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Information fusion with belief functions for
detection of inter-turn short-circuit faults in
electrical machines using external flux
Sensors

Miftah Irhoumah, Remus Pusca, Eric Lefevre, David Mercier, Raphael Romary, Member,
IEEE, Cristian Demian

Abstract — This paper proposes a diagnosis method which

exploits the information delivered by external flux sensors
placed in the vicinity of rotating electrical machi nes, in
order to detect a stator inter-turn short circuit. This fault
induces a dissymmetry in the external magnetic fiel d that

can be measured by the sensors. Sensitive harmonics are
extracted from the signals delivered by a pair of s  ensors
placed at 180° from each other around the machine a nd
data obtained for several sensor positions are anal  yzed by
fusion techniques using the belief function theory. The
diagnosis method is applied on induction and

synchronous machines with artificial stator faults. It will
be shown that one can obtain high probability to de tect
the fault using the proposed fusion technique: on v arious

series of measurements, the proposed approach has
obtained a 90% detection rate on a considered machi  ne.

Keywords — inter-turn short circuit fault, flux sensor,
induction machine, diagnosis, external magnetic fie Id,
belief functions .

|. INTRODUCTION

onitoring of rotating electrical machines still raims an
essential point of reliability and operational $afef
electrical systems [1,2]. With tolerant control4Bit has

M

been the interest of many researches during thedtasades.

Therefore, studies on fault detection and diagnaisédectrical
machines are nowadays a very important issue,cp&tly
regarding induction machines as these machinesvately
used in industry [5]. In this context, many resbasc have
been focused on the detection of stator inter-finort circuit
fault in induction machines due to the fact thabtragimately
30-40% of the induction motors faults fall into tba&tegory of
stator winding related faults [6]. Stator currestthe most
common variable used to detect the stator inter-tshort
circuit fault [7-10], and other faults [11,12]. Mhetds using
internal flux probe have been developed [13-15]thely are
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invasive methods, what limits their use. More relgen
methods based on the exploitation of the externajmatic
field have been developed [16-22]. These methods ars
external flux sensor and they present as main adgas to be
fully non invasive, inexpensive, and easy to impain
However, these methods suffer of a lack of configefrom
machinery operators in industry.

In previous works, the detection of inter-turn gharcuits
in the stator windings of electrical machines hasrbshown
possible by measuring a harmonic value of the magfield
around the machine [23]. The study shows that tbtirg
harmonics are sensitive to this fault, more thassé¢éhones
measured in the current spectrum.

Recently, a method based on two flux sensors has be

developed [24]. Two sensors being positioned at défrees
with respect to each other, the method analyse®é¢haviors
of the sensitive harmonics measured by each sevisem the
load varies. The main advantage of this methodas it does
not require the knowledge of the healthy state bseahe
decision is not tied to a comparison with a heaklgnature.
However the effectiveness of the method dependsthen
position of the flux sensors relatively to the fsgwinding.

In order to improve the fault detection, diagnasisthods
generally use techniques such as parameter esimEgb],
artificial neural networks [26,27], fuzzy logic [28], wavelet
[30,31], complex vector [32], Support Vector MaahifSVM)
[33], Artificial Ant Clustering techniques [34] opattern
recognition [35,15]. More recently, data-based méghes and
multivariate statistical methods have shown to lpecemising
approach for industrial process diagnosis [36][34].these
techniques give good results concerning the claasién of
the state of the machine, but they need a learsiage for
classification of the state of the machine, or alet®f the
machine, or advanced signal processing technigGdser
techniques using information fusion have been etquofor
diagnosis of transformers [38], wind turbines [38]t also for
diagnosis of bearing faults [40], rotor faults [4b stator
faults [42] in electrical rotating machines. Theasehniques
enable the improvement of the decision-making peaghen
several pieces of information are available. Eadcte of
information brings a part of the true value takgrabvariable.
Applied to electrical machines, these techniquesgsly use
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vibrations or currents as exploited variables bartenof them
use the external magnetic field.

The proposed paper presents an original method that

performs measurements of external flux density extesal

positions around the machine. Each measurementittobes a
piece of information regarding the presence ofut.fé&usion

technique using belief functions [43] is then uasd frame to
represent and combine information to make a firedision

concerning the question of the presence of a fawulthe

winding of the machine tested.

