 0,0497) then the state is W50;

If (37, =1) and (M, = -1) and (M= 1) and (M,; =

0) and (1,,= 0) and (Cy;= 0) and (Cy,= 0) and (Ge =
0) and (G, = 0) and (Gepin = 0) and (G = 0) and
(Cger= 0) and (Cg,»= 0) then the state is we':

Supplementary test aiming at higher certainty of
diagnosis

If (37, =153,50+ 2,21 Nm) and (M, =167,19+ 1,24
Nm) and (M= 127,22+ 1,49 Nm) and (M,;=136,42+
2,93 Nm) and (7, =2620+ 32 rotations/min) and
(Cy;=0,7609+ 0,0086) and (C,,,=0,8159+ 0,0165)
and (Ge =15,99+ 0,79 1/h) and (G, =15,34+ 0,12
1/h) and (Gepin =8,36+ 0,12 1/h) and (G.pee = 21,78+
0,11 l/h) and (Cg;=0,5451£ 0,0090) and
(Cges=0,7040+ 0,0135) then the state is w,';

Probability of a accurate diagnosis is calculated
on the basis of the following expression:
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n
Pa :j*IOO%ZPdgr (6.5)

where: n; — a number of diagnostic parameters
whose value is convergent with a value set for a
given damage; n — total number of diagnostic
parameters; p = — boundary probability of

diagnosis accuracy Puy =0.85-

6.2. Method Verification

The method for diagnosing internal combustion
engines with automatic ignition, based on torque
measurement in traction conditions, has been
verified using:

o tests of smokiness of usable engine fumes and at
selected damages;

e traction tests of a vehicle with usable engine and
with selected damages.

Accuracy of a diagnosis made in torque
measurement method in traction conditions is an
assessment criterion. Verification tests results allow
for making a conclusion that diagnosis accuracy
probability is above 85%.

7. SUMMARY AND FINAL CONCLUSIONS

Summing up this paper on ,Method for
diagnosing internal combustion engines with
automatic ignition based on torque measurement
in traction conditions,” the following should be
stated:

1. analysis and assessment of existing diagnostic
methods have been conducted and on the basis of
which it has been found that there is a need to
develop a new diagnostic method allowing for
making a diagnosis of internal combustion
engine in real road conditions and that may
become applicable to both board and external
diagnostic systems;

2. theoretical assumptions have been presented of
a new diagnostic method the gist of which is
vehicle acceleration process in traction
conditions. A set of state parameters includes:
engine torque Ms and hourly fuel consumption
Ge;

3. algorithm for determining diagnostic parameters
has been developed;

4. algorithm for research method structure and
assessment of states of internal combustion
engines with automatic ignition has been
developed:

5. preliminary experimental research have been
conducted under which the following have been
realized:

6. primary experimental research in traction
conditions have been conducted;

7. primary experimental research in conditions of
engine and chassis test benches have been
conducted:

8. a total uncertainty of torque measurement and
fuel consumption have been estimated under the

method for diagnosing internal combustion
engine in traction conditions;

9. based on performed tests and analyses of their
results, a three-variant 4CTi90-1 BE6 engine
diagnostic model has been developed;

10. diagnostic models have become the basis for
development of algorithms to make a diagnosis —
assessment of a state and location of 4CTi90-1
BEG6 engine damages;

11.research conducting conditions have been
presented that guarantee maintenance of assumed
probability to make accurate diagnosis;

12.the method has been verified on the basis of:
a comparison of results to combustion fumes
smokiness research results, and through tests of
a vehicle with introduced damages in traction
conditions. On the basis of verification tests it
has been found that the diagnosis accuracy
probability obtained in the course of verification
is not lower than 85%.
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Summary

The author’s approach to tasks of constructing monitoring systems of the state changes of
machines, devices and structures is presented in the paper. The weight and significance of the
identification process of the monitored object dynamic model — as a factor which in an universal
and coherent way preserves the realisation process of several tasks assigned to this system
operations — is emphasised. Purposefulness of applying methods of the technical stability testing
for estimation of dynamic behaviours of the monitored object, was indicated. Its usefulness for the
selection of the proper monitoring symptoms, for determining their criterion values and for the
estimation of their exceeding the permissible values - are shown in the paper.

Keywords: monitoring of machine technical state, the algorithms of monitoring procedures,
modelling of dynamic state, stability, signal processing and analysis.

ROLA I ZNACZENIE MODELI DYNAMICZNYCH OBIEKTU
W BUDOWIE SYSTEMOW MONITORUJACYCH

Streszczenie

W artykule zaproponowano autorskie podejscie do zadan konstruowania systemow
monitorujacych zmiany stanéw maszyn, urzadzen, konstrukcji. Zwrocono uwagg na rolg
i znaczenie procesu identyfikacji modelu dynamicznego monitorowanego obiektu, jako czynnika,
ktéry w sposob uniwersalny i spojny zabezpiecza proces wykonawczy szeregu zadan przypisanych
funkcjonowaniu tych systeméw. W szczegdlnosci, wskazano na celowo$¢ zaangazowanie metod
badania statecznosci technicznej do oceny zachowan dynamicznych kontrolowanego obiektu.
Pokazano jej uzyteczno$¢ dla procesu realizacji wyboru wlasciwych w procesie monitorowania
symptomow, okreslenia dla nich warto$ci kryterialnych, jak i tworzenia procedur ocen wyjscia
ich poza dopuszczalne granice.

Stowa kluczowe: monitoring stanu technicznego, algorytmy procesu monitorujacego,
modelowanie stanu dynamicznego, statecznos¢, analiza i przetwarzanie sygnatow

1. INTRODUCTION

Monitoring of state changes of machines and
devices — corresponding to the recognition of early
stages of defects and identification of disturbances
in their operations — is a complex research task. In
practice, it is realised the most often via measuring
and tracing dynamic changes of processes occurring
in the object under inspection. This is done by the
properly selected sensors in the monitoring system.

The construction process is related to:

e Selection of measuring rules and recording of
the determined process variables,

e Selection of the conversion methods for
recognition of causes of the observed states,

e Assuming relevant analytical algorithms of
their trends,

e Establishing criterion references enabling the
proper classification of the recognised states.

Procedures of filtration of measurement
disturbances, algorithms of change predictions of
controlled signals or expert systems allowing for

a certain automation of the diagnostic changes
occurring in the monitored machine - are more and
more often implemented in solutions. Their
realisations are based on various model formalisms
determining their functioning as well as on the
knowledge collected during their operations. The
proper selection of algorithms in the construction
process is decisive for the wuniversality and
functionality of the monitoring system.

Currently, in the collection of construction rules
of the monitoring systems available in the market,
there is none coherent theory enabling the proper
connection of conditions of loosing the ability to
safe operations with the rules of selecting
diagnostic ~ symptoms.  Constructional  and
exploitational features of the inspected object
corresponding to the requirements of undisturbed
estimation of the monitored processes and
prediction processes with a determined time
advance - are not sufficiently taken into account in
the construction of monitoring systems. Trials of
looking for solutions, in which the essence of
operating of the monitoring system constitute
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relationships between the state of the inspected
system and the form of the monitored signal [3, 4,
7] conjugated with the criteria selection for the
alarm signals [5, 6] or for switching off - are not
numerous.

Thus, it seems that an important realisation
approach to the construction of monitoring systems
is its coupling with the identification of the
dynamic model of the inspected object and with the
analysis of its technical stability [11]. Such
approach ensures the possibility of undertaking and
solving several tasks in the building process of the
monitoring system. The frame of constructional
operations related to the building of the monitoring
system, it means related to the selection of proper
diagnostic symptoms, of the levels of their
quantification for the purpose of diagnostics
decisions or the requirements of the filtration of
measuring disturbances — can be based on them.

The aim of this paper is to indicate certain
possibilities within this scope. It does not pretend to
show all results of the author researching these
problems, but aims to indicate the existence of the
universal platform giving the possibility of
undertaking and solving several tasks in
constructing monitoring systems — referring to the
common modelling formalisation.

2. OBJECT MODELLING - THE BASE
FOR CONSTRUCTING MONITORING
SYSTEM

Several tasks determining functioning of
monitoring systems, can be reduced to the problem
of analysis the possible trajectories of the inspected
dynamic system under the influence of disturbances
in the exploitation process, caused by undesirable
exploitation  inputs  (loads and  external
disturbances), or by changes of structural
parameters (it means: mass, elastic and damping
parameters) due to failures.

They determine the possible solutions of the set
of differential equations modelling state changes in
the monitored object and related to them the
estimation of changes of the monitored dynamic
processes.

Their forms result from the selected model
formalisation of the inspected object, it means,
from the description of the set of elements being in
a mutual cooperation with the surroundings, which
is characterised by a set of measurable features
(containing the total information on the state of the
inspected object), which are changing with time.

Generally the model describing the cooperation
can be represented by a pair (X , f), in which X
denotes the vector of state space, while f'is a vector
of this space representation:

xi=fi(t, X, X2, Xy,) , i=L2,.. .n €))
in which functions f; are determined in a space:

t=>0, x5, ... .x,) €eGCE,

where E, denotes the linearly normalised
n-dimensional space.

When using the identified model of the
monitored object it is possible to recognise
theoretically its behaviour under the influence of
disturbances. The deviations of the inspected
processes versus the programmed ones and caused
either by parameter changes or by variability of
inputs acting on the object - are classified.

Taking into account their model connections
with the measuring observations the Kalman [15]
model formalism can be assigned to them, ensuring
the realisation process of the optimal filtration and
prediction tasks of the monitored diagnostic signals.

The identified model of the inspected object
given by Equation (1), under conditions of acting
random disturbances, allows - in addition - the
estimation of the time when the analysed operation
enters into zones assigned to alarm states [19, 20].
The assigned for them analyses can be related to the
existing analytical methods of the dynamic systems
stochastic trajectories, including solutions based on
the method of ,functionals supporting the
obtainable zone,,. The analysis of the monitoring
process of the state changes of the hydrodynamic
bearing [1, 2] being the part of the dynamic system:
‘Rotor — Bearings — Supports — Foundation’ can
constitute a good example.

The model describing dynamic behaviours of
the object, when its steady state is disturbed, can
become the basic tool at constructing the
monitoring system. It generates indications
concerning the symptoms selection for the
observation of the object state changes as well as
the selection criterion values protecting the
classification of undesirable state changes.
Realisation of this operations results from analysis
of dynamic behaviours of the object done when
testing its stability. Various understanding of the
stability notion and methods of its testing properly
related to the required functional properties of the
monitored object — can be applied [11, 13, 14].

The criterion of the technical stability [11] can
be a good testing criterion for realisation of several
tasks, which appear in processes of constructing
monitoring systems. It widens the notation of
stability in the Lagrange’s and Lapunow’s meaning
into conditions, which can appear in the
investigated technical reality. They seem to be
especially essential for selecting the method of the
monitored state changes realisation in the inspected
object. It takes into account the quantification of
motion disturbances characteristic for the tasks
assigned by the monitoring system. They are — from
the point of view of the correctly functioning
inspected object - conditioned by the assumed
permissible perturbations of input forces, or object
characteristics as well as by the permissible
changes of initial conditions — related to the
acceptable changes of the structure parameters of
the monitored object.
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In the case when the solutions of the technical
stability theory are applied for the realisation the
monitoring of the object state it is necessary to
assume:

e Permissible deviations of the motion trajectory
from the steady state (related to the safe
exploitation of the analysed object);

e Permissible range of the initial conditions
changes;

e Levels of expected external and internal
disturbances permanently acting on the
inspected object, which dynamic behaviours are
described by the equation:

x=f(x,t)+R(x,1) (2)
in which x, f, U are vectors determined in space

R":

X, f, R,
x= X = | B R=| R ()
XH fn Rn

and their functions f{z,x) R (tx) are determined in
the zone contained in the (#+1)dimensional

space:

t>0, xcGCE, 4)

It is assumed that input functions of
permanently acting disturbances R (7,x) in the zone
(4) is limited:

| rax) | <5 (5)

denotes

where § is a positive number, while H .

the Euklides norm of vector R(z,x).

At this type of model dynamic behaviour the
notion of technical stability for the system modelled
is understood as follows:

Let there be two zones Q and o - contained in
G. Zone Q is closed, bounded and contains the
origin of the system, while @ is open and contained
within Q.

Let us assume, that the solution of the analysed
system (2) is x(f), of an initial condition:

x(t))=x,.

If for every x, belonging to @, x(?) remains in
zone Q for #=1,, at the disturbance function
satisfying inequality (5), the system (2) is
technically stable due to zones w, and the limited,
constantly acting disturbances (5).

According to this definition of the technical
stability, each motion trajectory, which exits zone
o, has to remain in zone Q for 7 > ¢,.

For the monitored objects, for which
instantaneous exits of the monitored signals outside
levels considered permissible - are safe, the notion
of the technical stability can be weakened into the
condition, in which each trajectory of motion which

exits zone ® has to remain in zone Q for
t,<t<T,, where T —¢, is a time of motion. At

such condition we are dealing with the technical
stability in a finite time.

Realisation of the monitoring process of
changes of the inspected object state can be also
looked for on the grounds of the stochastic
technical stability definition introduced by
W. Bogusz [11].

It is formulated as follows, in reference to the
object described by the model:

x=f(xtéta)) (6)
This model takes into account random

disturbances «, acting on it, in a form of a certain
stochastic process &(¢f,a) of the following

features:
fta) = g REGxa)l ()
xeG
In reference to such conditions of functioning of
the inspected object, two zones (2 and @ contained
in £ are defined, such that zone ® is limited and

open, Q is limited, closed and contains origin of
coordinates and also takes into account the
condition @ < Q2. Let us assume that the positive
number & satisfying inequality 0 <e<l exists.
Initial conditions for ¢ =1#, are x(t,)=x,, while
the solution assigned to them: x(7,¢,, x,). If each
solution x(z,1,, x,) of initial conditions belonging

to zone o belongs also to zone Q with the
probability higher than 1— &, the analysed object is
technically, stochastically stable it means:
stochastically stabilised versus zones @,
and process &(¢) with the probability 1—¢& :

Pi{x(tty,xy) € Q) >1-¢& for xpeo (8)

The presented above mathematical
formalisation of the problem of monitoring state
changes of the object described by model (2),
supplemented by relevant statements facilitating
technical stability testing, can be used as the
approach methodology to constructing monitoring
system. Thus, it forms the logical frames for
solving problems occurring at searching for the
proper constructions of monitoring systems.

