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ABSTRACT

Electrical motors are critical component in industry processes. A three-phase,
squirrel-cage induction motor is a popular used drive and is widely accepted in an industrial sector.
About 37% of induction motor faults are stator faults due to the deterioration of the winding
insulation. Motor monitoring system divided into 2 methods; 1) a fault detection and 2) a fault
prediction, this method will do before the motor fault because we want to estimate time to fault or
remaining lifetime of motor. This method is required to use in the industrial sector. Researcher is
accelerating age of the electrical insulator, this method is follow by /EEE std. 275-1992 to get data
for creat a model. The induction motor is activated by a thermal stress and a moisture 10 periods at
least. Ten electrical signals of 370 W induction motors are collected viz current, voltage, leakeage
current signal for three-phase and a ground leakage current. These electrical signals are used to
calculate the 60 original features. The estimated remaining lifetime models are builded by using
four well-known classifiers: Naive Bayes, k-Nearest Neighbor, Decision Tree and Artificial neural
networks. Five Classes for the classification are a remaining lifetime percent of motor. Feature
reduction methods are used to remove irrelevant and redundant features. It improve performance
of a model. According to experimental results, the average accuracy using a feature selection,
original features and a feature extraction are 98.56%, 97.52% and 93.04%, respectively.
Significantly, it can be concluded that using the feature selection to select optimal features can
reduce a number of features and increase the efficacy of the classifican system. The feature selection
provides better performance than using original features and the feature extraction. The first data
set is the 16 common selected features. The second data set, 28 features include |(pu), pf,
%THD(1), %THD(V ), Py, Qo Ziowys Zopny+ Noorapny» DF (%), C

SigPOW, 5 ;5op, (U) of 3-phase. The third data set, 11 features consist |

ed,a(pu)’

leak,g(pu) ? "leak,a(pu)?

Ileak,b(pu)’ Ileak,c(pu)’ DF(%)’ Ceq,a(pu)’ Ceq,b(pu)’ Ceq,c(pu)’ Req,a(pu)’ Req,b(pu)’ Req,c(pu)'



®)

The first two groups of the data sets can used as default features for estimating remaining lifetime

of any 3-phase induction motor which connect an inverter and load.

Keywords: Induction motor, Stator winding fault, Aging acceleration of electrical insulator,

Lifetime estimation of the induction motor, Feature reduction, Altificial Intelligence
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1.2.1.3 Electrical aging of the insulation of low-voltage machines: model
definition and test with the design of experiments [6]
¥ o v
UYNANUMITDIUNFTUDNITAIINAUNT ﬂizmmmqaumhl‘vxlﬂw
A A 1 Y vy . . 2 3 A
nviaood Tﬂﬂ“lcvmmgmummemmumsmam (Design of experiments: DoE) Fuilumaiin

9 H 1 i
nuadavugailFlumsdiumanzveanszuiums el ldnaneuansuiluluaui



o I'4 I'4

13180913 Tuunanuldaduauemsnszdquaniuldidlszinnnediomneid lug
.o = 9 v A PN = =

(Polyesterimide: PEI) Fuilunuiunaid H a2 3 7998 Ao gungil (-55 osiaaidod D9 180
{ a ad a ad @ a 4

IR AITYA) AIND (5D Tadia 09 150 latdsa) uazusaauInd (1 nlaTrad 04 3

a o, < ) 4 < { '
AlaTad) udyunuiiunanaimsideuaninvoanuiv i Taeldnszuasqlvan Ivasu
a Ao A a3 L = A 9
auau uinafesnuuy Wumnae lumsiuinnamsdenaninvesnuau Tl deyann
1 A dal (Y] a @ I o @

msnaaesnumMsdonanimvesnuiu liihezivednuguuginazuseau luduiudiag
o A v X2 4 v ° ~

pazaumsmsmuisergauan ldinadeiu danuwiudrlumsdiuia Tasliaa

a =1 S 3 d g’; ~ A ]

Aanatagagatiien 10 1o iduamniy naasaumsdszuiuergauiuldiiinmaeng

AIAUNT (1-1)
log(L)~1.45-0.53-log(V )—0.19-log(F )—0.54-e™*™ +0.12-log(V )-e"*  (1-1)

A o A A ' ~
o E]'lEJﬂ’liTITQWUWLW'Q@@QW@QQH'JH&V\IW’] (‘Ll’n/])

o mgagavensisiu Irlihily Rlalaad)

o))}

L
Vv
~ o v J ad

F Ao mmmlmmiﬁ%'nﬁmuﬂunmwaa ((GF12))
T Ao guuglvesnuau i (esraaiFo)

1.2.2 msannamtarannauu i

1.2.2.1 An online technique for monitoring the insulation condition of AC
machine stator windings [7]
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1.2.2.2 An online groundwall and phase-to-phase insulation quality assessment
technique for AC-machine stator windings [8]
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1.2.2.3 Stator winding fault diagnosis in three-phase synchronous and
asynchronous motors, by the extended Park's vector approach [9]
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1.2.2.4 New expressions of symmetrical components of the induction motor under
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A 4 a
p A9 NNADTVDIDUNA
A a 4 1 %I @ [
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2 R ' a A e~ 1 .
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Gradient Descent with Adaptive Learning Rate, Gredient Descent with Momentum, Gradient
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Xnew = Xoig T AX (5-11)
1
Xoow = Xoud —[JT -J+yl} J7 (5-12)
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=3 =\ a 4 . . [} 4 T Aa 1 [
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A a J T A 1 4 d‘ 9
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4
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A a 4 [ o
| AD LUNTNBLONANY D
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a2 J v 3 o .
N ladoumnsngveaniInin (Weigh, w)

ce, e 0y
an,l an,Z an,SZ
oe, oe, A oe,
‘](W): aWZ,l aWZ,l aWz,sz (5-14)
M M M
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| OWs31 W, OWgs 5
nTadouums nguoIneUIDe (Bias, b)
%
b,
&
J(b)=| an, (5-15)
M
08y
| b,
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Well-know classifiers:
J> - Neural Network (NN)

- k-Nearest Neighbor (k=3)
- Naive Bayes

- Decision Tree

Reduce number of features
60 original p| 1. Feature selection
features - Filter: CFS
- Wrapper
2. Feature extraction
- PCA
eyt - Sl e |

Classes:

‘L34.77% = mma%ﬁmgmiﬁmumﬁa 34.77%
‘L23.90%’ = mma%ﬁmqmiﬁmumﬁa 23.90%
‘L13.03% = uama%ﬁmqmiﬁmumﬁﬂ 13.03%
‘L2.16% = mmagﬁmqmiﬁmumﬁa 2.16%
‘L0%’ = uaiA03iio1gms maumaoe 0%, ueiaoiil
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Search Subset Number Selected features Accuracy rate (%) Averaged

algorithms evaluators | of selected Naive KNN | Decision | accuracy Label
NN
features Bayes (k=3) Tree rate (%)
Original - 60 Original Features Original
99.94 | 91.07 | 99.14 99.94 97.5225
Features Features (60)
Best First CFS Ic(pu)’%THD(Ib)'%THD(IC)’
%TH D(Vb )’ Pc( pu)? Qc( pu)?
Pf,Z s L ofonys | :
. ¢(p? T p(pu)? T100H(pL) CFS+BestFirst
16 | SIGPOW 0 1501z 2 (U) 9844 | 9633 | 9935 | 99.92 98.51
. (16)
SIGPOW, 50 150147, (U )’
S Ig PO\MZO—lson,c (U )’
DF (%)’ Ceq,b( pu)’ Ceq,c( pu)
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Search Subset Number Selected features Accuracy rate (%) Averaged
algorithms evaluators | of selected Naive KNN | Decision | accuracy Label
NN
features Bayes (k=3) Tree rate (%)
Aa@enadlsaw Lacouy Togony Topus%THD(1, ),
Lo %THD(I, )%THD
CFS+BestFirst 1agiina2 6THD(1, ) %THD(1. )
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UUs ATy 3 1N
%THD(VC )’ Pa(pu)’ Pb(Du)’ Pc(pu)’
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28 7 7 7 I 97.36 92.87 99.73 99.92 97.47
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Search Subset Number Selected features Accuracy rate (%) Averaged
algorithms evaluators | of selected Naive kNN | Decision | accuracy Label
NN
features Bayes (k=3) Tree rate (%)

Genetic Search | CFS Ia(DU)’ IC(pU) '%THD(Ib)'
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DF(%),C

C

eq,b(pu)* ~eq,c(pu)
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evaluators

Number
of selected

features

Selected features

Accuracy rate (%)

NN

Naive kNN

Bayes | (k=3)

Decision

Tree

Averaged
accuracy

rate (%)

Label

v A (Z
Aaenalsaw

CFS+Genetic Search 198

s 1iasy 3 wla

(CFS+Genetic Search’)

