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Abstract

Recently, the technology of aircraft drivers has been transitioning from the existing hydraulically-focused
mechanical system to an all-electric one due to the high precision and ease of maintenance of electric drivers.
Consequently, the failure of an aircraft's electric motor can have fatal consequences. To ensure aircraft safety,
efficient and timely fault diagnosis methods are required prompting the active pursuit of research into fault
diagnosis technology. This paper introduces and analyses the failure types and failure diagnosis technology
trends of permanent magnet synchronous motors among electric motors.

x =5
A Fe18 FEvle AUA el w2 dUE 9 AR ol o= s VIE 7Y
FA 9 ZIAAN AN A7 7% F2 (More/All Electric) 0.2 7]40] Walata ot weba d37]o 2
71 A7) aAS A s do] gusRE ojojd 4 ok Y] dgrle] uARde Iy
719 )b S mAsh=H A Ql enolnt ol met g gAola AH o] 24 o]
g g Ve ATt FEs] o]FolA 1 k. B =ReAE d7] s F 4T $714d57]
o 1 #3339 nGAE Ve Tl el st Ak

Key Words : Permanent Magnet Synchronous Motor(% 7 A4 & 7] 5 7]), Failure Type(1Ld -3), Failure
Diagnosis(12 3 21 &), Electro Mechanical Actuator(d7]2] 371)

1. AN =2 7I(EMA; Electro Mechanical Actuator)& ¥& E3,
T2 dest, gujde Y aea F7] ol5F
F A g3 5o el Av2]. ol FHow
EMAE= 7]E9] Hj&) Alofell AR&-H AW =

[e] o

ar =

A & dE dijte® FEwa gtk tlEo] F
=

il T

= ko] Edl == MEA/AEA(More/All
Electric Aircraft) Al=8lo 2 WslE 3 (1], 7]&

.
}

o
Mo
[

o =
T

o §rTE Asge neagel Aok e 4
PN 1 =
Hlgo] MAEE waol gtk ool k) A gy - o0 J1EW HAE Az e <l
EMAZS W3 &ri g% &semn ol A4
Received: Dec. 07, 2022 Revised: Dec. 09, 2022 Accepted: Dec. 12, 2022 o] EMAS Egloz 93] Ary| AEv]e Aezl AA
T Corresponding Author o e s
Tel: +82-02-300-0119, E-mail: sanghoko@kau.ac.kr Fe71e) e AAshe Fad acle] HAT3]
© The Society for Aerospace System Engineering 7)o Hlg) ZHAoE s EMAE ve ex 3