3. METHODS OF TESTING THE
TECHNICAL STABILITY - TOOLS
IN CONSTRUCTING MONITORING
SYSTEMS

Realisation of the idea of utilising solutions of
the technical stability theory in the process of
constructing monitoring systems [5, 6] means
introducing — into their solutions — algorithms of
testing conditions of loosing the technical stability
by the inspected object. This requires the
identification of the dynamic model of the
monitored object, being the grounds for
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comparative references of the observed states.
Algorithms of testing the technical stability enable
their classification. The main determinants of the
monitoring process are identifications of the
dynamic model of the inspected object. The
identification process should be conjugated with the
selected methods and algorithms of testing the
technical stability, which can become the useful
tool for the recognition of alarm states in the
inspected object.

Solutions included in the so-called ‘topologic’
methods of solutions of differential equations can
be applied in the constructing of monitoring
systems. They require examination of trajectories, it
means curves [ x(¢), X(¢) =y ] on the phase plane

x, x, related to the dynamic model of the

monitored object. Their analysis can constitute the
basis for determination of the permissible dynamic
behaviour of the monitored object, at the described
level of permanently acting disturbances and
allowable perturbations of the steady state. Those
perturbations are related to changes of the
parameters value, which might be significant for
appearing of defects, including their early stages.

The investigating procedures are based on
certain topologic facts, related to certain invariants
of homomorphic rearrangements, formulated in the
form of statements. They enable the qualitative
estimation of dynamic behaviours of the analysed
object and conditions for the technical stability loss
- corresponding to them.

The Lapunow’s method [11, 16, 17] is the most
often applied procedure. The properties of the
scalar function V' (x,t) - properly selected for the

dynamic description of the inspected object - are
used. Investigating its derivative along solutions
(behaviours) of the system (2) determines its
stability.

This law states: if there is a scalar function
V(x,t) of class C'determined for each x and
t>0 in the vicinity of the equilibrium point,
meeting the conditions:

o Vx>0, forx#0
. I}(x,t) < 0 along solutions (4), for

xzgG-o 9)

o Vix;,t;) <Vi(xz,t;) for x;¢ @ and x;
eG-0Q; t; <t

then the object described by (2) and meeting

conditions (3-5) is technically stabilised.

Referring the results of this law to the problem
of realisation assumptions for the monitoring
systems of the machine state, the Lapunow’s
function V' (x,t) should be formulated and by

means of the experimentally determined trajectories
x, y of the object under testing, the conditions given
by Equation (9) verified.

Essential, helpful element in the process of
building a state classifier can be the results of the

law given in paper [15], since it provides an
estimation of the velocity with which the dynamics
of the monitored system proceeds to the zero
equilibrium point.

The law states that, in the case when the
Lapunow’s function:

V(x)>0,xeR", x#0, is such that V(x)<0
for xeR", x#0 at which the following relation
occurs:
y=max(-V (x)/V(x)), xeR", x=0
X
the inequality:

V(x,t)<V(x,0)e"'" (11)
which allows to estimate the velocity, with which
the analysed dynamic system proceeds to the zero
equilibrium point — is the true one.

The results of this law enable to select properly
the delay time of the monitoring system for reacting
for an instantaneous disturbance.

Another way of investigating properties of the

monitored trajectories — estimating the dynamic
system stability — is using two functions [12]:

@ (xy)=xytxy ; Pxy)=xy- xy
@ (12)

The first function is a derivative of the square
vector of the distance of the point on the trajectory
from the origin of coordinates, while the second is
the value of the phase velocity moment versus the
origin of coordinates, which positive or negative
determinant allows to estimate the character of the
monitored motion. Their values, positive or
negative, enable assigning to the trajectory points
the directions characteristic for input, output or slip
points versus the analysed curve, which allows to
determine G and Q zones within the monitored
phase space.

Assumptions for building quantifiers of the
monitored trajectories properties (from the point of
view of their stability) can be also looked for on the
basis of the topologic retracting method, Wazewski
[18]. In this method, developed by W. Bogusz [9],
the zones bounded by curves of input and output
points of the system (2) from areas considered to be
permissible - are constructed.

As it results from the synthetic presentation of
the examination methods of the technical stability
[9], their application in constructing the monitoring
system is related to three tasks [5]:

1. Identification of the dynamic model of the
monitored construction node of the object under
inspection.

2. Creation of the measuring instrumentation
protecting observations of trajectory changes of
the dynamic behaviour of the monitored object
node, determined by the measurement:

x(1), x(t)=y

3. Constructing quantifiers for the monitored

courses by the implementation of algorithm of
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examining the technical stability, based either

on the method of the Lapunow’s function, or

two functions ®(x, y) and wy(x, y), or the
retracting method.

The solution of the first and second task does
not generate significant difficulties in the realisation
of the monitoring system. More difficult is
assigning of positively or negatively determined
Lapunow’s function to the dynamics describing the
monitored object, given by the identified set of
differential equations.

An essential element of estimation the
usefulness of phase trajectories in the defect
recognition process is the requirement of tracing
changes in the trajectory shape of the inspected
processes. Its realisation, in the case of using the
currently available — in the market — monitoring
systems for inspecting vibrations of machines,
devices or constructions, would require the
reorganisation of their functioning. There would be
a need of securing the possibility of measuring
phase trajectories, which means measuring
displacements and vibration velocities on the
selected constructional nodes of machines. Analysis
of their changes is the basic information carrier,
which enables tracing the technical stability loss of
the monitored object, caused by inadmissible
disturbances in its proper functioning.

Thus, an essential task in the estimation of
usefulness of the technical stability theory in the
development of diagnostic systems is the
verification of behaviours of phase trajectories of
the monitored objects under conditions of defect
occurrences [9, 10]. Computer simulation
experiments provide certain directions and
information [8] on changes of phase trajectories
caused by defects.

4. CONCLUSIONS

The author’s approach to tasks of designing and
constructing of the systems monitoring changes of
machines, devices and structure states — is
presented in the paper. The attention was directed
towards the importance of the dynamic model
identification process of the monitored object. Its
presence in the constructing procedure of the
monitoring system preserves - in an universal and
coherent way - the realisation process of diagnostic
tasks. It enables the possibility of the simulation
base formation for the recognition of inefficiency of
the monitored objects, protects the optimal filtration
and prediction of changes in the processes under
inspection and  formulates = methodological
guidelines for the realisation of the monitoring
process.

Application of methods of technical stability
investigations for assessments of dynamic
behaviours of the tested object generates selection
indications of symptoms necessary in the
monitoring system, determination their criteria

values as well as formation of estimation
procedures of their exceeding the permissible
values.

As it seen from the short review given above,
several problems related to constructing the
assigned algorithms remains still unknown and
constitutes an interesting research field. The author
hopes, that the indicated research idea will be
developing and the results will produce more
effective rules of monitoring the state changes in
machines, structures and devices.
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Sumamry
This paper deals with current problems of diagnosing mechanical structures. The structural

diagnostics have been presented as an interdisciplinary area integrating the fields of mechanics,
electronics, computer science and materials engineering. The analogy between mechatronics and
structural diagnostics will be discussed. The diagnostic methods contain three basic elements:
measurements, including sensors designing and signal processing, procedures and diagnostic
algorithms as well as structure properties prediction. The main issues within monitoring and
structural diagnostics will be presented in the paper.

Keywords: mechatronics, diagnostics, structural health monitoring.
MECHATRONIKA W DIAGNOSTYCE

Streszczenie

W pracy przedstawiono wspoélczesna problematyke —diagnozowania  konstrukcji
mechanicznych. Przedstawiono diagnostyke konstrukcji jako dziedzing interdyscyplinarna,
stanowiaca integracj¢ mechaniki, elektroniki, informatyki i inzynierii materialowej. Pokazana
zostanie analogia pomigdzy mechatronika, a diagnostyka konstrukcji. Metody diagnostyki
zawieraja trzy podstawowe elementy; pomiary, w tym konstrukcja czujnikéw, przetwarzanie
sygnatéw; metody i algorytmy oraz przewidywanie wiasnosci konstrukcji. W ramach referatu
przedstawione zostana podstawowe problemy z dziedziny monitorowania i diagnostyki
konstrukcji.

Stowa kluczowe: mechatronika, diagnostyka, monitorowanie stanu konstrukc;ji.

1. INTRODUCTION

New terms have recently appeared in the
technical literature: SHM  (Structural Health
Monitoring) and structural damage detection [1, 3,
48]. Structural damage consists in such changes
introduced into structure properties that have led or
will lead in the future to the loss of operating
properties. This term includes continuous
monitoring of structure material condition (in real
time) for structure elements as well as for the entire
structure conducted during its operation. The
structure material condition should meet the
requirements specified in the design process. The
requirements concerning material condition must
take into account changes caused by normal wear
and tear during operation, changes caused by the
influence of environment in which the structure is
used and accidental events affecting material
condition. Due to the fact that the monitoring is
carried out in a continuous way during operation,
full operation history is available and these data can
be used to forecast condition, breakdowns and time
of structure safe use. In several titles, SHM is
defined as a new method of Non-Destructive Testing
[3, 15, 35]. The novelty of this approach consists in
continuous monitoring of material condition while
operating a given device. It requires some structural

and operational solutions typical of this new field of

structure testing. SHM constitutes a combination of

such fields as sensorics, teleinformatics, electronics

(microprocessor  engineering in  particular),

mechanics and materials engineering [1, 7]. It has

been schematically presented in fig. 1.

Systems implementing SHM processes should be
embedded in the structure and act independently.
Installation and use of such systems bring two kinds
of benefits:

e for design engineers: it enables introduction of
structural changes so that the breakdown
probability is minimal,

e for users: guidelines for such management of
structure use to minimize breakdown risk,
treating the structure as a part of a bigger system.
As it is shown in the presented diagram of SHM

process, its structure is very similar to mechatronics

and it is completed with issues related to materials
engineering.

The main functions of SHM system are as
follows:

1. Monitoring of structural coherence (e.g. material
condition);

e A function connected with the type of physical
phenomenon that constitutes a quantity
measured by sensors and a failure mode;
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e A function connected with the type of physical
phenomenon used by built-in sensors for signal
generation;

2. Monitoring of structure wear and tear — load
cycles, influence of environment;

3. Prognosis of residual lifetime of the structure
(function1+function2+damage mechanisms);

4. Managing the structure condition (maintenance
activities, repair works, etc.).

Material
Science

Fig. 1. Diagram of fields’ integration in SHM
systems

As a result of this multifunctionality, SHM
systems have a hierarchical structure [9, 19, 28]. The
first layer of the SHM system is a monitoring layer
determined by the type of physical phenomenon
monitored by sensors and connected with structure
damage and by the type of physical phenomenon
used by sensors in order to generate a signal, most
frequently an electric one, containing information
about damage and subject to recording and
processing. A few or a few dozen sensors usually
work in such a system. They are connected and
create a network of sensors measuring also
environmental factors that affect the structure
condition and operation. Most frequently considered
structural sensors currently include: light pipe
technology-based sensors [2, 49], the so-called
Bragg gratings used in aviation and construction
industry, wireless sensors and their networks [4, 11,
13, 18, 21, 23, 47, 51, 59], sensors in the form of
piezoelectric elements embedded in the structure
[11, 18, 23, 47] and vision systems based on classic
cameras [21, 59].

Data from all the sensors and historical data
along with data from other, similar structures enable
a fusion of diagnostic information on the structure
condition (signal fusion). By linking this information
with data from the base on structure damage and
wear phenomena, a forecast of its condition and data
on the range of necessary repair can be obtained.
More and more frequently, simulation systems are
applied for these purposes. The systems enable
la very fast generation of results similar to those
obtained from the network of sensors on the basis of
known damage models (structure virtual operation).

Methodology of data collection and selection of
information on an object condition constitutes
a crucial element of SHM procedures [15, 19, 44].

Two fundamental approaches may be currently
listed in this area: statistical and based on image
recognition techniques. They support the decision-
making process on the current condition of the
monitored structure. Due to the fact that
contemporary SHM systems are embedded in the
structure, the selection of inference algorithms and
analysis of available measurement information must
be specialized and possible to implement on
processors with limited capacity. A review of these
procedures can be found in the next chapter of this
paper. The highest level of SHM systems contains
procedures of forecasting condition of a monitored
object. It is, undoubtedly, the most difficult and
error-prone  process implemented within SHM
systems. The suggested diagnostic procedure has

been presented in figure 2.

As the above diagram shows, the crucial role in
the diagnostic process is played by two models:
a global model describing structure behavior and
a local model within simulation of material
behavior, its degradation or other phenomena
connected with loss of properties.

Application of such systems is encouraged by:

e possibility of avoiding catastrophic breakdowns,

e possibility of optimizing the operational process
(minimization of emergency shutdowns),

e obtaining information for design engineers,
which is necessary for structure modification,

e  possibility of minimizing maintenance costs and
increase in the device availability thanks to
applying condition-based repair methodology
and avoiding disassembly and replacement of
undamaged or unworn elements,

e possibility of avoiding operator’s mistakes in
structure condition assessment.

Actuator Signal processing / system
/Sensor identification / model updating

Model of the Damage detection Loads
tructure (FE) and localization identification

v v v

Model of materials SIMULATION
(multiscale)

Damage prognosis/
rest life broanosis

Fig. 2. Diagram of SHM process

Such systems are used in air force and civil
aviation, military equipment, building infrastructure
as well as critical machines in the industry (e.g.
power engineering, chemistry, etc.) [1, 37, 48].

Economic reasons constitute a very significant
factor influencing the universality of SHM systems’
use. Such justification can be found in several papers
[1]; it consists in comparing maintenance costs and
structure availability. In the case of a structure with
no SHM systems installed, the costs increase with
operation time but the structure availability
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decreases. Installation of such systems enables to
keep constant maintenance costs accompanied by
constant availability of the structure. There is,
however, one precondition for applying SHM
systems which limits universality of their
implementation. The cost of the system itself must
be lower than the positive economic result connected
with its use.

The necessity to reduce the costs of SHM
systems is currently related to the application of
intelligent materials and structures [3]. They enable
to integrate the structure and built-in sensors into
one system. To make such activities effective, they
need to be undertaken at the stage of structure
designing. Tendencies to apply intelligent structures
have been observed since early 80s, particularly in
aviation and  construction industry.  Their
characteristic feature is adaptation of these
structures’ properties to operational conditions. This
adaptation takes place independently in intelligent
structures. Intelligent structures include: structures
sensitive to operational conditions, structures
controllable within their properties and auto-
adaptive structures adjusting their properties to the
operational needs. In practice, homogeneous
materials frequently applied in structures are
replaced by composite materials or other
multimaterials (materials composed of layers with
different physical properties). Intelligent materials
and structures include: structures with controlled
geometry (shape), structures with controlled
vibrations and structures with controlled condition.
The last structure type, in particular, is closely
connected with SHM techniques [1, 4, 27, 40, 56]. It
is most often expressed in the form of embedded
sensors made of intelligent materials or embedded
actuators aiming to soften the effects of
a breakdown. The purpose of such actuators is to
generate the structure deformations in order to
reduce stresses in the areas of their concentration
[34, 55]. Nowadays, scientists are searching for
phenomena and methods of their measurement that
would enable to conduct continuous structural health
monitoring through monitoring of the structure
material condition.

