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ABSTRACT costs.

In the next twenty years traffic aircraft will beoubled. ~PMSM drive is considered as one of the main comptsne
Thus, avionic devices will become more and moretete  Of electromechanical actuators for electrical fligiontrol.
and the aircrafts become lighter in order to saweenfuel.  In this context of study, we will focus on the diagis of
Thus’ the more electric aircraft will face a greha”enge the inter-turn short circuit fault of PMSM. Most vks that
that of the predictive maintenance of its electricahave been carried out on this topic belonged tmadig
equipment. A key component of these devices is th@pproach. In fact, these studies suppose that feadhis
Permanent Magnet Synchronous Mot®M(SM). In this ~ characterized by specific spectral signatures ensfrectra
article we are interested in one of the most recurfailure ~ Of acquired signals. Among these schemes; Kyeo@g1(2
of electric motor; that of the inter-turn shortatiit failure ~ consists to survey the changes in the resistanak an
(ISCF). The purpose of this study, therefore, is to tmve inductance of the fault phase. This implies to rtwnthe
an inter-turn short-circuit sensitive indicatotslbased on a second-order harmonic in the g-axis current. Sou$ing
linear Kalman filter for a healthy model to estimaésidual  €xtended Park's vector approach (Faiz, 2016), ¢Boil
voltage drops in the rotor reference,dj. The proposed 2010), the second harmonic appears under the daeitto
study shows a high sensitive indicator to the uen the negative component in the current space velct¢Cira,
short-circuit fault even under external disturbandes well, 2016) a study based on Motor Current Signature ysis|
several features can result from it, especially shgnal shows that it is possible to carry out fault detectby
energy, spectral and statistical information, efhese applying Fast Fourier Transform (FFT) to space aecof
features can highlight aging laws that will be usasi Stator current and voltage to get the negative &itpe
patterns for Prognosis and Health Managem@htM) of harmonics. These show that their amplitudes armmﬁm

inter-turn short-circuit failure. significantly for given speed, load and short dirceverity
level. However, the major disadvantage of thesehau is
1. INTRODUCTION that they work only at constant dg-axis currentcgpeector,

o _ _ _ i.e. steady state. So, Urresty et al. (2011) pregbs zero
The aeronautics industry is facing three major lenges:  sequence voltage components (ZSVC) of the stateeth
the reduction of its environmental impact, the @affic  phase voltages as a method to detect inter-turmst sh
increase and the one to maintain a high level feftgavith  cjrcuits in PMSM operating under transient condigioby
complex systems in evolution, for equivalent costSanalyzing the first-order harmonic given by zerguance
Predictive maintenance allows to answer to thesaes voltage. Conversely, this method requires an aufuili
Systems, for which the life can be predicted, oamiged for - sensor for the voltage measurement. In additionthe
a longer time. This reduces the number of companeseéd  frequency pattern of stator current, in (Liang, 20the
in the lifetime of an aircraft. Predicting failuredso allow diagnosis of PMSM introduces the frequency pattefn
increasing the availability of aircrafts by avoidin noise as a secondary criterion; hence, this noise
unplanned downtime. Finally, monitoring the ageaighe  measurement requires in an additional sensor, Edye@
aircraft allows optimizing maintenance and so tduce microphone. One of the easiest way to detect aifF|8Cto
Badr Mansouri et al. This is an opaneess article distributed under use magnitude differences in the stator currentiri(S
terms of the Creative Commons Attribution 3.0 Udiitetates Liceres 2017), it presents a significant gap under inten-tshort
which permits unrestricted use, distribution, aegroduction in ar circuit as proposed in (Hang, 2016). As well, irtiemn short
medium, provided the original author and sourcecegdited circuit fault can be manifésted iﬁ the tréjectorsl the




ANNUAL CONFERENCE OF THEPROGNOSTICS ANDHEALTH MANAGEMENT SOCIETY 2019

current space vector based on Park’s vector modulusave been developed in diagnosis of ISCF in PMSM by

(Alejandro, 2013). In fact, in healthy case, thagectory is a
circle with a constant magnitude. However, with thier-
turn short circuit fault the trajectory becomesaddlipse in
steady states.