35

Ia(pu)vlb(pu)’lc(pu /OTHD(I )
%THD(I, ),%THD(I, ),
%THD(V, ) %THD(V, ),

%THD( )’ a(pu)? b(pu)’ PC(PU)’
F)Total( pu)? Qa( pu) ! Qb( pu)! QC( pu)’
QTotaI(pu) J pf ’ Za(PU) ! Zb(PU)’

Zeowy ENEIGY, Iy oys Z o puys

100rz2(puyr SIIPOW. 56 150147, (u),
SIgPOW, 56 150112, (u )v

SIGPOW, 54 15014,c (u),
SIgPOW, 54 15011 2 (dB)
SIgPOW, 50 15011 (dB)
SIGPOW, 54 15014,c (dB),
DF(%),C C
C

eq,a(pu)’ ~eq,b(pu)’

eq,c(pu)

99.7

92.69 98.23

99.92

97.635

CFS+Genetic

Search' (35)

Genetic Search

Wrapper

Va(pu) ' I:)c(pu) ’ Qa(pu) ' STotal( pu)?
Z oy | |
Zn(pu) ! SIgPO\NlZ(%wOHz,c (dB)

leak,a(pu)’ " leak,c(pu)’

97.9

85.26 98.9

99.86

95.48

Wrapper+Geneti

¢ Search (9)
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Search Subset Number Selected features Accuracy rate (%) Averaged
algorithms evaluators | of selected Naive kNN | Decision | accuracy Label
features N Bayes (k=3) Tree rate (%)
ﬁ'mﬁaﬂéi’mﬂﬁmu Va(pU) ’Vb(pU) ’VC(pU)’ Pa(pU)’ Pb(pU)’
Wrapper+Genetic 19 AT Fetouy Qo Qoton Qe
awtls1dnsy 3 wla Sttt 2ot £eto: Wrapper+Geneti
20 | iearapuy Meakn(puy+ Neakcc(pu 983 | 83.65 | 9576 | 99.93 94.41
(Wrapper+Genetic’) Zoios, SigPOVVlz(HsOHz,a(d B), ¢ Search' (20)
SIgGPOW 55 15014z,5 (dB),
SigPOW, 55 1501, (0B)
Greedy CFS |o(ouy %THD(1, ). %6THD(1, ),
Stepwise %TH D(Vb )’ Peonyr Qe(puys PF
Z-C(pu) Z p(pu)’ I100HZ(PU)’ CFS+Greedy
16 | SIGPOW, 1500, a (U) 98.58 | 9637 | 9938 | 99.92 | 98.5625 .
SIGPOW, 54 150142,6 (u ), Stepwise (16)
SIGPOW, 0 4 gorr (u )!
DF(%)’ Ceqyb(pu) ! Ceqyc(pu)

101



Search

algorithms

Subset

evaluators

Number
of selected

features

Selected features

Accuracy rate (%)

NN

Naive kNN

Bayes | (k=3)

Decision

Tree

Averaged
accuracy

rate (%)

Label

LFW Selection

CFS

16

Lo p0-%6THD(1, ) %6THD(, )
%THD(V, ), Pe(puyr Qo PF
ZC(DU) Z
SIGPOW, 4 160117, (U )7
SigPOW 55 15011, (U )

Slg PO\M20—180HZ,C (U )’
DF(%)’ Ceq,b(pU) ! Ceq,C(DU)

p(pu)’ IlOOHZ(PU)’

98.44

96.33 99.35

99.92

98.51

CFS+LFW

Selection (16)

Rank Search

CFS

26

| o %6THD(1,, ), %THD(1., ),
%THD(V, ), P,y + Protarcpuy: Qecouy

' Tc(pu)
QTotaI(pu) ' Sc(pu) ' STotaI(pu)’ pf !
YA Energy, |

c(pu)? leak,a(pu)?

Ileak,b(pu)’ Ileak,c(pu)' I p(pu)? Zp(pu)
IlOOHz(pu) ' SigPov‘&ZO—lSOHz,a(u )’
SIGPOW, 56150115 (U)

Sig PO\N_I_Z(FISOHZ,C (u ),

DF(%)’ Ceq,a(pu) ! Ceq,b(Pu) ! Ceqyc(pu)

97.99

92.6 99.2

99.93

97.43

CFS+Rank

Search (26)
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Search Subset Number Selected features Accuracy rate (%) Averaged
algorithms evaluators | of selected Naive KNN | Decision | accuracy Label
NN
features Bayes (k=3) Tree rate (%)
Aadenaulsau Lagouy Topuy+ egpuy 6THD(I, ),
Touid %THD(1,),%THD(1,),
CFS+Rank Search laginy %TH D(Va ),%TH D(Vb ),
o Y
aulslvasy 3 ila %THDV, ), Pacouy Pocouy» Pocouy
(CFS+Rank Search’) Protat(pn Qaou Qocpnyr Qecpuy
Qoa u'Sa U’S U’SC u)’
Total(pu) (pu)? ~b(pu) (pu) CFS+Rank
39 | St P Zagous Zoouy 87.85 | 90.56 | 99.75 | 99.94 94.525
Zc(pu)' Energy! Ileak,a(pu)’ SearCh (39)
Ileak,b(pU)’ IleakYC(pU)’ I p(pu)? Zp(pU)’
IlOOHz( pu)’ Sig Powlzmsom,a(u)v
SIgPOW, 4 15015 (U),
SigPO\NlZO—lSOHZ,C (U),
DF(%)’ Cera,a(pU)’Ceq,b(pU)’Ceq,C(pU)
Rank Search Wrapper Wrapper+Rank
1 | DF(%) 80.02 | 84.63 | 84.24 | 71.49 80.095
Search (1)
Ranker PCA PCA-+Ranker
13 | - 96.47 79.41 97.73 98.56 93.0425
(13)
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Search Subset Number Selected features Accuracy rate (%) Averaged
algorithms evaluators | of selected Naive kNN | Decision | accuracy Label
NN
features Bayes (k=3) Tree rate (%)
v oA @ ‘]J A A 9 | | |
ARLADNAIULUINLINYIUVDI leak,g(pu)? ' leak,a(pu)? ' leak,b(pu)’
v e DF(%) C Insulation
,.c(pu)’ ' ,a(pu)’
uaou i TN sate 9935 | 68.95 | 9992 | 99.9 92.03
Ceq,b(pU) d CquC(pU)’ Req,a(pU)’ Features (11)
Reqvb(PU)’ Requ(Pu)

AN 6-1 AANuYNAeIMsTunszinndoya
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Awlsznew 6-10 nTWMINTZNOTENIN Q1A P,y
ey damils A1 Merit
1 Reqn(pu) 0.701178
2 lieak. o (pu) -0.67119
3 Vatou 0.535216
4 Voo 0.529224
S Veow 0.526724
6 Vb(pu) 0.521726
7 Reqapu 0.513768
8 Qo(puy 0.508196
9 Qacpw 0.490397
10 Req.c(pu) 0.48825
11 Sapu) 0.488084
12 %THD(V, ) -0.48458
13 QTotaI(pu) 0.484385




CataNy danls A1 Merit
14 %THD(V,) -0.46678
15 S 0.457203
16 S rotal(pu) 0.448583
17 %THD(1,) 0.445397
18 Qo) 0.418142
19 Seiou) 0.374602
20 %THD(V,) -0.37199
21 earcacouy -0.34253
22 pf -0.34008
23 DF (%) -0.33322
24 Ceqapn -0.28743
25 P.o) 0.286684
26 ooy 0.282736
27 learcb(ouy -0.25034
28 Cean(pe) -0.24924
29 earcc(ouy -0.24911
30 Ceqcir) -0.24895
31 SeverityFactor r -0.23937
32 Lo -0.2365
33 %THD(1,) -0.18007
34 L ooriz(pu) -0.1723
35 ooy 0.109493
36 Poouy -0.09594
37 oo 0.090306
38 %THD(1,) 0.082851
39 liccouy -0.08066
40 Ze o 0.078362
41 SIGPOW, 55 15015 (U) -0.06245
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a1 dramils A1 Merit
42 Voo 0.052985
43 P.iouy 0.035222
44 Z o0 0.034324
45 SigPOW, 4 1501, (AB) -0.03371
46 oo -0.0323
47 SigPOW, 56 15017 2 (U) -0.03051
48 SIgPOW, 5 1501 (U) -0.02225
49 Zoouy 0.022044
50 SiIgPOW, 56 15012 (0B) -0.01733
51 Angle(V,) 0.013479
52 SiIgPOW, 4 150112 (0B) 0.013269
53 Angle(1,) 0.010235
54 Energy 0.009976
55 Procai(ou) 0.009976
56 Zaou -0.00866
57 Z oo 0.006313
58 Angle(l ) 0.00586
59 Angle(v, ) -0.00503
60 f, -1.13E-12
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1. Introduction

1.1 Scope

This standard outlines a test procedure for comparing two or more insulation systems in accordance with their
expected life at rated temperature. The procedure is limited to insulation systems for ac electric machines using form-
wound preinsulated stator coils and rated 6900 V and below.