Research within SHM systems’ development is
very often inspired by discoveries in biology and
biomimetics [8]. Very similar research is conducted
in medicine and SHM methods’ development [16].
SHM systems can be applied not only during
structure operation but also during its manufacture,
transport and assembly. They enable proper
management of structure lifetime through a suitable
selection of mission that can be performed and
maintenance activities it needs to safely meet all the
requirements imposed. More and more frequently,
specialists search for methods that could be used in
each stage of a product lifetime, as most
economically effective and easiest to implement.

Sensors/ actuators

Microprocessor / embedded

Algorithms

Software

Fig. 3. Diagram of structural health monitoring
(SHM) process — basic elements of the process

What is typical of SHM systems, it is their
integration with a structure. Very often, sensoric
elements constitute a part of the structure performing
also other functions; it is usually made by using
intelligent materials.

Summing up the above review of the issues
connected with SHM, one may say that it is a new
interdisciplinary field concentrating such detailed
arcas of science as mechatronics, materials
engineering, electronics, computer science, physics,
optics and many other, applied in operation of
structures in aviation, construction industry,
automotive industry and power engineering,
including nuclear power engineering. The range of
application is wider and wider.

2. SENSOR TECHNOLOGY FOR
STRUCTURE DIAGNOSTICS

Development of SHM methods and applications
results from a rapid development of measurement
techniques enabling collection, archivisation and
processing of measured signals. The crucial role in
these systems is played by sets of sensors that enable
to directly measure the quantities connected with
material and structure degradation phenomena.
Sensors of this type include: optical sensors,
piezoelectric sensors and contactless sensors used
more and more frequently to test and analyze
structural health. Another method of sensors’
classification is the manner of transferring
measurement results to the system of data collection
and analysis. This division includes wireless sensors
and sensors connected to the system by means of
cables. Due to the size of monitored structures and
nature of currently built monitoring systems in the
form of dispersed layouts, application of wireless
sensor networks is more and more frequent.

Optical sensors [2] used in SHM are based on
light pipe techniques whose development is
connected with rapid growth in application of light
pipes in telecommunications. The advantages of
light pipes used for measurements in SHM systems
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include: resistance to electromagnetic interference,
very small weight, high definition, wide transfer
band, large information capacity and relatively low
cost. Application of light pipes to implement sensors
can be divided into three categories:

1. Sensors based on light intensity measurement

2. Sensors based on phase modulation

(interferometers)

3. Sensors based on light wave length modulation.

The first group of sensors includes proximitors to
measure displacements of whirling shafts [37].
These sensors enable to measure displacements with
a definition better than 3 pm. Another example of
a light intensity measurement-based sensor is
a pressure sensor, in which the light pipe is located
between two rough surfaces subject to loading
resulting from differential pressure between them.
As a result of surface irregularity, the light pipe is
bent and one can observe bigger optical losses than
in case of unbendable light pipe. Thus, it is possible
to measure pressure. Various light sources as well as
various light detectors are applied in these sensors.

Another group of sensors enable currently the
most detailed laboratory distance measurements.
The principle consists in measuring the power of
optical signal of a monochromatic light wave
reaching the detector inside the light pipe. The
power of the signal of two waves overlapping each
other and running inside the light pipe (a wave
generated by the source and a reflected wave)
depends on the phase displacement between the
waves and for a displacement by 180° it may equal
zero. The change in one wave path against the other
results in their mutual phase displacement and it
indirectly changes the power of the signal reaching
detector. Light pipe, interferometric sensors enable
distance measurement with a definition of up to
10 nm.

Another area of activity of light pipe-based
sensors is application of Bragg gratings [3]. Bragg
grating placed inside the light pipe, most frequently
on the length of 10 mm, constitutes a periodic
modulation of refraction coefficient. It leads to light
wave diffraction and consequently, to the change in
the optical wave length according to the diffraction
(Bragg’s) law for a wave running in the light pipe:

A, =2n,T

where: A, is the length of a light wave after going
through Bragg grating, 7, is the averaging refraction

coefficient, 7 is the period of light pipe properties’
modulation.

In the case of a change in properties’ modulation
(Bragg grating period), the length of a light wave is
also changed. It means that Bragg grating acts as an
optical filter whose parameters depend on elongation
or shortening of the light pipe measuring length. The
dependence between relative strains and change in
wave length may be expressed in the following
form:

AA, = A, e

where: £ is photoelasticity constant (1.13 pm/ue for

the light 1550 nm), ¢ is average strain on the grating
length.

The measurement of strains consists in tracking
the displacement of wave length for the given
grating.

The initial modulation of a light pipe is given in
the production process. For one light pipe, one can
place as many as 3000 gratings, obtaining the
possibility of distinguishing from which grating the
given wave length comes. In practice, the used strain
sensors have a definition (theoretically) of approx.
a few ne, however due to the influence of
temperature, which should be compensated, their
definition amounts to 1 pe. Particular solutions
differ in the method of measurement of wave length
displacement. The most frequently used ones
include: WDM interferometer, Fabry — Perota filter,
optoacoustic tuned filter, CCD linear sensor, hybrid
tuned filter. The choice of measurement method
depends on the accuracy required and frequency of
changes of the measured quantity. In the majority of
Bragg grating cases, the measuring band is limited to
100 Hz. This frequency is completely sufficient to
monitor structure condition. Light pipe sensors with
Bragg gratings are used as elements embedded in
composite structures, in reinforced concrete
structures to monitor strains in reinforcement. The
advantages of sensors constructed in this way
include a possibility of application in explosive
environments, long-lasting stability of work, small
dimensions, small weight, possibility to multiplex
sensors on one light pipe (usually, 10 Bragg gratings
on one light pipe), relatively low cost of the sensor
and resistance to strong electromagnetic fields. Light
pipe sensors are used to measure distribution of
structure strains in such objects as bridges, aircrafts
and ships. Possibility of tracking local changes in
strains’ distribution constitutes an advantage as
regards SHM systems. Several structure damages in
the initial nucleation stage do not modify global
strains in a measurable way but only cause some
slight local changes.

Research on development of sensors using light
pipes with Bragg gratings on them is conducted very
intensively all over the world. These sensors have
a wide range of described commercial applications
in SHM systems.

Other sensors largely used in SHM systems are,
due to the possibility of easy integration with
monitored structure, piezoelectric sensors [1].

The techniques using piezoelectric sensors may
be classified into three groups:

1. Passive techniques,
2. Active techniques,
3. Mixed techniques.

These techniques have been schematically

presented in fig. 4.
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Fig. 4. Schematic presentation of typical
SHM systems

The SHM systems presented in fig. 4 use various
physical phenomena taking place in structures. The
phenomena most frequently applied in SHM systems
include: acoustic emission [1], propagation of
ultrasounds (including Lamb waves) in structure
[17] and a change in electromechanical impedance
as a result of damage [34].

One of the advantages of applying piezoelectric
elements is the possibility to use them as sensoric
elements measuring structure response and
simultaneously, as elements exciting vibrations
within high frequencies. Excitation conducted by
piezoelectric systems is characterized by relatively
considerable force but small displacement.

Piezoelectric sensors are made of materials
showing piezoelectricity effect connected with
electric charges generation as a result of stresses
taking place in the material. Such properties are
typical of quartz crystals and different kinds of
ceramic materials, the most popular ones include
lead zirconate titanate (PZT), barium titanate,
polyvinylidene fluoride (PVDF).

For a typical piezoelectric element with the
shape of a disc of d thickness, T voltage generated as
a result of stress is expressed by the following
formula:

V =gdr

where: g is the voltage coefficient defined as a ratio
of voltage to stress for a unitary thickness of a disc.
The dependence between dipole moment and
mechanical deformation of a piezoelectric element
may be expressed by means of the following
formulas:

o=FEg—eE,

D=¢E +ec
where: o is mechanical stress, ¢ is relative strain, £,
is electric field intensity, D is density of electric
field flux, E is material Young’s module, e is

piezoelectric constant, &, is permittivity of free
space.

The efficiency of piezoelectric materials can be
measured by means of electromechanical coupling
coefficient K°, determined from the following

dependence:

2
e

Eeg,
where: e is piezoelectric constant, E is Young’s
module, e is piezoelectric material permittivity.

The advantage of piezoelectric sensors is that
they generate loads with no power supply, and the
disadvantage is that they work only with dynamic
loads and below Curie temperature. In practice,
piezoelectric materials are not ideal dielectrics and
this is the reason for difficulties in measuring very
low frequencies (leakage conductance of loads).

Piezoelectric sensors play a significant part in
structural health monitoring. They are applied to
measure structure vibrations within low frequencies
(0- 20 kHz), within ultrasound frequencies (above
20 kHz), as well as those connected with acoustic
emission (above 100 kHz). In continuous monitoring
systems, which are typical of SHM, piezoelectric
sensors are embedded in the structure. Such
solutions are used in both methods based on
vibration measurement and active methods of
condition monitoring based on generation and
measurement of waves in structures.

In case of many monitored structures, the cost of
monitoring system is high due to the necessity of
installing cables that supply sensors and enable
signal transmission from the sensor to the data
collection station. In order to reduce these costs,
several companies and research laboratories work on
wireless transmission of data [28, 51]. Recently,
there has been a significant increase of interest in
wireless sensors. Moreover, we can observe
irregular development of such sensors’ production
technology.

Modern  wireless sensors  constitute  an
independent system of data collection with a built-in
microprocessor dedicated to measuring data
processing and to managing wireless communication
[51]. The sensors are very often equipped with
systems to recover energy from vibrations by means
of piezoelectric effect [42, 43]. Such a system is
integrated with a sensoric element which enables to
minimize the amount of information sent. An outline
of a wireless sensor has been presented in fig. 5.

KZ

Power
Supply
Sensors elements + ' Micro- Actuators elements
A/D Converter computer -» + D/A Converter

Communication
module- receiver /
transmitter

Fig. 5. Schematic structure of a wireless sensor
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Technological development of wireless sensors
applied to structural health monitoring goes towards
implementation of monitoring algorithms directly in
the sensors and of the so-called local SHM
algorithms.

3. RESEARCH METHODS IN STRUCTURE
DIAGNOSTICS

There are three groups of SHM methods:
vibration measurement based methods, methods
based on testing wave phenomena and methods
using other phenomena accompanying structure
operation, e.g. generation of a changeable
temperature field as a result of structure damage
[46]. The use of active methods is more and more
frequent. These methods consist in generating
phenomena whose course is influenced by potential
damage in the tested structure. The basic methods
within structure diagnostics include:

» Methods based on vibrations measurement (low-
frequency, structure modal parameters) [6, 8, 12,
40, 36]

» Methods based on measurement of elastic waves
propagation (the most frequently used ones
include Lamb waves) [22, 1, 48, 17, 38, 39, 61];

* Methods based on strain measurement (more and
more often, with the use of light pipe technique —
Bragg grating) [2];

* Methods based on measurement of other
phenomena (more and more frequent
application of active thermovision) [46];

* Methods based on impedance measurement
(measurement of input function and response in
one point) [34].

The listed methods are not the only ones used in
practice. They are, however, most frequently applied
methods with existing and available monitoring
systems.

A model based method schematically presented
in fig. 6 is one of the methods more and more often
applied in structure monitoring [32].

This method is more and more widely used due
to development of operating modal analysis
techniques and loads identification methods basing
on the solution to the identification inverse problem
[15, 52, 54, 50].

4. DAMAGE DETECTION ALGORITHM

Several various algorithms used to detect damage
in structures have been described in literature. As
regards their use in SHM systems, these should be
algorithms not requiring too strong design power
and optimized for embedded-type application.

Only two selected algorithms have been
presented in this paper: the one based on modal filter
[33, 60] and the other one based on regressive
models [25, 28].

Problem formulation
v

Frequency range setting

v
Operational modal analysis

v =
Influence of structural Influence of excitation
properties 6>>0 forces s=0
1
v v

Damage localization

v ¥

Experimental modal analysis, Inverse identification problem-
scaled modal parameters I|Oad identification
estimation, modification L

simulation

v

IService/ maintenance |

Source of excitation
modification, energy
transfer path modification

Structural modification

Fig. 6. Diagram of structure monitoring and
diagnostics method based on a modal model.

One of the main methods in SHM practice is
a method based on tracking changes in structure
modal parameters, as it is shown in fig. 6. However,
in many practical cases, such environmental
parameters as a change in ambient temperature,
humidity, etc., have a greater influence on structure
parameters than the arising damage. Therefore, this
influence should be filtered out. A modal filter
constitutes one of the methods that enable to filter
environmental parameters’ influence on structure
modal parameters. The basis of modal filter theory
has been presented for the first time in [31, 57, 60].
Its application to diagnose structure condition has
been presented in [8, 33]. The idea of modal filter
method  consists in  transforming  physical
coordinates (generalized) into modal coordinates
connected with particular forms of structure
vibrations. For this purpose, new modal vectors have
been defined — the so-called reciprocal modal
vectors. According to the definition, reciprocal
modal vectors are orthogonal towards all modal
vectors except for one on which the filter is tuned.
Thanks to that, modal filter may be used to
disintegrate the system response to particular modal

coordinates 7.
n,(0)=2," {x(0)} ()

where: ¥, — matrix of reciprocal modal vectors
{x¥(®)} — system response vector.
Determination of r modal vector corresponding
to r pole of transition spectral function is based on
the assumption that the modal residue R,,, has an
imaginary value:
R, =j1 2)
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In the next step, it is assumed that the transition
spectral function H,,(w) for the system with one
degree of freedom is expressed in the following
form:

_ Rrpp n Rrpﬁ 3)
jo+ A, ja)+l,*

H » (a))

where: 4, — r pole of the system.

For the given frequency range, the above
transition function is determined by the vector of
k value:

7
pr (a)) = [pr (a)l ) pr (a)Z ) pr (wk )] (4)
Assuming that there is one input function in the
system and that the response is measured in N points

on the structure, the matrix of transition function has
the value k x N;

o) Hio)  H()
fala)=| ) 1le) )]
Hl(a)k) Hl(a)k) HN(a)k)

On the basis of the transition function matrix
formulated in this way, the matrix of reciprocal
modal vectors ¥, is determined from the following
dependence:

¥ =H, -H, (©)

In the case of damage in the structure, the
structure rigidity is usually changed locally, which is
reflected in the change in values of rigidity matrix
elements, and which consequently affects the change
in frequency of free vibrations and modal vectors.