Many methods have been developed based on a poedict
model or Kalman filter. Kiselev, Kuznietsov and dleold,
(2017) have developed an algorithm using a gener
ARMAX model prediction of the current space vedbased
on a healthy model of PMSM, so the short circuitltfa
detection is carried out by comparing the prediciphal
with measurements, hence, the error signal possesse
second-order harmonic, which can be detected. Thi
approach also allows detecting the fault under non
stationary conditions in term of speed as wellteéady state

in terms of the g-axis current, i.e, constant |oaadd
determinist operating profile of load and speedoileven
this indicator is sensitive to the second-ordentmanic; this
indicator may be disturbed by the presence of glker
harmonics of space due to the magnetic saliencyradai

al

residual voltage. In fact, Lee, Jeong and Kim (20ds8e
residual voltage components (RVCs) that represést t
difference between the measured stator voltagestlaad
estimated stator voltages in the abc stationargreete
frame. This involves an additional sensor to beduse
Furthermore, only the fundamental frequency compbise
Lised to diagnose the ISCF while this informationngt
Sufficient in case of magnetic saliency. Mazzoletti al.
(2017) use residual currents based on voltagesurerasnt
and stator currents estimated by using the stateraér, so,

it requires also a voltage sensor. Seokbae, HyaydnSang
g2016) establish a fault index of ISCF based onrésédual
voltage between healthy and faulty motor. But this
relationship requires a priori knowledge of healthptor
behavior. This means that this approach is notcd¢eld to
real time operating.

In practical cases the occurrence of inter-turnrtshiocuit
faults of PMSM is often accompanied by physical
phenomena, especially magnetic saturation, saliéare

and Ferdjouni (2014) use an Extended Kalman Filtergap), eccentricity, temperature and external distnces.

(EKF) to estimate the fault factors that are defires the
ratios of healthy turns to the total number of tum each
stator phase, the multi-model estimator can redie
computational cost, but an EKF with eight variabstate
remains costly. We can also find many works usiagnan
filter in steady states only to estimate motor peggers
(Boileau, 2010), (Nahid, 2001).

The inter turn short circuit fault can be also ntoréd by
using voltage control. In fact, to detect an ISEBungkook
(2007) compares the control voltages necessarhdatthy
motor and the control of the failed one. This mdthequest
a large lookup table depending on many operatingtpo
which makes the computation very costly and thesthold
tuning very complex.

Different methods have also been developed fordtion
motor only (Prasob, 2017), (Rehman, 2018). Amoresé¢h
methods; Alwodai et al.
modulation signal (MSB) to detect stator windinglfa for
induction motor. This analysis spectrum shows t#M&B
has the capability to accurately estimate modutadiegrees
and suppress the random and non-modulation compgnen
So, the computation of MSB is very costly and conse
steady case. Ahamed et al. (2014) use a discreteldla
Transform using DB4 performed on the envelopeshef t
windowed steady-state current signatures only teatdhe
inter-turn short in the stator winding of an indant motor.

In order to improve the fault detection task inaslge state
case, Zouzou et al. (2010) propose the use of dParti
Relative Indexes (PRI) as fault indicators, basedhe ratio
between the amplitude average of each fault frecyuand
the amplitude average of healthy frequency. Thisr@gch
has been applied on three-phase induction mototh wi
broken bars and inter turn short-circuit. Differesthemes

(2013) use a bi-spectrum

order
the

All of these phenomena can generate higher
harmonics and noise. Also, in practical cases,
operational profile is not often a steady statehbintterms

of current and speed, which does not make all gtead
methods applicable.

In this paper, we propose an approach based odugdsi
voltage estimated by Linear Kalman Filter (LKF).igh
estimator is established on healthy model of PM3Mig

reference frame. Then, an indicator of ISCF sey@sibuilt

by using the energy of the estimated residual gelt&lotice

that, the residual voltage may occur among two Kiofl

faults, especially, inter-turn short circuit, andverter

failure. In this study, we focus only in the firshe. The

main advantages of the method proposed in thisrgapeas
follows:

1. This method doesn’'t need any voltage sensor, it is
based only on voltage set-points computed by the

current loop control and Kalman estimator

This method does not need any reference signal of
healthy case. The elaborated Kalman model gives
directly the residual voltage in the faulty case.

This method is robust, because it considers adirivat
physical phenomena and external environment thank t
Kalman estimator.

The energy criterion covers the spectrum of all
frequencies, especially those due to the magnetic
saliency that can disturb the second harmonic apyea

in ISCF case.

This approach takes into-account the operationzcts
of loads and speed profiles and it can be appliagal
time. Hence, the indicator of ISCF can be compiged
using a sliding window.

2.

3.

5.
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6. Thanks to LKF filter, and the energy indicator, the
overall computation cost remains very low.

An example of simulation is given in the last sewtito

show the effectiveness of this diagnosis approach.

