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In this research, an intelligent method is introduced for prediction of remaining useful life of an internal
combustion engine timing belt based on its vibrational signals. For this goal, an accelerated durability
test for timing belt was designed and performed based on high temperature and high pre tension. Then,
the durability test was began and vibration signals of timing belt were captures using a vibrational
displacement meter laser device. Three feature functions, namely, Energy, Standard deviation and
kurtosis were extracted from vibration signals of timing belt in healthy and faulty conditions and timing
belt failure threshold was determined. The Artificial Neural Network (ANN) was used for predicting
and monitoring vibrational behavior of timing belt. Finally, the ANN based on Energy, Standard
deviation and kurtosis features of vibration signals could predict timing belt remaining useful life with
accuracy of 98%, 98% and 97%, respectively. The correlation factor (R2) of vibration time series
prediction by ANN and based on Energy, Standard deviation and kurtosis features of vibration signals
were determined as 0.87, 0.91 and 87, respectively. Also, Root Mean Square Error (RMSE) of ANN
based on Energy, Standard deviation and kurtosis features of vibration signals was calculated as 3.6%,
5.4% and 5.6%, respectively.

Please cite this article using:

amles edlitwl Jo3 &yle 1 o ol @ gla )l g1

M. Khazaee, A. Banakar, B. Ghobadian, M. Mirsalim, S. Minaei, S. M. Jafari, P. Sharghi, Analysis of Timing Belt Vibrational Behavior During a Durability Test Using Artificial
Neural Network (ANN), Modares Mechanical Engineering, Vol. 16, No. 3, pp. 311-318, 2016 (in Persian)


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.7.4
https://mme.modares.ac.ir/article-15-44-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-11 ]

[ DOR: 20.1001.1.10275940.1395.16.3.7.4 |

Obhed 9 (A Sladie

SEGHO0 (o ASud SoS 4 olgS o,a)'T Job )3 Gaisilo) douni (Sblai)l HUS) (w2

Shse oy olsie 4 (SVM) gty oy oedle 51 Graghy ol 5o
e g8y Jloirl shniha sskie @ 58 oYl 555 5l g (eghan
ot Gle 35 e o lailinl gleesls 51 allae )l jo el oad oolatul
Ao yar Gl Guisd opl 0 0l oaLé;:..‘:ls‘_gl;,,.w O oBls e
odds ol g ,0 o 00) (peedS doyd 98 5l iy cds b eailesdl
losls Jolod 5 4525 gl GSYlezl 5 (oghan (hso slaty, 5l (il
J10] et sy Sl

Joe o GVlexal slastg, 5l ealind L (2012) o Sen 5 550
b Solke sloalils (RUL) oxiledl e joe aeds sl
oaliil (3 Jlatol (6555 5 PHM (6,55 51 Juo ol (b 5 . 0inge
Comdy Gl ) Subye b 55 he Jae oeslgdl | (il fdly o 5 0ns
P s b S 5 4 Gllllas 800 93 cus Smgin p (e
Slagls pgate Gl Jul gable o 53w on ot
Gs5 (nl @l e st (B Sy ke jes eSS ) e 5 Slaen
5 celie CBo 4y wlgs oo i Y] e sla g, A ol LS
T11] w3ls o Sl (gloilobis e i sy 40 VU (lisals] ol

b 4 besls 3l o pal, 51 solizul | (2012) o, Kan 5 5
DS 50 s Gt e Sumdy GRL ke 4 oez)lr
Sl dahe yes loghe ;0 Cudbse b g, (pl il alie
[12] s a8 3 15 a0 (S iUl

ol 425 s bl slagty, 5l eslinul b 55 (2013) f)Sen 5 o2
el slagstg, o a0l Gmyg o 50 s jep (Smibe @
Lylyd jo e olad) (ot jshaie 4 (Gl B el 5L by a8
Omend sobiie & (a5 slaaSl Sl gl (nl 50 1058 oy e
e 4 (orasm il slaaSid uizmen b colitul (dilate (hlsd
[18] 0t 433 3 )5 @ ey 0,Shoe Comdy (e

o 08ilesdly dde yos (it b GBS Gl gl a5
sgbate (o Sl o aiBly ol (LBL] gla S ol guiile;
Sy ki o1 23 b el Il gaiile dens 3l slo JUSew
byl L,y 5EEs Gl ke 4ol o mie alold 6,5 S
I omsingS g slere I Sl 5l Sy ae (saile) aens
SO SR (Eyas (omas 0L b glgal o)l gla JUuSen
iile) dond 58 e jop aliwl w5l (LB laiSow H9e 0o
xiile) dond oulondl Snbe joe (eSS (b g A0 edlitul