It is the intent of this procedure to evaluate insulation systems for use in usual service conditions with air cooling. It
does not cover such special requirements as machines that are enclosed in gas atmospheres, or that are subjected to
strong chemicals, to metal dusts, or to submersion in liquids, etc.

The procedure includes instructions for testing candidate systems in comparison with known systems having a proven
record of service experience and interpretation of the results.

1.2 Purpose

The purpose of this procedure is to classify insulation systems for the machinery within the scope of this standard in
accordance with their temperature limits by test, rather than by chemical composition. Data from such tests may be
used to establish the temperature classification of new insulation systems before they are service proven.

Service-proven systems shall also be tested according to this test procedure.

1.3 General Conditions
The concepts implemented herein are based on IEEE Std 99-1980 (3 1!

""The numbers in brackets correspond to those of the references listed in Section 2 of this document.

Copyright @ 1998 IEEE Al Rights Reserved 1
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The recognized A, B, F, and H temperature classes, whose 1EEE classification temperatures are 105 °C, 130 °C, 155
°C, and 180 °C, respectively, are used in this standard.

It is expected that the several insulating materials, or components, making up any insulation system to be evaluated by
these procedures, will first be screened by the appropriate test procedures for each type of material. Thermal indexes
for insulating materials may be obtained by following the procedures outlined in IEEE Std 98-1984 [2].

1.4 Methods of Evaluation

This test procedure describes specimens suitable for use in insulation evaluation tests, and recommends a series of
exposures to heat to which the specimens may be subjected to represent cumulative effects of long service, under
accelerated conditions. Procedures are given for applying periodic voltage checks, preceded by periods of mechanical
stress and moisture to establish the end point of insulation life by electric failure.

An adequate number of specimens to obtain a good statistical average should be carried through the test procedure
until failure occurs, for each chosen temperature of heat exposure. It is recommended that the tests be performed on the
indicated number of specimens for at least three different test temperatures for each insulation system to be evaluated.

When final results of the tests are reported, and the test life hours are projected to rated temperature, the ratio of such
hours for a new insulation system to the test life hours for an old established insulation system provides a rough
measure of the relation of the service life expectancy of the new system to that of the old system. At the present state
of the art, no accurate estimation of actual service life can be made from test results alone.

This procedure will permit approximate comparisons only, and cannot be relied upon to completely determine the
merits of any particular insulation. Such information can only be obtained from extended service experience.
Following the general procedures outlined above, the temperature classification in which any new insulating system
belongs may be determined.

2. References

[1]IEC 34-18-1 (1992), Functional Evaluation of Insulation Systems for Rotating Electrical Machines, Pt. 1: General
Guidelines.”

[2] IEEE Std 98-1984, IEEE Standard for the Preparation of Test Procedures for the Thermal Evaluation of Solid
Electrical Insulating Materials (ANSIJ.3

[3] IEEE Std 99-1980, [EEE Recommended Practice for the Preparation of Test Procedures for the Thermal Evaluation
of Insulation Systems for Electric Equipment (ANSI).

[4] IEEE Std 101-1987, IEEE Guide for the Statistical Analysis of Thermal Life Test Data (ANSI).

[5] IEEE Std 522-1992, IEEE Guide for Testing Turn-to-Turn Insulation on Form-Wound Stator Coils for Alternating-
Current Rotating Electric Machines.

2[EC publications are available from the Sales Department, Central Office of the International Electrotechnical Commission, 3. rue de Varembé,
P.O. Box 131, 1211 Geneva 20, Switzerland.

“IEEE publications are available from the Institute of Electrical and Electronics Engineers, Service Center, 445 Hoes Lane, P. O. Box 1331,
Piscataway, NJ 08855-1331.

2 Copyright © 1998 IEEE All Rights Reserved
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3. Test Models

3.1 Scope

This section makes general suggestions concerning appropriate samples of insulating systems that may be subjected to
the exposures outlined in Section 4.

Test specimens may be actual machines, machine components, or models. When it is inconvenient to use actual
machines or machine components for the tests because of size, models are used.

Suitable models can be designed to adequately represent machines employing form-wound coils in the voltage class
6900 V and below. It is recognized that all machines covered by this range cannot be represented by any single model.

3.2 Models

The models should be made to embody all the essential elements, and should be representative of a complete winding
system and its structural supports. The generic name formettes shall be applied to models coming within the scope of
this procedure.

1t shall be the responsibility of the test laboratory to use suitable formettes. Full and complete design information on
the formette shall be published at the time of presenting the data. 1t shall be the responsibility of the organization using
a formette to make the formette, the design, or the specialized component available so that the results of all functional
evaluation tests may be subject to recheck by independent laboratories.

The slot and support structure shall simulate the magnetic core and mechanical supports insofar as it is necessary to
reproduce operational exposure conditions during the testing. It is recognized that different models may be employed
to cover the range of machines included in this test procedure. A typical slot assembly is shown in Fig 1.

The test coils and the end-winding bracing structure shall contain all the elements employed in the winding they
simulate and shall be considered only as smaller replicas. Insulation thickness and creepages shall be appropriate for
the voltage class and industry or equipment standards or practices. If the winding turns are not to be tested with
impulse testing equipment, the test coils may be wound with two parallel conductors so that turn-to-turn tests may be
made with conventional alternating voltage.

Each designer of a specific formette shall select carefully the overall design and components with the objective of
evaluating the insulation system as a whole. Each component used should be subjected to separate screening tests, to

establish uniformity and normality before they are assembled. The completed formettes should be subjected to all of
the diagnostic tests described in Section 4. before starting the thermal cycle, to establish their adequacy.

4, Test Exposures

4.1 Scope
This section specifies appropriate exposures to heat in repeated cycles, which will represent the thermal deteriorating
effects of service on insulation systems on an accelerated basis. It will also specify the exposure to diagnostic factors

of mechanical stress, moisture, and voltage to apply after each thermal cycle to check the condition of the insulation
systems.

Copyright © 1998 IEEE All Rights Reserved 3
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Before proceeding with the multi-temperature testing, it is suggested that the laboratory or investigator submit a small
number of formettes (one or two) to extreme aging (for example, 300 °C or higher for 48 h). These aged specimens
should be subjected to a suitable diagnostic procedure. The procedure chosen will depend upon the operating
conditions of the equipment.

In many cases, experience has indicated that the best evaluation of the thermally deteriorated, and thus usually brittle,
insulation system is obtained by exposure to mechanical stress, thus producing cracks in the mechanically stressed
parts, then exposure to moisture, and finally application of the test voltage.

In other cases, mechanical stress, moisture exposure, and application of voltage might not be the best diagnostic test.
It may be appropriate to replace them by selected dielectric tests to check the condition of the insulation.

Experience has shown ovens to be a convenient and economical method of obtaining high temperatures, in spite of
some disadvantages, which are listed below. This method of aging subjects all the parts of the insulation system to the
full temperature, while in actual service a large proportion of the insulation may operate at considerably lower
temperatures than the hottest-spot temperature. Also, the products of decomposition are likely to remain near the
insulation during oven aging, whereas they are usually carried away by the ventilating air in actual operation.

4.2 Temperature Exposure

Table 1 lists the corresponding periods of exposure in each cycle for insulating systems for different temperature
classes. Either the time or the temperatures may be adjusted to make the best use of facilities, but comparisons must
take such variations into consideration.

4 Copyright © 1998 IEEE All Rights Reserved
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Figure 1—Typical Slot Assembly
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The selected temperature of heat exposure for the tests should be held constant within =2 °C up to 180 °C, £3 °C above

180 °C.

Table 1—*Temperature and Exposure Periods

Insulation Classification Temperature (°C)

Exposure

Temperaturef 105 °C 130 °C 155°C 180 °C
250 1 day
240 2 days
230 4 days
220 1 day T days
210 2 days 14 days
200 1 day 4 days 28 days
190 2 days 7 days 49 days
180 1 day 4 days 14 days
170 2 days 7 days 28 days
160 4 days 14 days 49 days
150 7 days 28 days
140 14 days 49 days
130 28 days
120 49 days

#The schedule is selected to fit into a five-day work week with most of the humidity exposure occuring on
weekends and is based upon an approximate 10°C rule for insulation deterioration, which states that the life of
the insulation is reduced one half for each 10°C rise in temperature. However, the aging times at the lowest
temperatures for each of the above four classifications have purposely been shortened in order to have more
tests at the lower temperature.

FThe temperature measurements should be taken in the immediate neighborhood of each model, as the
temperature is rarely uniform over the entire oven space. Random rearrangements of the specimens from time
to time will minimize this effect.

It is recommended that the specimens be subjected to the temperature corresponding to the 28- or 49-day exposure
period, and to at least two other temperatures in Table 1. The other high temperatures should be separated by intervals
of 20 °C or more. Intervals of 10 °C may be suitable when more than three temperatures are studied. A statistically
adequate number of test coils should be carried through successive cycles of exposure at each of the test temperatures
until satisfactory data are obtained.