Stator

A3 Al 7=

=

60 B A
125 o }
N Qo Htol: HFH

A7 714l

L

p

A
=

1

L

130
o
LN

; o
m =) _EH oo
n = of & %
S
ok < s
£ 5 ﬁam%dr 1@;]%%%@
8 8 oA X~ Do gm0
E 8 B = ° B < rolla T
k= © ™ R X0 il X =5 X TR
5 o W = ﬂ — o w XD il
S E K oA = ~ L a o3 wrt ook
5 ° g R ; = z_olw%o_aomno%@
E G o Plo o 5 —_ N
= ° A mnﬂ,_b M_‘._ =0 2 CR m_m gl A - ﬂ w
53 i 5 NaoeE w3 T
== PR R 5 Amuwogmﬂﬂ{ﬂ
R o B T 9 @ g o © o T oy
. £ 8 H K o T oW - o X0
s ' K a ™ g o o o X
g £ KO = 5 T W wn = =
=] WA X° = T T TR oy o
§5 N Z <N 5 aag}gmcﬂ%
o 9 KO X & = g
@ e Wﬂmﬂmﬂ% = Eiaﬁevi%_n;ﬂ
o . 0 .
- Nog T 4 o o/ of W L_ Mo o T
. _AL AN X ) o 100 X —_— =
Lo N X N o 0 yAL o} =i} OTI XL ;OL
- (o\] e ) = ‘m, T
= T w0 T o X
N £ - X o ~ o 2
N ﬂ.l ‘Aluﬂ 0 vz — or T
o @ X oo tlo 1,Drr L_m xwwu %L o
2 B = ol R 2
- & ™ woE oW o W mL%zT
o o) N _!1_ et _.A_._ = ! Ef NO —_—
X = = 1 [ w0 X A
=T DR o = 5
o £ = SIS E Mg R
FTIRE = e Ny - = mo, ® TR R A
oo B o e W - e AN I S
o8 = - ~ < nr 3 RN LY CUNNET! —
o ) xr = o° jn o W 1| R
1% fx3d " P T LR IRA m@%ﬂg@ﬁ@
0 = R — 7 . 5
3 Wa :.L O-H = OM 1;\_ ‘_ﬂﬂ _|__.n_u.o ﬂNO X0 ﬂmu hx_ ‘m‘._ R ‘_uwwE MHE ﬂE m ‘Ul %0 B ‘mlr‘m O# . s
T mooF LZE 252 g%%mwiﬂ.qanai%w@
%mﬁ_m%mrmﬂﬂ = - Q5an_s%mxﬁﬂu.%moﬁ%wvi
a2 iy n %0 K0 RO Sy U o — = < il AN s % o
AT S =& S - TLEZB L3
o £ M s 9 X T T N . 5 Yo m K e S oK <H
mmaﬂMﬂVﬂ,u% s NS aulmﬁaii w o _ ﬂ%m/mlq%
No o & ar o & 3 K D ) w ° o J) T o <=0 w_m o 2 "
= T o Yo 08 =T o E ilﬁxﬁ?%?ﬂmoar%%
= A % N o F = dﬂu ,.mmv_l M o Wo i G Se A I oo g
Bo 7 o WD = = a _ L Tz X o X w WK T
@Mimﬂﬂﬁo%w_ ol = ﬂﬂﬂ.%Eﬂ%d%@WﬁrﬂuUrmm
— - =l p— o T 0 g o o
= = g T B }ux %o 0 xo%ﬁlﬂ Vaovﬂom_.ﬂlﬂaéﬂoid._@,ﬁ
! r_L/ L\E < mE iy % o0 e H = M %o w_m ML 3 o N o ® K o iy
ol ﬂM_ m i A = o o T O o X0 + ! Nd T g B O = oF W Hlo
0 MO M_#- o e T 10%0 of W = ﬂr Wﬂ | = w ﬂor, 2o o) T ) " B __M_.ﬁ N < Ho o mm
PP REER 2w ® |@1%Hfﬂouﬁa;;o@}nﬂei.
D AN S few® = g B moxﬁ,%],]ur
) - = M T = o R o e
X< n TR - = w5 M ‘ o o~
(o] PR o) o <A
780 ﬂu.u ) —_ =~ B ﬂE O_L ﬂ‘” ~
n® S E R @,Nu%ﬂ%wo
,_H‘V| N ,m):\_ . EW ﬂ,_o.u Ll
K Mo oo

FubE, 2
, G AReL S| - AL Atoel] Bt
=

°

Ag =

s

¢



G318 JTAN BAAEY) g A% BF Y B 131
44 Ao BEEe deqr16]. o= Ud o obx PMSMel A% F Qi thkd Agsel o)
e Eol 239 Age WAL & vk

2.3 Xp7|1d 0F
PMSM 3]x#pe] 24 &5, AR
, AHA =3k &) ZHAH(Demagnetization)®
[18]. #Ate= 315 7FsAddl ot 7k kst v)7t
AR UHH, 71 AAE 54 dARSE A
e ¢ REF AAE A d4A AR & Qe 3 E5s)
I W7 AAE AAEE ol s Aol I
EuA] gk oy n7kY A= Fig 3.¢F #Zo] uf
5 A
Kl

3,

=
.

2

3

° 18 o

EiydS doA RHA 257 Iss

Fig. 3 Magnetic field density (a) healty,
(b) 12.5% less two magnets, (c)
25% less magnet, (d) 25% less
two magnets opposite side [20]
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(1) FT(Fourier Transform)
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Fig. 4 (a) result, FFT(i,), (b) result, FFT

(2q_p)-FFT(i, 5)[24]