A el

oE 395 R g8 9 Syl -2
b Sy lelid alendl e joe (a3 3 Sl (2 St 5l (S
FEUSCHNCS AL SNREN I S W BV PRIV [P St D P DU SIS P
Ot g 3 09900 e |y (Gakiilo) o (091 igeme g Cedls
Sgad zl Al 1) (gaiile ) dowd 10 e g allin] > o

ghil @b 5l cwe ey wlie] s> pew e ol o
Gy b pldl garile; s 8] slo S 5l s )lel slo s
Sl b Sy ol 3 gonile; and 3ls)) sl iSews 5l sl
5 @l OV (sla i 5| GumsizsS 5 (STD) jlene 51 Sl (535

doddo -1
wtn glio 5o o s o Sl Julse G inge S| SOl e
e 4 (Sig xS sla gt aile i 0B (Sl slapius
9 Sy 353 Olp)5 4 e le JLSw b il 355 59
Shls coge L%u] Pli}.b JERERZIC ARl Gl o0l el yal o
i (S5 Sy b ojgpel [1] 09h a5 Gais ol
Fobes Sz ol Slilse 4 oS Wedioo Fodazma 59y @ 59y Seie
bl Jds e 4 ol atsb o Sl slean e cul Ses
5 SOLE 5l plej it azpe AalS g (39 utes )3 Lol
Gk 5l asls ul sgu sl glol 3 Covnl slils Dlypas Ol peess
shol 035l i [2] ol udy o lSel g3 4 Bl Sty il
sloausa Joe Ghals .l Condg b p (e Slpesd 5 55l
049y G55 b oY pile ) eolanal B ili8l g Slhaeas
hiows ae) 55 [3] col oo, Sl & Jos 3 oeile Slicwe
el ons a0l sbaiagy Solke laalils 5 Sl
Sl S Glices @bt Glaghs, S8 5l aledises
[6] owss aum> [B] (bolbl) o ok, [42] ok
el sanlie LB LT wiile s [7] bageoy

Ll a5 ool Ll cle 4 (SlSe slaailolos I (g ey 5o Lol
Sloaiin 55 i) S sl i Jloy Ll 5l sl el oSl
P oaiile) shoms a5 olin Jle olgie ar il amlys s S
ot e St Ollasd len )0 gl oo o)l Al Glusl jeiee S
397 (Fmoie @ 42 g8 09yl (nlpli S9dice seige axgie (S b

S Oyge el Slices wuld JoSe @8ly 0 s i
odds aseive dilole G 50 cue j9p slodasiin Sbowe ol o lowl
Sty b G 33,50y wlels (] )3 s o allin] a
Yl g 6)'-“" (Eoman yugd ¢ Sloj sl g Hrest dlex l alisee
a3 Oboy wei P b (A5 P 1) st &
335l 5l g 005 e |y e 90 (Sl o iy pai iliw] a5l JUSw
18] g go x>l 1y ailelis b ankad )] 00ilesBl dihe yas Cyaeed @

e & ()]s (seges 1330 Syl o o, B QLS a4z S
iz Lol el Bl (5 )b o, (SilSe slaailalis 5 e i
Ll et 3l P2 & ad 5 o ol bl plowl aio cal o ol
ol ool c)u}‘

- e daled (6,05 uild 5l eolizwl L (2009) o) Kan 5 g
5okl cnl g aged gy 1y Bl fes (g S parde ” BLG
b..ialﬁ)l sl X slaosls 3.4l jolaie 4 8L s 2leds (6,655
54325 6l 3 ladiy Sy udle gy 3l eitren  Cal 0alds oolaiul
Code R Hgh Ol s ol eals solawl il )| sleosls o
onilodl duto jos yuasd GBS iliEl (o ools 5.l oyl 5l colail
[9] oS o 0S5 SlSs lakad

4 egian Ghen 5 Jlixl sla by, Gl L (2011) SOL 5 50505
DB 5 Liile laBUL genilendl e jes eST g s i

® Prognostics Center of Excellence (PCOE), University of Cincinnati.
* Bayesian theory

3 osleits 16 095 1395 sls ya (urde Suilke wiie

! Timing belt
? Dempster-Shafer evidence theory

312


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.7.4
https://mme.modares.ac.ir/article-15-44-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-11 ]