This paper is organized as follows. In Sectioringoretical
basis about sensitive harmonics in the externalnetiy field
spectrum are exposed, as well as the principle ®itthux
sensors. Then, in Section lll, basic concepts dieftfeinction
theory are introduced. The application of the psgazbmethod
to detect a fault is exposed in Section IV andeesh Section
V, where it is shown that one can obtain high philiig of
fault detection in an induction machine or in a@dynous
machine by using it.

Il. ANALYTICAL MODELING

A. Air-gap and external flux density

Analytical developments that lead to define thegaip flux
density and the external magnetic field are desdrilin
[23,24]. This section recalls the main results oigd from a
three-phase induction machine. The modeling ofntlaghine
will consider the following parameters and notation

p : pole pair number.

N, °N": number of stator slots and rotor bars per poie pa
w: angular frequency of the sine supply voltagenfx2

b: air-gap flux density of the healthy machine.

bss air-gap flux density generated by the fault.

£ air-gap magnetomotive force

A per area unit air-gap permeance.

s: slip of the machine.

It is assumed that the stator is supplied by aethease
balanced sinusoidal voltage systemofangular frequency.
As far as the magnetic reaction of the rotor isceoned, it is

For a healthy machin& andH are defined as:
K =1+kN' (L-9) }

H = p(h® +ksN® +krN")
Whereh Sis the mmf rank that takes all the values defingd b
h°*=6k+1 (k varies betweemo-to +x). ks andkr are permeance
ranks, they are positive, negative or null integers
In case of a stator inter-turn short circuit fa@tditional
flux densitybs. appears.

()

bsc = Z bSCKsc:Hsc cos(Kgeat —H SCaS - ¢SC’KSC’HSC)

KSC'H sC

ks’ andkr’ are equivalent t&s andkr, they vary fromeo to +
h is a non-null relative integer, which can take

consequently all the values bf .

Considering the values that can be takerKlyiven by Eq.

(1) andK. by Eq. (3), it results tha,. does not bring new
frequencies. This makes the diagnosis by analy§ithe
changes in the amplitudes of the measured comp®nent
difficult.

The external flux density considered in this study
supposed to be the transverse field, image of ithgap flux
densityb attenuated by the stator magnetic circuit. Itheven
that the moreH increases, the more the components are
attenuated [44]. Therefore, &k, can especially be equal to
+1, the corresponding faulty components will be wipak
attenuated by the stator iron.

With:
Kee=1+kr'N" (@-5)
Hec=h+ pksN®+kr'N")

3)

00,

B. Diagnosis method

The method presented in the paper used two flusassn
positioned at 180 degrees with respect to eachr,otitex

supposed that thé air-gap flux density content does notradius from the machine axis as shown in Fig. 1.

change in load. Consequently, only the componest&igted
by the stator energized by the sinusoidal no laadeots are
considered.b is obtained by multiplying thes® air-gap
magnetomotive force (mmf) generated by the statioding
by the A per area unit air-gap permeance which takes t
slotting effect into account. It is shown that thieegap flux
density can be expressed as follows:

b= ZbK,H
K,H
With:
b, =bx 1 cos(Kat —Ha® - g )

)

WhereK is the frequency rank andd is the pole pair
number of a flux density component.is the angular abscissa
of any point in the air-gap related to the statferentiald®,

tied to the phase 1 axibsK’H is a phase angle.

Then, the behavior of the sensitive harmonics nreashy
each sensor, when the load varies, is analyzeds€ersensitive

components are obtained from Egs. (2) and (Skforkr' =1
, and for H and Hgc the lower as possible to be weakly

Retenuated by the stator frame.