Normally, it is intended that these temperature exposures be obtained by placing the specimens in enclosed ovens, with
just sufficient ventilation or forced convection to maintain temperatures uniform over them. The cold specimens
should be placed directly in the preheated ovens, so as to subject them to a uniform thermal shock in each cycle.
Likewise, the hot specimens should be removed from the ovens directly into room air, so as to subject them to uniform
thermal shock on cooling as well as on heating.

It is recognized that some materials deteriorate more rapidly when the products of decomposition remain in contact
with the insulation surface, whereas other materials deteriorate more rapidly when the decomposition products are

continually removed. The same conditions of ventilation and temperature should be maintained for both test and
reference coils. If the insulation in actual service is so arranged that the products of decomposition remain in contact

6 Copyright © 1998 IEEE All Rights Reserved
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with it, as in totally enclosed motors, the tests should then be designed in the same way so that the oven ventilation will
not remove these decomposition products.

It is also recognized that, depending on the test facilities available, the type of models employed, and other factors, it
may be desirable to modify the methods of exposing and ventilating the coils during these tests. It is also important
that, when any two different insulation systems are to be compared, the test coils of each shall be subjected to the same
exposure of diagnostic factors.

It is recommended that the periods of exposure time for each of the temperatures and each of the insulation classes be
selected so as to give a mean life of about 10 cycles before failure for each condition, under normal circumstances.

4.3 Mechanical Stress Exposure

As an initial test before the first cycle of temperature exposure and following each cycle of high temperature exposure
as outlined in 4.2, each specimen shall be subjected to a period of | h of mechanical stress.

It is recommended that the mechanical stress applied be of the same general nature as would be experienced in service
and of a severity comparable with the highest forces expected in normal service. The procedure for applying this stress
may vary with each type of specimen and kind of service. It is important that whenever any new insulating systems are
subjected to stress exposure, the stresses should also be applied in the same way to the reference insulation system so
that the test results will be comparable.

A method often used of applying mechanical stress to formettes is, after each cycle of high temperature exposure, to
mount each formette on a shaker table, and operate it for a period of 1 h with a 60 Hz oscillating motion. Peak-to-peak
amplitude should be approximately 0.2 mm, corresponding to a peak acceleration of about 1 1/2 times the acceleration
of gravity.

The formettes should be so mounted that the motion occurs at right angles to the plane of the coils, so that the coil ends
will be free to vibrate as they would under radial end-winding forces in an actual machine. This vibration test should
be made at room conditions and without applied voltage. After removal from the oven, adequate time should be
allowed to reach room temperature.

4.4 Moisture Exposure

Humidity, in most cases, is recognized to be a major cause of variation in the properties of electrical insulation. It may
cause several different types of insulation failure under electric stress. The absorption of moisture by solid insulation
has a gradual effect of increasing dielectric loss and reducing insulation resistance, and may contribute to a change in
electric strength. The presence of condensed moisture on insulation permits overvoltages to seek out and discern
cracks and porosities in the insulation.

After each cycle of mechanical stress exposure, as described in 4.3, each specimen should be exposed for 48 h to an
atmosphere of 95-100% relative humidity with visible condensation on the winding. During this period, voltage
should not be applied to the coils.

Exposure to condensation for a two-day period is recognized to be a more severe test than is usually met in normal
service. The time period of two days i1s recommended because experience has shown that at least this length of time is
required for moisture to penetrate throughout the winding, that is, for the insulation resistance to reach a fairly stable
value.

NOTE: An atmosphere of 95-1009% relative humidity and condensation is readily obtained by covering the floor of the
test chamber with a shallow layer of water, and using an immersion heater to heat the water to 5-10 °C above room

temperature. The specimen must remain at a temperature lower than the atmosphere surrounding it in order to ensure
continuous condensation. The exterior walls of the moisture chamber should be thermally insulated. The roof of the
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chamber should not be insulated and should be sloped so as to drain the condensed water to the back of the sides of the
cabinet and prevent dripping on the samples. The interior of the cabinet should be constructed of corresion-resistant
materials, and junctions of dissimilar metals should be avoided. Doors or removable covers should be constructed with
overhanging lips so that moisture collecting around them will drain into the interior of the chamber. Visible and
continuous moisture may also be achieved by other means, for example, fog chamber, condensation chamber, etc.

4.5 Voltage Exposure

Each specimen shall be carried through repeated cycles of the high temperature, mechanical stress, and moisture
exposure in sequence until failure occurs as determined by the voltage test indicated in Table 2. In order to check the
condition of the coils and determine when the end of their useful life has been reached, a 60 Hz voltage will be applied
both after the initial exposure to mechanical stress and moisture, and after each successive exposure to heat,
mechanical stress, and moisture as follows.

Table 2—Test Voltages

Test Between Conductors”

To Ground and

Rated Line-to-Line Between Coils: ©
rms Voltage in Alternating rms Peak lmpulse* Alternating rms
Service, Volts Voltage, Volts Voltage, Volts Voltage, Volts
500 and below 1000 250 115
551-1000 2 000 250 115
1001-1500 3000 250 115
1501-2000 4000 250 115
2001-2500 5000 250 115
2501-3500 7000 250 115
3501-4500 9000 250 115
4501-5500 11000 250 115
5501-6900 13 800 250 115

*Optional tests depending on a available equipment.

T It is recommended that an overcurrent device set at least five times normal charging current be used, or failure is
considered if current exceeds 200 mA —g to ¢ and ¢ to ground, or 90 mA wrn to turn.

FSurge comparison test volts per turn

Turn-to-turn tests are described in [5].

The voltage will be applied in succession to ground, between coils, and between conductors for a period of 10 min
following each exposure to moisture, while the specimens are still in the humidity chamber and are wet from exposure,
at approximately room temperature. Experience has shown that this prolonged time of voltage application in the wet
condition is necessary to detect failures. Many of the failures in this condition occur as the result of creepage along wet
surfaces, with gradual building up of the leakage current, which could not occur in the usual 1 min test.

Failure in any of these voltage check tests will be indicated by an unusual current. Minor spitting and surface sparking
should be recorded, but they do not constitute a failure. It is desirable in these tests to use an alternating voltage,
nonsurge, high-potential tester that automatically trips on overcurrent. (See dagger noted in Table 2.) Test equipment

should be of sufficient capacity, 1 kVA or more, to assure identification of failure.

Any failure in any component of the insulation system constitutes failure of the entire coil and fixes the end of life.

8 Copyright © 1998 IEEE All Rights Reserved

Authorized licensed use limited to: Prince of Songkla University provided by UniNet. Downloaded on June 23,2015 at 10:33:02 UTC from IEEE Xplore. Restrictions apply.



131

MACHINERY EMPLOYING FORM-WOUND PREINSULATED STATOR COILS |EEE Std 275-1992

It is recognized that by applying the voltages as recommended above, which are fixed by the intended voltages in
actual service, markedly different periods of life may be obtained for the same insulating materials, depending on the
insulation barriers and lengths of the creepage paths employed.

The end of insulation life is assumed to have occurred at the midpoint of the exposure time between the two
consecutive applications of diagnostic factors, the one during which failure was observed and the last prior application
of diagnostic factors with no failure.

5. Procedure for Reporting and Analyzing

5.1 Data

Report the total number of hours of heat aging to the end of life (see 4.5) for each coil and for each test temperature.

5.2 Analysis

For statistical analysis of data, refer to [EEE Std 101-1987 [4].

5.3 Comparison

When the candidate System 2 is to be compared to the reference System 1, the regression line (log life versus
reciprocal of the absolute temperature) of System 1 is extrapolated to its temperature rating, defining a mean test life
X for the reference system.

In the normal case where the service lives of System 1 and System 2 are required to be the same, the regression line of
System 2 is extrapolated to the mean test life X of the reference system. If the temperature for System 2 at this test life
is equal to or greater than the temperature rating of System 1, then it has, at least, the same temperature rating as
System 1.

In special cases, where the required service lives of the two systems are different, the regression line of System 2 is
extrapolated to a test life that differs in the same proportion. (For example, if System 2 is required to have twice the
service life of System 1, then the extrapolation is carried out to a test life of 2X.) In this case, if the temperature for
System 2 at this new and different test life is equal to or greater than the temperature rating of System 1, then it has, at
least, the same temperature rating as System 1.

5.4 Extrapolation

It must be understood that extrapolation carries with it a degree of uncertainty. Extrapolation from the lowest test
temperature should preferably be no greater than 20 °C, but in some cases it may go up to 30 °C.

5.5 Nonlinear or Dissimilar Curves

Nonlinear or dissimilar thermal endurance curves may arise when insulation systems are aged over a range of
temperatures that cause more than one chemical process during aging. When thermal aging data is plotted on graph
paper in the form of log life versus the reciprocal of the absolute temperature, the introduction of new aging
mechanisms will normally be shown as a knee, or bend, in the thermal aging curve. Data from the elevated temperature
region where the new aging mechanism is activated cannot be used to extrapolate to estimated life at service
conditions. When this situation occurs, additional aging temperature points, beginning at least 10 °C below the lowest
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existing temperature point, should be obtained and used for extrapolation instead of the points above the bend in the
curve.

