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Interturn Short-circuit Fault Diagnosis Method for Permanent
Magnet Motor Servo Systems Based on High-frequency Negative
Sequence Current
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Abstract: Permanent magnet synchronous motor (PMSM), owing to its high power factor, high efficiency, and high power
density, have been widely employed in aerospace vehicles to enable high-dynamic servo motion. However, during long-term tracking
control or attitude holding, PMSMs are prone to interturn short-circuit faults (ITSC). Under servo operating conditions, the fault
signals exhibit non-periodic characteristics in the time domain, which poses considerable challenges for fault diagnosis. To address this
issue, an ITSC diagnosis method is proposed based on the high-frequency negative-sequence current. First, a simplified analytical
model of PMSM with ITSC faults is established to reveal the characteristic impacts of the fault on electrical quantities. Second, a high-
frequency voltage signal is injected into the control system, and the high-frequency current response of the motor is extracted through
a band-pass filters. Finally, the negative-sequence component of the high-frequency current is calculated as the diagnostic indicator,
enabling real-time fault identification. By employing the high-frequency negative-sequence current as the fault feature, the proposed
method can effectively distinguish healthy and faulty states of the motor under servo conditions, while improving both diagnostic
speed and robustness. Simulation results demonstrate that the proposed method achieves reliable diagnosis under servo operating
conditions with rapid variations in position, speed, and load, with a diagnostic time of less than one fundamental cycle, showing strong
potential for engineering applications.
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Fig.2 Fault diagnosis method based on high-frequency negative sequence current

2.1 IEEEESREEEAN

R R AE S TN I =S S B S InAE
WA HE LS, WE2FR, TR hRR &5
. e A (Rotating High Frequency Voltage s
RHFV) JENZEFE AR A H e b8 I — AN e % s 4
HUEAS 5w SEIEN, A5 R

_{uzh]_U* cos (w,t) _u cos (2mf,t) %
Uiy = yh | T = Ui

I sin (w,t) sin (2mf,t)
b U RENEIEIEE: o, 14 705 9 RHEV (]
AR N aFHH) R S 2wy, N p

S ESHEE . R EN PMSM [ = H s 45
Tus, WA:

Upy = ”Zh (8)

Uy, = Up,

AR UL/, RHFV A E AR & 2T & 3
it SE AR ARSI LAY SR i, S
WSS IS 5 Z A M LT, ToiESE s iE
T GBI S AR, TR LR S AT P RE A
CWIRIVERE ;s 4E AR I i AR 85 R T R AR
I, RGO AL CMENTZE S, RSBl E



E

ff GEAE T AU P UAL R KR PR AL AR 2 G5 L T L 5 12 W % 61

SRR, TG AR 28 R R . R
FaCER [14] BIBEFL, JFRBR S5E N ERR I H
HIEH KT 15, B, i3 8% 1 JF AN 10 kHz
I, JENME S RIS LS 1000 Hz.
22 =SSN R HEEY

H T R4 PMSMVEN T S E(E S, £
PMSM H 27 AL AH N (1) S L R Y, S LIRS
e @y I JE P 4% (Band Pass Filter, BPF) #47
M. AT PR RRRI A, A S0k %47 BPF i 4
BOMEE A . T MBS E e T
REANARE PR (3R AL | — MR IF 1)~ 17, Retgii 2 R
ZHN TR, ASCRH B BRI Y i i 25 0f
FEL I R e A0 B AT SR A

FEIESEWS (A3, - BPF H4% 3 s ] AR R
nr
kaw,s 9)

s2 + kawys + o}
X G(s) I BPF HAL 5 B& B s g 72 AR
By o, A ISR A O A kIR AR Y o
FRHL AR P ERRR IR A P A B2

N T A BPF 75 SERRE i RGN RN, 75 204
BPF AT B i, AR

G(s)=

(100

Xt LANRGHERAIR, ONBHURAR A &, 2R
M7, 0 S B A XA A e AT B AL, R B
R A RSO IR IR 5 A1 450 J5 B B0 DR 4% B i AT 7
A= Bk, TENBFIRBEASEATIME, B
BUEAR 5P AR R RIT

