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Early intermittent inter-turn fault detection and
localization for a permanent magnet synchronous

motor of electrical vehicl

Najla Haje Obeid, Alexandre Battistdember IEEE, Thierry

Abstract—In order to improve hybrid and electrical vehicles
functional safety and to avoid sudden failures, it isimportant to
develop reliable and robust onboard diagnostics (OBD). This
paper discusses the stator incipient fault diagnosis and
monitoring of a permanent magnet synchronous motor for
hybrid and electrical vehicles. Incipient stator fault appears as
intermittent inter-turn faults. Studying this phenomenon had
shown that it generates specific distortions in the statoric
currents as well as in the reference voltages. The fault
monitoring method is based on the identification of these
specific distortions and on the localization of the phase
containing the defected turns. The theoretical and the
experimental results show the effectiveness of the method.

Keywords—adapted wavelet, fault detection, fault lozation,
incipient fault, intermittent fault, inter-turn fadt, pattern
detection, prevention.
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the intermittent inter-turn fault as an earlierggtahan the
permanent inter-turn short circuit [13]. In fadiater winding
turns are subject to electromagnetic field whichegates the
electromagnetic forces [14]. These forces caugerstarns
mechanical vibrations, notably, at the end windiegion.
The vibrating phenomenon degrades the insulatioteniah
and accelerates its aging [15]. Thus the probghilitfailure
presence increases. Incipient winding failure appeas
intermittent inter-turn short circuits notably betn the
stator end winding turns [13]-[16].

In previous papers [13]-[17], we have presented the
intermittent inter-turn fault model. After studyinfpe fault
presence consequences [17] and after testing thatlire
permanent inter-turn fault detection methods, weehraalized
that intermittent fault needs its proper identifica method.
Paper [13] was dedicated to the intermittent fdetection. It

The monitoring strategies requirements associated twas restricted to the fault identification and didmeat the

electrical machines in automotive applications rm@e and
more oriented to identify defects from their fisstmptoms.
The functional safety standard (I206262) was developed by
the automotive community [1]. For the different dpment
process phases, this standard defines the funttgafaty
requirements and life-cycle management. Accordmg2i,
an effective way to guarantee the hybrid or eleatrvehicles
functional safety is to develop onboard diagnos{io8D)
that are in compliance with the functional safetgnslards.
Early detection is important to avoid sudden faland to
improve machines availability [2]. In addition, [aie
presence influences negatively on the machine paence.
The last one being an important parameter in auteomo
application, incipient fault detection reveals inmaot.

Permanent magnet synchronous motors (PMSM) ar
widely used in hybrid and electric vehicles becaoké¢heir
high-efficiency, their high-power density and thesmpact
design [3,4]. The insulation breakdown between twas in
the stator winding consist a critical electrical anime fault
[5]. Many studies have been developed in ordereteat this
type of fault [6]. So far, the studies were regticto an
advanced fault case modeled by a permanent interstuort
circuit [7-12]. The developed identification metlsodre
mostly based on frequency analysis [7-12]. It hasnb
proven that the permanent inter-turn fault preseaftect the
third harmonic component in the (a,b,c) frame dredsecond
component in the (d,q) frame [12].

To improve the functional safety, early fault déi@e is
needed. To perform this, it is necessary to haf@rmation
about incipient fault. Our previous works had ledta define

localization of the phase containing the defecteds This
paper is dedicated to the localization of the mfdent inter-
turn fault and is written to present a global deétecmethod.

It begins with a brief review on the intermitteaiuft and on
its identification method using adapted waveletteAfit
continues with the faulty phase localization uding phase to
phase voltages. To better understand the localizatiethod,
detailed analytical equations are provided. Finally
experimental results are provided to show the éffecess of
the global method.