Dissimilar curves that plot as straight lines may represent greatly different aging rates for the two insulation systems

being compared. When this situation occurs, the investigator should obtain additional lower temperature aging points
to determine if the endurance curves continue as straight lines, or if a bend occurs below the original aging points.

5.6 System Identification

The report shall identify the systems being tested, place them in the proper temperature class, and recommend end
usage.
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ABSTRACT

Nowadays, induction motors are widely used for many industrial processes. The shorted-turn fault of
the stator-winding is the initial point of stator winding faults, This paper proposes using the Principal
Component Analysis (PCA) to reduce the dimension of the feature set which is obtained from the Motor
Current Signature Analysis (MCSA). The six original features consist of the signal power of the three-
phase filtered current signal at 20 Hz to 80 Hz and 120 Hz to 180 Hz of the phases A, B and C. After
using the PCA, the dimension of the feature set decreases to two new features. These two new features
are then used to classify the shorted-turn phases of the stator-winding by applying the Artificial Neural
Network (ANN) classifier. The experimental results demonstrate that the new feature set can decrease
the complexity of the system. Additionally, the accuracy rate using the new feature set is higher than
using the original feature set. Therefore, the new feature set can properly improve the efficiency of the
classification.

Keywords: Induction motor, interturn short circuit fault, shorted-turn fault, stator-winding fault, Principal
Component Analysis (PCA), Artificial Neural Network (ANN)

INTRODUCTION

Induction motors are critical components
of industries. Approximately 37% of the
ARTICLE INFO induction motor faults are those of stator-

winding faults and the shorted-turn fault or
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for stator faults is the MCSA which is employed to analyse the motor faults by identifying
the current spectra at harmonic components of faults (Jung et al., 2006; Thomson, 2001).
The current spectra are calculated by using Fast Fourier Transform (FFT). The advantage of
the MCSA is it does not encroach on the motor operations. Commonly, the MCSA method
provides many features from the current spectra for the fault detection. These features can be
reduced by a feature extraction to decrease the dimension of features and the complexity of
the system. The feature extraction transforms the original feature set into a smaller number of
features without eliminating the information of features. The combination of feature reduction
and an Artificial Intelligence (AI) method for induction motor fault diagnosis can improve the
performance of the system (Casimir et al., 2006; Widode et al., 2007; Lei et al., 2008; Do &
Chong, 2011; Sawitri et al., 2012; Gholamshahi et al., 2014; Hammo, 2014; Yang et al., 2006).

This paper presents the feature extraction method to reduce the size of the feature set
using the PCA. The reduced set of the new feature is used to classify the shorted-turn phases
by applying the ANN classifier. The system is verified by experiments, and the experimental
results reveal that using the new feature set can improve both the complexity and the accuracy
of the system.

STATOR-WINDING FAULTS

The shorted-turn fault in the stator-winding can be detected by using an air gap flux waveform.
This waveform is changed by the distortion of the net MMF which is caused from the short
circuit current flowed into the shorted circuit stator-winding. The harmonic frequency
components of the air-gap flux waveform in a stator-winding current are calculated by (1),

/;,=/1(%(1--\‘)t/\') ()

where f;, is the harmonic frequency components, f; is the supply frequency, p is the pole-pairs,
sistheslip, kis 1,3,5,... and nis 1, 2, 3,..., respectively.

The harmonic frequency components depend on a load size which is related to the slip.
Normally, the harmonic frequency components dominantly appear when calculation uses
parameter k = /, n = 3, and k = /, n = 5 (Thomson, 2001). In this paper, a three-phase,
four-pole (p = 2) induction motor is tested at no-load condition. Therefore, the frequency
components that are used to detect the shorted-turn fault are 25, 50, 75, 100, 125, 150 and 175
Hz, respectively. The line current power spectra of phase A for the normal motor is shown
in Figure 1(a). Whereas, Figure 1(b) shows the harmonic frequency components of the line
current power spectra of phase A in a shorted-turn motor. Since spectra components occur at
125 Hz and 175 Hz, the shorted-turn fault can be identified.
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Figure 1. The current power spectra of the phase A (a) the normal motor;
(b) the shorted-turn fault in the phase A

FEATURE GENERATION

The three-phase current signals are measured and used to generate the original features. The
original features are calculated by the following methods:

Signal power

The shorted-turn fault of the stator-winding can be detected by the air gap flux spectrum
analysis. The ranges of the harmonic frequency components for the shorted-turn fault detection
are 25, 50, 75, 100, 150, 125 and 175 Hz. Accordingly, each phase of the current signal is
filtered by the band-pass filter at 20 Hz to 80 Hz and 120 Hz to 180 Hz. The filtered current
signals are used to calculate the signal powers as expressed by (2),

N

P-i¥ )

N
=

where P is the signal power, x is the band-pass filtered signal and N is the number of samples.

Normalization of Data

Since the signal power values at 20 Hz to 80 Hz and at 120 Hz to 180 Hz are very different,
then these values should first be normalised. The signal power of each phase is normalised by
the min-max normalisation technique. The normalised value can be calculated by (3)

Pl TEming 3)

max(x) - min(x)

where x” is the normalised value and x is the signal power value.

PRINCIPAL COMPONENT ANALYSIS

The feature extraction is one of the methods used for reducing the feature dimension. The PCA
(Jolliffe, 1986) is one of the examples of the feature extraction. The dimension of features is
reduced by the PCA without eliminating the signal information. The PCA is a technique that
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transforms an original feature set into a smaller feature set. The smaller feature set is transformed
by using a function that related to the eigenvectors and eigenvalues. The procedures of the
PCA have 4 steps. In the first step, the original feature set is used to calculate a covariance
matrix as expressed by (4).

1 _ _

Cj= ﬁ;(»‘}m -X; X"/nx -~",) (4)
Where Cj is the covariance matrix between the feature 7 and the feature j, x,, is the sample m
of the feature 7, 3, is the average value of the feature i, x;, is the sample m of the feature j, ¥,
is the average value of the feature j and » is the number of samples.

In the second step, the eigenvectors and eigenvalues of the covariance matrix are calculated
using (5) and (6), respectively.

A-v=A4-v (5)
A-l=0 (6)

Where A is the covariance matrix, v is the eigenvector, A is the eigenvalue and I is the identity
matrix.

In the third step, the principal components are the eigenvectors which are selected from the
eigenvalue ranking. Finally, the fourth step, the smaller feature set is calculated by (7). The
smaller feature set is the new feature set which is used to classify the shorted-turn fault of the
stator-winding.

v=(xxrf (7)

Where Y is the new feature set matrix, X is the original feature set matrix and v is the
eigenvector.

ARTIFICIAL NEURAL NETWORK CLASSIFICATION

The ANN is a type of classifier. It is a model that is inspired from the study of biological
neural networks. A perceptron is one type of the ANNSs that it has many models depended on
the number of the hidden layer and the hidden cell. In this paper, a single layer perceptron is
used. The perceptron has a learning algorithm for classification and make adjustments to the
weights of input and the biases of hidden layer. The updated weights and the updated biases
are calculated by (8) and (9), respectively and the output is calculated by (10). The output
is calculated by a transfer function which estimates the output by using the total product
between the weight vector and the input vector. An error between the output and the target
can be calculated by (11). Finally, the last weights and the last biases are used to classify the
shorted-turn fault of the stator-winding.
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W =W, +ep" (8)
h‘” 'bk +e (9)
a = [(W,xp+by) (10)
P (11)

Where w.; is the new weight matrix, w; is the old weight matrix, e, is the error, p is the input
vector, by, is the new bias, b, is the old bias, a, is the output, f'is the transfer function and ¢
is the target.

EXPERIMENTAL SETUP

The three-phase, four-pole, star-connected induction motor is used for the experiment as shown
in Figure 2. The motor parameters and ratings are also illustrated in Table 1. The three-phase
current signals are measured by three current sensors. National Instrument (NI) data acquisition
device at 6,000 Hz sampling rate are used. These measured current signals are filtered at 20
Hz to 80 Hz and 120 Hz to 180 Hz. Then, the filtered signals are used to calculate the power
signal, and the results are normalised by (2) and (3), respectively. Therefore, the normalised
value is the original feature set which is reduced the dimension of features by the PCA. The
block diagram of the experiment is presented in Figure 3. As mentioned before, this paper uses
the ANN classifier. Classes of the fault classification include [0 0], [0 1], [1 0] and [1 1]. These
classes mean a normal motor and shorted-turn faults in the phase A, B and C, respectively. The
total data set contains of six features and 160 samples. The 80 samples are used as the training
set, and the 80 samples are used as the test set.