[ DOR: 20.1001.1.10275940.1395.16.3.7.4 |

Ubhed 9 (A Sladie

SEGHO0 (o ASud SoS 4 olgS o,a)'T Job 03 Gaisilo) douni (Sblai)l HUS) (w2

00,51 1 Jgazr yo sl Jsay a5 % JUSms (6551 5" rarmsi g5 &by
O,fes (gole e g ole Layld i ey al gzl (cwl sals
Olsn 5,38 ! 5L Al eob asis KaSS )l sauile)y slbdens
> Colyd 50 g edgai plulid 1) gaiile) dand ;5 e 39 Glrdasin
Ao 1 61020010 Ly 1005 nd (gaiile) Ao (09 gure Ailiw]
2 ol (o3 590 B el Sl atagsy &j90 4 gaiile;

e G 0D Cd plos o995l Jsb 50 ganile; dews ililes )
b ol el ol ) glo JW&w 51 L Jgoz j0 ool i (S
) i Sa Faras oas 40D el gl ol
y9ee abid oiac aSCll leolainl Lol colatul gaisle) dewd  oilas )l
003 CrueBS oG9 ailiw] v 5l ol )| sl UK la Sy polie
30D it sle) Ao odilendl Whe jes Djgo (pdy g 0D
252 ooy oad gliziul sla Sy polie Slpdd Wy, b L Sl
00 (oS e (glp oad iy ailiw] s>l saiile) dews Sl )
A Faiies ibe) dond saileandl e yes o g Al

9031 e -4
59 dond Olaled )l cud g mwdlold 6,5 K S 5l ey ol o

Ot S £55 ol 5l eslanul mlie el 5ol colatul Calises YL

S5 gl | S Slania 2 Jgu
Table 2 Specification of the laser vibrometer sensor

6 =
Je "5l oSy Jow g oL
YPO6MGV80
)msh.n 20 d‘):fa)"dél o).'i.mf
g ,Sen B ExSojll cds
o5l 660 23 e Jsb
o ke 0.5 o9 b slad
3,2 5000 Slopesls &4
5% 1000 b ol 3
446 5,5, 500 S by Gl
s N\ N\
Run to failure data Fault diagnosis
l J . l J
N\ N
Signal processing Faults characterization
; ¢ . : g
. Thresholding of timing
L Data mining belt failure

Variation monitoring of
vibration signals

Remaining Useful Life
prediction of timing belt

Fig. 1 The proposed method in this research for timing belt life
prediction

Slo) domd pol (eSS S Ll (pl )0 0o yme ainlp 1 UK

® Root Mean Square (RMS)
* Kurtosis

® Impulse factor

® Wenglor

313

ool oad 00,51 L Jguz 53 (S35 3 ol Jpe 8 5 pU0d glped igene
0> ol s gere DY 5l end Sl sl Fhus osad mesy b e
ankad Sy ol )| oS 1o 10l e giinile) dond 5 s g, il
aalss ()] S jgee e o bl w> jlasye 4 e 4 (Sl
10 aakss o clialsyl a5 Sy90 50 Orizan O9dse Cgmms Dsere
IS ceodles l cblas jelaie db g oads ciy o8 ailiw] vl i dsyo
W gare axlad el b GAugnd jolaie (5568 pladl 4SS ailals
dos Loyl gaoys A 5l iy ol Gragh ool o [14] ol
S Ly alad o5 9 Olsie 4 ead iy e ilin] a5l saiile;
Slaie Mgt glosls blis slaws N ¢ Sloj (s polie X(N) 1 Joaz j0 .08
el JES il

ailo) dond 50 e Glsie & Slalo 5 (L3 S5 allie ol o
oiile; dend 3 o ke 5 Rl o o & Ly ol yes
5l sy aens ool B ples eizen [15] 05)s0 et w
[17,16] wgs oo 51T gue ol 5l lesT aiile 9 ()4 cslass iolo

5 (STD) Jhwe 51 Gll esiil Sy 4w 5l Glasiy ol o
Ao 3T Gl JuS Dlpsd il sl & JUSes GuasiysS
5 o O3S Sy 2 &S alie glagiagh o ad eslil gl
S 5 [19]7 el oSly i 18] e 55 g a8 S Sl
el lape o Sy 5l eoliiwl 55 ol oais alosl [20] suis an>
3 S lagiegs o Wil 5o uke @S 9551 5 55
D9 S Glojlows 0030 x5 e 5 At jsliie 4y el yeS
Slogys 5 2l (gl o Cunle o (SolSe g ais 5 [21] ol
L [22] s oo sl (Sl wilols 3l o Slosi 5 SSL S5

Soniilo) dowd olodl o yos (e w1 -3
roe (a3 slie 4 Ragh (nl ) 0ad (Byme anlid ol ol 1 U
oyl aBly o anTd ol s o lis 1) (gaiile) dend sailendl aihe
aile) dowd 0 s (Gmibn Su> Mg ol o ead (e
.QD;GA ) e

5 LASRiS Ay sy () 59 98 oo odaline JSi 1l jo oS 4eSilen
oot el o 4510 5l ) 5T 51 0ol b dans ogee (sonaisb
Sz S gy Glisee glacdl> (o dens Lol glo UK jglaie
O] Cawd 4y jlate 4y gglSonls Al o 00 Jas (5,58 gl
Sl gy, s)l] (S 3 (il Gl X 5l ashe Sledlbl

ol )1 gla JUuKaws 3l 00 gzl Fiad (sla S dlslas 5 o 1 Jouar
Table 1 Name and formulas of the extracted features from vibration
signals