2. PMSM MODEL WITH INTER-TURN SHORT-CIRCUIT
FAULT

NOMENCLATURE

vaper  VECtOr of stator voltages in abc reference frame

labef vector of stator currents in abc reference frame

Vagq vector of stator voltages in dq reference frame

idq vector of stator currents in dq reference frame

i fault current

R, stator resistance

Lg stator inductance

Mg stator mutual inductance

Rapey  Stator resistance matrix

Lapes  Stator inductance matrix

Llgpcr  stator inductance matrix (constant part)

L24pc¢ stator inductance matrix (variable part)

Paves flux linkage vector

Om rotor flux linkage

0, electrical position

u fault severity

R¢ resistance between the shorted turns

Na2 number of turns in fault

Nal number of healthy turns

p number of pole pairs.

L4 inductance in direct axis

Lq inductance in quadrature axis

Q angular speed.

In this study, we suppose that only one phase cEMNks
under inter-turn short circuit fault (Phaseas in Figure 1).

Figure 1. Inter-turn short circuit of PMSM (Phage a

Many hypotheses are proposed in the literature,t mbs
them don’t consider the magnetic saliency. In factthis
case, many space harmonics occurred. Thus, outy faul

model can be described in thAkcframe as follows:
digpc d(ﬂabcf(ge)
e): dt + dt

@)

Vabcf = Rabcf- iabcf + Labcf(e
Where

Vaper =[Va Vo Ve O, igpep=[la b Ilc ¥]"
R; 0 0 —u. Ry
0 R O 0
Racr=1 0 0 R, 0
—u.R; 0 0 wR+R
Labcf = Llabcf + Lzabcf(ge)
Ley 0 0 —U. LS]
1 _i 0 Ly, 0 u.Mg |
abef = I 0 0 Lcy ﬂ-MS |
l—ll- Ly uMs pMg piLg J
Lcy = Ls— M
MS = —ELS
Lzabcf(ee) = [LZlabcf(ee) Lzzabcf(ge)]
cos(2.6,) (1 —p).cos(2.6, — 2n/3)]
121,,..(8,) = (1 —u).cos(2.6, —2m/3) cos(2.6, + 2m/3) |
abef e =11 — ). cos(2.6, + 21/3) cos(2.6,) J
0 u.cos(2.6, —2m/3)
(1 —u).cos(2.6, + 2m/3) 0
122,,..(0,) = cos(2.6,) u.cos(2.60, —2m/3) |
abef el cos(2.8, — 2m/3) .cos(2.6, +21/3)|
u.cos(2.6, + 2m/3) u?.cos(2.6,)

sin(6,)
| sin(6, — 2m/3) |
lsin(ﬂe + 27'[/3)J

—p.sin(6,)
u is the fault severity given by the ratio betweems in
fault Na2, and the total number of turns in the involved
winding given byu = Na2/(Nal + Na2).

(pabcf(ge) = QPm-

3. ISCF DIAGNOSISBASED ON KALMAN FILTER

3.1. Problem statement

In this study, the diagnosis of Inter-turn shortuit fault of
PMSM consists in the estimation of residual voltalyep
between applied voltage on healthy motor and theewith
ISCF. Prior to give Kalman filter; let's give dyn&nlinear
model of healthy PMSM idg frame reference.

Va=Ryig+LgSt—Lo.p.0ui,

di

()
Vy = Rovig+ Lg =24 L. p.Quig + Q. ke,

Where k,, = p. o, -
hypotheses:

Now let's consider the following

The inter-turn short-circuit fault generates an
additional residual voltages applied to the motor.
Let’s call this voltage gag§V..

The inverter has two kinds of intrinsic residual

voltages; the first one is generated by the dead
timeoutsVyimeou: (Cathelin, 2012), the second one

is due to the switching and conduction losses
Vewiten (Leboeuf, 2012). Thus the total residual

voltage of the inverter is given by:
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Vinverter = Vrimeout + Vswitcn (3 e gaxis
Hence, the overall residual voltage in the presenc I[dl;(t”
of ISCF is given by: ldV (t) [ “V o+

dt
y(t) = 1 0].[lq(t) qg(t)]

L U0 +

o8

Vq = AVse + Vinperter 4) t
By taking into-account the residual voltage, theatpical
model of PMSM (2) becomes

(10)
Va+Vay = Rela Ld a ~LaPlg (5) Where the control inputs are defined as:
V,1+Vq = R;. lq+qut+Ldled+Qk Ug = Vg + Lo p. Qi
So, for a given currents, speed and ISCF sevezitgl) the {Uq =Vg—La.p-Qig— Q. kpy (1)
voltage residueEdg anqug are considered stationary. So, by supposing that the residual voltage of irereis
negligible, then, in the case where there is noH$Cthe
3.2. Structured residue estimation by using LKF motor, the gap voltages go down to zero,|VQg(t)| ~0