Table 1
Parameters and ratings of test machines

v Hz r/min kW cos@ A
230A/400Y 50Hz 1430 2.2 0.79 8.66/4.98
415Y 50Hz 1435 2:2 0.765 4.94

Data Acquisition

LabVIEW

Sensor

J s : .
Load Test Motor

Figure 2. The experimental setup
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Feature Generation

|
’ iy b, |
as I 1 | ~ |
. Sensor | Band-pass N _Calculate »| Normalisation ||
| filter signal power |
| |
L o L1
- Normal motor y
- Shorted-turn fault in the phase A o Feature
- Shorted-turn fault in the phase B «— Classification |« extraction
- Shorted-turn fault in the phase C

Figure 3. The block diagram of the experiment

EXPERIMENTAL RESULTS

The original data set has six features: the signal power of the 20 Hz to 80 Hz filtered signal
and the 120 Hz to 180 Hz filtered signal in the phase A, B and C. The signal power values are
normalised between zero to one. The original data set is reduced the size by the PCA. The
PCA can extract up to two features. The two new features can be plotted the scattered graph as
presented in Figure 4. From the graph, classes of the fault classification are clearly separated.
The new feature set is used to create the learning system. The learning results are also shown
in Table 2. From the learning results, it found that the new feature set uses less number of
training epoch than the original feature set for all ratio of the train/test data. Similarly, the
new feature set has less numbers of error samples than the original feature set. Finally, the
efficiency of the classification is illustrated in Table 3. According to such results, the new
feature set has the number of training and the classification error less than the original feature
set. The new feature set provides an accuracy rate that is higher than the original feature set.
As reason of the result, the new feature set is the reduced feature set, but it does not eliminate
the information of features. Therefore, the new feature set can decrease the complexity of the
system and increase the accuracy rate of the classification system.

%
i
0.5
o™
e -
2 0
E,
~ Normal motor
-0.5 . Short phase A
" Short phase B
f Short phase C
06 04 -02 0 02 04 06 08
Feature 1

Figure 4. The scattered graph of the new features
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Table 2
The number of training

Train/Test With the PCA Without the PCA

(%) Epochs Error Epochs Error

30/70 5 0/112 134 4/112

50/50 4 0/80 46 3/80

70/30 3 0/48 40 1/48
Table 3

The number of training

Classification (Perceptron ANN)

With the PCA Without the PCA
Training sets 80 80
Test sets 80 80
Epochs 4 46
Classification error (%) 0 375
Accuracy rate (%), 100 96.25

CONCLUSION

This paper is on using the PCA to reduce the dimension of features. The new feature set is used
to classify the shorted-turn fault of the stator-winding. Based on our experimental results, the
six original features remained in only two new features. This new feature set can decrease the
complexity of the classification system. The accuracy rate using the new feature set is 100%
and could improve the fault classification system.
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ABSTRACT

Nowadays, induction motors are widely used in many industrial processes. The shorted-tumn fault of the stator-winding is the
initial point of stator winding faults. This paper proposes using the Principal Component Analysis (PCA) to reduce the
dimension of the feature set which is obtained from the Motor Current Signature Analysis (MCSA). The six original feature
set consists of the signal power of the three-phase filtered current signal at 20 Hz to 80 Hz and 120 Hz to 180 Hz of the
phases a, b and c. After using the PCA, the dimension of the feature set decreases to two new features. These two new
features are then used to classify the shorted-turn phases of the stator-winding by applying the Artificial Neural Network
(ANN) classifier. The experimental results demonstrate that the new feature set can decrease the complexity of the system.
Additionally, the accuracy rate using the new feature set is higher than using the original feature set. Therefore, the new
feature set can properly improve the efficiency of the classification.

Keywords: Induction motor, interturn short circuit fault, shorted-turn fault, stator-winding fault, Principal Component Analysis (PCA),
Artificial Neural Network (ANN);

INTRODUCTION

Induction motors are critical components which are widely used in industries. Approximately 37% of the
induction motor faults is the stator-winding faults [1] and the shorted-turn fault or the interturn short circuit fault
of the stator-winding is the initial point of the stator winding faults, Consequently, a shorted-turn fault detection
is the necessary process for industrial factories. The shorted-turn fault can be observed in harmonic components
of the current signal. A popular detection method for stator faults is the MCSA which is employed to analyze
the motor faults by identifying the current spectra at harmonic components of faults [2, 3]. The current spectra
are calculated by using Fast Fourier Transform (FFT). The advantage of the MCSA is that it does not encroach
the motor operations. Commonly, the MCSA method provides many features from the current spectra for the
fault detection, These features can be reduced by a feature extraction to decrease the dimension of features and
the complexity of the system. The feature extraction transforms the original feature set into a smaller number of
features without eliminating the information of features.

This paper presents the feature extraction method to reduce a size of the feature set by using the PCA. The
reduced set of the new feature is used to classify the shorted-turn phases by applying the ANN classifier. The
propose system is verified by experiments, and the experimental results reveal that using the new feature set can
improve both the complexity and the accuracy of the system.

STATOR-WINDING FAULTS

The shorted-turn fault in the stator-winding can be detected by using an air gap flux waveform. This
waveform is changed by the distortion of the net MMF which is caused from the short circuit current flowed
into the shorted circuit stator-winding. The harmonic frequency components of the air-gap flux waveform in a
stator-winding current are calculated by (1),
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n
fs,=f.(;(l~s)ik) M

where [, is the harmonic frequency components, f, is the supply frequency, p is the pole-pairs, s is the slip,
k is1,3,5,...and n is 1, 2, 3,..., respectively.

The harmonic frequency components depend on a load size which is related to the slip. Normally, the
harmonic frequency components dominantly appear when calculation uses parameter k=1, n=3 and k=1,
n=>5 [3]. In this paper, a three-phase, four-pole (p=2) induction motor is tested at no-load condition.
Therefore, the frequency components that are used to detect the shorted-turn fault are 25, 50, 75, 100, 125, 150
and 175Hz, respectively. The line current power spectra of phase A for the normal motor is shown in Fig. 1(a).
Whereas, Fig. 1(b) shows the harmonic frequency components of the line current power spectra of phase A in a
shorted-turn motor. Since spectra components occur at 125 Hz and 175 Hz, the shorted-turn fault can be
identified.

5 g
g LS g LS| i i
; ; 175 Hz |
g 1 E 1+ i B J
i | i
L os i I M LA H 7 osl i E
H H : \

L A i A A ) i

0 20 &0 60 80 100 120 140 160 180 200 [ 20 40 60 80 100 120 140 160 180 200
Frequency(Hz) Frequency(Hz)
(a) (b)
Fig. 1: The current power spectra of the phase A (a) the normal motor;
(b) the shorted-turn fault in the phase A.
FEATURE GENERATION

The three-phase current signals are measured and used to generate the original features. The original features
are calculated by the following methods:

Signal power
The shorted-turn fault of the stator-winding can be detected by the air gap flux spectrum analysis. The ranges
of the harmonic frequency components for the shorted-turn fault detection are 25, 50, 75, 100, 150, 125 and 175

Hz. Accordingly, each phase of the current signal is filtered by the band-pass filter at 20 Hz to 80 Hz and 120
Hz to 180 Hz. The filtered current signals are used to calculate the signal powers as expressed by (2)

(]

where P is the signal power, x is the band-pass filtered signal and N is the number of samples.

Normalization of data

Since the signal power values at 20 Hz to 80 Hz and at 120 Hz to 180 Hz are very different, then these values
should first be normalized. The signal power of each phase is normalized by the min-max normalization
technique. The normalized value can be calculated by (3)
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SR min( x) 3)
max(x) —min( x)

where x"is the normalized value and X is the signal power value.
PRINCIPAL COMPONENT ANALYSIS

The feature extraction is one of the methods to reduce the feature dimension. The PCA [4] is one of the
examples of the feature extraction. The dimension of features is reduced by the PCA without eliminating the
signal information using. The PCA is a technique that transforms an original feature set into a smaller feature
set. The smaller feature set is transformed by using a function that related to the eigenvectors and eigenvalues.
The procedures of the PCA have 4 steps. In the first step, the original feature set is used to calculate a
covariance matrix as expressed by (4).

C.-/=L (xim_fixxim_fi) (C))

m=1

Where Cj; is the covariance matrix between the feature i and the feature j, x;, is the sample m of the feature
i, X; is the average value of the feature i, x,, is the sample m of the feature j, ¥; is the average value of
the feature j and n is the number of samples.

In the second step, the eigenvectors and eigenvalues of the covariance matrix are calculated using (5) and (6),
respectively.

A-v=4-v (5)
|A-21=0 (6)

Where A is the covariance matrix, v is the eigenvector, A is the eigenvalue and I is the identity matrix.

In the third step, the principal components are the eigenvectors which are selected from the eigenvalue
ranking. Finally, the fourth step, the smaller feature set is calculated by (7). The small feature set is the new
feature set which is used to classify the shorted-turn fault of the stator-winding.

Y=(vTxXT)T (7

Where Y is the new feature set matrix, X is the original feature set matrix and v is the eigenvector.