Jse s Spoeb
N
F = Z(x(n))z &5
n=1

E =Y n=1(x(n) — M)? Jona 51 Bl

N—-1
_ Znma(x(m) —M)*

F.
o (w-1-R*

e )5S

! Data Point
2 plexiglas

3 osleis 16 095 1395 sls i (e Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.7.4
https://mme.modares.ac.ir/article-15-44-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-11 ]

[ DOR: 20.1001.1.10275940.1395.16.3.7.4 ]

Obhed 9 (A Sladie

E9ae ot aSul SoF &3 plg UgesT Usb )3 ko) demns (bl )l YU ) 32

0)ligd Kol 3l g T 0)ly guiile) dans (6l (LIS (59,45
Oles S ar b (655 ojlail (gatile) dowd (plwn] uiST (ygige
28l Gl s 930 @ o 345 1 saile) aend A ey
Shgamile; aond i (BES Gty 051 )ls 09 5l aled 3 IS5

Da3ge Gl 1) O b ded 23S i 35k

&)U o 0L 5 oo -2-5
m o 56 ol pee Sl Llge o Bee 3 aend 6,15 e sles
S Esile) dows (6,5 Lz jo auad gles ol cpl pl [26] 5,138
ol 5l Ghesi cnl 5o o5 05 plss (o3l (aged ks slats, 5l S
laoee slos €5 (slga oaies 8 S 3l oolainl b jslaie pay ol oolaiul
30 ol ol Gugendis a0 120 sogarme jo soiibe) doms 5,8
a0 60 sgo 10 Wb saiile) dend (5,15 Jaoee sloos a5 ol S

[27] sl Logandes

(ANN) LG mas 4k -6
e sagbyy oimh s AR il (R Eras (oras S0
9 out ot 9 ot (Fyhae sras D mie O sleeje>
Lol by, ol ] (SeilSie sloilob o otilogily duke yoe (ppass
Ko (Sl gloabls obows 5 Cunoy ol jshie 4 Codbse
Eras gmac aSh 3l tegh ol o [29,28] ool snis 4z
) slo JiSaws 8 i s9bie 4 5(MLP) Y aw g
s oolaiw] dows (gaisle ) dowd

ol b Ghigel (o) 5l o)lse it ;0 MLP rae claaSiss o
IR S RO RN R I N
$9olyl5 s oS oyion MLP as slaaSlts iig0] j0 Logas
390 6o (63959 )90l (> HO (omas A g4 Cpl o [31,30] coen
oslhe (2o b aSh (95 s pdie Jlesl e 4SS 4 Ll
Mg 4 e oglhae (29,5 9 (Kl (295 m DS 358 o0 dmlie

sl 4 s (3ged Jilao (sl o3¥ Slewlne Glie 5 09300 ol

&

& 4
Overloading position LY 0P
of tensioner -_
. 3 i
Standard position of ¢
> tensioner
2 —

Fig. 3 Oveloading condition in the timing belt
64‘-?3[*")' LONWRgY Lg}.g e Ja;|}u3 JS&

% Multi-Layer Perceptron (MLP)
® Supervised Learning

* Levenberg-Marquardt

® Targets

3 osleit 16 095 1395 sls )i (Hurde Suilke wiiie

w5 ) il Sl & | tenlmdons SLoLS | (g el gl ol
o Ll 5l eizeen [23] o5l palf 1) ke it Do 4 dans
3l eslainl el ol (uilS 3 (Sl glaailbelu 5l 55 ansle) dons
Slasie 2 Jgaz [24] cosl cslin 315 0l sl 535 i i)
a3 e ol |y ghy ol 53 ealiiul 350 (55 g Sl

Mg 5 AL GRS SSE 0 Ghagh ol slaghbl les
Pl gz (I Bl jgige o5l el (552 50930l nl sise
5 Fhgw 16 oilw 4 Gl)ls solitwl 5,50 jgige o ool Slivle;]
Ay ollg aads o 0 5500 cepw o L5ige ol og il 1.6 pes
5ol L 5 Loo anle 30 calizee (glamsls ol |, s g oL 110
o5 Skae el Ll alie 5 J5 o SelS s ol 5 50
@ guile) dend o0, 8es Ll G e U og 9,995 53, 19550
e e i 1y ey nl oge3l ee 2 JSE 0 (g5ludpnd 2o