To estimate a residue by using Kalman filter, e shall 54 |V (t)| ~0. Hence, to geV, andV, we can use
be augmented such that the state vector contaiss al 19 1

residues according to the following state spaceehod directly the voltages set-points computed by thereru-

e loop control. Thus, to detect and evaluate the rigvevel
t) = A x(t) + ALV () + Bu(t) + Myw(t ) S

*() ~ 1ux(B) + AV (0 + Bu() + Myw(D g Of an inter-tum short circuit of PMSM under anytemal

Ve = Mow(t) 6) conditions can be achieved by searching featurethén

y(t) = Cx(O) +v(t) _ residual estimated voltagg (t) andV, (t). In the next
Where V(t) is the residue andv(t) is an external 9 g

disturbance vector(t), u(t) andv(t) are respectively the
state, input control and noise measurement. Thusising
this Kalman structure, we can estimate the gerrate

residual voltage to detect an inter-turn shortutrault. So, 33 Inter-turn short-Circuit indicator for PHM

we consider that this residue is constant (Strﬂ(ﬂ,ﬂand In operating Condition, the prof”e of Speed andrent set-
zero in the absence of failure. Hence, the mairothgsis  points can be stochastic or determinist, it's defemnon the
here is to consider that the dynamics of both geltdrops  fynction that PMSM shall perform in operating cdiutis
in dq frame, noted respectivel, , andl; , is an integral  (load and speed). Finding a fault indicator undeese

type added to unknown random signals (noigeg}) and ~ conditions is not trivial. In this study, we propos

w,(t) that perturb the state space with known spectrayeneralized indicator that takes into account astgmininist
power densities (Maybeck. 1979): profile of operating points. Thus, it is conveni¢mtiook at

) the energy of the estimated drop voltdge in order to
Vy () =0+ wgu(t) : 9.

dg @ include both the constant part and the oscillafmast. So,
ng(t) =0+ wy(t)

section, we will discuss the different ways to ubese
signals through an example of simulation.

we consider the quantity expressed as follows

Finally, by using the previous dynamic model (Sheflthy A(t) = f dT (12)
motor, the hypothesis (7) and by taking into actoun
parameter’s uncertaintié®,, AL, andAL,, that can be
grouped as follows:

AVy = = (ARq.iq + ALg. 58 = ALy.p.Q.iy)

In order to be insensitive to the variability of evpting
point, this indicator must be normalized by speet a
current as follows (Youngkook, 2007):
(8) tVa,

AV, = — (BRy.iq + ALy, “1 94 ALy p.Q.iy) A©) = fy 50 de (13)
We get the following Kalman estimators of residualwith thatQ.l, # 0. In the PHM context, this indicator can
voltages: be set on a sliding window. In the next sectiongaample
of simulation will be discussed to show the coneene of

© daxis this criterion.
[ dig(t) ] R 1
R Nriace
[de;(t)J OLd Hvl ((2) Mi‘é‘;) 4. EXAMPLE AND DISCUSSION
dt ' The aim of this study is to build an ISCF indicatofr
y© =1 0.[la® Va©®] severity level of PMSM; the so called the ‘aging/lén the

9)
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literature. In this example of simulation, let'snsider the 4.2. Non-Zero Speed Behavior

following PMSM parameters given by the Table 1. In the case of No-Zero speed at several constagédsp

Table 1. Parameters of simulated PMSM. levels, Figure 3 illustratek, measurement for set-points
OA and 1A and Figure 4 shows the estimated residual
Parameter Description Value voltagesV/, andV,
R stator resistance]] 165
Lg stator inductancentH] 2 oa I ‘
p number of pole pairs 8 = l “ “ “H 'W
— 02r

O rotor flux linkage fn\\b] 374 5 M | P W V\ “
Uge nominal voltage of the motow[] 40 7’ b ‘W \ n
lag nominal current of the motoA] 3 Eoozf il W‘ N\ 4

|
Ry Inter-turn short circuit resistancen)] | 15 04 R S

Prior to give the aging law, let's interpret thendynic

<
behavior of estimated residual voltagéﬁg and ng for Ez Speed=11ps
. . . . 2 — Speed =2 rps
different configurations; at zero speed behaviod aon- 8 Seed=31p0
. N — eed = 4 rps
zero speed behavior. E Speed=51ps
%.4 05 0.‘6 0.‘7 0.‘8 0.‘9 1‘ 1.‘1 1.‘2 1.‘3 1.4

4.1. Zero Speed Behavior Time [s]
At zero speed, thg,, set-points are fixed at (OA, 3A). Then, Figure 3.1,, measurements for different speeds under ISCF
the residual voltagédsg, g anqug are estimated by Kalman

estimator. Notice that in this case the rotor posifs still 3
constant at the initial position. Thus, the Fig@r#lustrates 2t
the evaluation of/;, and ng for different electrical

positions withinzr range at the permanent state of current.