ARTIFICIAL NEURAL NETWORK CLASSIFICATION

The ANN is one type of the classifiers. It is a model that inspired from the biological neural networks. A
perceptron is one type of the ANNs that it has many models depended on the number of the hidden layer and the
hidden cell. In this paper, a single layer perceptron is used. The perceptron has a learning algorithm for the
classification. The learning algorithm is to adjust the weights of input and the biases of hidden layer until the
output close to the target. The updated weights and the updated biases are calculated by (8) and (9), respectively
and the output is calculated by (10). The output is calculated by a transfer function which estimates the output
by using the total product between the weight vector and the input vector. An error between the output and the
target can be calculated by (11). Finally, the last weights and the last biases are used to classify the shorted-turn
fault of the stator-winding.

Wy =Wetep’ (8)
by =by +e 9)
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a, = f(Wy xp+by) (10)

e, =t—a; (1

Where W, is the new weight matrix, W, is the old weight matrix, e, is the error, p is the input vector, b,
is the new bias, b, is the old bias, @, is the output, f is the transfer function and ¢ is the target.

EXPERIMENTAL SETUP

The three-phase, four-pole, star-connected induction motor is used for the experiment as shown in Fig. 2. The
motor parameters and ratings are also illustrated in TABLE 1. The three-phase current signals are measured by
three current sensors. National Instrument (NI) data acquisition device at 6,000Hz sampling rate are used. These
measured current signals are filtered at 20 Hz to 80 Hz and 120 Hz to 180 Hz. Then, the filtered signals are used
to calculate the power signal, and the results are normalized by (2) and (3), respectively. Therefore, the
normalized value is the original feature set which is reduced the dimension of features by the PCA. The block
diagram of the experiment is presented in Fig. 3. As mentioned before, this paper uses the ANN classifier.
Classes of the fault classification include [0 0], [0 1], [1 0] and [1 1]. These classes mean a normal motor and
shorted-turn faults in the phase A, B and C, respectively. The total data set contains of six features and 160
samples. The 80 samples are used as the training set, and the 80 samples are used as the test set.

TABLE 1 Parameters and ratings of test machines.

\Y Hz r/min kW cos@ A
230A/400Y  50Hz 1430 22 0.79 8.66/4.98
415Y 50Hz 1435 22 0.765 4.94

Data Acquisition

L " »
Load Test Motor ¢ s“",wr

Fig. 2: The experimntal setup.

Feature Generation

|
o |l |
d fo I lel | Band-pass alculate |
¢ a—b Sensor » pas » .C - » Normalization ||
| filter signal power |
| |
i e S S i O |
- Normal motor y
- Shorted-turn fault in the phase a Feature
- Shorted-turn fault in the phase b < Classification < extraction
- Shorted-turn fault in the phase ¢

Fig. 3: The block diagram of the experiment.

EXPERIMENTAL RESULTS

The original data set has six features: the signal power of the 20 Hz to 80 Hz filtered signal and the 120 Hz to
180 Hz filtered signal in the phase A, B and C. The signal power values are normalized between zero to one.
The original data set is reduced the size by the PCA. The PCA can extract to two features. The two new features
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can be plotted the scattered graph as presented in Fig. 4. From the graph, classes of the fault classification are
clearly separated. The new feature set is used to create the learning system. The learning results are also shown
in TABLE 2. From the learning results, it found that the new feature set uses less number of training data than
the original feature set for all ratio of the train/test data. Similarly, the new feature set has less numbers of error
samples than the original feature set. Finally, the efficiency of the classification is illustrated in TABLE 3.
According to such results, the new feature set has the number of training and the classification error less than the
original feature set. The new feature set provides the accuracy rate higher than the original feature set. As reason
of the result, the new feature set is the reduced feature set, but it does not eliminate the information of features.

Therefore, the new feature set can decrease the complexity of the system and increase the accuracy rate of the
classification system.

s o
0.5—
3 -
% 0
(]
w
+ Normal motor
-0.5 « Short phase A
. Short phase B
| ﬂ -~ Short phase C
-06 -04 -02 0 02 04 06 08
Feature 1

Fig. 4: The scattered graph of the new features.

TABLE 2 The number of training.

Train/Test With the PCA Without the PCA
(%) Epochs Error Epochs Error
30/70 5 0/112 134 4/112
50/50 4 0/80 46 3/80
70/30 3 0/48 40 1/48

TABLE 3 The efficiency of the classification.

Classification (Perceptron ANN)

With the PCA Without the PCA
Training sets 80 80
Test sets 80 80
Epochs 4 46
Classification error (%) 0 3:75
Accuracy rate (%) 100 96.25

CONCLUSIONS

This paper presents using the PCA to reduce the dimension of features. The new feature set is used to classify
the shorted-turn fault of the stator-winding. Based on our experimental results, the six original features are
extracted remained only the two new features. This new feature set can decrease the complexity of the

classification system. The accuracy rate using the new feature set are 100%, then this feature set can improve
the fault classification system.
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Abstract This paper presents a feature selection method for stator winding fault
analysis of induction motors by using a Correlation-based Feature Selection
(CFS) method. The 14 original motor parameters are selected from the feature
selection method with various searching approaches. The classification efficiency of
optimal features obtained from the feature selection method is compared with
results from the feature extraction method and the original features. In our exper-
iment, we employ a 2.2 kW delta-connected motor which drives a dc generator as a
load. The experimental results demonstrate that 4 common selected features for
stator winding fault analysis of induction motors are a percent of load (%Load), a
power factor (pf), a negative sequence voltage (V,), and a negative sequence
impedance (Z,). The accuracy of the classification using this feature subset is higher
than using all original features for three classification methods.
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1 Introduction

Electrical motors are critical equipments for any machine in process industries.
Motor deteriorations or any fault occurred since rotors and stators have been forced
by electromagnetic field all the time. Moreover, mechanical damages caused by
thermal and electrical stresses have an effect to the performance and the lifetime of
motors.

About 37 % [1] of induction motor faults are stator winding faults due to the
deterioration of the winding insulation from contamination of oil, humidity, and
sewage. They impact on opening or shorting one or more circuits of windings.

Current and voltage signals of the induction motor contain information of stator
winding faults, and they are widely used to detect and locate stator winding faults in
various methods. The Motor Current Signature Analysis (MCSA) method is one of
the most frequently used methods to analyze the motor fault by identifying stator
current spectrums in abnormal harmonics [2, 3]. In addition, the Extended Park’s
Vector Approach (EPVA) is applied to analyze EPVA signatures by identifying a
spectral component at twice the fundamental supply frequency [4]. Motor sequence
components (i.e. negative and zero sequence components of the current) are also
used for stator fault diagnosis [5-8]. Moreover, modeling and simulation studies
can provide useful information about the electric behavior of the motors, and they
relate to the analysis of the presence of the internal fault in the stator windings [9,
10]. Other techniques, such as an instantaneous angular speed technique, temper-
ature monitoring, air-gap torque monitoring, magnetic fux monitoring,
noise/acoustic noise, induced voltage monitoring, surge testing, gas analysis, and
partial discharge [11] are also used in order to diagnose stator winding faults.

Currently, some or all electrical features of induction motors mentioned previ-
ously are used for the motor fault analysis and detection. However, using all or
inappropriate electrical features will increase the complexity of the system and the
stodgy storages. Moreover, they may not be able to classify the motor faults cor-
rectly. Consequently, the feature selection should be required in as preprocessing in
order to reduce original features and extract the appropriate features. Basically,
there are two methods to reduce the feature dimension. One is the feature selection
and the other is feature extraction. The feature selection can be used to choose
optimal features from original features to remove irrelevant and redundant of
original features and also decreases the complexity of the system. The feature
extraction is another method to reduce a number of features by transforming
original features to lower dimensional spaces. The Principal Component Analysis
(PCA) [12] is one of the example of the feature extraction. The PCA reduces the
dimension of features without eliminating the signal information using the principal
component. The proposed fault diagnosis system is shown in Fig. 1.

This paper presents the use of the correlation feature selection for selecting
electric features. Optimal electric features are obtained by the feature selection for
stator winding fault analysis of induction motors. The accuracy of motor fault
classification obtained by the optimal features from the feature selection method is
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Fig. 1 The proposed fault diagnosis system

compared with one that obtained from the feature extraction method and original
features. Various theories related to electrical features calculation are reviewed in
Sect. 2. In Sect. 3, the feature selection methods are explained. Section 4, an
experimental setup is described and the experimental results of the feature selection
analysis are showed and discussed in Sect. 5 and conclude in Sect. 6.

2 Feature Generation

The electrical features were calculated by motor current and voltage signals. These
features are popular features for the stator winding fault diagnosis. These signals
were fed to the preprocessing block to reduce a number of features, and optimal
features are searched and selected for such faults. The original features in this paper
can be obtained from the following methods.