Sensor 1
M,

B Y
B

Stator yoke

(laminations) Sensor 2

Fig. 1. Simplified geometry of the machine
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As far asK rank flux density harmonics are considered in

the external magnetic field, the harmorbé relative to the
healthy machine and the harmoni':t_j relative to the
C’KS(:

faulty machine will merge together to generate figulting

harmonic flux densityb:<x. For sensor 1 and sensor 2, this

guantity can be expressed as follows:
Sens. 15X =b X cos (Kat - g% ) +b.* ke, cos(KSth—gIﬁ;(GK )(4)

Sens.2p22 =p X cos (Kat - ¢%) -b ek, COS (st =%, ) (5)

The only change between Sens. 1 and Sens. 2 chidmge
of the sign of the faulty term. This is due to tpelarity

Hgc =1 that changes the sign of the cosine (gosy=-

cosfy)), whereas to polarityH =2 of the healthy term does
not change the sign: (cqs@m=cosf)). Consequently in
faulty conditions, the magnitude of the componehtKa
angular frequency measured by sensor 1 and sensitlr ribt
evolve similarly with the load and possibly in ogpd

directions. In healthy condition, the terbjQK is null and
sc

when the machine is loaded, the air-gap flux dgnsitys

practically identical to that obtained at no loaés

theoretically, the external elements responsible foe
attenuation act in the same way around the madbirt@e no-

load and for the load tests, the amplitud?ﬁ? and 52(2 keep

similar values or at least evolve in the same wéemwthe
load changes in healthy conditions. Fig. 2 showsvtriations

of E)r()d and H(XZ for a 4-pole induction machine with

Sensorl Sensorl
f 0,80 [
U a 0,8 I_
;%U,U _i. '. o I . mro- g 0,6 |_ -
E04 | | load E 04 + 3ﬂ\- mno-load
@ @
0,2 | i Oload 0,2 l mo7  Sload
0 4 2 [] ..... I:l_
850 850
Frequency (Hz) Freguency (Hz)

(b) Faulty machine

Fig. 2. Harmonic components at 850 Hz under bothsmement positions for
motor operation case

C. Discussion

The method presents several advantages:

« As far as the inter-turn short circuit fault is cemed,
the external magnetic field is more sensitive thae
current because the short circuit current generetesvn
magnetic effect.

« The main advantage is that the method is not based
the comparison with the healthy state as it expldie
magnitude variation of sensitive spectral lineshwithe
load. Therefore, it does not require the knowledfjthe
healthy state.

¢ Furthermore, the method is not sensitive to supply
voltage imbalance because it exploits the internal
dissymmetry generated by the fault.

« The method can be applied to the synchronous and
induction machine. The only condition is relatedthe
presence of a rotor saliency because the sensjieetral
lines are tied to rotor permeance ranks. For indoct
machines and smooth rotor synchronous machines the

N' =16 that corresponds to a 850Hz sensitive harmonic saliency is due to rotor slots. For salient pole

(practically, this frequency can move with the sip but will
be identified as being the harmonic at 850 Hz)cdh be
observed that both quantities evolve in the samectibon with
the load in healthy condition and in opposite diget in
faulty condition. Therefore, difference of variatioof the

magnitudef)&x of sensors 1 and 2 is a good indicator of an

inter-turn short circuit fault.

Sensorl Sensor2

emf\muj
= =
F= o
“‘\"#
emf {mv)
= = L
-3 f=11
-
=
b

mno- :
‘ load mno-load
.10 |- Toooce M-
s ‘ Oload B TD,DL‘&D Eload
. 0 l-. =
850 850
Frequency {Hz) Frequency (Hz)

(a) Healthy machine

synchronous machines, the saliency correspondstao r
poles. So, as the number of poledg, the number of

saliency per pole pair is always N' =2. Moreover,
synchronous machines rotate at synchronous speed,
therefore the slips is null. In the case of synchronous

machines one must takhl' =2, s=0 in Eq. (2) and

A).

However, the method has also some limitations:

» As highlighted by analytical developments, the mdth
cannot be applied to 2-pole machines as it is bardtie
difference between electrical and geometrical st

e It has been shown in [45] that the property about
difference of variation is true only when the sassare
placed in the axis of the faulty winding. Therefote
increase the reliability of the methods, measurdman
several positions will be performed and analysis of
spectral line variations will be done with beliehttions.