ﬁ,:%tan(n?fd) (1D

X B AR s o R A R E
X (9~ A, WTLAEE:

b, + b,z
c+az'+a,z?
Hrb, B HREMFEAWT

Q= tan(%)

by = kaw,Q

b, =-b,

c=1+ ko, + 0lQ*
a, = 2w -2

a, =1 -kw,Q + wlQ*

T B BT BPF i B R W 3a T, 7E
500 Hz 100808 . 10 kHz SRAEFTR TS I N 1% 2280 25

H(z)= (12>

B8+ BPF ) Bode B 1% 3b i . M Bode B 7] LLE
H, BT BPF 5E 4507 BPF HIIE SR L7 —
;ARSI AAN =TS 5 AT RS .

10! 10? 10°
B Hz
b) Bode&l
B3 ZME#EF BPFITHEITTER Bode B
Fig.3 The calculation process and Bode diagram of second-order
discrete digital BPF

23 EMAFERTE

R4 (12) SRR S & i, i, A
iy X PTHREL B B oy B A — P AR, AT B HL
B 5 S 1 = AT Jr . T Fortescue R4 fE FE, R
G EAE T PR R B E TR R

1 a oi,
T |
11 1l
b i M B ANIER . R MEFFRE o

NIRRT, Ha=eo B, RGN R BUT R
LA

lpsc

(13)

Lnse
Ly

1
illSCh = g (iah + azibh + aich) (14>

KA i NESI . ¥ i, {F N ISCF s
fE, M, MR R T F5u 45 2 M RE R, HIW R4
KAISCF, Jf Hi#F%E457~ (Fault Indicator, FD %t
R M, IR /N T 55w B BER, HIkRS%
AT ERCIRAS, JF H MR Flg N 0.



62 T 5 R 2 BB ROBSED

2026 4F

3 {FEWIE

T BRI BT B 1R 25 v A A LA 1) ISCF 12 B
FHEWIE R, R RS R HE T PMSM i Ak
M. BT R PMSM (M R BESHNER 1 k. AT T
VLR, TEVT A ISCF R E Ny atf, Hibhe™ HfEE
Y15 B N I A) R K L =025, i3 fl FEL P R=0.1 Q.
T BEARN IEAE 5 s2 IR, JEFE RHFV IEANAS 5 1)
MR NS5V, #1000 Hz.

®1 HAXESH

Tab.l Main simulation parameters

FESH e
HE TR /KW 35
iE B8/ (r-min") 4500

e /(N m) 22
JEFHBH/Q 0.065 3
daq il & /mH 0.285 8
TR/ Wb 0.308 1
BEEERBU/(N-m-s) 0.001 6
e/ (kg m?) 0.000 2
Boxs # 5

3.1 RSS2

B4 45 T PMSM 225 #4380 08 500 r/min, %%
B 22 Nem N 8B A )G 07 SLEE o 1E =1 s T,
PMSM 4 £5 fd Bk 2%, £ =1 s J5 51 NISCF, W LLFH
F, BT E TR, TEMREE = AHBRR A
ST, SRR AR AR R i A R R, MR Hp ) S
PR IRAE 2 N 38 Ao b4h, ISCF th 4 2 PMSM
(A3 P RN 7 A — S PR ik 3

200 p—— 100
1004 n ) }‘\r A '\
‘ B HW %’f
WWWW T
200 00 10 11 12 %8s 09 10 11 12
t/s t/s
a) —AHH b) JE R
24
~ 525 _
n‘ e
mw B 2=
T 475 &y
450 20
08 09 10 LI 12 <08 09 10 11 12
t/s t/s
c) Mk d) FEoE

B4 ISCFHifa PMSM BITR
Fig4 PMSM steady-state operation waveform before and after
ISCF