(2) WT(Wavelet Transform)
Time Window®] Z7]e] wa} 35 Aso] @t
A= STETeF &@¢], WT+ th3k Time Windowol A

o Fahs BAL AAsEA BT AR Ans A%



132 RO a1 " R
71 Time Window$} T3 ARE 93 /L Time PMSME E3] 9& dgF AF9Y FAAS o] gdte] 1
Window & 4l%¢ ~#Edo] Time Windowel wa} de Fekg Abgolth. AH #57|E 83 g
ofWA Wak=A & g o] W2 uFel HA= < PMSM Z®le] Astresl vpein|E W Fol <
AIARE b7l fr8strt[25]. 611 gise] 28t = vk wAe] Arh32]. webA
(3) HHT(Hilbert Huang Transform) =& Asro PMSM Edlo] &gt}
HHTE 4 29 A% 249 IMF(ntrinsic Mode (2) stetme 4
Functions)[26]614] @ Alsh: &7 F342 7w, shebuly 4 ol &8 wgATS PMSMe] e}
2 %h[27]. EMD(Empirical Mode Decomposition) THE AAer FAsta AGggEe] et E o
A FQ A5E wgoR ngel Fii A4S wuse] nge Auss Jlgelth Agus, A%
FZeht welr, EMDE Fal 9U4EE Zzel 4w, wAA A% HA% B4, BAF Sol
T Aed IMF2 &3ttt mebd HHT= WHst PMSM®] ez AREEU[33]. ATl wAYA
st dEAel et HeHew AsAYrt 7best PMSMe] stetulE] Wshrp AR dE 5o 1A
of ohd dwd A=A 7IHEe At 3 Fue 2 A et i A Al Fig 6.9 #Ze] a2zt 2ld
dlsom Q% wAE Haspe ¢ Avk[28]. AT qFAZ] FAgke] 76%2] Apolrt B =
As G 5 dvk34]. ol¥ g sty FAHS 9
3.2 ZRZ|E 7|H gk "W og:x RLS(Recursive Least Square),
2e7b 7)He FRig 5.9 o] Az =4 A5} APA(Affine Projection Algorithm), EKF(Extended
nE mdo dEAFE H|wEe] AL Ay Kalman Filter), MRAS(Model Reference Adaptive
webd el g A% WS e xe System) 5] ATH35].
o] 2y 2d Aomrt g5dr ol2fd Ry 2d
= T4, 2o HAEes, AY deld ¥ el
WS 7IRkete] dojd 4 SlnH(29, 301, ==7IRE 7]
el &S PMSMeO| A #Ealset A3als
& wgst] wiel 22 = BlaA A&EA 7
o3 g gl AT i g d vRels A
B #37)(State Observer) A8 % shefuly %74 T
(Parameter Estimate) 5°] 1T} i’ :r i‘ i
Input | System/ | Output —_—
Plant
Fig. 6 Estimated parameter(Rg, Rq) in case 5
turn short circuits[34]
Rea ol —
au
Residual Signal Decision Jﬂ‘i 3.3 Al 7|1t 7[&
generation {| condition making : AFEH sl=go] @ AT EY o9 Holg BEA7E
e - o wdom Qs AIE Mg wRAY s|Eo] Fu
Fig. 5 Basic scheme of model based diagnosis[29] Wy Qth[36]. 2l W RdVukd= g2 PMSMe
melolt A% SARlel Laskd AR dael A3
(1) e #57) £8 o7l A we %o 4B dolEst Bas
Hl #5571 PMSMe] AGEHE 7o g Al [37]. Al 7ol ANN(Artificial Neural Network),
35 &3t} FuFEA[31]S A #=571E ALes)H Fuzzy logic 5°] ¢
o A& AALEe PMSMe dgF AF A



oft
N
kI
o
™
ay)
1o
N
e
oft
o
S
e
2

133

(1) ANN
ANN 7} dwbHom Ahg

rr

FuelZo
input layer, hidden layer, output layer® -
ANNe] e 83t dlolg e el 4%

2ol 3EAge Hokllm HAZA Bl delg

Deep Learning ¥¢i#]&e ANNS 7|22 3l=d),
a AR Al g% = Deep Learning B9 = 713 &
o] AlgEE= ®EES  CNN(Convolutional Neural
Network)e]th[13]. CNN-& 23 F+x9 dHolHE

AgE 5 gol ovAE Q4eY] 9% AR e
KN

rir

|
N
o
o
fin}
o
i)
il
[\)
)
o,
o
=)
N
oty
o
2
i
i
2
o

i)
)
rr o
&%

o= F71 Bt &£48 spAan glo]
=4 BAE W3 ot E7ME FH40]. Fig 7.
2 PMSM n3gxIgte] &85 ANNO| oot}

Vab

[Fed [Fo- [Feq] [red] [Feq] Fod] [Fe

Fig. 7 Structure of a ANNJ29, 41]

(2) Fuzzy logic
Fuzzy logic g2 <17k <12 3}4& wws)
o, H-A4gst =
g A4S g e Aedud. Fuzzy rule,

Fuzzy variable, Fuzzy seto.Z TAE W Azt &

fol
rot
fins
i)
fin)
)
i)
T
N,
r]i
o
fru
o

< dlolEol tigk FrAgo] Hojdk el dvk42].

