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Abstract: [ Objective] To improve the reliability of the
symmetrical six-phase permanent magnet synchronous motor
(PMSM ) drive system, this paper constructs a dynamic
model based on a nine-switch converter and proposes an
innovative open-circuit fault diagnosis method for the inverter.
[Methods] Considering the dead-time effect of pulse width
modulation, the logical mapping between the motor winding
terminal-to-ground voltage and the switch state was defined.
The dynamic correspondence between the phase voltage and
the switch signal was established, and a unified logical model
of the hybrid system was derived. Based on voltage hybrid
logic operations, the voltage differences between standard and
fault states were compared, and open-circuit faults were
accurately located. [ Results ] The simulation results
demonstrated that when an open-circuit fault occurred in the
symmetrical six-phase PMSM inverter, the faulty switch could
be accurately located through dynamic logic transformation
and voltage difference analysis. [Conclusion] The proposed
diagnostic method can effectively identify faults in a single
switch or simultaneous open-circuit faults in two switches of
the same bridge arm, demonstrating high accuracy and
universality.
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Fig.2 Topology of symmetrical six-phase
PMSM drive system

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



ZRIRAE, A5 BT ILIF AR A B0 FR 7S A AR (7] 20 AL A8 4 0T 4 12 e

LI Yongheng, et al: Open-Circuit Fault Diagnosis for Symmetrical Six-Phase PMSM Inverters Based on Nine-Switch

342

Converters

TETRESEBR R, JUIF SRA e i IR T S 01 40 85
7RG i B AL DX (8] 7 1k U R B, S S
HUHLHL SR 3 77 5 D o, AL A DA P P 3
F AR =0, HAL AL AL DA AR A A A

A e b ARG B
HPEXTFR 7S AH PMSM A HL [ 5 & T 2840 4%
2R v X M R Z [ O 2R, T A5,

UpN
W =1, Dk o B (LT B, 2% 1EGE X It
LTS, A 1= 3 HO 3 7 LA % A A
LRE AT M PesE WL wy, MR/, )3 SR A5 iy =
I uy, /NI 2 2. )
F2 A XESARHEE h
Tab.2 A-phase, X-phase winding terminal- ) L YN ] .
to-ground voltages 2 -1 -1
Sy S, S5 x Ma Uy Upg -1 2 -1 0
1 1 0 1 x x 0 U, %U(lc -1 -1 2
2 0 0 1 0 1 0 0 2 -1 -1
3 1 0 0 1 1 0 U 0 -2 -l
4 1 0 0 0 0 Uo. U L -1 -1 2]
5 0 1 0 1 0 0 Uye S,S;(S, +S,m,)
6 0 0 0 0 1 U, 0 - o
S5Sg(S, +S,my)
7 0 0 1 1 1 0 0
8 0 0 1 0 0 0 Uy, S6So (S5 +S3m¢) (2)
9 1 0 0 1 0 0 Uy S,(S,S, +S,5.,m5)
10 0 1 0 0 1 Uy, 0 — R e—
Sg (8,85 +S,55my)
11 0 0 0 1 1 0 0 o
12 0 0 0 0 0 U, U, | S9(S858¢ +5:54m;) |
13 0 1 1 x x 0 0 R 5 2 [) i A% A2 46 S5 ) 81 i % FR S A
14 1 1 0 x x U, U, PMSM K 25 [Al i i S 4 A 2K, an=Xi(3) B
15 0 0 1 1 0 0 U, Ug |
16 1 0 0 0 1 Uy Ug. Ug
17 0 1 0 1 1 0 0 [,y ]
18 0 1 0 0 0 Uy U, | 11 1 Ly
© 0o o o 1 0 0 U, S T S S D
M2 A, A M BALCHLX M Y MRz S|, B B3 B B e
AR H TR 222 2 1wy
Upg = Uy & =U, +8,5(S, +S,m,) Lt
(3)
=U, -e,=U, +S.5.(S, +S . . . .
Ug, de * €2 g *S555 (S, M) 5{%ft(2)’ft/\ft<3),ﬁf .,
e, = Uy = &5 = Uy *S6S4(S5 +55m¢) ) { 1 1 3 J3 0
Uy, = Uy - e,=0U, '5(5154 +5,8,my) |:ua:l = iU 2 2 2 2
— . u 3« NG J3 1 1
wy, = Uy + &5 = Uy, +S4(8,85 +8,5,my) g o 2 -2 o
Yg lc 5 lc : 245 2M500Y 2 2 2 2
Uy, = Uy * 86 =U, =S5(S;8¢ +S;:5,m,)

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HIPLSEERIN T, 55 53 4, 454 1)
Electric Machines & Control Application, Vol. 53, No.4, 2026

S,5,(S, +Sm,)

SSSS(SZ +5,m;)
S6So(S; +S3m¢)
- o (4)
57(5184 +Sls477x)