TEAHRIMIBATIRE T, misH R 5] N @i H
EES, EANETWESafiR, HEE = MHBRf e
FEAENRME LN 3.5 A s oy &, Wi 5b iR .
WRRARFAE g AT R IOIRAE, 7E =1 s, fdREth
BN AZIEE A48T 0.15, b Wb B AE B N
0.15. 7£=1s )55 NISCF, W] LLFE FI7E M 5 by
ARSI RIS Wb R, LR R FE 7R FIE 0 D146t
N1RHRGRAISCF. s kA 21w s W frg p 1)
4.8 ms, /N PMSM IZAT 1A F J& A (1)) 1]

-10 - - : 1 =200 : : . J
0.998 0.999 1.000 1.001 1.002 098 099 1.00 1.01 1.02
t/s t/s

a) JiEe mAii b) “AHHLI
1.00 2r
0.75 A
<\%0.50 il ™
025 - ,_/_l'ifli_ﬁ_[{_ ______ 0
e e ]

0 05 1.0 15 20 0 05 10 15 20
t/s tls

c) BRERFIE d) HEHER
El5 RISHPSISENRT

Fig.5 Steady-state fault diagnosis waveform

3.2 fABR I EEIS M

KK PMSM ] JRR A& 43 3 0 T, 43 A
BRI AR LSRRI . A7 B AR DA
AR E(E N 5.5 T (D EENINLIE S — 8, T IRD .
JA AN 20 s I IE5Z 3, g B R 0.5 £ LA e
ARG AR T R N 42 L N
2 s R4, B E N 0.5 fis LA E #4467
B AR DR AR R E N 0.5 . AR N 8 Hz
IESZIAR A, AR E T
32,1 fRERFENR

P 6 A r BRI R PMSM B 473 DL J% i
WY . WE6 T LLE H, SEPrfi BA5 5 R IR 47
MEREES % Ei2{55, FF HaZermmtis s -t
NIEFEPE, REGHEZI N 1060 t/min. E =10 s &b 5]
N ISCF, T LA 2 55 4R A1 A% TH s K T 465 8 BIAA
2 W A1 208 7.0 ms, ARIH/ANTF—ANEE . 1
Gb, TERAETIEZ AT, AT RIS 26/ T W )
fH, RERERECHIME.



55110 ff GEAE T AU P UAL R KR PR AL AR 2 G5 L T L 5 12 W % 63

O/rad

t/s t/s
b)

ilA
o

-50
~190 5 10 15 20 0 5 10 15 20
t/s t/s
c) AR d)
1.00 2
0.75
1 b
=
0
1 ) _l 1 1 L i
0 5 10 15 20 0 5 10 15 20
t/s t/s

e) i RERFAE ) HBEE bR
Elo frE4FIEEIEISHIRTTY

Fig.6  Position characteristic fault diagnosis waveform
322 AR

B 7 8 AR R PMSMB A7 % DL R b
LWt WETRUE L, SHBMER S NITE
T, MISERRERERE SOUB B 5o R ARHEN
R, BORHEIE 2N 2 450 t/min; Y EIATREN B
IF, PMSM Ui L AE JiAL . 7 =2 s 4k 5] NISCF, W]
CUR BIRME B RLFIE, SRR IR IR AENE BB, Hbs
W 8209 12.4 ms, /> LR YT AR I ]
URAL, RO Z AT, O R AR 2 /N T i
B, AKERCKHIR. Kk, FrRizET
PMSM FfRHIZAT IR IHA 2L

50p ) ) 3000
T Vmaref ™  ®m
25 =~ 1500
=} g
£ o0 E 0
I ol
=25 7-1500
o 2 3 4 PM% T 2 3 4
t/s t/s
a) HUAA b) e