AiAQl Fuzzy logice] 742 Fig 8.3 # T} Fuzzy
logice F8 95 o= Ay AT A%
I 22 gE sEo] gtk @iol 2le], ANNY &
33k Neuro-Fuzzy WH[43] % Adaptive Fuzzy
[44]¢} Z& U2 7HEY §33t dHS S5

7ol AREE AL T

Membership

>
Inputl function of Input 1 \
-

Membership

>
funnionoﬂnputl/
N Membership

function of Input n

Fuzzy Rules | | Membership
function of Output)

Input 2 ]  Output

Input n

Fig. 8 Block diagram of Fuzzy logic system[45]

oy g7l A%l MEA/AEASH:= 7hshe] o
Aok EMAS 7] 712 2 A9 % 589
Aol 3= PMSME] Apg-o] Soldel wat a9
AANE A7) s PMSMe] 1gxIe 7)ol

PMSM2 Az, o] #Axtel Ahad Al Ad T7
ARl mhE vt A9 Alee seug ] Wt
2 oqlel] aRlde] ofggol vk A HFH Ve
7t NIRES §3eto]

al

LU}
o
[o
f
o,
_0|L

o] A= 2022d k= AYEEALRE # AdE
B A(KEIT) A Aol o3 A<
(20015920).



N
=

134

d

—[.o

R

>
2
fols

References

[1] G. Qiao, G. Liu, Z. Shi, Y. Wang, S. Ma and T. C.

Lim, "A review of electromechanical actuators for
More/All Electric aircraft systems." Proceedings of
the Institution of Mechanical Engineers, Part C:
Journal of Mechanical
4128-4151, 2018.

S. S. Kim, H. J. Park, D. Kim, D. H. Kim, S. B.

Engineering Science, pp.

[2]
Kim J. Lee and J. Y. Choi, “Research to Predict the
Characteristics of  Electro

Thermal Hydrostatic

Actuator for Aircraft.” Journal of Aerospace System
Engineering, vol. 16, no. 3, pp 84-92, 2022.

Z. Yin, N. Hu, J. Chen, Y. Yang and G. Shen, "A
review of fault diagnosis, prognosis and health
management for aircraft electromechanical actuators."
IET Electric Power Applications, 1249-1272,
2022.

J. Zheng, Z. Wang, D. Wang, Y. Li and M. Li.

pp.

[4]
“Review of fault diagnosis of PMSM drive system
in electric vehicles.” 2017 36th Chinese Control
Conference (CCC). IEEE, pp. 7426-7432, July 2017.
P. Giangrande, V. Madonna, G. Sala, A. Kladas, C.
Gerada and M. Galea, "Design and testing of PMSM
for aerospace EMA applications." IECON 2018-44th

[5]

Annual Conference of the IEEE Industrial Electronics
Society. IEEE, pp. 2038-2043, 2018.
Y. E. Zhongming and W. U. Bin, “A review on

Third

(6]

induction motor online fault diagnosis.”
International Power Electronics and Motion Control
Conference. IEEE, pp. 1353-1358, August 2000.

[7] J. A. Rosero, J. Cusido, A. Garcia, J. A. Ortega and

L. Romeral, “Broken bearings and eccentricity fault

detection for a permanent magnet synchronous motor.

” In IECON 2006-32nd Annual Conference on IEEE

Industrial Electronics, pp. 964-969, November 2006.

[8] J. Tian, C. Morillo, M. H. Azarian and M. Pecht,
“Motor Dbearing fault detection using spectral
kurtosis-based  feature  extraction coupled  with
K-nearest  neighbor  distance  analysis.” IEEE

Transactions on Industrial Electronics vol. 63, no. 3,
pp- 1793-1803, 2015.

S. Nandi, H. A. Toliyat and S. Li, “Condition

(9]
monitoring and fault diagnosis of electrical motors—
A review.” IEEE transactions on energy conversion,
vol. 20, no. 4, pp. 719-729, 2005.