I1l.  BELIEF FUNCTIONS: BASIC CONCEPTS

Basic useful concepts of the belief function theame
exposed in this section. Belief functions offer iahrand
flexible mathematical frame to represent and mdatpu
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imperfect information. TABLE 1
CONJUNCTIVE COMBINATION OF MASS FUNCTIONS rn_LAND m2

A. Representation of the available information

Let us consider a variable of interediaking its values in a my {y} 098
finite set Q ={x,,...,xc} called the frame of discernment. A my 02
piece of information regarding the true value takgx can be {y} {y}m {y} = {y} {y} nQ= {y}
represented by a mass function (MM@) defined as an 0.1 0.1x0.2=0.02 0.1x0.8=0.08
icati o_ Q Q n{y}={y} QnQ=Q
application from the power set a2 denoted by2" = 09 - 0.9%08=072
{AlA € 0} = {0, {x,}, {x,}, {1, %,}, ... } 10 [0,1] such that: 0.9x0.220.18

zm(A):l_ (6) C. Decision Making
ADQ A way to make a decision [46,48] once the available
information concerning the true value taken by is
With A a subset of2, a massn(A) represents the degree ofrepresented by a single MF, consists in transforming this

knowledge in favor of the fact that the true vabiix belongs MF T into the following probability measuggetPdefined by
to A. The massm(Q) represents then the degree of total BetP({x}) = erA,Agﬂﬁ,Vx € Q (8)
ignorance regarding the value takenxpespeciallym(Q) =1
represents a total uncertainty on the value takgnxb  The chosen decision is the one maximiziBgtP. As an
(indicatingxQ for sure does not bring any new piece ofxample,BetP measure associated with Mf depicted in
evidence concerning the searched value taket).by Table 1is given by:
BetR{y}) =m({y}) +m{ y.n}) /2

B. Combining evidence
=028+ 072/2= 064

Two pieces of information represented respectibgiyiFs

m, andm,, and coming from two distinct sources, can bgnd B
combined using the Conjunctive Rule of Combina{GRC) Betr{n}) = m{n}) +m({ y,n}) /2
[46,47] defined by: =0+ 072/2= 036
n = 0O AlQ. 7
M0 m(A anc=A LR ) The chosen decision is the one maximizBe&gP, which is

the one in favor of §” meaning “there is a fault”.
This rule being associative and commutative, thdeothe
sources are combined does not affect the combmedisult. IV. FAULT DETECTION WITH FUSION METHOD
Let us consider as an example a very simple diagnos

problem with a frame composed of two elemengsand n, Fusion methods applied to electrical machines geiyarse

] ) variables like the currents, the vibration, or teenperature

Q ={y,n}, where "y" means “yes, there is a fault in th§40-42]. In this section, we expose how to use the
inspected winding” andf” means “no, there is no fault”. Let measurements of two flux sensors obtained at difter
us suppose two independent and reliable expertan B positions around the housing of an induction maghia
expressing their opinions regarding the presence ddult jndicate the presence of a fault. More precisely,propose a
with, respectively, the two following MFsmy and m,  fusion process taking into account, for each pmsitf the
defined, respectively, by m/({y})=01, m(Q)=09, sensors:

m,({y}) = 02 and m,(Q) = 08. Both experts think there is a 1. The difference of variation (DoV) of the
small chance there is a fault but are not surellabfathe measurements output by each sensor (cf fig. 2.) for

presence of a fault. A large mass (90% for expewrtel 80% the harmonic of interest (denoted B/ in Section
Tgraigﬂin B) is on the ignorance regarding the fact that there II) while the load increases. This piece of infotioa
The combination or fusion, denoted lay, of pieces of has alrggdy begn explglted N [.45]' S .
. . . L . An additional piece of information, which is thatio
information m; and m, using CRC rule (7) is illustrated in £ th litud ROA) outout by th ¢
Table 1 and given byn({y})= 002+ 008+ 018= 028, and of the amplitudes (RoA) output by the sensors for
the harmonic of interest.

m(Q) = 0.72. The mass supporting the fact that there is a faul

has then been reinforced using the CRC rule. Information DoV and RoA can be obtained for differe
positions of the two sensors as illustrated in3ighe number
N of possible positions, which can be used, depemdthe
size of the machine and the possibility to plagesees on the
housing of the machine. For instance, in Fig 3jsitnot
possible to place a sensor under the machine aruatof its
plinth, and only four positions are possible.
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To model the fusion and how far each piof information
indicates a fault, we use the belief function framek
presented in Section Ill.

Phase
— Sensor 1

0 s
//' f K1, : Pos. 1
,‘/ » 1l w’
9 Phasd A & ,"A. Poste B
7 &
\1
| "

i
- W\ Pos. 2

Sensor 2

Fig. 3. lllustration of four possible positions fiie sensors around t
induction machine housing. The figure also givesgbsitions of the coils i
the stator yoke for a synchronous machine adapterktte faults by shc
circuiting coils.