7 BRSO

Fig.7 Transient characteristic fault diagnosis waveform

o 1 2 3 4
t/s t/s

e) HBERFAE f) HBFE bR

323 STUREFHEN

NEGAE AL BAT 5 POs AR Dl T W2 W 1) B
PE, B8 25 AR R I PMSM I2 47 3% 7% PL 2 i
BiZWrig . ME8 LA, SLhafr BAE 5 Ret iR
BZSEMEGES, ARSI, SRFEELHN
1530 r/min. 7E =2 s4b5| NISCF, #fiZ Wi (a2 A
11.4ms, /NT—/AHEEBIRE . AL, fERfE 2
A, AT IR AN TR R, A RAER
ZHIA .
3000

t/s t/s

a) PUESAE

ilA

-100, 1 2 3 4
ts ts
c) TAHHIR d) ¥
2 =2
0.75
< T
50.50 =
“ 0

0.25

0o 1 2 3 4
t/s tls
e) MERAE ) MEAEhR
E8 IMEAFEHPEISHTIE R

Fig.8 Frequency characteristic fault diagnosis waveform



64 T 5 R 2 BB ROBSED

2026 4F

3.3 EFEISHT ARSI

NG H AR SR T VAR S W e A e A v
B, ASCK ISk [15] A 56T 00 61 7 iR As
B RIS W T AT S B o AT o 120 b VT 7 A
oA, HitEEAES5K (13 M (14 —3.
Bl T X Lhis i ik N AR s s Wk e,
W AR R A 7 P B R B MEEL i o E =1 s T, FRAL
AT RERAS, R IRER LN T 03 A,
03 AW E NMERE. £=1s)55 NISCF 5, #f#
REAE R 8 K I R BRI, %o R i 7~ 4% F1EH O
Bk N1, R\ RGN EIISCF. FFZEfRERE, #%
T3 V5 IR R R A A S R A TR B TR R 23.2 ms, SR
KF ARSI IE RS Wi 8] .

550 24
~525 23
= s
€500 Z 22
=475 )|
450 : ' ' 20 - - : :
0.8 09 1.0 1.1 1.2 0.8 09 1.0 1.1 1.2
t/s t/s
a) ki b) A
4r 2

0 05 10 15 20 0 05 10 15 20
t/s tls

¢) BBRRFE d) HCRERE bR
B9 ILLISH A T RRRSEEE IS WK
Fig.9 Steady-state fault diagnosis waveform under comparative

diagnosis method

TEAR R B ] R v X (AL B S AU e s
P LA R ik e R T, 2B LT B AR
JFiE RS W nl SE 0 . MRS W g 2R 0 dn B 10~12
FRe

BI10 25 T 5 bhiz Wi 7 vk TR B Ar B e 1 e B 12
Wik it . 7E =10 s Z H, PMSMIZATIEH, #£~10s
Ja 5l NISCF. W[ LAEF|, £ PMSM 4t T-{@ Femf, I
AT FL IR SRR AIE B AL SHAR A e A
BRI, JUHAE R T S iR {E nl ik 49, it
HEBE BIME, RIMEEERIRE T, FIfRRGARE S
MV fEISCF KA J5, WFEFRAE JF kA 521,

S EOZITETCIEA BRI E R RN 1 ISCF

510 15 20 510 15 20
t/s t/s

a) HUHAEE b) e

e il

-1 5 10 15 20 0 5 10 15 20
t/s t/s
c) AR d) HHE
100 2r
75 ,
< /ﬂ(@

5 50f, =
o H 0 L
T
) ) 4
0 10 15 20

5 0 5 10 15 20
t/s t/s

¢) BRERHIE f) BpEdEbr
E10 3PELISH7 A TR B Hr b2 ik
Fig.10 Position characteristic fault diagnosis waveform under

comparative diagnosis method

B 25 H 70 LGS IR 7 325 1 1R A R IR 12 W
W fE=2sHi, PMSM & THEOIRE, fE=2s)5
51 NISCF. fEf# R NS ATRS, BOBERRAE i A AE
BUEZBNI HIL T RS bl e by, @ %%
KT WP ME, FURZRFE ST fEISCF RAES,
i, AR AR AR AN B3, DRI X LG 12 W7 7 2 0251
I AR AT ¥ ISCF .