, “ﬂ"h\ \H [h{ “(.\ ‘Mm [‘ !(\

Vdg [V]

,2: o “‘W 1 l'hﬂ M\‘J lM l‘u l‘l‘

-30.4 015 0.‘6 0.I7 0.‘8 09 1 11 12 13 14

5

[ i 'ww'p T il
_3 Speed =4 1ps . “\ \‘ ” w ”ﬂ " W ‘ ‘ ‘ ‘ A W ‘ ‘
%2—73"%‘1:5"’5 I E\M@\‘\ H\‘ | ‘\ I \ FH ‘ H\ \ ﬂ‘
o il

:J ‘ %‘l‘\‘ ’\! H \“v}w P U

iy 015 0.‘6 0.I7 0.‘8 09 1I 1.‘1 1.I2 113 14

Time [s]
0 — u.‘z u.‘4 u.ls é;ict;;;;\ ‘jOSi;;n (1;:) 1}4 1?6 1.‘5 — 2 Figure 4. Estimated residual VOItagQ% anqug for

different speeds level under ISCF
Figure 2. Residual voltagérgg anqug caused by an ISCF

Hence, adding to the second harmonic depending on
at zero speed.

electrical position in both axeglg presents a continuous
This result highlights several conclusions; the tigha component. We can also see that the magnitudestbf b
frequency of the voltage drop evolves idt®,, the spatial continuous and oscillatory components are dependimg
average value dfdg is zero, and the spatial average valuespeed level. On the other hand, let's considereadprofile
of V;  is proportional to the intern-turn short circuéiverity consisting on a ramp then a constant, and a stépset-

level. This statement shows the continuous componén Ipomlt ahs shown n il:lgure 5. For several IdSiF sgeerl
ng that presents a potential aging indicator addimdhe evel, the Figure 6 shows, measurement and the Figure 7

. _ o ives the estimated residual volt andV, .
amplitude of the second harmonic of the estimaigpubds. ¢ adg g
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08r
— Rotor speed 12
06 — Iq current setpoint

04r

[rps]
A

021

02| I I I I I 1 1 1 I
04 05 06 07 08 09 1 11 12 13 14

Time [s]

Figure 5. Speed and current profiles

Id measurement [A]

0

—4

<

83

=

g2

2]

g

£

k=3
0 . . | I . . \ \
04 05 06 0.7 08 0.9 1 1.1 12 13 1.4

Time [s]

Figure 6.1, under different ISCF severity level

Time [s]

Figure 7. Estimate(zrdg anqug under ISCF severities level

As well at non zero-speed, the magnitudes of bot

continuous and oscillatory components are dependimg
inter-turn short circuit severity level.

4.3. Inter-turn short-Circuit indicator for PHM

As shown in simulation result, the voltage dt{;g presents

continuous and oscillatory components that are migipg
on inter-turn short circuit severity level. Thus; &pplying
the criterion (13), the Figure 8 shows the evolutal the
PHM indicator 2 according to inter-turn short circuit
severity level.

2

V2/(A.Rad s™1)]

05}

0

. I . L .
0 0.1 0.2 0.3 0.4 4 [-]05 0.6 0.7 0.8

Figure 8. PHM indicator based on energy of estichate
voltage dropi/qg

This PHM indicator is strictly monotonous and very
sensitive to severity level of ISCF for determirpsofiles of
speed and current.

5. CONCLUSION

In this work, the residual voltage engendered ley ither-
turn short-circuit fault has been estimated diseby using
an elaborated Kalman filter and based on healthgiehof
PMSM. Thanks to this estimator, we don't need aritage
sensor. These residues have been evaluated faretfiff
speed/current profiles and show a high sensititdtythe
inter-turn short circuit fault. Indeed, this residlvoltage has
a continuous component and an oscillatory component
depending on the electrical position. Thus, a gdtebased
on the residual voltage energy has been establifired
deterministic speed/current profile, it shows ayvéigh
sensitivity to the severity failure and can be usedan
indicator of PMSM aging in a PHM context. In viethis
work, the aim would be to generalize this agingecion for
random speed/current profile.
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