In this case (damaged system), the filter tuned for
a structure with no damage will respond in
a completely different way than for a structure with
no damage. Additional maxima different from
structure poles will be created at the output.

In the case of a change in structure properties
(frequency of free vibrations), as a result of change
in structure temperature or humidity, the filter
response will be different as regards quality. It
results from the fact that temperature change is
accompanied by a change in all the elements of
rigidity matrix proportionally to the change in
temperature, or in the elements of mass matrix as
a result of change in ambient humidity, which do not
change the shape of vibrations’ form but only natural
frequencies. In this case, the response of a modal
filter tuned for an undamaged structure will remain
unchanged [57, 34, 45]. Modal filter implementation
constitutes the subject of a project conducted at the
Department of Robotics and Mechatronics at the
Cracow University of Science and Technology. In
the case of analyzing nonstationary systems (here,
with changeable parameters) to process and filter
signals, a wavelet transform is applied [26, 20].

The second algorithm mentioned is based on
signal modeling (in case of measuring response
only) or structure modeling when input and output
measurements are available (for active methods) [6].
This algorithm has two basic advantages. Firstly, it

can be decentralized which means that it can be used
locally for particular sensors independently.
Secondly, it does not require great design power.
This algorithm is dedicated to be used in embedded
systems. The algorithm first step is estimation of
parameters of AR (ARX) models, which can be
conducted using the least squares method, known
from the linear systems theory:

o=o"o|'o’y 7
where: ® —is parameters’ vector, F is regression
matrix containing results of input function
measurements, Y is output vector.

Thanks to the knowledge of regressive model
parameters for an undamaged structure and during
operation, their difference may be determined.
Various kinds of metrics are applied here. One of the
possibilities is application of difference standard
deviation. If it exceeds a certain, specified level,
damage arises in the structure.

In another approach [6, 24, 45], basing on the
knowledge of AR (ARX) model parameters, discrete
system poles are determined solving a characteristic
equation. Basing on the knowledge of these poles,
structure modal parameters are determined in the
form of natural frequencies and modal damping
coefficients [20, 53]. On the basis of their variation,
it is possible to estimate if there is any damage in the
system. Low requirements as regards design power
and possibility to implement them in the form of
recurrent procedure constitute the advantages of this
method. Basing on this method, the team of
specialists at the Department of Robotics and
Mechatronics at the Cracow University of Science
and Technology has developed a device to evaluate
flutter margin (on-line), on the basis of
measurements of an aircraft’s vibrations during
flight [53].

5. STRUCTURAL HEALTH FORECASTING

Structural health forecasting in SHM systems is
a new problem based particularly on simulation of
structure life on the basis of a model of a monitored
object and identified loads. The issue of load
identification is defined as an identification inverse
problem which, in most practical cases, is an
incorrectly defined problem [54, 41] and special
methods are required to solve it. The majority of
these methods are based on regularization [54] or
dynamic programming [41]. For forecasting
purposes, the following models of monitored objects
are used: models built on the basis of crack
mechanics rules (physical model), metamodel
(@ model in the form of experience-based
dependence) or multi-scale, adjoint models that can
be used to simulate phenomena of cracking or wear
and tear in the macro and micro scale at the atoms
level [30, 55]. This development of simulation
methods enables to forecast the time of object
correct use in a more and more precise manner.
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6. SUMMARY

Basing on the presented review of structural
monitoring and diagnostics issues, this research area
can be treated as an interdisciplinary field in which
correct integration of a monitoring system with
structure plays a more and more significant role.
More and more frequently, implementation of this
process involves application of built-in systems that
work independently and are fully embedded in the
monitored object. Therefore, structural monitoring,
diagnostics and mechatronics have several common
features whereas methods and tools used in
mechatronics are largely applied in monitoring and
diagnostics.
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The problem of assessment of the machine state

ABOUT NEED FOR USING NONLINEAR MODELS
IN VIBROACOUSTIC DIAGNOSTICS

Zbigniew DABROWSKI

Institute of Machine Design Fundamentals, Warsaw University of Technology
Narbutta 84, 02-524 Warsaw, fax: +48 22 234 8622, zdabrow@simr.pw.edu.pl

Summary

The paper discussed the thesis that in vibroacoustic diagnostics using the nonlinear
mathematical model is necessary. Natural specification of machine degradation is the frequency
response function change and “additional” inputs related to defects remain usually as self-exited
vibrations, which require the application of nonlinear description. Very often a new machine can
be described with an adequate accuracy by a linear model. During exploitation certain nonlinear
disturbances related to wear and tear - occur. Thus, an observation of nonlinear effects allows
solving a diagnostic task.

Keywords: nonlinear effects, vibroacoustic diagnostic.

O KONIECZNOSCI STOSOWANIA W DIAGNOSTYCE
WIBROAKUSTYCZNEJ MODELI NIELINIOWYCH

Streszczenie

W artykule przedyskutowano potrzebg stosowania w diagnostyce wibroakustycznej modeli
nieliniowych. Naturalnym opisem degradacji maszyny jest zmiana funkcji odpowiedzi
czestotliwosciowej, a ,,dodatkowe” wymuszenia zwiazane z uszkodzeniami pozostaja z reguly
jako drgania samowzbudne, co z zatozenia wymaga zastosowania opisu nieliniowego. Bardzo
czgsto nowa maszyng mozemy opisa¢ z dobra doktadno$cia modelem liniowym. W trakcie
eksploatacji pojawiajq si¢ i wzrastajg nieliniowe zaburzenia zwigzane ze zuzyciem. Tym samym
obserwacja efektow nieliniowych pozwala na rozwiazanie zadania diagnostycznego.

Stowa kluczowe: efekty nieliniowe, diagnostyka wibroakustyczna.

process occurs, are considered in the paper.

by means of vibrations and noise analysis is based
— from the theoretical side — on the statement that,
the vibroacoustic energy dissipation increases during
the machine exploitation. Therefore a certain
vibration or noise measure should exist, which in the
moment - when further exploitation is dangerous
— exceeds the permissible value. Such reasoning
results from the adaptation of a model assuming
an increase of dissipated energy during wear and
tear as well as on the assumption that energy
of parasitic vibroacoustic processes is proportional
to the total dissipation of energy. Now-a-days the
assumption of a general increase of energy
consumed is not doubtful. We may assume that this
is the proved law of nature. However, there is still
a problem of developing the easiest mathematical
notation and looking for the “optimal” model.

It is well known, that the statement
of proportionality of  vibroacoustic  energy
to the total parasitic energy is a simplification from
which might be — and actually are — exemptions.
Examples, where a  periodical lowering
of the vibration level indicates a dangerous defect
and where the “waving” of a trend of changing
values being the measure of the vibroacoustic

It should be assumed that those phenomena
are accompanied by increases of dissipation energy
in other processes, mainly thermal ones, but also
electric and hydraulic (e.g. an oil leakage from
the damaged bearing can cause damping
of vibrations). In the complicated structure
of the mechanical system the effect of an apparent
“self repairing” can occur and it may periodically
lower the amount of dissipated energy and change
proportions in  between dissipation forms.
It is presented pictorially in Figure 1.

If, according to this short reasoning, we assume
that there are cases when an increased level
of vibrations and noises (in the whole observable
range or in the selected bands) is not proportional
to a wear, it will still not indicate that vibroacoustic
processes are insensitive to it. The assumption
arises, that the change of proportion in between
individual forms of the dissipated energy can
have its representation in the observed form
of vibrations (even when the level remains
constant or lowered). This phenomenon
was investigated at analysing defects of rolling
bearings, where — at the constant general level
— the proportions between the dominating



154 DIAGNOSTYKA’ 3(47)/2008
DABROWSKI, About Need For Using Nonlinear Models In Vibroacoustic Diagnostics

amplitudes in the spectrum were changing. Similar
results were obtained at checking hydraulic elements
when investigating a multi-symptom  index
(vibrations + heat) and at diagnostics of a tool wear
in the machining process. The mentioned
phenomena have been observed during passive
as well as active diagnostic experiments. Having an
accurate recording of several symptoms — during
the whole life-time — for the statistically
representative sample of specimens one can
establish significant dependencies. However, the
difficult problem of assuming the proper model still
remains to be solved.

Different Forms of
Energy Dissipation | Energy Dissipation |

Diagnostic Symptoms

Machine Condition Total Energy Symptom

Fig. 1. Utilising the diagnostic symptom
in a machine diagnostics.

Let us discuss the example presented in Figure 2
showing the spectrum of vibration accelerations
of the rolling bearing. An average value and average
square value are the same as measurement accuracy.
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Fig. 2. Example of ,,iso-energy” evolution
of a spectral power density of the vibration
acceleration during the machine wear
(rolling bearing).

A frequency distribution is — of course
— completely different. Taking into account only
the module, or more precisely the spectral power
density and disregarding phase shifts, let us discuss
which transformation should be applied to the
dynamic system in order to transform spectrum “a”
into spectrum “b”. Let us assume, at first, that
the system is linear and discrete. Both spectra were
obtained from the observation of the machine steady
state, it means under conditions when inputs
are stable processes of the dominating participation
of determined and periodical components. Let us
neglect — for the time being — random disturbances.
Let the system has »n degrees of freedom. Both

spectra, “a” and “b”, concern ‘“normal” working
conditions. Thus, neither a loss of stability nor a loss
of continuity of solution as a function of parameter
changes occurs. Such situation would correspond
to the essential defect of a device. During the time
elapsing between both observations the system
evolution could have occurred and probably have
done so. This evolution manifested itself by small
changes of coefficients; it means elements of matrix
of inertia, damping and rigidity and by
an occurrence of new — generally weak — excitations
and also by eventual decreasing of previous forces.
This last phenomenon can be omitted as being
of a low probability. Let us assume further, that
there are m poly-harmonic inputs (where m < n).
The amplitude spectrum for a linear system
is formed as the result of the following
transformation:

Y(f)= 2 B Hi(fmke)) j=1+n (1)
i=1
where:
P; — Fourier transform of excitation moments,
H; — Transmittance.

Each transmittance, and more accurate
its module — it means the coefficient
of amplification, has as many extremes as degrees
of freedom of the system (natural frequencies).
The set of transmittances is explicitly determined
by 3-m parameters. Equation (1) must be satisfied
for each frequency of the output spectrum.
At assuming a spectrum discretisation into k&
elements we have k+2 equations. An addition
of number 2 results from the postulate of the average
and average square value  conservation.
At the assumption that the system inputs were not
changed and that all coefficients (parameters)
of mass, rigidity and dissipation could have changed,
the minimum number of degrees of freedom
of the linear system enabling transformation

of the response Y’ (1) — Y”( f) equals:

k+2
n=——
3

Equation (2) regardless of the fact, that
it requires generating a huge number of equations,
has only a formal meaning. It determines precisely
the minimum number of degrees of freedom
enabling — at the preserved model structure
— the possibility of the given change
of the frequency response structure without
changing inputs and at assuming the application
of outside forces in each degree of freedom
and the possibility of a free selection
of all coefficients.  Physical realisability
of such system is practically impossible.
In the actual diagnostic tasks, investigating
an evolution of a device, the change of a dynamic
response structure depends on changes of the
insignificant part of parameters (the ones responsible

2
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for the defect). Thus, the number of the necessary
equations should be multiplied by coefficient A,
defined by the ratio of invariable elements (degrees
of freedom), to the ones in which certain number
of parameters are changing (usually not all)
and by coefficient A,, which denotes the ratio

of all degrees of freedom to the ones receiving
energy from outside. When the number of spectral
lines, taken into account, is limited to 100
the number of degrees of freedom of the system
should amount to several thousands. This
is the condition for the identificability of the system;
it means that changes of actual parameters (in our
example: state variables) should be transformable
by the determined and mutually explicit procedure
into the model parameters changes. However,
regardless of the mentioned difficulties, there
is a possibility of obtaining such solution. Therefore
the application of the linear software FEM
has allowed to solve several problems described
analytically as nonlinear. Simplifying a little
the consideration, we can state that the presented
operations are based on reducing the globally
nonlinear influences to locally linear ones
and the increase of the number of degrees
of freedom of the system results from decreasing
the zone considered to be the “local” area — up
to the determined limit of error. This linearisation
corresponds de facto to the approximation of a curve
by a certain number of segments.

Let us return now to our assumptions. We have
assumed at the beginning, that the response

Y (f) was the result of linear transformations

of inputs, which means that the sum of inputs
and outputs from the system should fill the same
frequency bandwidth. Thus, each harmonic
component of the input corresponds to one and only
one harmonic component of the response, which
usually has different amplitude, slightly changed
frequency (because of damping) and different phase
shift (what was not taken into account in our
reasoning) but surely will not decompose into
a sequence of components. In the discussed example

no spectrum of the system response Y (/) nor

()
number of components. In diagnostic tests — during
machine exploitation - new harmonic components
appear very often and the value of their amplitude
is considered the symptom. Such transformation
in a linear system requires applying a new
excitation, which — in the diagnostic test — would
need a postulate that each defect (wear) constitutes
such force. This is an evident contradiction.
We assumed at the beginning, that the
transformation of spectral concentration

YO>f)>YP(f) is isoenergetic (¥°=const),
whereas each defect would have been described

by the energy “inflow” from outside. However,
supporters of a linear description for any cost (which

can be obtained at inputs of a smaller

really means: for the cost of a tremendously
increased number of motion equations) could find
the solution of the problem by assuming
simultaneous decrease of primary inputs caused
by other means of energy loss due to wear, but
the model obtained in such manner would
not be identifiable.

Natural specification of machine degradation
is the frequency response function (transmittance)
change and ‘“additional” inputs related to defects
remain usually as self-exited vibrations, which
require the application of nonlinear description, etc.

The presented above considerations lead
to the conclusion that a classic diagnostic task very
often requires application of a nonlinear description.
The following postulate can be formulated
on the basis of numerous papers: A new (“after
an initial usage”) machine can be described with
an adequate accuracy by a linear model. During
exploitation certain nonlinear disturbances related
to wear and tear — occur. Thus, an observation
of nonlinear effects allows solving a diagnostic
task.

This postulate is also true for technical devices,
which operations require a nonlinear description
from the ‘very beginning’ (e.g. piston-and-crank
mechanism). In such situation we will observe
an increase of nonlinear disturbances. Besides,
“a diagnostic” model does not need to be a fully
“dynamic” model.