Il. REVIEW ON THE INTERMITTENT FAULT

As mentioned in the introduction, the intermittésalt is
caused by the turns vibrations. In the contextrofripient
fault, if we consider two vibrating turns lightlyetikcted, the
dirsts short circuits occur between them when they the
closest and disappear as soon as they move offvilbregting
turns are the closest when the electromagneticefoire
maximum. According to Laplace forces equation,
electromagnetic efforts are proportional to theasquof the
current passing through the winding. Thus, for atost
winding phase fed by an alternative current, thesility of
incipient intermittent fault occurrence is highehem the
current is near its peak value. For the rest ofpghper, the
equivalent model of the incipient studied fault &n
intermittent inter-turn short circuit occurring frotime to
time near the current peaks [13].

the

In Fig. 1 is presented the equivalent PMSM stator
winding with an intermittent fault between the tsiraf the
phase &’. A variable resistancd® is used to model the
intermittent short circuit. In presence of interrtushort



circuit, Rs takes a low value (notelé o) allowing by that
the current flow between the defective turns [I18je Rsc.on
value depends on the insulation damage degredésknae of
short circuit,Rs takes a high value ( noté&s. .9 stopping by
that the current flow between them. The resultingSM
equation system under intermittent fault conditiars the
phase &” is given by the equation (1) [13]-[17].

Currents
I references

dref,
e
1 % Current

aref * @ |controller

-

References
,Voltages

dreff

v
»> »>

—» 1 » v
J b
V. [P©)] [T ]+ Inverter »- PMSM

» <

<

[PO)] |

e 1

[T,

ms

Vg R; 0 0 —Rg1 iq eq »
v | O R; O 0 ip + ey Fig. 2 : Block diagram of the PMSM control system
vl | O 0 Rs 0 ic ec
0 —Rgs 0 0 Ry +Rellip ~€a1 Table 1 : Characteristics of the PMSM used in this paper
Ly 0 0 —lgyt—Maiae lq Rated Power 1000 W Poles number 8
+ 8 LOS LO _%bcal a ll_b (1) Rated speed 1500 rpm Stator inductance 1.8 mH
s ~Mpca1 at|lc _
—lyy — Maygy + Myeay O 0O lox i DC voltage bus 300V Stator resistance 0.26 OH
Rated current 3A Magnetic flux 0.119 Wh
With v,, v,, v, the statoric phase voltages;, i, i, the

statoric currentsg,, e, e. the electromotive forces}; the
stator one phase resistancé; the stator one phase
inductancej, the short circuit current,,; the short circuited
turns electromotive forceR,, the short circuited turns
resistancel,, the short circuited turns inductandé,, ., the
mutual inductance between the short circuited tamd the
rest of the phasea” and finally M,,.,; the mutual inductance
between the short circuited turns and the phasesr“c”.

Terms related to the intermittent fault and refesghwith

A. Intermittent fault detection using adapted wavelet
transform

In previous work [13]-[17] we have demonstrated tha
intermittent fault generates defined distortiomshie statoric
currents and voltages. Our several tests had prinarthese
distortions keep always the same shape [17]. Theyp®@per
to the intermittent fault, and can be defined assignatures.
For a given PMSM, their scale differs according the
operating points, the regulation and the intermtttéault
parameters [17]. Besides that, an incipient faglt niot

the index 4" depend on two parameters: the ratio of the periodic, it occurs from time to time near the eatrpeaks.

short circuited turns to the total number of tupes phasew)
and the value oR: .o, These two parameters modifies the
stator currents as well as the voltages. For angimachine,
they are related to the fault to detect which mahkem
unknown. Later on, several values ofand R;scon Will be
considered to show the method effectiveness. Iotrédal
vehicles, PMSM field oriented control is most ofiesed. For
that reason, in this paper, the PMSM is currenttrotied
using a pulse width modulation voltage invertershewn in
Fig. 2. The PMSM characteristics are given in Tdhle

[ll. FAULT DETECTION AND LOCALIZATION

The intermittent fault identification process isided into
two steps. The first one is the intermittent fadéntification
using an adapted wavelet transform. In case ofrmtent
fault detection, the next step consists in compatite phase
to phase voltages in order to identify the defegiealse.

Fig. 1 : PMSM stator winding with an intermittent fault
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An example of the distortions caused by the inttemt
fault is given in Fig. 3 and 4. The example coroeg}s to:
lgret = 2A, Q = 600rpm,k, = 15,1 = 6.25% antRiscon= 0;
with Q the rotor speed arkj, the Pl controller proportional
gain. Fig. 3 shows, current under fault conditions on the
phase &" while Fig. 4 showsVg.s voltage. In Fig. 5, we
present an example of the fault signatures in hoaimdVer.
The fault signatures are the deformation generatede end
of the intermittent short-circuit.