S5(S,S5 +5,8,m,)

| S,(5,S, +858¢m,) |

S S 4 A T A | A e TR
AL S u, u, PR RS, Pt (4) AT,
A R I 3 1o LA T MR 25 5 IR A
U 1y oy, ENS S BROAI I £ U S (3L
FFA%

3 HEERITEMEISH
i SUIF A TF B W BB B th e 2 1,

L a BRI T BB BT 00T

() H—FF TR

(B T 5B S, T B BRSSO RS
€11 2084 o0 HIBCHEREIKA N

€y Isl=0 =5457M,4

(5)

&, | $,=0 =S,mx
W (4) (5)  HIRFR2E £, \E, 570K
1

1
Ea :?Udc(é‘] - & lSIZO) + EUdr(gﬁ* T &y l 51:0) -

1 1 _
?Udc ©5,5,5m, + gUdp = 515,5:mx

J3
Eg :?U(lc(‘gét —&l 51=0> =

Uy 5154577)(

> G

(6)
M (6) FIAlL RS2 E, M0 U, /6.U,./3
M U,/2,HEER2E E, 0.3/3U,/6,
BEFFCAE S, JF B R, e S Hit kD Hh i
1084 15,0 BIBEAFRIKA N

€ |S4:0 =8, +5m,

(7)

&, $4=0 =57

AR (4) (7) ,HUEIR2E E, E, 53500

343
1
E, =?Udc(‘9l - & |s4=0) +
1
gUdc(‘C"A &, s4=0) =
1 P — 1 —
- ?Udc : S4S7<S| +Sm,) + KU(IC ©8,8,8;mx
J3
kg = ?Udc<<94 - &yl s4:o) =
/3 _
?Udc SNITREL/N

(8)
B = (8) Al AL, Joie Wl A, 3% 25 K,
KIARAIREN-U,. /6, HERR2E E, R-U,./3.0,
U,/6,BLER% E, 1 0./3U,/6,
B FF A S, JF e ke e, 52 s H i o
£, |S7:0 &yl 5,20 M FRIR AN

€ |s7=o =5, +5m,

(9)

e, | 5,20 = S,S, +S,S,my
WRIE(4) ((9) ,BIEFRZE E, E, 7390 h
E = 1U -& | +

a _? (8 — & s7=0)

1
—U, (&, — &, s7:0) =

6

1 .
_?Ud(: = 5,5,(S, +Sm,) -
(10)

1
gUdo = S;(8,8, +S8,5my)

E; = QU@(‘% &l )=

6 7
—f%-%&xw@m>

Ml (10) AT MRS 22 E, H-U, /2.
-U,./3.-U,/6 0, B LK% E, H-/3U,./6.0,

[EHE a BFEF S, .S .5,.5,.S Al S, JF A
B J A LR AR 22 N 3R 3 BT

(b)) [Rl— R R A ) e FF 6 e

B A S, .S, FF s , 5 SR
ey 15,084 | 5,20 MBCEFRIBAN

€ Is]s4=0 =M

(11)

&, 5,5,=0 =577

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



ZRRAE, A5 BT ILIF AR A B0 FR 7S A AR (7] 20 AL A8 4 0T 4 12 1

LI Yongheng, et al: Open-Circuit Fault Diagnosis for Symmetrical Six-Phase PMSM Inverters Based on Nine-Switch

344

Converters

T3 5,.5,.8:5.5,.55.5,.5,.8; 0
S, FREF BN IEEHIRERE
Tab.3 Voltage residuals of S;.5,.5;.5,.55.5¢.5;.5;

and S, switch tubes after open circuit faults

Bk 2 Es
g Uy U U0 020,
S, —%Udc ,0,%Udc _?Udc s _gU(lc ,0
S, —%U(,c ,0,%Ull,. O,gUd(,
Ss _%Uda ,0,%Udc _g(/d" ,0
S O,%Ud(, —gUdc ,O,gUd‘.
S VN P
Sg 0,%Uda ,%Ud(. ,%Udc _gU‘l" ,0
Sg —%Udc ,0,%[]{](. 0,€Ud(, ’?U‘“‘

R (4) (1) BFERRE B, B, 4031 h

1
Euz :7Ud(~(g] - 8| |S]S4:0) +

3
1
gUdr(‘94 - &yl sm:o) =
1 - -
?Udc - [8,5,(S, +Sim,) —-n, ] +
1 - (12)
FUAC © 518,5:mx
J3
Eg = ?Udc(‘% =&y lss,20) =

/3 _
?U(lc ©518,8my

A (12) iJH1, 24 S, BUT.S, HU1.S, Lo n,
WOy RS2 E,

1

— 1
Eu :?U(lc : (1 _17'\) +€Udc (13)

A0 (13) A, Jois WA U, H K58 22 K,

YA RE N -U,. /6, H RS2 E, H-U,/3.0,
U,./6.U,/3 F U, /2, BEFR2E E, 0 W3U,./6,

B TF A S, .S, TFRE R , o B wih
54 € |s,s7:o &yl §,5,=0 R E SN W)

g lgg-0=
1 155,20 T

(14)

&, $,8;=0 ~TIx
WRIE(4) ((14) ,IRIRZE E, (E, 50900
E =LU|(‘9 & g5 -0) *
o« = 3Vl & 11 ss,=
1
U, (e, — &, sls7=o) =