S | p—a— el

~50 _
0 1 2 3 4 3 0000 1 2 3 4
t/s tls
a) PG b) FH

11 XFEEISH 7T 3 T B S I B 12 iR
Fig.11 Transient characteristic fault diagnosis waveform under

comparative diagnosis method



5130 (BB TR HLIA AR HEL AR 2R 6T S B M v 65
20 2
15
R N 1
z 10 1 =
S 0
-1

tls t/s
c) AHHR d) ¥
100 2
” e !
< HL
250 o = ‘ ‘
- 0
A Jp/ |
\ -1
0 1 2 3 4 0 1 2 3 4
t/s t/s

e) BRRHIE f) SfdEn

E 11

B 12 45 7 6 LLis W 538 T B4 e R 1k i 12
Wi I . 7E =2 sHii, PMSM{RFFEEFIRA, =2
J5 51 NISCF. 7EfdEEPMSM 44 1FF, T =H
HLR MR E BN BAFAE— @ AN FR M, WOBRRAE i 4 FF
TEO0.81 A AT s ALK A ISCF Y, R i i 4 K
T IR IR T R R, SEG EE T RE
0.15 A/ Ao LA, 127 VAN UA BEAS I 21
B, T HE B T B AR AR R A N ) e H I L, i —
A HAE AT R PRI R TCVE A 0H  ISCF .

6
4
2
el
g0
)
-4
- 1 3 4
t/s t/s
a) PUMCAE b)
10
5
g
Z 0
™
~ s
-10

t/s t/s
¢) AR d) HeHH
El12  3ECISHRFE T BOSRER R I EIRR IS HUR T
Fig.12 Frequency characteristic fault diagnosis waveform under

comparative diagnosis method

0 1 2 3 4
t/s t/s

e) BUFEREIE ) MEE bR
&E 12

i bk, SCER [15] o3k 300470 Fr it A2tk
EMEWINEERS T REA —EMiRREE S, HiZW
IR, HAEGLE . A LR N 2R
HBR M RIRYE, AEE RPN RS, R A
XF e GE RN 2 fro, It AN I 36 T A SR 3R U7
AR 2 (A IR 00N 2 W iR S s

®2 WESISWIG A RERTLL

Tab.2 Performance comparison of fault diagnosis methods

T SCHR[15]77% ARICT7
rot R Wi ] 23.2 ms 2T ] 4.8 ms
o7 B R wH FasE R
BARHE wH FasE R
AR R S 7] i) R U
4 2 P

ASCVSTE TR AT a8 7 7K W FATLAR R 8 G 9 s
FIF 5, WETT T — Rk T 0y HR R R G R0
WU ()R B S a2 W g3, B 17 e s 2 A A 1)
TS W B R FIR O A T
FKHE [ 2 FE L T A i A 2R, 0 8 T g A LU
RS W VR HEAT T A IRAIE . D7 A AR,
PR B R 2 W T A2 Wk FE AR B2 e 1 /)
T AP SHRNAE . . BRI E
etk ANSEHENLSAT TOURISEMT . RO T A
BRI W, TR B S BE 0 B I X R At R
Wro LbAh, T TR ARSI A AR HLAL
PR, AT N T =M LR S, B
B .

2 £ x M
[1] GUO H, XU J, CHEN Y. Robust control of fault-tolerant permanent-
magnet synchronous motor for aerospace application with guaran-
teed fault switch process[J]. IEEE Transactions on Industrial Elect-

ronics, 2015, 62(12): 7309-7321.



66

T 5 R 2 BB ROBSED

2026 4F

WANG W, MAO Y, CUI P, et al. Double normalization fault
diagnosis method for open-circuit faults of PMSM drives[J]. IEEE
Transactions on Power Electronics, 2024, 39(9): 11613-11624.
KOMMURI S K, DEFOORT M, KARIMI H R, et al. A robust
observer-based sensor fault-tolerant control for PMSM in electric
vehicles[J]. IEEE Transactions on Industrial Electronics, 2016,
63(12): 7671-7681.