Based on the above facts, identifying the inteemitfault
can be performed using a pattern detection methded
pattern to identify is the fault signature (Fig. &hd the
identification should be feasible independentiytefscale. If
the Fault SignatureF§) scale was known, a convolution
product between a measured signal (for exanmplg) and
the FS pattern in this signal would be enough. The fault
identification will be seen as a correlation betwdlee fault
signature and the pattern. Or as H&scale is related to the
fault to detect, it is an unknown parameter. Tlsatvhy we
have opted for an adapted wavelet transform. Iritiadd the
wavelet transform is not only a time—frequency mibu
method [19] but it is also sensitive to small viol in a
signal [20]. To ensure good pattern detection, gpattern
representation is needed. The best basis to reprisefault
signature is an adapted wavelet [21-26].

The aim of this paper is to present a detectionhatbt
able to identify the faulty winding phase. The mtétent
fault detection using the adapted wavelet had ldeseloped
in previous paper, therefore we will limit to adfrreview on
the main points [13]:

1. The best candidate for intermittent fault deteci®n
the reference voltagé e
Adapted wavelet transform is applied \g.; after
removing its mean value ).
A comparison between the wavelet transfolMwir)
positive parts max value and the detection threshol
determined for a healthy machine is needed fot faul
identification. If the max is below the threshold,
there is no intermittent fault detection. If thexma
higher than the threshold, an intermittent fault is
possible. To detect it, we proceed to step 4.
Calculus of the *“Signal To Noise Ratio
Improvement” STNR) in the signal after wavelet
transform. It is the intermittent fault indicatof
STRNI higher than100% signifies that the pattern
detection of the fault signature has occurred.

2.

3.

An example of the intermittent fault identificatiomethod
is given in Fig. 6, 7 and 8. The example correspaiadthe
same operating point as in the previous figuresritn 6 is
presented th&VT under fault conditions while in Fig. 7 is
presented th&/T under healthy ones. Comparing both figures
shows that th&VT max value in presence of fault is higher.
The detection threshold is defined using W& max value
under healthy conditions. In Fig. 7, it is equalt6Q

In the follow, we proceed to tH&TNRIcalculation. To begin,

in the wavelet transform, each dilatation coeffitig()
generates a corresponding signd&lT(d)). To calculate the
STNR] we select theWT(d) containing the max values
(WT(0ma)). In the example of Fig. 6, it corresponds to a
dilatation dya equal t00.0015 Then we compare this signal
to the originaV.er without its mean valuéVet- <Vgei). An
example of these two signals is given in Fig. 8.
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Fig. 6 : 3D wavelet transform graph under fault conditions
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The STNRIis defined by:

Signal To Noise Ratio (WT(6MA))
Signal To Noise Ratio (Vqref — <Vqref>)

STNRI =

)

For the example in Fig. 8, tf&TNRlis equal to 147%. A
value higher than 100% indicates that the wavelsis
corresponding t@ya has correlated with the fault signature.
The intermittent fault signature not only has beketected,
but also the signal to noise ratio has been immtdoyed 7% .

B. Intermittent fault localization using phase to phas
voltages

The intermittent fault generates a disequilibriumthe
stator winding phases. The faulty phase identificatis
based on the detection of this imbalance. The iwatgn is
based on a comparison between the phase to phisageso

1) Analytical expressions

To better understand the localization method, ditaly
study will be detailed. In equation (3), we rewtite PMSM
equation system (1) under fault conditions on thasg &”
in function of the three phase to phase voltagés $ystem
will be used for the statoric currents calculus

Vg — VUp R _Ral y —ep
L 8
Ve — Vg 0 @ —eq
— iy
Ls 0 0 - a1 a1a2 + Mbcal d lb —i
+[0 Ly O 0 ]E i —i13)
0 0 Ls lal + Malaz - Mbcal ¢ if ¢

As mentioned in the section Il, the PMSM is current
controlled in thed,q) frame using a PI controller as shown in
Fig. 2. Current is collected in the,§,c) frame then it is
transferred to the d(gq) frame using Park transform
(P(—0) TL,) as in equation (4)T;, and P(@) are the
Concordia and the rotation matrix.

dq = P(_H) Ts‘tz iabc (4)

The reference voltages at the output of the current

controller are given in equation (5k, and k; are the
proportional and the integral Pl gains.

ia) + ki [ (Lares — ia)dt
iq) +k; f(lqref - iq)dt
The control system is discrete with a sampling qubTie.