Let us solve now a simple example. An ordinary
differential equation of the 2™ order in a form
of a simple harmonic oscillator — is given:

i+ aix=P(t)

with an input:
P(t) = Pcos2Qxt .
An evident singular solution is a well-known
“school type” dependency:

x(t) = - C0s2Q1 3)

2
@y —Q

Let us check whether finding the singular
solution of a frequency being equal e.g. to the half
of the input frequency Q in the form: x = A4cosQ¢
is possible. By substitution we obtain the following
equation:

AcosQt(a] — Q%) = Pcos2Qt, 4)

which satisfaction for each ¢ requires zeroing
of the input amplitude at the arbitrary amplitude
of response. Thus, it leads to an obvious triviality.
Let us assume the possibility of modification
of the basing equation by introducing an arbitrary
nonlinear function of variable x(f) and let us check
whether now obtaining the response of the frequency
equal half of the input frequency is possible.
The task is as follows:
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Pcos2Qt — x = AcosQt : X+ apx + f(x) = Pcos2Qt )
f(x)=?

Proceeding in an identical fashion as previously
and transforming the input we will obtain:

—AQ? cos 2Q¢ + Aw] cos2Qt + f(Acos Q) = % P(cos’Qt +1) « (6)

This equation is much better and at the proper
selection of flx) function its identity satisfaction
is possible. E.g. assuming:

f(x) =k(x2 +l)
we will obtain:

/\ (@ - ) Ac0s 201 + kA(cos’Qt +1) =
t

= %P(coszﬂt +) e’ =0

P=2kA . (7)
P=2k
A=1

This is a special case, relatively difficult —
however possible at the appropriately selected
kinematics — for the technical realisation.
It corresponds to the situation when the properly
selected input force amplitude of the resonance
frequency instead of increasing the first harmonic
“releases” vibrations of a different frequency. This,
in turn, corresponds to changing the phase trajectory
into a certain limiting cycle and constitutes a certain
form of self-exited oscillations, in which
a restitution function described by an even function
(“full” parabola) becomes an “amplifier”. However,
the discussion of the obtained results is not
significant in this case. The example should
be treated as a mathematical “plaything”, which
indicates — in a very simple manner — the possibility
of generating, by a nonlinear system, the response
of the frequency different than the input frequency.

/

P cos 2t Acos it +Bcos 23t +...

O =0+¢

/

Fig. 3. Nonlinear system as frequency transformer.

Much more physically real would be an example
of a double frequency response — according
to the schematic presentation from Figure 3,
but finding function f{x) is not simple, similarly
as a function causing a sub-harmonic response,
for various amplitudes and frequencies of inputs.
A solution of such problem requires an application
of analytical approximate methods or simulation
methods, exactly the same as applied at solving
nonlinear differential equations. Mathematical laws
are not to be avoided. A solution of nonlinear
problem is obtained in an approximate form “in both

ways”, the most often in a series and infinite form.

The fact, that the first and the second approximation

are usually confirmed by experiments indicates that

nonlinear models are worth to be applied now a days
when calculation tools are highly developed.

Features of nonlinear models are as follows:

1. Principle of superposition is not binding;

2. The system response can have and generally has
the different frequency distribution that the input;

3. System transmittances depend on themselves and
on inputs (they are not system invariables);

4. Local transient states can occur (example
of ,,bended” amplitude-frequency characteristics
is known from each text-book on the vibration
theory);

5. Resonance responses can occur at frequencies
being an arbitrary linear combination of input
and natural frequencies, including an effect
of the so-called internal resonance;

6. Self-exited vibrations can occur.

Diagnostics specialists know all mentioned
above features from the observation of actual
objects. The situation presented in Fig. 2
is a typical example of a frequency conversion.

Resonant increases of the amplitude in bands,
in which the vibration level in a new machine was
low, local losses of motion stability, generation
of self-exited vibrations, as well as strong
dependence of parasitic vibration processes
on the load — are typical symptoms frequently
utilised in vibroacoustic diagnostics.

Thus, purposefulness of application nonlinear
descriptions seems to be doubtless similarly
as looking for vibration measures (more
precisely: methods and techniques of signal
analysis) sensitive to the nonlinear disturbances
evolution.
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Summary

A relevantly defined operational strategy has decisive influence from the point of view of the
ability to maintain and improve reliability and safety as well as from the point of view of
maintaining manufacturing quality. The paper presents the main tasks and the method of
implementing pro-active operation. Particular attention is paid to the issues of selection and
adaptation of the methods of diagnosing the low-energy phases of defect development as well as
use of a posteriori diagnostic information. Attention is paid to the importance of technical risk
analysis.

Keywords: proactive maintenance, vibroacoustic diagnostic, low-energy stage of failure,
bayesian updating.

MONITORING WIBROAKUSTYCZNY SYSTEMOW MECHANICZNYCH
W PROAKTYWNEJ STRATEGII EKSPLOATACIJI

Streszczenie
Odpowiednio okreslona strategia eksploatacji ma decydujacy wpltyw na utrzymanie i poprawe
niezawodnosci, bezpieczenstwa oraz utrzymanie jakosci produkcji. W pracy przedstawiono
glowne zadania i sposdb realizacji proaktywnej eksploatacji. Szczegdlng uwage zwrdcono na
zagadnienia doboru i adaptacji metod diagnozowania niskoenergetycznych faz rozwoju uszkodzen
oraz wykorzystania aposteriorycznej informacji diagnostycznej. Zwrdcono takze uwage na
znaczenie prowadzenia analizy ryzyka technicznego.

Stowa kluczowe: proaktywna strategia eksploatacji, diagnostyka wibroakustyczna, niskoenergetyczna
faza rozwoju uszkodzenia, bayesowskie uaktualnianie.

1. INTRODUCTION

The fact that the need for implementing the
principles of harmonious development is treated as
a rule of the development of modern economy
creates a whole series of new challenges for more
and more fields of science and technology. From the
point of view of machine construction and operation
this means adoption of design and operation
principles which account for Life Cycle Engineering
while rejecting the current, reactive principles of
design, operation, maintenance and management
which are focused on maximization of short-term
effect. Now the goal is to maximize the long-term
effects. This means adoption of an operational
strategy whose integral elements include technical
condition diagnosis as well as predictive models of
functional tasks’ realization and principles of pro-
active machine maintenance and operation.

Thus the defined strategy accounts for a whole
series of aspects of harmonious development,
starting from economic analysis of individual
lifecycles, ecological requirements, ergonomic
requirements and cultural requirements, with the
technical component of the management system

being distinguished by its predictability, holistic
approach and openness.

The predictive nature of the system means its
ability to forecast the technical condition and the
quality of realization of functional tasks by the
system and by its individual elements.

The criteria of harmonious development and the
resulting necessity of holistic approach become the
basis for planning the maintenance-and-repair
processes. The system’s open nature means both the
possibility of using selected modules of the system
in specific applications as well as the possibility of
using selected methods both within the system itself
as well as autonomously, for the tasks realized
outside the system. This last feature is the outcome
of the assumption that that system development and
adaptation are intended to fulfill the needs and meet
the expectations of its users. This in particular
concerns accommodation of the subsystem
responsible for data registration preprocessing,
development and adaptation of technical condition
models, functionality assessment methods as well as
the methods of optimization and analysis of
maintenance and repair processes. Due to the
predictive nature of the system and the inherent
burden of uncertainty it is the analysis of probability
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distribution, while analyzing the condition as well as
the development and use of degradation process
models, that become particularly important. The
scope of changes associated with the proposed
approach is illustrated by the definition of
a technical object’s maintenance process which says
that it is a combination of all technical and
associated administrative actions taken during an
object’s lifetime in order to maintain that object or
its element in a condition enabling performance of
the expected functional tasks. The predictive nature
of the proposed strategy defines in each case the
scope and the nature of the activities. In practice
various scopes of analysis are applied, depending on
the method of defining the control, accounting for or
not accounting for the consequences of failures or
accidents [1].

A
Sympton value of damage

Proactive
maintenance

Failure

Repair

Condition
monitoring and
maintenance
mode

Prenucleation
and early stage
failure detection

Development of failure

| -
Operating time

Fig. 1. Comparison of technical diagnostics goals in
proactive maintenance versus reactive maintenance

From this point of view it is the implementation
of proactive operational strategy that becomes
particularly important. As is presented by Fig. 1, the
essence of such an approach boils down to
anticipation of preventive actions, in equal degree
prior to defect emergence as well as during the
period of development of low-energy phases of
defects. This calls for developing and adapting
relevant methods of diagnosis which are supported
by relevant diagnostic models.

2. CHARAKTERISTICS OF A PROACTIVE
OPERATIONAL STRATEGY

Let wus note that the essence of thus defined
a strategy is the extensive use of monitoring,
diagnosis, forecasting and decision-making models
for creating the possibilities of taking maintenance-
and-repair actions while anticipating problems [2].
This denotes the need for developing and applying
advanced monitoring, presentation of information on
emergency states and values, selection of methods
and means enabling monitoring and on-line
inference in a way enabling early detection of
growing disturbances and extracting from general
signals the information on anomalies in operation
which are characteristic of defects; controlling the
defects and taking corrective actions by the operator

in order to minimize and in particular to avoid
undesirable developments  leading to serious
consequences; development of a forecast of future
events based on current observations and registered
permanent changes of parameters which have been
detected by analyzing the results and the
measurements collected in the database. The last
item is particularly important when monitoring the
condition of mechanical elements and units as well
as the remaining components which are subject to
degradation and wear and tear for which the
detection of early phases of defect development may
help prevent the occurrence of the catastrophic phase
of defect development, including destruction of the
whole system.

Thus reduction of the uncertainty of reliability
estimations becomes a critical issue in the process
of making the decisions which are intended to
ensure technical safety of the system and minimize
the costs.

One of the essential methods of reducing the
epistemological uncertainty is to develop models
and diagnose the degradation and wear and tear
processes, thus reducing the variance of evaluations
of the residual period until the occurrence of
a catastrophic defect.

Realization of this goal calls for assessment of
structural reliability of the system while accounting
for detection and analysis of degradation processes
affecting all the components during the previous and
current period of use. This requires development of
a relevant database containing information on
potential defects of the system’s components,
knowledge gathered based on the experience
acquired by relevantly trained personnel as well as
procedures which account for the feedback and
adaptation changes occurring in the system.

In the process of estimating the probability of of
defect occurrence, the above enables us to account
for the influence of operational conditions on the
possibility of defect occurrence, the influence of
earlier defects, quality, scope and intervals between
inspections, the probability of defect occurrence in
specific time in the future. The consequences are
estimated in a similar manner, especially the
magnitude of loss and the probability of worst case
scenario occuring. Thus developed risk matrix
serves as the basis for defining risk category, priority
and scope of inspections, ways of changing the
architecture of the monitoring system.

Idea of proactive maintenence system algorithm,
was presented in literature [1, 2, 3] (Fig. 2).
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Let us note that estimation and modelling of the
degradation process is one of the most effective
methods of defect development anticipation and
maintenance  of system operation in terms of
nominal parameters. In reality such an approach
denotes compilation of several conventional
methods of forecasting — probabilistic behavioral
models and event models in particular. Probabilistic
behavior and degradation models enable analysis of
the type and extent of uncertainty which conditions
forecasting reliability. Event models are a kind of
a combination between the contemplated models and
the actual system and they make up the basis for
constructing and analyzing causal models which
enable assessment of degradation and determination
of the optimum scenario of maintenance-and-repair
work.

Let us note that subsequent stages of the
forecastng procedure make references to various
models and types of knowledge. The a priori
knowledge gathered from experiments serves as the
basis for developing stochastic models of
degradation processes while technical diagnosis and
process monitoring are used for developing the
indicators of an object’s technical condition.

Interaction between the elements of the
monitored object is described and forecasted with
the use of cause-and-effect relations based on laws
of physics in the form of model-aided forecast. In
accordance with the definition [3], behavioral
models contain both the description of functioning
as well as the dynamics of a system. In the first case
the system is analyzed as a set of many processes
analyzed from the point of view of flow of materials,
energy and information. The purpose of the system
dynamics model is to offer description of conditions
in which failures occur — in this case the modeling
process points to two phases — in the first one the
cause-and-effect relations are defined between the
degradation  process, the cause and the
consequences. This is often done with the use of the
EMECA method [4].

The estimation of probability of defect
occurrence accounts for the influence of operating

conditions on the possibility of defect occurrence,
the influence of earlier defects, the quality and the
scope of operational inspections, the probability of
defect occurrence in specified time in the future.
The consequences are estimated in a similar way,
especially the gravity of loss and the probability of
the worst-case scenario occurring. Thus, the
developed risk matrix serves as the basis for
determining the risk category, the priority and scope
of the inspection as well as the method and
directions of changes in the operation maintenance
procedures. An exemplary division into categories is
presented in [5] (Fig. 3).
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Fig. 3. Risk categories

The following scope of activities is assigned to
each category respectively:
e category 1 — (acceptable),
e category 2 — (acceptable, inspection required),
e category 3 — (undesirable),
e category 4 — (not acceptable).

The influence of various degradation processes,
including wear, cracking and corrosion, is modeled
in the second phase.

In the to-date contemplated models the
probability of defect occurrence was being defined
on the assumption of invariability of examined
distributions during operation of the object. In
reality, as a result of wear and tear processes and
associated changes of conditions of mating elements
and kinematic pairs, we observed -conditional
probability distributions, however the relationship
demonstrated itself both in quantitative terms
(change of the parameters of probability density
function) and in qualitative terms (change of the
function describing the distribution). In addition the
degradation processes accompanying the
performance of functional tasks can cause similar
variability of distributions of the probability which
describes load capacity. In this case one can expect
that the location of the separating line and the
probability of defect occurrence will not only
depend on the time of operation of an object but on
the new dynamic feedbacks in the system, associated
in particular with the development of non-linear
relations and non-stationary disturbance.
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3. VIBROACOUSTIC SIGNAL AS THE
SOURCE OF DIAGNOSTIC INFORMATION

The central issue is how to extract the relevant
diagnostic information and use it in the forecasting
process. Thus the research focuses in particular on
the methods of analyzing the relations between
various frequency bands and their links to various
types of defects or phase of their development. The
value of the information contained in the
bi-spectrum consists of, among others, the fact that it
enables examination of statistical relations between
individual components of the spectrum as well as to
detect the components generated as a result of
occurrence of non-linear effects and the additional
feedback associated with the emerging defects. This
results from the fact that in contrast with the power
spectrum, which is positive and real, the bi-spectrum
function is a complex value which retains the
information on both the distribution of power among
individual components of the spectrum as well as
the changes of phase. Let us note that the bi-
spectrum enables one to determine the relations
between essential frequencies of the examined
dynamic system. High value of bi-spectrum for
defined pairs of frequency and combinations of their
sums or differences will point to the existence of
frequency coupling between them. This may mean
that the contemplated frequencies, being the
components of the sums, have a common generator,
which in the presence of non-linearity of higher
order may lead to synthesizing the aforementioned
new frequency components.