In the diagnosis problem tackled here, the variable
interest concerns the presence of a fault. Theechbsme o
discernmentQ is then composed of two elementy” and
“n”, Q={y,n}, such that

. y"stands for “yes, theris a fault in the winding
of the machine”;
* ‘“n’indicates“there is no fault
For a given position of the sensors, it remains to build

pieces of informationm, ; and My ; regarding the presen

of a fault, which comes respectively from the pgeasf
evidence DoV and RoA.

Mass functionm, ; has been defined as follov

» |If there is at least one difference of evolut
between sensors measurements while load

increases,  then my; ({y})= 095 and
my (Q): 005. It represents the fact that the

is surely a fault.

» Otherwise (there is no opposite evolutions),
do not know if there is a fault, and there i
small chance that there is no fa so we define

myi by my i ({n})= 005ancm, ;(Q)= 095.
The second piece of evidentB, j regarding the presen
of a fault is defined using the following ratR; between
measurementsmesg; and me$; output respectively b
sensor 1 and sensor 2 in position
_ min(meg;,mes;)
' max(meg;,mes;)
Values of ratioR, belong to [0, 1]. When rati R; is close

to 1, it means that the two measurements are eobdether
the machine is in a healthy state. When close twe,are

©)

almost sure that there is a fault. Between 0 angdelsuppos
the existence of two thresholtS; and S, representing a

transition. One example of the evolution of the snfagction
according to the rati®®, is given in Fig. 4 witt S, = 045 and

S, = 055. The area betweelrS; and S, represents a
transition area between the two vie

MF m,

Fig. 4. Definition of mass function (Mimpa ; according to ratioR; value

with §; =0.45and Sp = 055.

With N the number of possible positions, we then 2N
mass functiondny, ; and My ; corresponding té&N pieces of

information regarding the presence of a fault am nachine
These pieces of information are then combined uSiREC
(Eq. 7). The resulting mass functim is given by

m=((Ymv D)) ma) (10)

The chosen decision is n the one maximizing the
probabilistic transformatioBetF of m (cf Eq. 8).

V. EXPERIMENTATION

This section presents an application of the diagnogthoc
detailed in Section IV.

A. Description of the experimental test bench

Coil sensors are designed in concordance with thehine
dimension [45]. Theyre simple flux sensors with 200 tul
built in our lab. They must be placed in oppositesifion
around of the machine as shown in Fig. 5. The ionatf the
flux sensors around the machine is greatly conukiibby the
geometry of the machine frame i it influences the
performances of the fault detection procedure.llgethe bes
position is to place the sensors just in fronthaf taulty phase
but practically it is not always possible to coike whole
periphery of the machine. Consequently 'mprove the
diagnosis, data are analyzed from several posit

Tests have been realized on two different machifiés.
first one is a squirretage induction motor characterized
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p =4, 11kw, 380/660V, 50Hz, 1450 tr/min, 32 rotor bars
16), 48 stator slotsN* = 24), and the second one is a

(N" =
salient-pole synchronous machine characterized 7b§kW,
p =2, N° =18, 50Hz, 230/400V.

To make the tests, each machine has been rewolalidwo
a direct access of the terminals of the stator elgary
sections. The induction machine designed to creaikiple
artificial inter-turn short-circuits is illustratesh Fig 6. This
configuration allows one to make different degreésfault
severity in each of the 3 phases of the motor. Fmmsor
positions have been chosen as illustrated in Fig. 3

Connectors

Sensor 1

Fig. 6. 11kW induction machine modified to creatalfs by short circuiting
coils. This machine allows one to make a minimab%2of each phase coils
in short-circuit.

Y]
il
el

i

Fig. 7. Electrical winding schema of induction maeh which allows one to
create faults in the phase A by short circuit zeliin one elementary section

Fig. 5. One possible position for the pair of sessplaced at 180° from each (12.5% of the coils).

other around the modified salient-pole synchronoeshine adapted to create
faults by short-circuiting coils.

Fig. 7 presents the electrical winding scheme o th

induction machine as well as the connection pdgsisi
between each winding section. In this figure, arsbiocuit
between section 1 and 2 is illustrated as an examipl
corresponds to 12.5% of the whole windings of thase A.
The salient-pole synchronous machine with senslased

at 180 from each other around the frame is shown in Eig.

