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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this research, an intelligent method is introduced for prediction of remaining useful life of an internal
Received 08 November 2015 combustion engine timing belt based on its vibrational signals. For this goal, an accelerated durability
Accepted 06 February 2016 test for timing belt was designed and performed based on high temperature and high pre tension. Then,

Available Online 26 March 2016 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

K ds: ] h . | L. . L .

Tie,z;‘{:,ogbsen kurtosis were extracted from vibration signals of timing belt in healthy and faulty conditions and timing
Remaining Useful Life (RUL) belt failure threshold was determined. The Artificial Neural Network (ANN) was used for predicting
Accelerated durability test and monitoring vibrational behavior of timing belt. Finally, the ANN based on Energy, Standard

Vibration Signal

Artificial Neural Networks (ANN) 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.
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signals
5] Sla i (5551 (S 00 (imiy 9 (Hly polie B JS

0.5 —Real data
= Predicted data
< 0.4-— Threshold
E=]
g
203
o
2
<
EO.Z
7
0.1
0 . . | . . . . . . .
0 500 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 Bzl (S oad sty 5 (g polis 9 S

—Real data
[ -=-Predicted data
— Threshold

o

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

25 So JUS s i8Sy 00 (S 3 5281y ol 10 Y

Moo el 6500 s )13, s JuSew ol 0l iy JUS
sloalels @y 5 3 250> 0wl Sile glosilols (sl LmmossysS
ssaline 10 IS8 & 4255 b [21] ) iy 56 090> Cgame (SIS
el Sl 5o gl annd (LAl Glo JUSes i o5 45 S95 00
tass g <l (sl ke ol el 33 LS oS abl o 2.5 oga
Sisle) doud 40 ot e 5l GlE 4T a0 5.5 g0 4 susile;
Ao 05leBl Suho oo CpedS 0 odel Cawd 4 o 4 Jgan sjls
dans 255 sle JUS s gl il gla Sg Loll 5 goiilo;
I Sre S polie jpe ploy 4 Jsaz 0 s ol ) suiils;
ad ¥ a5 saisle) dend ;0 s jop 3 Joaz 3 0ad (s ailia]
Syge 4 A Jsozr 55 saisle; s oilegdl wbo yae (ypast CBo .0

S dploe

losd (s i o = (528l s

ok i <ds = 100 — - x 100
8y yoe

3 o)l 16 095 1395 sls ya (Hurde Suilke wiiie

2000 -0-Healthy timing belt
+Faulty timing belt

1500

1000

Energy

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

Fig. 5 Thresholding of failure based on energy features of vibration
signals
) slaiSew 6551 Sy bl » e 9 alin] (s B IS

-O-Healthy timing belt

05 o Faulty timing belt

[3)]

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
) sla i Jlno 31 Bl ol e 59 bt cnni 6 S5

7|--0-Healthy timing belt
-I-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
P P E9Y L GUVIOUS 70 gy I SSVRUVIS U GOV RN Jy g L 92

@l E5as oras 4D Lngy oo ot polie HLS o u’_a_'éls
S JiS s Gursgi 5 5 Jlere 51 Byl (6550 b Shy sl wud s
A2 oo ol (gaiile ) dews ool )

s (oAl g, sl guisle; A (LAl sla JiSes
sy Al g, ) ot olog Jsb 5 i (5551 polie el
Sl pmaliEl sl plgs Qs.oj Jsb 0 aibe) dews oliles )l
O3 wgare 3l e slilas 5 o it (S2asl gline 4 (bl )| S
[20] e Sl ailols S

I jo pilazel glaailas 51 (SO 5 it Jlew 1 Glioul Lol

by GurgiysS Sy el Ol 0 s jop 5l lailis 5 Lol
e meiysS iz g e ol ) i S lays

316



Obhed 9 (3 Sladie

GEGHO0 (Fuoc ASud SoS 4y olgS 03T Jgb )3 Sdiuile) Ao ulaipl Hd) (w33

75 Slagseil b .0 a3 S IS 4 g (Brne jouds;d H5ise iile;
9 Cds (50 g elelid satile) aend B cue j9p slodazie
albiwl v 5l Ll ) gla Shg polie jee alasd al (s O 50 (21>
§ D o (Foas mas dd hugl gaidle) e 0 e 3
Ao odilondly dhe jee (e O (ovas ASD S8 S e
ros Cedlys (egian (ovae S Gelul (nl w3 F glFl ol
g ke 5l Byl g5, sla S aly » ) gaiile) dond oailadl wdo
98 i L iy 4 ganile) dens Lol sla LKw g ysS
O &S A e slid ieeh opl mls WS dwgies %97 ) %98
Gk 3l g 010 0929 puities L3I ] Codls g (guisle ) des Ll )

S ol Sl Cundg 4 Gl oo aile) dend el Gl

K5 g Sy -9
9995 Olrl )gige adg 5 (Pl (Budod oS 5l dllie ol Qs
5 ook Zoles 039 0l 5l 093 (ssine g (50l slaculem gz 4 (5522)

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 . ,3).

[7]1 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] C. 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 Sshas oras aSh &5 3580 eaalin 4 Jyur ull 5
@ A G b s ysS 9 e Sl Sl o555l sla S
Sho oo oS & W97 5 %98 MO8 Sl cds b culy oS
(R2) Siod cuyd )0, j9uisyd s5ige coiwle) dond oilogsl
5y emas a0 hwg gaisle) dews Lol gley lag e uess
5, o i i ysS 5 Jkere ) Sl el sla s aly
Yeo Ol mizen el cass 4 0.87 P 0.91 .0.87 A
5 Jere 3 Sloil (5 oSy 4l p oras b glas JUSw
s 4 200 %' 5.6 5 %5.4 3.6 4 ol slo JuSs g ysS
KW

Sl Sy Dl W, Gansedd og Giegh pl Lol Bas asil
Cawd 43 00,0 95 (VL B LMLP cae a8t Lags a5 040 5ls )|
@ o JhSw lpis Ay, b omas aSd g0, 60 15sal o ol
Ere lile & Cbiae ol plled Gntn 095 @ | L)
Ll o a8 o)lo Slyseen [3433] slaiogh ol b Liagh opl j0 sod
b e Gl o resd B a5 anlie bjgel b ol LS|

Ly oloy cddS b gunsle; dond (3] sla U 6551 (S
2 &5 Rl gy ol (caal8l Wg s (gaiile) dend o (ol 9y
5 sk Sl GBlel wile b Sy ple lr 2l B, Gl Sedoe
odalie ju wites JLlw SO sl L8, Folis a5 s oS
ghe Rl e gaiile; ded jo (S 0B g jop Crlple 3B
OF 25 ) SlalSm lasys 13, (I3l o0 5 (551 (Shs) (o900
1ol Jpna 5 Sl 5 i o551 G5 35 on el
Gl dilales 3T 50 e 550 5l ptee slailis (SilSe diloles S ol )|
Sl g e gk ol andyp oS 285 A Glgie o [33]
Onlpls o Sl cawl o] Cadles Camdy 3l e goile; dend il

S5e3 srioter ) Ol yes Olise aile) aond (23l b b

S domii -8

donss 0ilonBly Ao joe eSS Sz Mialed g g8 os, Alie cpl yo
6&;%5 u.;L.J » L;Q.:.,_ELQ)' downd 05loudl ddo S (eSS céod J,.\q
ol )|

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