Bispectrum (diag), Eps=0.7, Sigma=0, Delta=0, A1=1, A2=1, f1=100, f2=70
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Fig. 3. Illustration of diagonal bi-spectrum

in the case of square non-linearity

An example of using the diagonal bi-spectral
measure for the qualitative and quantitative
determination of the effect of non-linearity evolution
is presented in Fig. 3+5.

The confirmation of the importance of the
changes of phase coupling is offered by the analysis
of the process of diagnostic information generation
during the low-energy phases of development [6].

While attempting to develop a model oriented on
such defects one should on the one hand consider the
issue of examining the signal's parameters from the
point of view of their sensitivity of to low-energy
changes of the signal and, on the other, the issue of

quantification of energetic disturbances occurring in
the case of defect initiation.

a:Bispecﬁrum (diag), Eps=0, Sigma=0.5, Delta=0, A1=1, A2=1, f1=100, f2=70
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Fig. 4. Illustration of diagonal bi-spectrum in the
case of the third order non-linearity
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Fig. 5. Illustration of diagonal bi-spectrum in the

case of the fourth order non-linearity

Let us assume that the degree of damage D is the
dissipated variable that covers the changes of the
structure’s condition due wear and tear:

dEd (®: Do ) =
=6Ed(®,DO)dD+6Ed(®,DO)d® )]
oD 00
where:
i, - (D.0.7(©))
doe

7(®) - the parameter describing how big a part of
the dissipated energy dE, is responsible for

structural changes,
® - operating time.

Bearing in mind the possibility of diagnosis of
the origin and the development of low-energy phases
of defect formation, when the extent of the original
defect can be different in each case, let us analyze
this issue more precisely.

To examine this problem let us recall here the
two-parameter isothermal energy dissipation model
proposed by Najar [7] where:

dE, =dE, —dE, =Tds=0,dD )

where:
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dE 4, - cnergy transformed into heat,

dE, -energy responsible for internal

structural changes,
T - temperature,
ds - growth of entropy.
The expression (2) shows that the growth of the
dissipated variable D is attributable to the dE, part

of energy, which is the dissipated part of dE,

energy, that causes the growth of entropy ds.

The role of the multiplier determining the relation
between the increments of dissipated variable and
the entropy is played by the dissipation stress o .

The assumption of T =constans results in
independence of dissipation-related loss
dE, =dE; , thus following integration the

expression (2) takes the following form:

E, =TAs (3)

s

The derivative of defect development energy
related to D, when E f(DO)S%Egz, means the

boundary value of deformation energy and takes the
following form:

dE, _E,(Dy)(1-D)1-k)D™
dD Dy - Dy*

“

For a defined initial defect of D, and for
a defect leading to damage D, relationship (5) will

have the following form:

dE, (D)

o U ~K)Ep, ,(k)D™ &)

Let us note that parameter £, . is an

exponential function of power k, similarly as the
whole derivative. While referring to the second rule
of thermodynamics for irreversible processes we
will assume the following in the contemplated
model:

w >0 (6)
dD

Thus for the assumed model to be able to fulfill
condition (6), the exponent must meet the
requirement of &k <1. In addition, while referring to
the rule of minimization of dissipated energy, the
conditions of permissible wear process show that the
change of exponent k£ is possible as the defect
develops.

To examine this problem let us assume that the
exponent shows a straight line dependence on the
extent of damage:

k(D) =a+bD )

For damage of small magnitude the linear
approximation seems to be sufficient and enables
description of defects whose emergence is
characterized by small growth of defect energy (see
Figure 6).

b=5.0

dEg
D

Lo = N w A g o~

D —normalized degree of failure

Fig. 6. Change of energy of defect development
for small D

Thus while defining the set of diagnostic
parameters we should pay attention to the need for
selecting such a criterion so that it will be possible to
identify defects whose emergence is characterized
by small growth of defect-related energy.

While contemplating this issue let us assume that
vibroacoustic signal is real and meets the cause-
and-effect requirement, which means that it can be
the base for creating an analytical signal.

In accordance with the theory of analytical
functions, the real and the imaginary components are
the functions of two variables and meet Cauchy-
Riemann requirements.

While contemplating this issue let us assume that
vibroacoustic signal is real and meets the cause-
and-effect requirement, which means that it can be
the base for creating an analytical signal.

In accordance with the theory of analytical
functions, the real and the imaginary components are
the functions of two variables and meet
Cauchy-Riemann requirements.

Please be reminded that the analysis of the run of
the analytical signal will be conducted while relying
on the observation of changes of the length of vector
A and phase angle @ :

z(x,y)+ jv(x,y) = A(cos@ + jsin @) ®)

Thus,
2(x(2), 7(2)) = A(r) cos p(z) ©)
(x(2), y(2)) = A() sin p(7)
means that the signal measured is the orthogonal
projection of vector 4 on real axis.
Ultimately, while exploiting the Cauchy-Riemann
conditions for variables A(r) and ¢@(r) we will

obtain:
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dz d4 . de
—=—2cos@p— Asinp—— 10
dr dr ¢ ¢ dr (10)

As we expected the obtained relationship presents
an equation that enables the analysis of the measured
signal while observing 4 and ¢ . At the same time it

should be noted that for low-energy processes, when
we can neglect the changes of the vector’s length and
assume A =const, the whole information on the
changes of the measured signal is contained in the
phase angle, or more precisely in the run of
momentary angular velocity.

While accounting for the obtained results of the
analysis of the process of low-energy defect
emergence and detection of diagnostic information
associated with the changes of momentary values of
amplitude and angular velocity, let us analyze the
conditions that must be fulfilled by a diagnostic
model intended to enable observation of the
influence of such disturbance on the form of the
system’s dynamic response.
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Fig. 7. Function of density probability distribution
oh the envelope of 5™ harmonics meshing frequency

This illustrates the problem of effective use of
results of diagnostic observations in the task of
diagnosis of early stages of defect development.
While referring to [8] we quoted the example of
evolution of probability density distribution function
for the value of vibroacoustic signal envelope,
precisely the fifth harmonic frequency of meshing as
calculated for the width of the frequency band
corresponding to twice the frequency of the input
shaft (Fig. 7). Fig. 8 and Fig. 9 accordingly present
the values of shape and scale parameters
corresponding to these changes. Let us note that both
parameters depend on defect development while
their values, the value of shape factor in particular,
does not change monotonously.
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Fig. 8. Parametr of shape in function of mesurement
number
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Fig. 9. Parametr of scale in function of mesurement
number

In order to achieve higher efficiency in
application of the results of vibroacoustic diagnosis,
we should take into account, in a much bigger
degree, the individual vibroacoustic characteristics
which as defined during preliminary measurements
and analysis.

Such an approach fully meets the requirements
of Bayes methodology [9], including:

- the possibility of adopting randomness of the
examined parameter in a probabilistic model,

- the possibility of obtaining the a posteriori estimate
of the parameter based on the observation and
measurement of a vibroacoustic signal as well as
the a priori distribution in accordance with the
requirements of Bayes’ theorem;

- selection of the optimum estimator of a parameter
in the sense of Bayes decision-making theory.
Assuming that detection, identification and

location of changes of vibroacoustic properties of
the monitored object is the outcome of vibroacoustic
monitoring, the a priori distribution of probability of
parameters can be determined on the basis of pre-
defined vibroacoustic characteristics.

A good illustration of the discussed method of
using the Bayes formula for evaluation of changes of
distribution parameters based on the diagnostic
information is offered by Cruse’s paper [10] in
which Bayes theorem is used for determining the
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value of parameters describing the growth of
fatigue-related defect while accounting for the
observation of crack development.

The essence of this approach involves updating
of estimated parameters of the probabilistic model so
as to achieve bigger alignment between the results of
modeling and observations.

In accordance with the above presented
assumptions it is assumed that unknown or uncertain
parameters of distribution are random variables.
Uncertainty of estimation of results can be linked to
variability of random variables by means of Bayes
theorem [11].

Then, while assuming that we will be estimating
the parameters of a priori distribution of parameter
a of the function of probability density fla) and that
D is an observation set enabling reduction of a priori
uncertainty on the condition of the results of the
observation being included, we should be able to
conduct the estimation of a posteriori distribution
parameters by means of the following formula:

f(D/a)f(a)

11
f(D) (b

flal D)=

Where:
f(D)= [f(D/a)f(a)da

In addition we can assume that the denominator,
which is described by the integral of the a posteriori
probability density function, is constant and that
f(Dla) is the probability of observation which can be
expressed by the credibility function. In such a case
equation (11) can have the following form:

fa/D)y=K,-L[D/a]- f(a) (12)

where:
K, — standardizing constant
L[D/a] - credibility function

To be able to determine the probability of
a defect in the analyzed timeframe, the information
contained in the observations should account for
both, occurrence of a defect and non-occurrence of
a defect. For the exponential form of the function
describing the distribution, the credibility function
will be noted in the following form:

[D/a)= f[p(e,. layx[][I-P@O, /)] (13)

J=1

where:
n — denotes the set of detected defects
m — denotes the set of events defining non-

existence of a defect.

Let us note that Bayes formula can be simplified
by accounting for proportionality of a posteriori and
a priori distributions only :

_Jf(D/a)f(a)

f(a/ D)= D) o f(D/a)f(a) (14)

In a similar way the probability density is
proportional to the square root of Fisher’s
information matrix factor [12]:

f(a) o« (detI(a))"? (15)
where:
I(a):—E{azln;—(QD/a)} — 1is calculated as the
a

matrix of average second derivatives from the
credibility function logarithm based on the results of
the experiment.

Thus formula (11) is finally written in the
following way:

f(a/ D)o L(D/a)(det](a))" (16)
f(a)
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Fig. 10. An example of using diagnostic information
in bayesian updating

Thus the presented method of using the risk
analysis method, supported by vibroacoustic
diagnosis, in the process of making operational
decisions refers on the one hand to the definition of
risk and the associated estimation of probability of
occurrence of undesirable incident as well as to
estimation of the extent and value of loss
accompanying such an incident. On the other hand it
refers to the possibility of using the results of
a diagnostic experiment in the task of reducing the
uncertainty related to estimation of parameters of
a posteriori distribution of intensity of defects. Use
of Bayesian models enables direct application of the
results of diagnostic observation in Bayesian
estimation of a posteriori distribution as well as
tackling the problem of selecting the a priori
distribution. The results of such an analysis are
presented in Fig. 10. As has been demonstrated in
this example, such use of diagnostic information
enables one to solve the problem of determining the
conditional probability  distribution for the
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parameters of defect intensity while relying on the
results of the diagnostic experiment.

4. CONCLUSIONS

While summing up the methodology of a pro-
active system of operations based on risk evaluation,
attention should be drawn to the necessity of
tackling the following issues:

- Identification of elements of the system as well as
factors and persons responsible for controlling the
system and its functioning;

- Defining a wide area system for control and
analysis of the system’s functioning;

- Development of the behavioral model of the
system accounting for the physical mechanisms of
degradation processes affecting the system’s
elements and their mutual interactions,

- Modeling of events, incidents and defects in the
system in a way enabling inclusion of the results in
the decision-making processes,

- Development of a forecasting model enabling
integration of the models of events with the
behavioral model of the system,

- Developing a man-machine communication
program focused on psycho-physical capabilities
of the operator.

The  methodology  of  designing and
implementation of a proactive operational strategy,
developed according to such assumptions, relies on
a combination of probabilistic models of
development of degradation processes and dynamic
monitoring architecture accounting for changes in
the models of events as supplemented by developed
man-machine communication systems.
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Summary

Set of parameters which objectively characterize a technical condition of the hydromachine can
be received at their bench tests. Considering the set forth above features of hydromachines, for
reception of the maximal volume of the information at the minimal expenses of time and energy at
tests apply stands with recuperation of capacities. Essentially new designs of stands with
recuperation of capacities for test of hydraulic machines and mechanical units are offered and
patented. The basic structures of test beds with recuperation capacities and bases of
a choice of their parameters which allow testing adjustable hydromachines in a wide range of their
parameters are considered. The developed stands allow raising quality of diagnosing of adjustable

hydromachines essentially.

Keywords: hydromachine, stand, recuperation, control, test.

1. INTRODUCTION

Greater part of modern mobile technique - build-road,
agricultural, communal et al produced with hydraulic
drives a to 90% engine power is utillized in which. The
technical level of modern gidrodrive is determined the
parameters of his basic power aggregates — pumps and
motors. In spite of ap-preciation of value of hydraulic
drives, application of the managed power aggregates
instead of fixed volume allows to extend an adjusting
range, decrease the swept volume of pump and increase
his frequency of rotation to frequency of rotation of
billow of drive engine without intermediate mechanical
transmis-sions, that on the whole diminishes sizes and
mass of transmission and promotes its reliability.

One of important technological operations at making
and repair of knots, aggregates and machines there are
their tests and rolling. Tests provide the estimation of
conforming to of producible good the requirements of
designer and normative and technical documents, and
also exposure of weak points in a construction and
technology with the purpose of development of measures
on their removal. Rolling allows in the process of
making and repair substantially to promote reliability
indexes, that promotes quality of producible wares in
same queue. For organization of these technological
operations at a production it is necessary operatively and
objectively to estimate the state of aggregate which is
tested. Diagnostics allows to define the actual consisting
of technical object, and also character of change of him
of time [1]. Knowledge of the real state of aggregate at
tests allows to optimize time of tests and rolling, and also
to expose and remove the lacks of construction, and also
technologies of making of aggregates, knots and details.

2. OBJECTS AND PROBLEMS

The feature of hydraulic drive of mobile
technique at tests and rolling is that variety of its
kinds, and also different and difficult external
environments are required by applications of
different types of tester equipment. Creation and
introduction of universal tester equipment
allows to execute on him a test and rolling of
aggregates of different type in the wide range of
office hours.

Stands for the tests of aggregates de bene
esse are divided by two classes: with the direct
stream of power and with rekuperatsiey of
power. Most modern are stands with
rekuperatsiey of power with a hydraulic drive.
Advantages of hydraulic stands  with
rekuperatsiey of power it is been [2]:

- smooth regulation of speed and parameters of
loading;

- change of a direction loading in the process of
tests and rolling;

- reliable protection of examinee aggregates
from an overload;

- possibility of complete automation of tests and
rolling, and also remote control the
parameters of stand;

- small labour intensiveness of setting of
equipment and examinee aggregates.

The row of constructions of hydraulic stands
is developed with rekuperatsiey powers [3, 4, 5]
which allow to execute tests and rolling, both
hydraulic equipment and mechanical
aggregates. Hydraulic stands can be executed on
the opened chart, when the suction hydraulic
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line of pump and weathering gidrodvigatelya is
connected with a tank, or on the closed chart, when
foregoing hydraulic lines are united between itself.