Currents collected at a time, (equation (6)), allow
determining the inverter input voltages at a time

{Vdref = kp(ldref - (5)

Varer = kp (Iqr8f -

t, = nT,; neN (6)
The three phase to phase voltages applied as palge
reference at the inverter input are obtained

(Varer, Varer) after a ¢,0)-(a,b,c) transform. This transition is

from

realized using the equation (7). The three phasehtase
voltages are given in equation (8), (9) and (10).

Vabe = T32P(0)quref (7)

Vab a1, = Wa — Vo)1, = V2 (sin (enT,_, - 4?") Lires +
<08 (Bur, = 5) Irer ) (kp + kinTe) = (ke + Teky) (ia (ar,) —
ibr,) + kiTe 2j50 (-C"s (Onr, = 8jr,)(ia gre) — ib grp) +
(V3sin(8ur, = 6;r,) (ia gre) + i (ire)))) (8)
Vpe manT, = Wb — V) mrnr, = V2(Sin(Onr,) Lares +
cos(O,r, )Iqref)(k + knT,) — (k, + Tek;)(ip ar,) —

ic(nr,) + KiTe (—Cos(enr 6jr,) (b ire) — Lc 1)) +

(\/?)Sin(ﬂnre - jT,_,)(ib gre) +ic (iTg)))) (9)

Veamenr, = We = Vomsnr, = VZ (i (Our, = 5) Larer +
cos (0 - 2—") Iqref) (ky + kinT,) — (kp + Teki) (ic (ur,) —
( cos(0nr, — 0;1,) (ic (re) — iar,)) +
(\/3sin(0nre - ojTe)(ic Gre) tla (iTe)))) (10)

lu(nT ))+k T,

The block diagram of the PMSM-control system isegiv
in Fig. 9. Based on the Fig. 9 diagram and on tiigagons
(3), (8), (9) and (10), we had found that the faythase
detection can be realized by comparing the thresseho
phase voltages. For an intermittent fault betwdenttirns of
the phase &', v,. will be much less influenced by the
presence of fault tham,, orv,,. To clarify our statement we
will develop in the follow the analytical expressiof the
deformation in each phase to phase voltage.

We suppose that the statoric currents can be writsethe
sum of healthy sinusoidal currents and deformatidums to
fault occurrence (equation (11)).

Pl controller (V.V,.)
equation (5)

V™ 135 P(O)V
v

Phase to phase voltages
equations(i)-(9) & (10)

dgref

-

“PMSM \
/ AN

| \
abc

Ny equatlons(l) or (3)/
v

current acquisition ‘

v
| i, =P(-0)*T i . |

v
—] t=t+Te |

Fig. 9 : Block diagram of the PMSM-control system

‘ Iabc




lg = lg healthy + dlStia

Ip = lp heaithy + disty (11)

lc = lc healthy T dist;,

As the stator is star coupled, the sum of the ctiigenull.
Or during a healthy functioning, the sum of thaatzurrent
is null. Thereby, the sum of the currents defororaiin the
three phases is also null (equations (12), (13)(aa}.

iy +ip+i, =0 (12)
laneatthy T Ubheaithy t icheaitny =0 (13)
distia + distib + diStl’C =0 (14)

We also suppose that the phase to phase voltagelseca
written as the sum of healthy sinusoidal voltagexl a
deformations due to fault occurrence (equation)(15)

Vab = Vab healthy + distygp
Vbe = Vb heaithy + AiStypc (15)