@AY SbogeiT (> -5

Gmilo ) Ao 3O doomiion S i Jlos! =1-5

S g oot gaiile) demd o5 0l d s el ol LidS i

52 5 s een 40 [25] ol T jee NS5 oot aslis elge

3l 329t S i dend gl 4 (glankd ganile) dens 38,5 lsle

el (g0iile) dand 0 cawlie (S i (e eelal ] dilsy oS
Al o jeige )l gaiile) dews RS Gw Gl cee

dome 30 S i dend asls g a3 8 15 (wb) o aibiul gorile;

Gasbe dows glanl jiaS s Cdl cpl jo 0l edas olaslil

oS cdly Jinl o 4y SCdn dend aslh s 0D (5,505l

Experimental
setup

~

Fig. 2 Experimental test rig of this research
7ol gl (275 Slogygel a0 2 S

! Tensioner

314


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.7.4
https://mme.modares.ac.ir/article-15-44-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-11 ]

[ DOR: 20.1001.1.10275940.1395.16.3.7.4 |

Ubhed 9 (A Sladie

SEGHO0 (o ASud SoS 4 olgS g,a)'T Job )3 Gaisilo) douni (Sblai)l HUS) (w2

Sopo 4 basdgyy oled (B9, cnl 5o ilead Jlasl aSl 4 glans
g e Jlesl 855 & 1,

S g mbi -7

(§kslo; 4o blaF | JUiSipns =17

5 s o 31 gy 0 4 sisile; 4o (S5bat )l Ui 4 IS
Ao Olals ) Casloy 4 USG5 a5 SsSken ams o olis |, 5
Jsb & ool 84 )85 ©po 4 o5 (T plss Gge3l sk 5o saile;
Sgax gy plos ygel oaile 51 mali8l cpliojls Laul38l Wig calodl
SRSt 395 4 SN (Gl W) el els

aliwl oo i =2-7

180 (suiile) aoms wigno 5 ol SV 5 Supm ol aloye cal o
512 Jgoz 30 00d gpts Sy 3 s 1B £ 436 2 J5b L JUSems
ST 165 sl s aiad glsend gloj oje> (3 ) slo S
slr 0l 0y (8l slaJliSm jload gl (s @l polie
3 Jgozr owizman 0t o LS | atile] dand Cigere g ol YL
) s aw il ool 2 saiile dans )0 e o wilinl w> ol
3 satile) aas 0 e o bl > Jsaz (ol o amo e ol
Gaile) Ao Cgare > 0 (Fhy polie (pSle gex Jol> &b
ol oo gyl s 595 Glabl o> as 3 4 L

(5L Ao o3l ke o2 i -3-7
2 gile) dowd oailedBl dube jas (pedd gl Wl 4 i ol o
polae 108 Gl s gl g0 azsly gy ol sl gl JUSKs ol

N

1

'
iy

—
S
O
o
[}
o
>
=
=1
0
©
c
2
‘S
o
=)
>

2o'oq . 3000
Time (minute)
Fig. 4 Run to failure vibration signals of timing belt during durability

test

'
N

| I I
1000 4000 5000

o

plgs o503l Jsb 58 (saiile; dems ol b pllos 5 oolas )| JuK 4 Sl

iile o a5 ) sla Fing olol » e o il 0> i 3 Jour
Table 3 Thresholding of timing belt failure based on vibration features
of timing belts

abw] o> Sy polie _
. - - s b
I e s
1481 1424 467 5!
0.37 0.35 009 s sl Bl
5.31 5.1 2.48 s S