On fig. 1 the hydraulic chart of universal tent-bed test
is presented with rekuperatsiecy of power [3].
A stand is contained by an engine 2, which is a drive for
the managed pump 1, pressure hydraulic line 5 last
reported through the managed throttle 4 with loading
motor 3, and suction hydraulic line with
a tank 13. Coupled hydromachines 6 and 7 connected by
between itself a pressure hydraulic line 8, and their shafts
are mechanically connected by a transmission 10. In the
presented chart hydromachine 6 is a pump, and
hydromachine 7 is a motors. Weathering hydraulic line
of motors 9 and suction hydraulic line pump 6 and motor
7 connect with a tank 13. In addition, shafts of
hydromachines 6 and 7 through a transmission
10 mechanically connected with the shaft of loading
motors 3.

15

13

| S S I

Fig. 1. The principle hydraulic scheme of stand.

Pressure hydraulic line 8 reported through
a loading valve 11 and flowmeter 12 with a tank 13, and
pressure hydraulic line 5 through a loading valve 14
reported with a tank 13. Loading valve 14 executed
a differential, here his managing cavity is united with
pressure hydraulic line 8. Hydromachine 6, loading
motor 3 and flowmeter 12 supplied the sensors of
angular speed 15. Pressure hydraulic line 5 and
8 supplied the sensors of pressure.

A hydraulic stand works as follows. At including of
engine 2 pump 1 gives through a throttle 4 on
a pressure hydraulic line 5 working liquid in
a loading motor 3, which drives to the rotation
a transmission 10. Rotation through a transmission 10
passed on the shaft of pump 6, which forces
a working liquid on pressure hydraulic line 8 in
a motor 7, which passes a rotation on a transmission 10,
what and recuperation of power at stand is provided.

Transmission 10 must provide speed of rotation of
billow of pump higher, than at gidromotora 7, in order

that serve of working liquid of pump 6 was
higher consumable expense by a motor 7.
Surplus of working liquid given a pump 6 given
on weathering in a tank through a loading valve
12 and flowmeter 15. Change of tuning of
loading valve 14 provides the change of
pressure in a pressure highway 8, and,
consequently moment on the billows of
gidromashin 6 and 7.

Change of serve of pump 2 or tuning of
throttle 4 changes frequency of rotation of
loading motor 3, and consequently, through
a transmission 11, changes frequency of rotation
of billows of gydromachines 6 and 7. Setting of
differential loading valve 14 with a management
from pressure in the pressure highway of
8 gydromachines 6 and 7, provides the changes
of moment on the billows of examinee
aggregates at their permanent frequency of
rotation or provides the change of frequency of
rotation of billows of examinee aggregates at
a permanent moment.

3. MAIN SECTION

Hydraulic, kinematics and  power
calculations of hydraulic stand  with
rekuperatsiey of power executed the known
methods. The feature of calculation is
a choice of gear-ratio of transmission and
determina-tion of drive engine power.

Flow of working liquid of hydromachine
working in the mode of pump:

QH :ny.qn.nHO’ (1)
where 7, - frequency of rotation shaft of pump,
g, - displacement of pump, 7 = - volumetric

efficiency of pump.

In a kind recuperation of power on a stand
will present the serve of pump in a kind:

0,20,/m,)+9,=a-0, @
where @ - rate of flow in motor, 7, -
volumetric efficiency of motor, 9 - flow of
working liquid through a loading wvalve,
a - coefficient flow of pump.

At such denotation «—1 is a relative
amount of working liquid, which does not pass
through gidromotor.

Frequency of rotation shaft of pump is
determined from dependence:

n,=n, 'im » (3)

where 7, - frequency of rotation shaft of

motor, ,, - a transfer relation of transmission.

Taking into account dependences (1) (2) will
get

im za- (q.w /qH) ' (770/11 /7701'1) ’ (4)
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In this case the required power drive of stand is
determined on dependence:
2.0, 11,40, (1-1,)+0, (-1, ©

where Ap_ - an overfall of pressure on a loading valve,

N)‘I =

n,.n,,n, - general efficiency of pump, motor and

transmissions accordingly.
Taking into account the accepted denotations and
foregoing dependences will transform a formula (5)

anAp'nn'qn.|:a_77u+qM'(1_77.11) ’ (6)
Mo q

In case if g, =¢q, power of drive of stand on

H

dependence (6) appears in a kind
erZAip.nH.qll.(a+1_’77l_77,w)’ (7)

For example, at the use as power aggregates of drive
of stand axial piston hydromachine (APH) hydrodrive
type GST-90 with nominal power pump and motor of
N, =N, = 46 kWt and displacement ¢, =¢q, = 90 sm’,
n,=n,=092, accept a=1,15.
i, 21,15, and drive power of stand of 14,3 kVt.
According to dependence (7) N, >0,31- N, . At the tests

Consequently,

of every aggregate individually on the opened chart the
total expenses of power make N, =92 kWt, that

consumable power at tests goes down in 6 times. Taking
to account that a hydraulic drive is provided in a chart
(Fig. 1), a that decline of power will be a few less than.

For drafting of diagnostic model of drive of stand the
method of formalization of functioning is accepted on
the basis of generalized three key element [6]. The power
aggregates of hydraulic drive can be presented charts
which have three entrance variables, functionally related
to other elements. As variables for knots accepted: knot
taking of power, knot entrance of working environment
and knot taking of working environment. Thus every
element is described the system from 3 equalizations.

One of signs of change of the technical state of
aggregates of hydrodrive, both in the conditions of
exploitation and at tests and rolling there is power
efficiency. For the aggregates of by volume hydrodrive
select three indexes, which represent power efficiency:
complete, volume and mehanical efficiency. The analysis
of these indexes at tests allows simply to determine the
technical state of aggregate, and the dynamics of their
changes allows operatively to set duration of tests, and
also to set reasons of low quality of good. Therefore as
a basic sign of the state at the tests of power hydraulic
aggregates efficiency is accepted.

Important direction of perfection power aggregates of
hydraulic drives is an increase and stabilizing of
efficiency in all of range of operating parameters. The
increase of technical level hydraulic drives of mobile
technique is provided the increase of nominal pressure to
30..45 MPa, by the increase of nominal frequency of
rotation of pumps to frequency of rotation drive engine,
and also by application of the managed power aggregates

with the purpose of diminishing of losses of
power in a transmission. Forcing power of
machines on results in the decline of their
efficiency, that requires development of
additional complex of structural and
technological measures for providing of his
increase and stabilizing. Application of the
automated facilities of diagnostics at the tests of
new or modernized constructions allows
substantially to shorten time of polishing of pre-
production models to the serial making.

The methods of determination efficiency of
rotor pHdromachinyi are known, which are
based on the theory of similarity [7]. In
obedience to this theory, general efficiency of
pump is determined on dependence:

1-k 0,

?7;{ = >
1+k, +ik;,1/0'1 )

where kylo-l — specific power from the losses of

®

working liquid; k= specific power which is
lost on a dry friction; ko, = specific power of

losses on a viscid friction in a pump;
o, =p/u-w, — a criterion of similarity of flow

of viscid liquid in an equivalent crack for
a pump, which is named the Zommerfel's
function, p - pressure in a general pressure
line, ; — dynamic viscidity of working liquid,
o, — angular speed of shaft of pump.

For motorts general
determined on dependence:
:l_k/z_(kyz/o-z), )

l+k, o,

efficiency is

M

where P specific power which is lost on

a dry friction in a motor; 4 Lo, specific power
u 2

of losses on a viscid friction in a motor; ko, —

specific power from the losses of working liquid

in a motor; o, =p/w-w, — @ criterion of

similarity of flow of viscid liquid in an
equivalent crack for a motor;
@, Q angular speed of motor billow.

Taking to account for (8) and (9)
w, :jm -a)M,that o, :ip.o-z .

The values coefficients of specific powers

losses of energy in power aggregates are
determined on the characteristic sizes of

hydromachines:
- from the losses of working liquid
3
L -5a) a0
’ € \q,

where: » Q coefficient of losses; g<e <1 -
i i
adjusting parameter; ¢, — equivalent gap;
7= [ 4, — characteristic size of hydromachine.
! 2.
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— from losses on a dry friction:

ko= Snd (11)
a0,

where: C,~ coefficient of losses on a viscid friction.

In the above-mentioned dependences 4 for concrete
type of hydromachine the characteristic volumes 4 of

size are permanent, all of other are determined the
structural features of units and details of hydromachines,
and also technology of their making, as a rule are
variable at tests.

Investigation change of the state aggregate which is
tested is a change of signs the state. Thus basic sources
of uninvariance there is an object of diagnosing. As
a result of break-in process details of aggregates takes
a place changes of internal factors, that is reflected at the
level general efficiency of aggregates. Descriptions of
drive of stand at tests have statistical changeability the
analysis of which allows to estimate the basic sign of
diagnosing. For the analysis of the state of aggregates
which test apply two indexes: mean value and dispersion
of general efficiency of aggregates for period of their
test. The size of mean value allows to set conforming to
of aggregate the normative requirements, and an analysis
of dispersion is time of break-in process.

4. RESULTS OF RESEARCHES

On the presented stand in joint-stock company
«Strojhydravlika» managed bent axis APH trimot type
403.112 is tested. His issue accustoms from 2008 for
application in the hydraulic transmissions of build-
travelling and agricultural technique. The distinctive
feature of new series is possibility of providing of the
discrete adjusting of the displacement. Thus two workers
of volume, maximal ¢ =112 sm’, and the minimum

displacement is set depending on the technical terms of
customer. By undeniable advantage of hydraulic drives
with discretely managed motors is providing of two
workings speeds, and also possibility of putting in these
speeds without the stop of machine, that promotes the
productivity and management quality substantially.

A standard pumping unit and original adjuster is
applied in the construction of APH type 403.112. With
the purpose of verification of capacity of gidromashiny
its tests were conducted on a stand with rekuperatsiey of
power, which is presented on fig. 2, and setting two
managed machine 403.112 on a stand shown, on fig. 3.

Fig. 2. The stand with recuperation of powers
for tests APH 403.112

oy W A
Fig. 3. Setting of two hydromachines
403.112 at the stand.

Treatment of values of parameters of tests
allowed continuously to determine the signs of
the state of hydromachin: mean value and
dispersion of efficiency. The analysis of these
signs allowed to define accordance of the
technical state of aggregates the requirements of
technical document for development of
machines, and also to specify time of their
break-in process. The additional task of tests
was verification of longevity by work of
regulator of number of cycles of switching,
which would provide his tireless durability at
the base number of cycles of loadings, what
corresponded continuous work of hydromachine
during the set interval of time with switching of
regulators of every aggregate.

The given stand also can be applied at tests
and break-in process mechanical units. In this
case units which are tested are installed instead
of transmission 10 (fig. 1).
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The loading cycles APH 403.112 at the stand are
presented on diagrams which are shown on fig. 4. On
diagrams are shown Q; — rate of flow the hydromachine,
which works in a mode of the motor, and O, - rate of
flow the hydromachine, which works in a mode of the
pump. Switching of operating modes was provided with
hydraulic allocators which conditionally are not shown
on the basic scheme fig. 1.

1 - - -
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Fig. 4. The loading cycles of hydromachines

The results of the conducted tests were confirmed by
a capacity and longevity of the developed construction of
managed variable displacement hydromachines 403.112.
with the discrete adjuster.

5. CONCLUSIONS

For providing of diagnosing of the technical state of
power aggregates of hydraulic drives at their tests and
break-in process it is suggested to apply hydraulic stands
with recuperation of power.

The row of constructions of such stands is developed.
The method of calculation parameters of hydraulic stand
with recuperation of power is offered. At the tests of
hydraulic aggregates of expense of power on their
conducting go down in some times. Continuous analysis
of signs of the state of aggregates which test apply two
indexes: mean value and dispersion of general efficiency
of aggregates for period of their test.
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PROBLEMS
KNOWLEDGE ACQUISITION FOR HYBRID

SYSTEMS OF RISK ASSESSMENT
AND CRITICAL MACHINERY DIAGNOSIS

‘ 4@

The work contains the results of research
activity of seven teams from six research centers.
Parallel proceeding of these teams has been part of
the research carried out within the framework of
the research project "Integrated dynamic system for
risk assessment, diagnostics and control of technical
objects and processes" (project acronym: DIADYN)
supported by the Polish Ministry of Science and
Higher Education (formerly Polish Committee for
Scientific Research) from year 2005 until 2008. The
steering group of the project decided to manage the
project in the form of a package of groups of tasks
(GTs). The presented book integrates the results of
two GTs and has been mainly concerned on
knowledge acquisition for hybrid systems capable of
dealing with risk assessment and diagnostics of
critical machinery.

The book will be interesting for industrial
engineers, scientists and students as well who
wish to pursue the risk assessment and advanced
technical diagnostics issues of safety-critical
machinery.

The last paragraph explains the main objective
of the work that we have edited. The goal of the
teamwork of the seven research groups has been
to address several issues of knowledge acquisition
for hybrid systems of risk assessment and critical
machinery diagnosis. The book has been composed
of parts that correspond to the issues of research
groups, each of them being an original insight to
the title topic of the monograph.

The first part concerns a system for acquiring
diagnostic knowledge of selected faults of critical
rotating machinery, and contains results of
collaboration between the research groups from the
Department of Fundamentals of Machinery Design,
Silesian University of Technology at Gliwice, and
from the Institute of Fluid Flow Machinery, Polish
Academy of Sciences. After dealing with the issues
of knowledge acquisition with special attention paid
to knowledge discovery in databases, selected faults
in rotating machinery were described together with
employed methods of their modeling and
simulation. Then the results of simulation
experiments were presented in the form of
prototype diagnostic relations. Further on, a system
for knowledge acquisition was presented and several
results of system verification for one distinguished

Knowledge acquisition
for hybrid systems of
risk assessment and
critical machinery
diagnosis

ITE Radom 2008

kind of fault, i.e. cracks in shafts were documented
as well.

The part ends with a concept of adapting the
system to changing operating conditions and varying
overall technical state of the machine. The second
part prepared by the group from the Institute of
Fundamental Technological Research, Polish
Academy of Sciences, presents other approach to
a specific kind of faults of rotating machinery which
are cracks in shafts of machines. The method
involves a stochastic attempt that takes advantage
of Monte-Carlo simulation. In order to detect and
locate individual cracks the knowledge base of
multiple cases of cracks developing at different
locations was used. Moreover, some issues
concerning durability of cracked machine shafts
were discussed.