Uca = Vca healthy + distyeq

We suppose that an intermittent inter-turn faultd ha
occurred between the turns of the phasedhd generated a
deformation in the currenf, between the timet andt,, as
shown in Fig. 10. The phase to phase voltages, atre
calculated based on the current collectet].atlf we neglect
the measurement noise, the calculated voltages bman

VtE [ty tnl
diStia ® =-0.5 diStib ® =-0.5 diStiC ® (19)

For a current collected at a timee [t,, t,,], and using the
hypothesis in equation (19), we give the voltagesodions

in equation (20). The analytical expressions @fs€,,, ,
disty,y., dist,.,) show that the comparison in the different
distortion modulus should be done by comparing
distype (k+2)7, (@Nd NOWiSt,pe (k41y7,) 10 diStyap k1)1, N

dis tvca (k+1)Te"

distyqp (k+1)T, = _1'5kpdi5tia kTe

—k T3k, (sin(k — )A0 + 2] distyq r,)

L distype (erayr, = —kiToV3 ZX_(sin[(k — j + DA dist;q jr,)

diStvca (k+1)Te - 1.5kpdistia kTe
~k T3k, (sin [(k —j)Ag — 2?"] dist;, ,-Te)
(20)
(21)

W'th Ag = 9(j+1)Te - nge
The comparison between the distortions in equatii)
depends on the values dist;, (jr, with j € [n,k]. The
shape of this distortion is given in Fig. 10. As @an see, in
absence of intermittent short circuit, there is yonl

measurement noise. When an intermittent fault agcitr

considered as not disturbed by the presence of thgenerates the deformation marked betweeandt,,.

intermittent fault. Only the statoric currents atisturbed.
According to equation (3), the resultingi, — ic)nr,
depends on zero fault parameter and is calculadésédon
(Vb — Ve)nr,- AS Vpenr, is healthy, the differencéi, —
ic)nr, is independent from the fault occurrence. In othe

words, it is the same as in a healthy case andamewcite
equation (16).

distia nT, = _0.5 diStib nT, = _0.5 diStiC nT, (16)

Our fault localization method is based on the atugé
comparison of the phase to phase voltages diststtitts
purpose is to identify the faulty phase throughfgence in
the peaks amplitudes in these voltages. Using thaten
(20), we had found that only the part of Wst;, included
between the timet andtyp is needed to calculate the peaks
in the phase to phase voltages distortidps. is the time
corresponding to the maximum deformation valueijn
current. Based on this, and in order to simplifye th
comparison in the different distortion modulus fistpaper,

At tn., the phase to phase voltages depends on theve will place in the time intervalt] typ]. In this interval,

currents collected at, therefore they are disturbed by the
fault presence. In equation (17), we present tetodions in

Vab (n+1)T,» VUpe (n+1)T, andvca (n+1)T,-
distyap iy, = —(kp + Tek;)(1.5dist g nr, )
distypc n+1)Te — 0
distyeq ey, = (kp + Tek;)(1.5dist g nr, )

(17)

A distypc (ne1yr, NUll means that the difference

(ip — ic)(n+1)T, is independent from the fault occurrence at
t,. It leads to the equation (18).

distiq (n+1yr, = —0.5 distyp (n+1yr, = —0.5 distic (n+1)7,(18)

In the following and in order to simplify the calas of
the voltages distortion dist,,,, dist,,., diStyce), W€
suppose that:

|dist, | is an increasing function. Therefore,

V tj € [ty tupl, |distia t,-| < |disti

(22)

atjrq

1

ia deformation due
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Measurement noise
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Fig. 10 : Shape of the distortion in the current i,
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A detailed study using the equations (20) to (2&] red
us to conclude that the peaks in the distortitist,, are
smaller than those idist,,;, anddist,.,. The simulation and
experimental tests presented subsequently confirmad
statements. Due to space limitation in this papesr, will
consider some hypothesis based on the usual PMS$iloto
conditions. They simplify the explanation of thelfg phase
detection method and they allow us to give an anmbdi
order for the different distortions in the phase phase
voltages. The considered hypothesis are:

1. The sampling frequencyf(= Tl) is much higher
1 dé w

than the electrical frequencyf (=;E=§, 1)
being the electrical speed).
foz10f = A0 = T, <% (23)

2. The PI
according to equation (24) with the machine
-1
electrical time consta t;—s) .
ki = k,t (24)
3. The steady state mode is reached adterwith a
minimum of 10T, (equation (25)).