NIU F, XU M, ZHOU F, et al. Accurate interturn short-circuit faults
diagnosis in PMSMs under variable operating conditions by signal
compensation[J]. IEEE Transactions on Power Electronics, 2025,
40(2): 3530-3542.

HR B, oK EE . 22 BN E - 4a G2 T 5 7E 2R e MR 45
R[], o E FLHL TR 241, 2019, 39(2): 395-406

ZHENG Dayong, ZHANG Pinjia. A review of fault diagnosis and
online condition monitoring of statorinsulation in AC electrical
machine[J]. Proceedings of the CSEE, 2019, 39(2): 395-406.
GANDHI A, CORRIGAN T, PARSA L. Recent advances in
modeling and online detection of stator interturn faults in electrical
motors[J]. IEEE Transactions on Industrial Electronics, 2011, 58(5):
1564-1575.

BUR, BHFF 0, T A, 45 BT IR AR 22 O S A1 5 17K ik IR A2
P AL ITEL 7] R B s 45 A DU 5 5 (S VR S 0], o B AL A
%, 2022, 42(1): 340-351.

HANG Jun, HU Qitao, DING Shichuan, et al. Robust detection and
location of inter-turn short circuit fault in permanent magnet
synchronous motor based on square of residual current vector
modulus[J]. Proceedings of the CSEE, 2022, 42(1): 340-351.

SONG Q, WANG M, LAI W, et al. On Bayesian optimization-based
residual CNN for estimation of inter-turn short circuit fault in
PMSM[J]. IEEE Transactions on Power Electronics, 2023, 38(2):
2456-2468.

HANG J, ZHANG J, CHENG M, et al. Online interturn fault
diagnosis of permanent magnet synchronous machine using zero-
sequence components[J]. IEEE Transactions on Power Electronics,
2015, 30(12): 6731-6741.

[10] JEONG H, MOON S, KIM S W. An early stage inter-turn fault
diagnosis of PMSMs by using negative-sequence components[J].
IEEE Transactions on Industrial Electronics, 2017, 64(7): 5701-5708.

[11] WANG B, WANG J, GRIFFO A, et al. Stator turn fault detection by
second harmonic in instantaneous power for a triple-redundant fault-
tolerant PM drive[J]. IEEE Transactions on Industrial Electronics,
2018, 65(9): 7279-7289.

[12] RAO Y, WANG Y, WANG W. A simplified modeling and analysis
method for inter-turn short-circuit fault of permanent magnet
synchronous motor[C]. Zhuhai: 2023 26th International Conference
on Electrical Machines and Systems (ICEMS), 2023.

[13] FANG S, WANG Y, WANG W, et al. Design of permanent magnet
synchronous motor servo system based on improved particle swarm
optimization[J]. IEEE Transactions on Power Electronics, 2022,
37(5): 5833-5846.

[14] XU Z, ZHANG J, ZHANG Y, et al. Winding condition monitoring
for inverter-fed PMSM using high-frequency current injection[J].
IEEE Transactions on Industry Applications, 2021, 57(6): 5818-5828.

[15] NGUYEN V, WANG D, SESHADRINATH J, et al. A method for
incipient interturn fault detection and severity estimation of indu-
ction motors under inherent asymmetry and voltage imbalance[J].
IEEE Transactions on Transportation Electrification, 2017, 3(3):
703-715.

£ & & 7
3 (1987, B3, m LRIW, ETHIT ARE HLR S
PEHA .
5% (1997, B, WiLwriiA, E BT A LR R R %
W2 T S
ToAE (1985, B, i, #Hdw, WLASE, EEWR A
R R G AL S5H] fRARS. B ssd, A aRE R
MRS AP TR
A (1979—), 5, B, W, EEGRITROANLEES R
GURRIEAR . BHH RS HIEAR .
HEF (1967—), F, W, FEHFEHAFABRRS EIT.