The top and bottom positions are not accessiblenkmsuring,
so only three positions are considered in the daftl right
sides of the connector block fixed above the maxhithe
electrical winding scheme of the synchronous maehim
presented in Fig. 8; it allows one to create aitfi short
circuit for inside coilss;, middle coils B,, and outside coils

Be Of the each motor phases. The minimal short dinghich

can be realized when an elementary coil is shoctited
corresponds to 8.33% of the whole winding of onaggh
In order to analyze the external field evolutioests are

Phase €

0

Fig. 8. Electrical winding schema of salient-pojachronous machine which
allows to create winding faults. Here the shortuiris represent for middle

coil By, corresponding to 16.6% of the whole winding of pinase A.

B. Calculation example

We present here a calculation example for the megpo
approach. In this example, four possible positicare
considered and the measurements obtained by seasers
summarized in Table 2. In this situation, the maehhas a
short-circuit fault.

TABLE 2
850Hz HARMONIC MAGNITUDE OBTAINED FROM SENSORS. AND 2 USING THE
INDUCTION MACHINE (FOUR POSITIONS.

carried out in no load and load conditions. Fouele of load Lﬂ‘/’;“ Position 1 Position 2 Position 3 Position 4
have been imposed for each machine. A rheostatslithie Sensol  Sensol | Sensol Sensol | Sensol Sensol | Sensoi  Sensol
- - . T 1) 2@v) | 1@y 2ev) | 1@v) 2@v) | 1@v)  2@v)
shqrt circuit current to avoid total damage of thinding 5 yT: 156 35 505 01 153 aa 196
during the tests. 600 24 235 160 337 175 192 147 217
i ; ; e 1000 | 34 316 | 232 514 276 303 176 267
The harmonics of interest corresponding to the iseas Ta00 63 5 o5 28 569 0 518 6

flux density components are 850Hz for the inductieechine
and 150Hz for the synchronous machine.

Differences of variations for each sensor at Pasiti are
exposed in Table 3
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TABLE 3 TABLE 6

DIFFERENCES OF VARIATIONS OBTAINED FROM SENSORISAND 2 USING THE RATIOS OBTAINED FROM THE MEASUREMENTS OF TABLE2 IN POSITION1.
INDUCTION MACHINE FOR POSITIONL. Load Sensor1 | Sensor 2 ]
Load Sensorl | Sensorl | Sensor2 | Sensor?2 Same (W) (nV) (1V) Ratio Rt
(W) 1v) Variation 1v) Variation | direction? 0 46 126 0.365
0 46 126 600 24 235 0.102 0.102
600 24 22 235 -109 no 1000 34 316 0.107 ’
1000 34 -10 316 -81 yes 1400 163 387 0.421
140( 162 -12¢ 387 -71 yes
TABLE 7

It can be observed from Table 3 that in Positiowten the

MFs, n’hi , OBTAINED WITH THE EXAMPLE MEASUREMENT OF TABLE2.

load

increases from 0 to 600W Sensor 1 measurement

decreases from 4& to 24uV while Sensor 2 measurement
increases from 126/ to 2351V. Variations in opposite
direction are obtained.

Table 4 summarizes the number of different varratio
observed for all positions.

TABLE4
NUMBER OF DIFFERENT VARIATIONS DETECTED FOR EACH POSON OF THE
SENSORS
Position 1 Position 2 Position 3 Position 4
Nb of
different 1 0 0 0
variation

Consequently the obtained mass functispg, for each
positioni, i =1... 4 are given in Table 5.

TABLE 5
MFs, rﬂ/ i OBTAINED FROM THE MEASUREMENTS EXPOSED IN TABLE.

Position 4

m, 4 {n})= 005
m, , €)= 095

Position 3

m, 5 {n})= 005
m, ; @)= 095

Position 2

m, , {n})= 005
m, , @)= 095

Position 1

m 1 {y})= 095
m,l(Q)z 005

As a difference of evolution was detected in Positl, MF
my 1 indicates the presence of a fault, whereas itoistie

case for positions 2, 3 and 4.
Result after the combination (Eq. 7) of these 4 NéFgiven
by:
m ({y}) = 0814 m, ({n}) = 0007 m, (@) = 0043 m, (0)= 0136

We consider now the ratio of the amplitudes (Ro8&)aa
second piece of information regarding the preserficefault.
Ratios obtained in Position 1 are presented in & &blOnly
the smallest is conserved f&; .