0 Gradient
! Batch Mode

315

Ll ey 596l eSSl s (S aS Gijeel (050)
(sz9y aY o las Jlade aculoe 5l ey o )sSl ol jo 058 oo ool
[30] Vgl oo prlai Uas 2alS jolate & oy Y )0 bagyjs polie
3 a8gaSen s b JESl b 5l iy 92,5 L e MLP o
isel g ol ol S 05 oo ool (g > Y 5 Sl sl Y
el o bl e 38l % eae & Il a5 MLP aSis
LMLP aSis hjgel pslate 4 1) (owlio lgi 5 Slygims 1531 05 (0l
J il gl wmse Ll e Jlanil e slapt S ¢l
oolitul 3,90 MLP (slaasSiiss (bj90] jolate 4 JLisl Ly (slapi, sl
Ceere 3 ol sloaens LAl )] Gla JUSow (33105 5l 185 o0 )13
S 2 sl oad Qbesl tlasin bl S8 g oy slaojo 5o
ool 5,90 MLP ac oSl sl cnlin slog05,9 Sl jglaie o
S ab paseie igel it Glapmy sl (pwyy 3 e 0S8
ol e Sy |y e @B LM jlanl e Gsel uasS)
10585 Lo 58l nlos dr S (6 5VL Sl o p Sl izman o555
Sbapg s 3t b g Sisel w98l ol s laaSls 51 plaS s il e
Slasine I8y (pfoebe Coles o5 0l a8 5 IS0 Gle Y o Gilise
Ao 0ailogdly She jor eSS 50 (oras 4S0d Blite oSS JlSLe g
ol i oyl o oy ol MLP 4y kil el sy (gisile
Ghood (rl 5o edliiul 350 (oras 4l alpln il Y an oSS
Sawi | Jgayp ol 5o o bl IFHYO [lsls § MLP oS o,
095 o (eras 4D & (63959 Sy 2 sl 4wl 63955 slajlsn
O3S g (Spg dw )l iagh opl yo a8 bl jlas Gauyas T 4y o
(smas 4D (69,9 AY Wb oliiul (saile) asns oailedl Gidke yes
ol ol (e &S (g 5 Y olei O Grizen w05 (95 3 syl
WY 0 09p Sy e D (2 o e sl 4 eyl
WY ) 095 S (e A pos (eSS Ggajl 53 d el T (29)5
75 5l (Frran oo 40D 0y5l Sl @ly 0 o5 Wby (2
olas s H Y s sl j0 bl og saiile) dens sailowdl duio
WS 0 Skos 5o o il (e ) Sl AY lagg s sluss saims
ly (Gle 4 )3 cslin (g5 olaad g (e sl )0 (@l 5L
oS b oolil U 5 (xS, 5l (Slasedn oy o b ,blis) oS o
S50 sled & (oae &S Jlle (o o0ys] Sy 0 @y (o)
il slor Y 55 05 100 510 slaws b 4t slase e [32]
s 45 oS Lo sl 51 AlS e Culyd 45 0l ol alols gl 5 snys
oD (g 3aS (A |y (il Ao Cgas (antiS 3 0 Sles (e
o ooliiwl Lo o] 5l (aiile; e yor Cpaedt Sieigh ailabu 40 g
30,0 20 & igal 09,5 a0 bogs e dusy0 60 Weosls S 51 imgh cpl yo
i bl alejl 09,5 4 bgpe aops 20 57 4550 095 4 by
4 s 0o 5l G (tigel 5l Sl jsliie 4 o3yl 05 S (slaesls
S s sl ad (ieslie (351 Cesay pslite a gy IS

! Back Propagation

2 Sigmoid

® Neural Network Toolbox
* MATLAB

® Levenberg-Marquardt

® Train

" Validation

& Test

® Overfit

3 oleiis 16 093 1395 S A ()3 Sulke widie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.7.4
https://mme.modares.ac.ir/article-15-44-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-11 ]

[ DOR: 20.1001.1.10275940.1395.16.3.7.4 |

Obhed 9 (A Sladie

SEGHO0 (o ASud SoS 4 olgS 03T Jgb )3 s3isile) Ao ublaipl JUd) w) p3

20007—Rea|_data
-+ Predicted data
—Threshold
1500

Energy

1000

500

% 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time(minute)
Fig. 8 The predicted and real values of energy feature of vibration

signals
5] Sla i (5551 (Shg 00 (i 5 (Hly polie B JS

0.5r—Real data
= Predicted data
< 0.4-— Threshold
k)
g
0.3
o
B
<
g 0.2
0.1

% 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time(minute)
Fig. 9 The predicted and real values of standard deviation feature of

vibration signals
5 oS oo 31 Bl (S oad i 5 By polis 9 S

—Real data
[ -~~Predicted data
— Threshold

ol

Kurtosis

2

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time(minute)

Fig. 10 The predicted and real values of kurtosis feature of vibration
signals

3] G JliSms )55 (S g 005 (st 5 5281y polie 10 ST

el (g pmad glaps s, sl JWKew T asl iy JuKew
slaabels &ly 53 d505 0 wllo (SilSe glaailoles gl prwss )5S
ssaline 10 S & 4255 b [21] el i 5 6 090> Cgane (SIS
el Sl 5o gaiile; annd (LAl lo JUSs i o5 45 395 00
Ao Cgare > gl Jlade cpl sl Joud BB oS sl 0 2.5 sgux
Soisle) doud 10 o e 5l GlE AT awy 0 5.5 g0 4 susile;
dond 05leBl Suho oo CpedS [0 ode] Caws 4 o 4 Jgan sjle
o (Bl slo JUSms 5l oads gl Gla g elol » soisle;
ISy S polio jye ooy 4 Jgaz 0 amse olid |y guiile;
55 55 50 gaiile) annd 50 e je B Jpuz ) 0ud (s ailinl
Syge w4 Jgaz 10 coiile) dend odilowdl suho yoo (pess CEs AL