[10]F. Lin, S. Zuo and W. Deng, “Impact of rotor
eccentricity on electromagnetic vibration and noise of
permanent magnet synchronous motor.” Journal of
Vibroengineering, vol. 20, no. 2, pp. 923-935, 2018.

[11]K. Saad and G. Mirzaeva, “Space-time representation
of the main air gap flux of a three phase squirrel
cage induction motor and its application to detect
eccentricity.” In 2015 IEEE International Electric
Machines & Drives Conference IEEE, pp. 1466-1472,
May 2015.

[12]D. G. Dorrell, W. T. Thomson and S. Roach,

“Analysis of airgap flux, current, and vibration 5s as

a function of the combination of static and dynamic

airgap eccentricity in 3-phase induction motors.”
IEEE Transactions on Industry applications, vol. 33,
no. 1, pp. 24-34, 1997.

[13]Y. Chen, S. Liang, W. Li, H. Liang and C. Wang,
“Faults and diagnosis methods of permanent magnet
synchronous motors:
vol. 9, no. 10, pp. 2116, 2019.

[14]X. Liu, W. Miao, Q. Xu, L. Cao, C. Liu and P. W.

A review.” Applied Sciences,

Pong, “Inter-turn short-circuit fault detection approach
for permanent magnet synchronous machines through
stray magnetic field sensing.” [EEE Sensors Journal,
vol. 19, no. 18, pp. 7884-7895, 2019.

[15]K. H. Kim, “Simple online fault detecting scheme for

short-circuited turn in a PMSM through current
harmonic  monitoring.” [EEE  Transactions  on
Industrial FElectronics, vol. 58, No. 6, pp. 2565-2568,
2010.

[16]U. M. Choi, J. S. Lee, F. Blaabjerg and B. K. Lee,
“Open-circuit fault diagnosis and fault-tolerant control

for a  grid-connected NPC inverter.” [EEE

Transactions on Power Electronics, vol. 31, no. 10,



3
N,
1o
N
e
oft
o
N
M
2

135

pp.7234-7247, 2015.

[17]M. Sahraoui, A. Ghoggal, S. E. Zouzou, A. Aboubou
and H. Razik, “Modelling and detection of inter-turn
short circuits in stator windings of induction motor.”
In [ECON 2006-32nd Annual Conference on IEEE
Industrial ~ Electronics, pp. 4981-4986, November
2006.

[18]T. Ishikawa, Y. Seki and N. Kurita, “Analysis for
fault detection of vector-controlled permanent magnet
synchronous motor with permanent magnet defect.”
IEEE transactions on magnetics, vol. 49, no. 5, pp.
2331-2334, 2013

[19]M. Zhu, W. Hu and N. C. Kar, “Torque-ripple -based
interior permanent-magnet synchronous machine rotor
demagnetization fault detection and current regulation.”
IEEE Transactions on Industry Applications, vol. 53,
no. 3, pp. 2795-2804, 2016.

[20]R. E. Quintal-Palomo, “Analysis of Current Signals in
a Partially Demagnetized Vector Controlled Interior
Permanent Magnet Generator.” Power Electronics and
Drives, vol. 4, no. 39, pp. 179-190, 2019.

[21]1C. Wu, C. Guo, Z. Xie, F. Ni and H. Liu, “A
signal-based fault detection and tolerance control
method of current sensor for PMSM drive.” IEEE
Transactions on Industrial Electronics, vol. 65, no.
12, pp. 9646-9657, 2018.

[22]S. P. Mogal and D. I. Lalwani, “A brief review on
fault diagnosis of rotating machineries.” Applied
Mechanics and Materials, vol. 541, no. 2, pp.
635-640, 2014.

[23]J. Rosero, J. Cusido, A. Garcia, L. Romeral and J.
A. Ortega, “Detection of stator short circuits in
PMSM by mean of joint time-frequency analysis.” In
2007 IEEE International Symposium on Diagnostics
for Electric Machines, Power Electronics and Drives,
pp. 420-425, September 2007.

[24]T. Goktas, M. Zafarani and B. Akin, “Discernment of
broken magnet and static eccentricity faults in
permanent motors.”  [EEE

magnet  synchronous

Transactions on Energy Conversion, vol. 31, no. 2,

pp. 578-587, 2016.