T,k; = T,k, (;—z)_1 <2k, (25)

10

4. The stator imbalance generates a deviation in the
the current

Only this
distortion is taken into account. The measurement

current against its reference until
controller responds and corrects it.

noise is neglected.

5. In accordance with point (3), and as the studied

fault is an incipient intermittent short circuit,ew
suppose that the time interval, [typ] cannot exceed
an electrical period quarter.

1 2T

T .
— < = —_ - = —
tup tn_4WlthT -

7 (26)

To give a distortion amplitude order, we will plaicethe
limit case given in equation (27).dist,,. peaks are smaller
thandist,,, anddist,., peaks in this limit case, they will be
in the rest of the cases satisfying the 5 hypoghesi

( fe=10f
26 = wT, = <
3 (27)

L Teki = Ekp
tMD - tn S 2.5Te
In table 2, we present the three voltages distastio
calculated using equations (20) and (27) for a esurr

collected at a timg € [t,, typ] (k=n, n+1,n+2n+3).

With Dy, = k,dist;qgr,; (k=n, n+1,n+2n+3) (28)

Based on Fig. 10, fax € [t,, typl , Dy is negative with
|Di| < |Dg41l. Thus fork =n, n+1n+2n+3,

|di$tvbc (k+2)Te| < |di$tvab (k+1)Te| < |di5tvca (k+1)Te| (29)

current controller gains are calculated

Based on the conclusion in equation (29), we hachdo
that |dist,,.| is always lesser thajlist,,,| and |dist,..|.
This result means that a comparison between tlee thhase
to phase voltages can identify the faulty phase.

In Fig. 11 is presented an examplevgf, v,. andv,,. It
was obtained by the PMSM Matlab simulation undenrtfa
conditions on the phas&™ The presented operating point
correspond to the following settingyer = 2A, Q = 600rpm,
ko = 15,u = 6.25% andRiscon= 0. As we can seeay,. (in
green) is quasi not disturbed at the moment wheninter-
turn fault occurs or disappears compared o (in blue) and

Vgq (in red).
2) Online phase identification method

Based on the analysis presented previously, we have
developed an online phase identification method itlea is
to filter the fundamental frequency from,,, v,. andv,,
using a high pass filter. In case of intermitteratulf
occurrence on the phasg’ ‘of a “xyZ' stator, v,, supplying
the two other phases will be less disturbed thgnanduv,,.
“X" can be eventually the phas&','“b” or “c”.

Table 2: The three phase to phase voltages distortions

k distyap grvr, | Aistobe qer2)r, | AiStyca ki),
n —1.95D, —0.30D, +1.95D,,
N+l | —195Dg41y | —0.30Dg41) | +1.95Dg4q)
—0.21D, —0.49D, +0.52D,
—1.95D(n42) | —0.30D(n42y | +1.95D(42
N+2 | —0.21Dm41) | —0.49D(41) | + 0.52D(n41)
+0.11D, —0.49D, +0.39 D,
—1.95D(n43) | —0.30D(n43) | +1.95D43
N+3 | —0.21Dg43) | —0.49D042) | + 0.52D(p40
+0.11D 41y | —0.49D(ns1y | + 0.39D 41y
+0.39D,, —0.30D, +0.11D,

In Fig. 12, we present an example of the online
localization method. The Figure contains the fdtér,;,, v),
and v, for a period of 3s in order to include a maximum
number of intermittent fault occurrence. It wasaed for
the same simulation case presented in Fig. 11. \sam see,
the two filtered phase to phase voltages (in blue) andv,,

(in red) contain peaks corresponding to the intttemi fault
presence on the phas& whereas, the filtered,. (in green)
is quasi not disturbed.
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Fig. 11 : Simulation phases to phase voltages with an intermittent
fault on the phase “a”
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C. Resume of the detection method

A summary of the whole detection method is giveRim
13. Starting from the intermittent fault detectiand arriving
to the localization of the phase containing theedtfd turns.