The third part of the monograph was elaborated
by the scientific group from the Chair of Building
and Operation of Vehicles and Machinery, the Uni-
versity of Warmia and Mazury in Olsztyn. This
work was targeted at a system for operational risk
assessment. Implementation of the system concerned
several objects operated in the food industry. The
system includes identification of risks to be met
within operation of the selected machinery. Further
on, a survey of methods of risk analysis was carried
out. Finally, the method for assessment of
operational effectiveness in the risk aspect was
presented.

The fourth part is the result of work of the team
from the Department of Vibroacoustics and
Biodynamics of Systems, Poznan University of
Technology, and concerns a diagnostic agent for
critical machinery. The main issue was based on
a multi-agent approach. The part includes
examples of applications of the elements of the
system to the diagnostics of rotating machinery
and vehicles.

The next part prepared by the scientific group of
the Department of Vehicles Engineering and
Transportation, the University of Technology and
Life Sciences in Bydgoszcz, concerns issues of the
diagnostics through identification. This software-
oriented approach takes advantage of the theory of
technical diagnostics. A novel software tool
developed within the DIADYN project was
described. The part ends with the description of an
on-board diagnostic system for critical machinery.

Finally, the last part of the book, authored
by the group of the Institute of Fundamental
Technological Research, Polish Academy of
Sciences, is devoted to numerical identification of
loads. Two approaches were concerned: model-
less identification based on pattern recognition
methods, and methods taking advantage of
numerical models, which allowed reconstruction of
load, and continuous identification of loads. Another
problem addressed thorough the work concerns
optimal location of sensors upon the mechanical
system.
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ZJAWISKA NIELINIOWE
W DIAGNOSTYCE WIBROAKUSTYCINE!

Zjawiska nieliniowe
w diagnostyce

technicznej
ITE Radom 2008
Efektywne funkcjonowanie dowolnych

systemow dzialania na przyktad: przemystowych,
rolniczych, wojskowych i innych  jest
zdeterminowane stanem maszyn 1 urzadzen
technicznych. Stanem zdatnosci funkcjonalnej
i zadaniowej obiektdéw technicznych nalezy
sterowaC. Narzedziem sterowania s metody
diagnostyki techniczne;.

Maszyny to systemy techniczne z przeplywem
masy, energii 1 informacji. Sg to systemy
transformujace  energi¢ z nieodlaczng ich
dyssypacja: wewngtrzna i zewngtrzna. Nosnikiem
informacji
0 stanie maszyn sg procesy:

- robocze, w ktorych zachodzi przetwarzanie
jednego rodzaju energii w inny lub jej

przenoszenie;

- towarzyszace  (resztkowe) na  przyklad:
nagrzewanie si¢ elementdw, zanieczyszczenie
oleju, a W szczegolnosei procesy
wibroakustyczne.

Niestety, pomimo wielkich dokonan wielu
badaczy, na dzien dzisiejszy nie poznano dokladnie
natury generacji procesdw wibroakustycznych,
zatem nie rozwiazano problemu podstawowego, to
jest przyporzadkowania wybranych sktadowych
sygnalu, konkretnym parom kinematycznym
i mechanizmom maszyn. Przyktadem moze by¢ brak
efektywnych metod wibroakustycznych badan o
ceny stanu: silnikdw spalinowych, przektadni
hydromecha-nicznych, czy mostow napgdowych
pojazddéw mechanicznych. Taki stan rzeczy wynika
z faktu, Zze nie dysponujemy odpowiednimi
modelami diagnostycznymi maszyn. Z reguly
stosowane sg modele liniowe, ktore odzwierciedlajg
stan  obiektéw  rzeczywistych z  pewnym
przyblizeniem.

Model, w ktérym wystgpuja zaleznosci migdzy:
parametrami sygnatow diagnostycznych, masami,
elementami  sprezystymi,  tlumigcymi  oraz
wymuszeniami  nazywa si¢  diagnostycznym
modelem  strukturalnym obiektu technicznego.
Modele diagnostyczne nie Wwyznaczaja stanu
obiektu, lecz sa podstawa budowy okreslonych
algorytméw diagnozowania, za pomoca ktorych
ustala si¢ dopiero jego stan.

W czasie eksploatacji maszyn pojawiaja si¢
i narastaja zaburzenia nieliniowe zwigzane z ich

starzeniem fizycznym. W zwiazku z tym istota

zagadnienia tkwi w tym, ze nalezy opisa¢ maszyny

diagnostycznymi modelami nieliniowymi, ktore
moga  rozwiagzac problem diagnozowania

(monitorowania), prognozowania 1 genezowania

stanu maszyn, za pomoca symptomow

wibroakustycznych.

Biorac pod uwage niektére przedstawione
informacje dotyczace diagnostyki wibroakustycznej
maszyn nalezy stwierdzi¢, ze opiniowana praca
Panéw Profesorow Jest bardzo aktualna i wypetnia
luk¢ dotyczaca tej trudnej problematyki. Autorzy
podstawili sobie bardzo ambitne, trudne do realizacji
zadanie: rozpatrzenie i dokonanie analizy niektdrych
zjawisk nieliniowych wystgpujacych w diagnostyce
maszyn. Konsekwentnie staraja si¢ wykazad
uzytecznos¢ réznego rodzaju dynamicznych modeli
strukturalnych do opisu zjawisk nieliniowych,
ktorych ewolucja moze stanowi¢ wiarygodny
symptom diagnostyczny. Taki sposob postgpowania
nazywaja diagnostyka wedhug modelu.

W drugim rozdziale pracy Autorzy w sposdb
wyczerpujacy i precyzyjny przedstawili nastgpujace
zagadnienia:

- pojecie nieliniowosci;

- diagnostyk¢ maszyn wedlug modelu (defekty,
model teoretyczny uktadu, symptomy, relacje
diagnostyczne);

- filtracja i predykcja obserwowanego sygnatu;

- relacja sygnat <> model.

Trzeci rozdziat pracy jest poswigcony istotnemu
zagadnieniu, tzn. identyfikacji dynamicznego modeli
nieliniowego, ktora trafnie zdefiniowano
nastgpujaco: ,,identyfikacja modelu matematycznego
nazywamy wszelkie dziatania, w wyniku ktorych
proponowany model matematyczny odpowiada
rzeczywistosci (obserwacji) w sensie jako$ciowym
i iloSciowym zgodnie z przyjetymi kryteriami
i zachowuj¢ t¢ odpowiednio$¢ przy przewidywanym
zakresie dopuszczalnych zmian, to znaczy pozwala
na  wnioskowanie o aktualnym obserwowanym
fragmencie rzeczywistosci, z zadana doktadnos$cia”.

Inne niektére rozpatrzone zagadnienia tego
rozdziatu to:

- identyfikacja modelu liniowego;

- rozwiazanie uktadu staboliniowych rownan

rézniczkowych zwyczajnych;

- badania symulacyjne odpowiedzi nieliniowych

w warunkach zakldcen;

- identyfikacja relacji sygnat <> model za

pomoca filtracji Kalmana.

W rozdziale czwartym pracy rozpatrzono proste
modele nieliniowe, uktadow wirujacych,
a w szczegolnosci:

- nieliniowy model ruchu wirnika na sztywnych

podporach;

- model wirnika na podporach elastycznych;

- model dynamiczny uktadu przenoszenia mocy.
W rozdziale piatym opracowania w sposob

oryginalny przedstawiono problem

wykorzystywania filtracji Kalmana

w diagnozowaniu ruchéw czopaw panwi tozyska
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hydrodynamicznego. Rozwiazano zadanie eliminacji
zaklocen w systemie monitorujacym drgania czopa
watlu w panwi tozyska hydrodynamicznego,
bedacego czgsdcia systemu dynamicznego: ,,wirnik —
lozyska — podpory — fundament”. Zaprezentowano
wyniki symulacji filtracji zaktocen i ich odniesienie
do rzeczywistych wynikéw pomiarow. Uzyskane
wyniki wskazuja nowy obszar mozliwych w tym
zakresie rozwiazan.

Rozdziat szdésty pracy omawia zagadnienia
funkcji  koherencji  jako miary zaburzenia
nicliniowego, lokalizacji uszkodzen struktury
kompozytowej obiektu. Stwierdzono, ze analiza
koherencyjna pozwala na obserwacj¢ propagacji
uszkodzenia struktury masztu kompozytowego
z doktadnoscia, co najmniej porownywalng z metoda
rentgenograficzng i moze by¢ zardéwno podstawa
identyfikacji ~ modelu = matematycznego  jak
i znalezienia miary symptomowej uszkodzenia.

W rozdziale siodmym Autorzy pokazali w jaki
spos6b mozna wykorzystaé rozwigzania teorii
statecznosci technicznej w procesie konstruowania
systemOw monitorujacych zmiany standw: maszyn,
urzadzen, konstrukcji, badz procesow. Jak wykazaty
badania symulacyijne, warto uwzglednié
w konstrukcji systemu monitorujacego, warunek
potrzeby kontrolowania zmian portretéow fazowych.
Maja one duza wrazliwos¢ na zmiany stanu
nadzorowanego obiektu. Podkreslono, ze nie da si¢
zbudowaé nowoczesnego systemu monitorujgcego
bez podejscia systemowego, tzn. uwzgledniajacego:
wiedze diagnostyczng, metody analizy dynamiki
badanego obiektu, analiz¢ jego zachowan
nieliniowych 1 zwigzanych z nimi ocen ich
statecznosci.

Waznym elementem pracy jest rozdzial ésmy,
w ktorym Autorzy przedstawili opracowany
nicliniowy model diagnostyczny turbozespotu,
obejmujacego  migdzy  innymi  nastepujace
zagadnienia:

- model struktury maszyny wirnikowej i algorytm
realizacji obliczen dynamicznych;

- model konstrukcji podpierajacej;

- transformacj¢  zespolonych  charakterystyk
podatnosciowych konstrukcji podpierajacej do
rzeczywistych  charakterystyk masowo —
thumiaco - sztywnosciowych;

- algorytm obliczen nieliniowych uktadu: linia
wirnikow ~ —  konstrukcja  podpierajaca
z wykorzystaniem funkcji wagowych.

Rozdziat dziewiaty pracy Autorzy poswigcili
realizacji cyfrowej nieliniowosci modelu
turbozespolu matej i duzej maszyny wirnikowe;j.
Linia wirnikdw skupia na sobie oddzialywania
wszystkich podzespotéw maszyny wirnikowej, tzn.
oddziatywania  tozysk $lizgowych i konstrukcji
podpierajacej, wyrazone w formie wspotczynnikow
sztywnosci 1 ttumienia filmu olejowego i macierzy
wspotczynnikdw  sztywnosci 1 tlhumienia mas
pozostatych elementow.

Przedstawiono zostata wlasna oryginalna metoda
okreslania wspolczynnikow sztywnosci i ttumienia
fozysk $lizgowych, oparta na modelach nieliniowych
fozysk slizgowych 1 zmodyfikowanej metodzie
perturbacji. Razem  stanowi to bardzo
zaawansowany, kompleksowy i wzajemnie spojny
model dynamiczny zlozonego uktady typu: linia
wirnikow z imperfekcjami-konstrukcja podpierajaca,
do analizy zaréwno w zakresie liniowym, a przede
wszystkim w zakresie nieliniowym. Nie jest znany
inny odpowiednik takiego modelu.

Opracowany model uktadu: linia wirnikow-
1ozyska slizgowe-konstrukcja podpierajaca stanowi
zestaw wielu rownan i zaleznosci o bardzo zlozonej
strukturze.  Otwiera on nowe mozliwosci
w badaniach tego typu maszyn.

Prace konczy rozdzial dziesigty poswigcony
okresleniu przedziatu adekwatnosci opracowanego
modelu  turbozespotu.  Wobec  niemozliwosci
uzyskania analitycznego opisu ,,przeksztalcenia
odwrotnego”, jedynym sposobem  osiggnigcia
pozytywnych efektow w zadaniu identyfikacji
modelu jest okreSlenie przedzialow, dla ktérych
wyznaczone  charakterystyki ~ dynamiczne sa
wlasciwe (tzw. przedziatow adekwatnosci).

Przedstawiono wyniki badan dwoch obiektow:
wirnika ,laboratoryjnego” i turbozespolu duzej
mocy. w badaniach teoretycznych
i eksperymentalnych wykorzystano eksploatacyjna
analiz¢ modalna. Zostaly okreslone przedziaty
adekwatnosci jak 1 charakterystyki dynamiczne
badanych obiektow. Wyniki obliczen przedstawione
zostaly ~w  formie  kart  diagnostycznych,
wspomagajacych  okre§lenie  stanu  badanych
elementéw maszyn wirnikowych.

Reasumujac opini¢ o pracy nalezy stwierdzi¢, co

nastepuje:
1) ksigzka jest pierwsza krajowa publikacja
poswiecona zjawiskom nieliniowym

w diagnostyce wibroakustycznej ;

2) praca wnosi nowe wartosci poznawcze
i utylitarne do nauki o badaniach i ocenie stanu
maszyn, w  szczegOlnosci  diagnostyki
wibroakustycznej;

3) publikacja wytycza nowy kierunek dziatan
w badaniach wlasciwosci 1  zastosowania
procesow wibroakustycznych w iagnozowaniu
(monitorowaniu), prognozowaniu i enezowaniu
standw maszyn;

4) sadzg, ze monografia bedzie podstawa dalszych
prac  opracowania  nieliniowych  modeli
diagnostycznych i ich pelnego wykorzystania
W procesach utrzymania maszyn.
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akustycznych LIMA,
PREDICTOR

\ Modut oprogramowania FFT
1 mozliwos¢ podtaczenia
akcelerometru do analizatora 2250
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Wszystkie opublikowane w czasopi$mie artykuty uzyskaty pozytywne recenzje, wykonane

przez niezaleznych recenzentow.

Redakcja zastrzega sobie prawo korekty nadestanych artykutow.

Kolejno$¢ umieszczenia prac w czasopismie zalezy od terminu ich nadestania i otrzymania ostatecznej,
pozytywnej recenzji.

Wytyczne do publikowania w DIAGNOSTYCE mozna znalez¢ na stronie internetowe;:
http://www.uwm.edu.pl/wnt/diagnostyka

Redakcja informuje, ze istnieje mozliwo$¢ zamieszczania w DIAGNOSTY CE ogtoszen i reklam.

Jednoczesnie prosimy czytelnikdw o nadsytanie uwag i propozycji dotyczacych formy i tresci naszego czasopisma.
Zachegcamy réwniez wszystkich do czynnego udzialu w jego ksztattowaniu poprzez nadsytanie wtasnych opracowan
zwiazanych z problematyka diagnostyki technicznej. Zwracamy si¢ z prosba o nadsytanie informacji o wydanych wtasnych
pracach nt. diagnostyki technicznej oraz innych pracach wartych przeczytania, dostgpnych zarowno w kraju jak

1 zagranica.
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