[25]). Rosero, L. Romeral, E. Rosero and J. Urresty,
“Fault Detection in dynamic conditions by means of
Discrete Wavelet Decomposition for PMSM running
under Bearing Damage.” In 2009 Twenty-Fourth
Annual IEEE Applied Power Electronics Conference
and Exposition, pp. 951-956, February 2009.

[26]R. C. Sharpley and V. Vatchev, “Analysis of the
intrinsic mode functions.” Constructive Approximation,
vol. 24, no. 1, pp. 17-47, 2006.

[27]R. Yan and R X. Gao, “Transient signal analysis based on
Hilbert-Huang transform.” In 2005 IEEE Instrumentation and
Measurement Technology Conference Proceedings, vol. 2,
pp. 1198-1202, May 2005.

[28]Z. Wang, J. Yang, H. Ye and W. Zhou, “A review
of Permanent Magnet Synchronous Motor fault
diagnosis.” In 2014 IEEE Conference and Expo
Transportation  Electrification  Asia-Pacific ~ (ITEC
Asia-Pacific), pp. 1-5, August 2014.

[29]E. A. Bhuiyan, M. Akhand, M. Azad, S. K. Das, M.
F. Ali, Z. Tasneem, M. R. Islam, D. K. Saha, F. R.
Badal, M. H. Ahamed and S. I. Moyeen, “A survey
on fault diagnosis and fault tolerant methodologies
for permanent magnet synchronous machines.”
International Journal of Automation and Computing,
vol. 17, no. 6, pp. 763-787, 2020

[30]B. Vaseghi, N. Takorabet and F. Meibody-Tabar, “Fault
analysis and parameter identification of permanent
-magnet motors by the finite-element method.” [EEE
Transactions on  Magnetics, vol. 45, no. 9, pp.
3290-3295, 2009.

[31]M. A. Mazzoletti, G. R. Bossio, C. H. De Angelo
and D. R. Espinoza-Trejo, “A model-based strategy
for interturn short-circuit fault diagnosis in PMSM.”
IEEE Transactions on Industrial Electronics, vol. 64,
no. 9, pp. 7218-7228, 2017.

[32]W. Huang, J. Du, W. Hua, W. Lu, K. Bi, Y. Zhu
and Q. Fan, “Current-based open-circuit fault
diagnosis for PMSM drives with model predictive

control.” IEEE Transactions on Power Electronics,



N
=

136

d

—[.o

R

>
2
fols

vol. 36, no. 9, pp. 10695-10704, 2021
[33]M. S. Rafaq and J. W. Jung, “A comprehensive
review of  state-of-the-art parameter estimation
techniques for permanent magnet synchronous motors
IEEE  Transactions
Industrial Informatics, vol. 16, no. 7, pp. 4747-4758,
2019

[34]M. Khov, J. Regnier and J. Faucher,

in wide speed range.” on

“Detection of
turn short-circuit faults in stator of PMSM by on-line

parameter  estimation.” In 2008  International

Symposium on Power Electronics, Electrical Drives,
Automation and Motion, pp. 161-166, June 2008.
[35]M. S. Rafaq and J. W. Jung, “A comprehensive

review of  state-of-the-art parameter estimation
techniques for permanent magnet synchronous motors
in wide speed range.” [EEE Transactions on
Industrial Informatics, vol. 16, no. 7, pp. 4747-4758,
2019.
[36]B. Cai, Z. Wang, H. Zhu, Y. Liu, K. Hao, Z. Yang,
Y. Ren, Q. Feng and Z. Liu, “Artificial intelligence
hybrid

methodology of PMSM.”

enhanced two-stage fault prognosis

IEEE  Transactions on
Industrial Informatics, 2021.

[37]B. Cai, Y. Zhao, H. Liu and M. Xie, “A data-driven
fault diagnosis methodology in three-phase inverters
for PMSM drive systems.” [EEE Transactions on
Power Electronics, vol. 32, no. 7, pp. 5590-5600,
2016.

[38]T. Shen, A. Kilic, C. Thulfaut and H. C. Reuss, “An
Intelligent Diagnostic Method for Permanent Magnet
Synchronous Motors (PMSM) in the Electric Drive of
Autonomous Vehicles.” In 2019 2Ist European
Conference on Power Electronics and Applications
(EPE'19 ECCE Europe), pp. 1-10, September 2019.