2.1 Symmetrical Components

The positive and the negative sequence components of the induction motor are
normally used to indicate the stator faults. Figure 2 shows a workflow for extracting
the positive (f,) and the negative (/) sequence components from three-phase

}:z(i +i e 4 _ej;v:u') ‘IP‘Z‘BP
3t ¢ 1,128,
- Complex current vector Transformation , .
Data Extracting
acquisition sequence
component

Fig. 2 Signal processing workflow to extract sequence components
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current signals. The three-phase currents are used to construct a complex current

vector (T), as expressed by

T == (ia+ig - +ic - ) (1)

IS

where i, ig, and ic are the currents in the phase A, B, and C, respectively.

Fast Fourier Transform (FFT) of the complex current vector can automatically
separate the positive and the negative sequence currents for all frequency compo-
nents. An example of an actual current spectrum is shown in Fig. 3. The three-phase
voltages are processed in the similar approach.

2.2 Extended Park’s Vector Approach (EPVA)

The EPVA method is the observation of the spectrum of the Park’s vector module.
The motor current Park’s vector components (ip, ip) are
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Table 1 The original features

Features Description
1 | %Lload Percent of load
2 pf Power factor
3 |l Positive sequence current
4 |Angle (I,) | Angle of positive sequence current
5 | Negative sequence current
6 |Angle (I,) | Angle of negative sequence current
7 |V, Positive sequence voltage
8 |Angle (V,) | Angle of positive sequence voltage
9 |V, Negative sequence voltage
10 | Angle (V,) | Angle of negative sequence voltage
11 |z, Positive sequence impedance
12 | Z, Negative sequence impedance
13 |1, Magnitude of square of Park’s vector module at DC level
14 | Loous Magnitude of square of Park’s vector module at twice the supply frequency

The square of the Park’s vector module is given by
. .. 2 3 2 2 ..
lip +jig|” = 3 (:ﬂ, + :r-) + 3igi; cos(2t — oy — f§;) (4)

where i, is the maximum value of the direct sequence current, i; is the maximum
value of the reverse sequence current, o is the angular frequency (rad/s), ¢ is the
time variable (s), oy is the initial phase angle of the direct sequence current (rad),
and f5; is the initial phase angle of the reverse sequence current (rad).

The square of the Park’s vector module can be used to identify unbalanced
three-phase currents. The spectrums of de level and the component located at twice
the supply frequency are obtained by applying the FFT to the square of the Park’s
vector module [1].

Two feature generation methods contain 12 original features and two extra
features including the percent of load (%Load) and the power factor (pf) are added
to be the original features. The 14 original features as shown in Table 1 are used to
be the inputs for the next feature selection process.

3 Feature Selection

The Feature selection is a process to select optimal features from original features. It
can reduce a number of features by removing irrelevant and redundant features.
Basically, it can be divided into four categories: Filter, Wrapper, Hybrid, and
Embedded methods [13]. The Filter method is the feature selection that applied
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independent evaluation criteria without involving any classification algorithms with
measurement technique such as CFS [14] and consistency based subset evaluation.
The Wrapper method applies a classification algorithm for a feature subset evalu-
ation. This method is better than the Filter method, but it takes longer time for a
computation, The Hybrid method combines the advantage of above two approa-
ches. Finally, the Embedded method has built-in the feature selection in classifier.

Generally, the feature selection has four steps [15]: subset generation, subset
evaluation, stopping criteria, and result validation. First, it searches optimal features
by using searching algorithms. Then, this subset is evaluated by subset evaluator,
and it stop by stopping criteria. Finally, it validates selected features.

Searching algorithms for finding the feature set have several methods which are
shown below

1. Best first is the searching method that selects the feature with the best heuristic
value.

. Exhaustive search searches all possible feature subset.

3. Greedy stepwise is the searching method. It starts with empty or full feature set.
Then, it adds the suitable feature or removes the inappropriate feature.

4. Linear forward selection (LFW selection) is the searching method that begins
with an empty set and successively adding features.

5. Random search randomly selects the feature subset from original features.

6. Rank search selects the feature subset from ranking of total features.

(]

CFS [14] is a well-known feature selection method that considers the correlation
between features and classes and between features and other features. Relevance of
the feature subset can be defined by using Pearson’s correlation equation [13] which
is expressed by (5)

k?‘;ﬁ.

Merit, = ———
\/}_t' + (k - l)a“ﬂ-

(5)

where k is the number of features, ¢ is the number of classes, Merit, is relevance of
the feature subset, rp. is the average linear correlation coefficient between these
features and classes, and ry. is the average linear correlation coefficient between
different features.

The linear correlation coefficient is defined by

r= Sl =%y — W)
\/Z,— (v — %) \/zr_ (i — 77)?

where i is the number of values (x or y), x; is the x value for observation i, X; is the
mean x value, y; is the y value for observation i, and ¥; is the mean y value.

(6)
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4 Experimental Setup

The three-phase four-pole delta-connected induction motor is used in the experi-
mental setup as shown in Fig. 4. The motor parameters and ratings are summarized
in Table 2. The motor is modified for interturn stator winding faults in each phase.
A shorting resistor is used to limit the short-circuit current in the winding not
exceed to 5 A. The induction motor is monitored by three current sensors and three
voltage sensors. The measured signals are sent to the computer through a National
Instruments (NI) data acquisition device with 6000 Hz sampling rate and ten
operate conditions. The operation conditions contain of four cases: healthy motor,
and the short- turns motor of 7, 15, and 31 turns in each phase. Each condition is
operated under 6, 30, 60, and 90 % rated load of the motor. Note that the 14 original
features are obtained from the normalized signals with rated parameters of the
testing motor. Classes for the fault classification consist of “0°, ‘A’, ‘B’, and ‘C” as
the following meanings

‘0’ is Healthy motor

‘A’ is Interturn fault in phase A
‘B’ is Interturn fault in phase B
‘C’ is Interturn fault in phase C

Optimal features analyzed from the correlation feature selection algorithms are
used in three well-known classifiers: k-Nearest Neighbor or kNN (k = 3), Naive
Bayes, and Decision Tree. The accuracy rated of classification will be compared
with one obtained from the feature extraction using the PCA by using data set of
1320 samples. The result is validated by using 10 folds cross-validation technique.

Fig. 4 Experimental setup

Table 2 Parameters and v Hz /min kW cost A

ratings of test machines 2300400Y S0 1430 |22 079 |8.66/4.98
415Y 50 1435 22 (0.765 4.04
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5 Results and Discussions

The original features are analyzed by CFS for the feature selection method with
aforementioned search algorithms. The results in Table 3 show that the correlation
feature selection can effectively select 4 or 5 optimal features, while the PCA can
reduce to 8 features. The 4 common features including %Load, pf, V,, and Z, are
chosen from each search algorithms. These features are the part of optimal features
for stator winding fault analysis. It is shown that these features have high corre-
lation between features and classes, and they have low correlation between features
and other features.

According to experimental results, the accuracy rates using original features are
58.56006, 43.0303, and 85.0758 % for kNN, Naive Bayes, and Decision Tree,
respectively. Based on feature selection. the accuracy rates using Decision Tree is
higher than using kNN and Naive Bayes. These classifiers provide the accuracy
rates as ranged 85-87, 75-78, and approximately 43 %, respectively. Significantly,
it can be explained that using the feature selection to select optimal features can
reduce a number of features and increase the accuracy of the classification system.
Fault classification provides better performance than using the feature extraction
and original features, respectively.

Table 3 Classification correction of the proposed approach

Search Subset Number of Selected Accuracy rate (%)
algorithms evaluators | selected features kNN Naive Decision
features (k=3) |Bayes tree

Original features | — 14 Original 58.5606 |43.0303 85.0758
feature set

Best first CFS 5 SeLoad, pf, |75.1515 [43.7121 86.0606
Iy Vi Z,

Exhaustive CFS§ 5 GeLoad, pf, |75.1515 |43.7121 | 86.0606

Sca'rCh "J’H llfrJ'I'J ZJ'I'

Greedy stepwise | CFS 4 Y%eLoad, pf, |76.1364 |43.0303 85.6818
llJJ'I'J ZJ'F

LFW selection CFS§ 5 GeLoad, pf, |75.1515 |43.7121 | 86.0606
"J’H ll)rJ'I'J ZJ'I' | |

Random search | CFS 4 YeLoad, pf, |78.1818 |42.803 87.1212
llJJ'I'J ZJ'F

Rank search CFS 4 SeLoad, pf, |77.0455 |42.9545 | 85.6061
llJJ'I'J ZJ'F | |

Ranker PCA 8 - 60.5303 [43.1061 | 59.8485
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6 Conclusions

This paper presents the correlation feature selection for stator winding fault analysis
of the induction motor. According to our experimental results, it can be found that
the common selected features for stator winding fault analysis of the induction
motor are %Load, pf, V,,, and Z,,. These features are good indicators to predict stator
winding faults, and they can be applied for any size of motors. Furthermore, using
the feature selection and the feature extraction can improve the accuracy of the
classification system. For future works of our research, more features will be
considered and compared with other feature selection methods.
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