Position 1 Position 2 Position 3 Position 4
(R = 0102 (R, = 0479 (Ry = 0828 (Rq = 0579
My {y)=095 | my{yh=071 | mazyh=0 maayh) =0
mas (=0 maz =002 | . (nh=005 | maa ()= 005
My @)= 005 my, @)= 027 maz Q)= 095 ma4 Q)= 095

The combination of these MFs yields to:
my ({y}) = 0872, m, ({n})= 0003 m, (@)= 0012 m, ()= 0113

Combiningm, andm, gives a MF defined by:
m, ({y})= 0757 m ({n})= 0001 m, (@)= 0001 m, (0)= 0241

At last, the transformation ofMminto a probability (Eq. 8) is
given by
BetA{y})= 0999 BetH{n})= 0001

It follows a decision in favor ofy} .

C. Results

To test more deeply the method exposed in Sectipmwo
test benches with different machines are considened with
the induction machine and another one with the lsywrous
machine presented earlier.

For the first one using the induction machine, fearies
(called series 1, 2, 3 and 4) of measurements hege taken.
One series is relative to one healthy case, plugdley cases
corresponding to faults at different positions. Grase takes
into account several load level, and signals pickpdy two
sensors placed at four positions as depicted itiose¥.B.
The four series are similar; the aim is to incretheenumber
of cases and to check the repetitiveness and thestioess of
the method. The results for this machine are ptedein
Table 8. In this table, the results are given azqrgage of
correct detections. Three methods are studiedfitee one
uses only information regarding the difference afiation
(DoV), the second one using only information regagdthe
amplitude ratio (RoA) and the last one using bétbr each

RatiosR,, Ry and R, are similarly computed for positions series, the best result is obtained by combining tfa

2, 3 and 4. Associated MFs are then computed (cfi@elV,
Fig. 4). Results are summarized in Table 7.

information as it can be seen in the last row obl&a8.
Overall, we see that the results obtained using tladl
information allow us to achieve the best resul& 1% against
94.2% with information regarding only the amplitud¢io and
86.5% with information regarding only the differenof
variation).
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Fig 10.
o TABLE 8 For a new diagnosis, we then recommend to setdhes
RCENT OF CORRECT DEISIONS FOR EACH SEIES WITH INDUCTION .
MACHINE. THE NUMBER IN BRACKETS INDICATES THE NUMEER OF NO Ofsl and SZ to 0.45 and 0.55 respectlvely, the met
DETECTION. THE BEST RESULT IS HBHLIGHTED IN BOLD FCNT. introduced having then not to know the healthyestaft the
Results | Result | Result | Resulis | e Machine and no thresholds have to be compulsogrmétec

Series Series Series Series Results i i i i
o , . " u before using this diagnosis proci

Fusion of only information

regarding the difference dof TABLE 9
variation in each position 92.3 84.6 76.9 92.3 86.5 PERCENT OF CORRECT DEISIONS FOR EACH SEIES WITH SYNCHRONOUS
@) %) 3) @) %) MACHINE. THE NUMBER IN BRACKETS INDICATES THE NUMBER OF NO
(nmyj) DETECTION. THE BEST RESULT IS FGHLIGHTED IN BOLD FONT.
i=1 ' Results | Results | Results | Overall
of of of Results

Fusion of only information

regarding the amplitude rati 100 923 923 923 942 Series | Series 2| Series 3

1=}

. L4 (0) 1) 1) &) (3 Fusion of only information
in each position (0 ma; ) regarding the difference aof
- =1 variation in each position 57.9 47.4 68.4 57.9
Fusion of all the mas$ 3 (8) (10) (6) (24)
. 4 (nmy)
functions (M)l 100 | 923 | 100 | 100 | 981 =L
= (0) 1) 0) (0) (1) Fusion of only information
4 ) . S
o M) regarding the ?:amplltude ratio in 4gg 68.4 73.7 73.7
L each position (h mp; ) ) ®) ®) (15)
i=1