[39]L. Wen, X. Li, L. Gao and Y. Zhang, “A new
convolutional neural network-based data-driven fault
diagnosis method.” [EEE Transactions on Industrial
Electronics, vol. 65, no. 7, pp. 5990-5998, 2017.

[40]S. S. Moosavi, A. Djerdir, Y. Ait-Amirat and D. A.

Khaburi, “ANN based fault diagnosis of permanent

magnet synchronous motor under stator winding
shorted turn.” Electric Power Systems Research, vol.
125, pp. 67-82, 2015.

[41]). Quiroga, D. A. Cartes, C. S. Edrington and L.
Liu, “Neural network based fault detection of PMSM

stator winding short under load fluctuation.” In 2008

13th International Power Electronics and Motion
Control Conference, pp. 793-798, September 2008.

[42]). Quiroga, L. Liu and D. A. Cartes, “Fuzzy logic
based fault detection of PMSM stator winding short
under load fluctuation wusing negative sequence
analysis.” In 2008 American Control Conference, pp.
4262-4267, June 2008.

[43]1H. S. Dakheel, Z. B. Abdulla and H. J. Jawad,
“Faults detection and diagnoses of permanent magnet
synchronous motor based on neuro-fuzzy network.”
International Journal of Applied, vol. 8, no. 2, pp.
173-185, 2019.

[44]A. Bechkaoui, K. Ouamrane, A. Ameur and D. Taibi,
“Detection of turn short circuit fault in PMSM

variable speed based on adaptive fuzzy logic and

sliding-mode control”. In 2015 4th International
Conference on Electrical Engineering (ICEE), pp.
1-6, December 2015.

[45]S. Moosakunju, V. P. Mini,

S. Ushakumari, N.

Mayadevi and R. Harikumar, “A hybrid fault
detection and diagnosis algorithm for five-phase
PMSM drive.” Arabian Journal for Science and

Engineering, pp, 1-13, 2022.



137

xr
H
Tk

APPENDIX A

Table 1 PMSM Fault Types

Hlo
o
T
o
of
ﬂory Do Hlo
o | o | =y
) Ho Ho A
| T | P Mo T
el T R ~
N mm ! o ev,
[ I T I I - e
=) Th " e} £
do | W | ™| o | o | o
! %O o B 1 B
—_
ol
(S _~ ﬂrw Ho
N jul
B gl *n Bo <
= R T | N o
A I B B
Ko - " ,mw No w0
ojn ojp op = =
4 4 4 wno = =
o | we | we | P m | w
- <! | B T ~
—_
ot 0 X
L I IV O
W N T S g
| | bl
ET s <H r ! T/ S
S| | P E
Bo
iii=
ﬂﬁ Ton ﬂﬂﬁ ! M Ton
2w I P

APPENDIX B

Table 2 PMSM Fault Diagnosis Methods

ofn = Mo
TR ~ ) )
NS =< 3 Jo of B°
~ ) ! o =y I
o on = Y o
TR 0 =3 T S ) W T
I I I ) o
- T
g ® [ ZF | 2 |7 | B o
N Sl | N < W i R
= 2% | A T 7 N I
0O =a
o P T " X B | o ® Jo
o EAF | M o} s XE| owomE | Az
T Ew | < < s T mF ol
Jo
% P %
N
ul
o 3 - M
] dlo e K OMD, JJo -
O —_
< oo N )
A ) < — Sy rs
TR ﬂ_,ﬂ ui im Lm ﬁo T K ~
f " < 00 R o
Tl e ok | || P ®
. 1 oA wn " " == | mAr ok
3 e ) —
jul 3| o W o N < _
o b Yol e | HE| & ]
o = <A %0 iy iy
A ~ B = Hoojopte | o o
) o B ) | KEN | W | T
el
N X = g [ ™ | op T o
mh S o}/ (i) o) | Rogo | Az o o}
= < v oL O I S e M
= ~ It 0 X \ lo
Bl E ~
[ j -~
tel g5 o Be 7| T =5
g §= =] 1 © &0
SSlEE &l Elez s I 2 55| 2
T T — T
oG L& T oo 3| ™ o ZEZ
=L EGET|FT|ELE T |ZE <
TH 2 &8 5 D o & B <'®| ¥
© <= 0 = =5 6y NS 3
r, = mmw R [3) an X ;ﬂ.ﬂ =] fx,
Z 5 z = = 9]
+ o = ~
T = -
— — st
N N ﬂ
Li ﬂa —
cd i <