IV. EXPERIMENTAL RESULTS

Theoretical and experimental tests were realized
validate the intermittent fault identification ataotalization
method. The intermittent inter-turn fault was reedl using a
controllable switch. Both simulations and theortitests
had succeeded. Because of space limitation indaperponly
experimental results will be exposed in this sectifferent
operating cases were treated by varying the coatfahd the
intermittent fault parameters. We have chosen ésqmt four
of them with an intermittent fault on the phasé. “

> Case 1lge=2A, Q = 600rpm,k, = 15,1 = 6.25%
andR;gc o= 0 Ohms

> Case 21ger= 2A, Q = 600rpmk, = 15,4 = 50% and
Risc.on=7.5 Ohms

> Case 3iger= 5A, Q = 1050rpmk, = 20,1 = 6.25%
andR;gc o= 0 Ohms

> Case 4lger= 5A, Q = 1050rpmk, = 25, = 50%

andRigcon= 7.5 Ohms

The results presentation will be divided into tvartp: the
first is the intermittent inter-turn fault deteaticand the
second is the phase localization.

A. Intermittent fault detection results

For all

the tested cases,

the

intermittent intem-tu

detection method had succeeded. In table 2, weeptreébe
STNRIvalues obtained for the four experimental casé® T
obtained values varies between 124% and 199%. é\sdhe
higher than 100%,
identification has occurred and that the wavebkmdform has
improved the signal to noise ratio. The intermittéault
identification stage has succeeded, so we proceethd
localization of the faulty phase.

to

B. Phase localization results

it means that the fault signature

The localization method developed in section llis ha
succeeded in the localization of the faulty phaseall the
studied cases. In the follow, we will present tbsutlts of the
four experimental cases. In Fig. 14, we begin witoom on
the experimentat,,, v, andv,, in case 1. As we can see,
v, (in green) is quasi not disturbed by the interenittfault
while v, (in blue) andv,, (in red) present deformations due
to fault presence.

In Fig. 15 to 18, we present the filtereg,, v,. andv,,

for the cases 1 to 4. As we can notice, for all¢hses, the
filtered v, (in green) is not disturbed by the fault presence
compared tov,, (in blue) andv, (in red). Thus, this
detection method has succeed to detect the fabligep

Phase to phase voltages (V)

Table 3 : STNRI experimental values

Case STNRI
1 147%
2 141%
3 124%
4 199%

0 0,005

"0,01
Time (s)

0,015 0,02

Fig. 14 : Experimental phases to phase voltages with an

intermittent fault on the phase

“n

a”,case 1l
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V. CONCLUSION

In the automotive field, the maintenance stratepiag an
important role. In this paper, we are interestedstundying
detection method that could be implemented to omboa
diagnostics (OBD). We have examine incipient stdéadt
and we have presented a fault detection and |atadiz
method. The developed study can be wused in
preventive/corrective maintenance strategy.

Incipient fault appears as intermittent inter-tushort
circuit between two slightly damaged turns. Thaiesence
introduces specific distortions to the statoricreats as well
as the reference voltages. These distortions arsidered as
the intermittent inter-turn fault signatures aneithpatterns
are used for fault detection. The identificatiomqedure is
based on an adapted wavelet transform. Its basés bt
using the fault signature. The transform is appliedthe
reference voltag¥.s after removing its means value. Once
the intermittent fault detected, its localizationetimod
consists in comparing the phase to phase voltages.a
“xyZ' stator with an intermittent fault on the phasé, ‘the
phase to phase voltagg, supplying the two other phases
will be less disturbed tham,,, andv,,. “X’ can be eventually
the phased”, “b” or “c".

The developed method is an online one. It prestmws
advantages to identify the intermittent fault, tecdiminate it
from other types, to improve the signal to noistéiorand to
locate the faulty phase. However, it has limitse Tlwo major
limits leading to the none detection of the intetemit fault
are a very small number of turns involved in thaltfg:) and
a very high short circuit resistande {. ,). Theoretical and
experimental tests have proven the effectivenesshisf
method not only in identifying and localizing thearmittent
fault but also in improving the signal to noiseigatThis
result was patrticularly useful when the fault sigma was
relatively small.
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