For the second test using tBgnchronous machine, thr Fusion of all the mass functions|
series have been realized (called series 1, 2 ). Here, one 3 3 100 84.2 84.2 89.5
series corresponds to one healthy case plus 18/ faates 2V )n (iglmA'i) © @ @) (©)
One case consider several loads and signals pigkdxy two
sensors placed at only three positions use there is not P e
enough place around the machine to take more merasats wf e T eeeed
Results are presented in Table 9. In the : manner as the /

first test using the induction machine, we note tiging botr N e |

pieces of information for all positions leads te thet result g i 1

(89.5% against 73.7% with information regarding yoithe R ]

amplitude ratio and 57.9% with information regagdonly the g ;

difference of variation). s/ ]
Comparing the best results obtained for inducticaciine g ol 4 |

and synchronous machine (TalBeand Tale 9) it can be

w
s

noticed that there is roughly E0% difference between tl F — : : —
L i .,' —— Information regarding the difference of variation (mvy‘)
overall results. This is consequence of more ingsamumbe 20f  |--e- Information regarding the ampltude ratio (m, )
of measurement positions considered in conjun . -8~ Allinformations (m, ; and m, )
combination for induction machine (N=4 for inducti T eneas,

machine and N=3dir synchronous machine). This differer Fig. 9: Percent of correct decisions accordingtiteshold S; for the
brings the light on the fact that using belief ftioos car induction machine.
improve the fault detection even for different maels anc

100

different measurement positions. e S
The results of the proposed approach were obtaine %0r ,;r"d,»‘" ]
setting the values & and S, to 0.45 and 0.55 respective sl .,."' ,
To study the impact of these parameters, we vayéiue of 5 .l ’_E,x*’"&"g f i
S, in [0,0.9] and we set the value & at S;+0.1. Fig 9 and E | - /
Fig. 10 show the percent of correct decisions atiogrto S; £ “F ’,ﬂff ]
for each piece of information and each machineug@tidn anc z T v o ’
synchronous). The results obtained only with theVI § “of g 1
information, are independent of pareters S;and S, . For S; l ‘a/,» |
=0.45, we find results presented in Table 8 anderbThese al ,‘,—"ﬁ Inormation regarding the dierence of varaton (m,
tests highlight that whatever the values of thesmmeters e Mmoo gy
the performance of the fusion approach is ah at least as VT 02 s Tﬁ“’ i .3‘2 o6 o7 08 oe

ood as approaches based only on the differenvaradtion
9 PP y Fig. 10: Percent of correct decisions accordinght@shold S; for the

(DoV) or amplitude ratio (RoA) as shown in figureig. 9 anc :
synchronous machine.
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VI. CONCLUSION

The method proposed in the paper uses externaletiagn
field measured in the vicinity of rotating elec&ianachines
associated with a fusion process based on belie€tifan
theory which increases the performance in detectifn
incipient short-circuit faults.

Compared with other existing methods, our methogsdo
not need a learning stage for fault detection. &foee the
detection procedure does not need the knowledgéhef
healthy state and it is not based on a comparistneen the
current state with a previous healthy state of ithechine.
Moreover, the method does not need the knowledgthef
model of the machine and does not require advasigthl
processing techniques. Only the frequency of a itens
spectral line in the external magnetic field isahezk

The original contribution is the application of iois
technique to external magnetic field of electrizachine for
fault detection while fusion approaches to eleatrimachines
generally exploits other physical variables (vikmas,
currents, temperature). The method gives good teesah
salient pole synchronous machines or on inductiachimes.
For example, taking into consideration the frameaofeal
machine, when the sensors cannot be positionederbést
position, only few signals measured in accessibkitjpns are
used for detection, namely: the variation (DoV) tbfe
sensitive harmonics measured by each sensor armattheof
their amplitudes (RoA). Taken separately, DoV orARzman
give a detection probability around 70%, but coredirwith
the proposed fusion process, the detection prababil
increases to about 90%, which therefore illustrétesinterest
of these present works using information fusiomiggues

The method has also the advantage of requiringleimp®l

and cheap wound flux sensors, it does not needi@msignal
processing; the signal delivered by each sensorbeaonly
recorded and the data can be treated afterwards.ushd
algorithms are FFT, and a fusion algorithm whiclesimot
require high computation time.
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