10 dle 53

losd (s o o = (528l s

ok i <ds = 100 — - x 100
*ly yoe

3 osleits 16 095 1395 sls ya (urde Suilke wiie

2000 -0-Healthy timing belt
+Faulty timing belt

1500,

1000

Energy

0 20 40 60 80 100 120 140 160
Number of sample
Fig. 5 Thresholding of failure based on energy features of vibration
signals

e y) o JiSoms (5351 (Fis ol 2 s o Wbl i & S

-O-Healthy timing belt

05 o Faulty timing belt

[l

Standard deviation

0 20 40 60 80 100 120 140 160 180
Number of sample

Fig. 6 Thresholding of failure based on standard deviation of vibration
signals

o5a ) o LS oo 51 Bl bl s e 5, il s 6 S50

71--0-Healthy timing belt
-+ Faulty timing belt

0 20 40 60 80 100 120 140 160 180
Number of sample

Fig. 7 Thresholding of failure based on kurtosis of vibration signals
5 S SIS sty ool 2 e g Al s T S

O 1) Eoas gmac aSD laugl oud i polie (LS o sy
S UK g3 5 onn 31 Bl el oSy sln i
2o o i gaiile ) dowd ol
A alBl saig; lile gaiile)y dens sol )l b LK
sy Sl g, ) ot olog Jsb 5 i (55,1 polie (el
S5l ol ol plas aesl b yo ganile; dews ol
[20] col  Seilse ailolis S5

IS S ol (S, i S a3l omo 51 Bl
I jo ilazel glaailas 5l (SO 50 it Jlew 51 Gloul Lol
8y iysS (i el Ol 0 e Gop 5l glailss 5 il
S meeiysS iz g e ol ) S S glays

316


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.7.4
https://mme.modares.ac.ir/article-15-44-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-11 ]

[ DOR: 20.1001.1.10275940.1395.16.3.7.4 |

Ubhed 9 (A Sladie

SEGHO0 (o ASud SoS 4 olgS \'J)")'T Job )3 Gaisilo) douni (Sblai)l HUS) (w2

75 Slggel Al p ol a8 S IS g (Brme jemdg;d seige saile;
5 e G e g @lelid Gaiile e )3 cus j5n slhaanie
abeal oo | sl )l sl Sy polie jgue abisd ol (ol ol » <>
9 A (Gmihe (Saas (omat aSh bwgl (gaile) el ;0 cus jop
yos Sulys (oian orae aSd Gull (pl 2 w0 S gl guiils;
9 ke 5l Byl (653l sl S al p 1y oiile) dens oailendl aio
H98 ciss L ey 4 gaile) dows o0l glo JUKw usgi o8

o &S sas e plis gk opl @bt S oot %97 4 %98
Goyb 5l g o)l 893y puditens L3 T Ceodls g (gaiile; dens ililss
~°)-.’@Q] Sl sy 4 (lg5 g0 (aiiley dand Ll | 1ol

)S.’I'J 9 @!:,.\5 -9
9995 Olpl ) adgi g (b (Euiod oS 0 Sl dlas cpl By
5 ol Cold 0390 (nl 3l 093 Sgine 5 sobe slaculex Sy 4 (55))

Al 1y Sle,08

&1»-10

[1] N. Li, R. Zhou, Q. Hu, X. Liu, Mechanical fault diagnosis based on
redundant second generation wavelet packet transform, neighborhood rough
set and support vector machine, Mechanical Systems and Signal Processing,
Vol. 28, pp. 608-621, 2012.

[2] A. Soleimani, K. S. Esmaeilzadeh, experimental fault detection of a ball
bearing using the chaotic behavior features of a vibration signal, Modares
Mechanical Engineering, Vol. 15, No. 2, pp. 289-297, 2015 (in
Persian . ,19).

[3] A. K.S. Jardine, D. Lin, D. Banjevic, A review on machinery diagnostics
and prognostics implementing condition-based maintenance, Mechanical
Systems and Signal Processing, Vol. 20, No. 7, pp. 1483-1510, 2006.

[4] X. Lou, K. A. Loparo, Bearing fault diagnosis based on wavelet transform

and fuzzy inference, Mechanical Systems and Signal Processing, Vol. 18, No.

5, pp. 1077-1095, 2004.

[5] A. Moosavian, H. Ahmadi, A. Tabatabaeefar, M. Khazaee, Comparison of
two classifiers; K-nearest neighbor and artificial neural network, for fault
diagnosis on a main engine journal-bearing, Shock and Vibration, Vol. 20,
No. 2, pp. 263-272, 2013.

[6] A. Saghafi, A. Farshidianfar, Bifurcation and chaos control in a gear
transmission, Modares Mechanical Engineering, Vol. 14, No. 14, pp. 61-68,
2015 (in Persian .. l3).

[7] K. Mollazade, H. Ahmadi, M. Omid, R. Alimardani, Vibration-based fault
diagnosis of hydraulic pump of tractor steering system by using energy
technique, Modern Applied Science, Vol. 3, No. 6, pp. 59-66, 2009.

[8] J. Z. Sikorska, M. Hodkiewicz, L. Ma, Prognostic modelling options for
remaining useful life estimation by industry, Mechanical Systems and Signal
Processing, Vol. 25, No. 5, pp. 1803-1836, 2011.

[9] G. Niu, B.-S. Yang, Dempster-Shafer regression for multi-step-ahead time-
series prediction towards data-driven machinery prognosis, Mechanical
Systems and Signal Processing, Vol. 23, No. 3, pp. 740-751, 2009.

[10] A. Widodo, B.-S. Yang, Machine health prognostics using survival
probability and support vector machine, Expert Systems with Applications,
Vol. 38, No. 7, pp. 8430-8437, 2011.

[11]1C. Hu, B. D. Youn, P. Wang, J. Taek Yoon, Ensemble of data-driven
prognostic algorithms for robust prediction of remaining useful life,
Reliability Engineering & System Safety, Vol. 103, pp. 120-135, 2012.

[12]J. Liu, W. Wang, F. Ma, Y. B. Yang, C. S. Yang, A data-model-fusion
prognostic framework for dynamic system state forecasting, Engineering
Applications of Artificial Intelligence, Vol. 25, No. 4, pp. 814-823, 2012.

[13] B. Chen, P. C. Matthews, P. J. Tavner, Wind turbine pitch faults prognosis
using a-priori knowledge-based ANFIS, Expert Systems with Applications,
Vol. 40, No. 17, pp. 6863-6876, 2013.

[14] G. Vachtsevanos, F. Lewis, M. Roemer, A. Hess, B. wu, Intelligent fault
diagnosis and prognosis for engineering systems, New Jersey: John Wiley &
Sons, pp. 34-49, 2006.

[15] A. Hamilton, M. Fattah, F. Campean, A. Day, Analytical Life Prediction
Modelling of an Automotive Timing Belt, SAE SP, Vol. 2184, pp. 137-137,
2008.

[16] K. Hashimoto, M. Oyama, N. Watanabe, K. Komatsu, Y. Todani, Highly
Saturated Nitrile Elastomer (HSN) Automotive Applications I, SAE
Technical Paper, pp. 1988.

317

Gl p (Fras oras 4D & Ssd ssalin 4 Jgaz Ll
@ Bl SIS ;55 5 Sl 51 Sl 55 sla Sy
(R2) (Stad ey 03010 Symdsyd s5ise sisilej dand oailegdl
sl G U g psS 5 sl 5 Byl (5550 sla Shg by
Feo Ol i el caws 4 0.87 P 0.91 .0.87 oy A
5 ke 5l Gl (il Gla Sy wl 2 omae STl JUSw
KW

S Sy Dl W, Gasedd g Gibgh pl Lol Bas axl
Caws 43 00,0 95 (VL 8o LMLP cae a8t Lawgs oS 040 5las )|
@ o JiSw lpis Ag, b omas aSd g0, 60 25gal o ol
e bl ax 3l jeae alasd 5l g CB0 5 Cel sad (giladae s>
5O omas a5l 4 8,5 ams gt el b el sl w4y e
Gl S5 Slyass Wiy, 05 Cawd Sl atiilys 5 ol slaiigel do o
Sre wlolo o culion ol gl wles mgin @9 @ | S0l
Ll o a5 ojls Slysean [3433] slaiogh ol b Liagh opl j0 sod
b o Gl e resd B a5l anlin bjgel b ol LS|

s ooy S L (saile; damd S0lat) ol (53,0 s
2 85A GBS, o ls (LRl ) gl dend 3 (ol S
P e ] Ay cgoiile) dend 50 e 59, b Lol ol oS o
9 sl 5 SBhl wile b Sy ple ln 2l By, Gl Sedee
oddlive b wiiwd SR S slasys L8 Folid oS wgd g5
ghe Gl e gaile; ded jo (S a8 g jop crlple 3B
OF 25 SlaJUSm slasys s, (Il oo 5 (551 (Shs) (o90e
1ol m | Bl 5 agiysS w3 G 255 0n el
ool wlales 51 55 e o 5l et el Solse wilobes o5y bl
Sl g e gk ol Andp oS 285 am Glgie o [33]
onlpls o STl o] Cudlo Camsy ) e goile; dend il

D38 S [ Ol yes Ol e gaile; aend (S5 Gl b

S5 doms -8

Ao 0ailondly die yoo eSS S Nieligh g (noh (o9, Al cpl jo

S Sy bl p aiile) o 0xiledl anbo jos e Ry Jeua

sl )|
Table 4 The accuracy of remaining useful life prediction of timing belt
based on vibration features
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