6

1 _ -
?Udc : [5457(51 +Sm,) —m] +

1 _ (15
ZU(IC : [87(5154 +S5,8,my) _nxJ
J3
EB = ?Udv(84 &l s]s7zo> =
J3 _ -
?Udc - [8;(8,8, +S,S,my) —ny]

M (15) WA, B RSR 2 E, N -U, /2,
-U,/3.-U,/6.0.U,/6.U,/3 F U,/2, 8 k5%
% E, H-/3U,/6.0 /3U,./6,

e FF R S, .S, FFEE kR, 2 SCRg ik
el 0845 o MBCERIRN

€, |s4s7:0 =8, +5m,

- (16)

gylgg 0=
4 ls,s,=0 =X

R (4) ((16) ,FBIEFRZE E, E, 7350
E, =%Udp(31 & |s457:o) +

1

—U, (e, — &, 5457=o) =

6

1 .
- ?Udc -+ 5,8,(S, +Sm,) +

o an
gUdc * [57(5154 +S5,8,my) _nxJ
J3
EB = ?Udo(84 —&, s4s7=o) =
J3 — -
?Udc : [57(5154 +5,5,mx) _77x]

M (17) T, Rk 2 E, -U,/ 2.

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



HALSHEHIN A, 5535, 40

Electric Machines & Control Application, Vol. 53, No.4, 2026

345

-U,/3.-U, /6.0 Fl U,/6, BIEK 2% E, K
_ﬁ U(l(3/6 \0 \/\/§U(I('/6 o

[FIHE, a BFRE S,S.. 5,5, SsS; . 855, .S58,
S¢Sy TF IR WU RR 5 1 HE R AR 25 4N 4 iR,

R4A S5,5,.5,5,.5,5,.8,55.5,84.5:54.5,5,.5,5, F1 S,S, FFAEHEFHBEIEKRE
Tab.4 Voltage residuals of S,;5,.5,5;.5,57.5,55.5,55.5555.5;54.535, and S.S, switch tubes after faults

il E, Eg

8,8, —%U(k ,0,%%, ,%Ud‘. % o,gU‘,‘.

5,5, —%U{,{,,—%U{h, %Uh,o,%m % %U,,(, —gul,,o,gm

845, —%Udc,—%zfl —%Ud‘,,o, é —%U(,c o,gyd(

8,5; —%U,,‘,,—%Ud“ %U(,(, o,% —%Um, O,%Ud(

5,5 —%U(,(,,—%U‘l« %Ul 0,%11(,(, %Ul %Ud(, —?(/, ,o,gU,

S5 —%U‘{‘;,—%Ud‘_,0,%U‘I(,%Udc, U, —gU(h 0

S4S6 —%U‘J‘,,O,%U‘,(, —EUl —gu(h,,o,gudr
S48, —%Udc,—%U(,(_,O,%U(‘(,,%Udc —?% gUl o,gz/d(,,gUd
S6So —%U(,c ,o,%yl,v ,%U\h, —?U(,(, ,O,%U(k, ,gUm,

M1 3 .4 Al AL, FE 5 — T 8 Wl [ — AP
P SAE R ok A O 6 A R, A P P 3% 22
WV I | JE 3t A 3 75 =X R AT ) bl R 0T 5G4, (H
HIZ% 4 AL JF R4 S, S, [R) B JF B B 15 0 6
B S, .S [FIMIT sl ke, JFAE S, S, TR T il
BE5T A S, (S RTINSl e, 3o I o 1 00 R
FBRZEARIR] 24 e BRI X P A D ) e £ S
I, AL e 2k R O IR E (o7 B R | a2 i
PR B2 (BT

4 HEZERZH

FHLF Matlab/Simulink P&, #5225 F JuHF 6
A ES R FR 7S AH PMSM 1905 ELBOEL A 3 fffs
FH o, MHIUAEE o) ISHHIUMMAEE ;0
R,

XIFR7SAHH PMSM S 40 & 8« U ROE
PR L, = 0.46 mH, 3 R L, =

L17mH, € FHH R =1 Q, € FlE L, =
0.83 mH, 5 T HEEE ¢, =0.1 Wh, Hahifi & J=
0.02 g-m’ , WXTEL p=2, LI T, =1 Nem DU
K EMBEL L U, =300 V,

B CAS S, FFER R, S, 7£ 0.5 s KA
SEES A g o 1 FEL AL L S D AN TR 4 TR S B i
HUE w, vup WIS AANE 5 .6 Fi7R , HL ok 25
AN 7 FioR .,

HIFEl 4~7 WA, Y HFOCAS S, JFER R H
UL HL R I B AR, (R 2o P I T i e EL ARk
B, i e, R 2 E, BUE 0.50.,100,
150, L3R 2% E, IUHE 0.86.6, fF & TF G S, IF
SO A o s P L B 25 LA

BATFRAE S, S FF RSB, TFOCHE S5 .S, 7E
0.5 s &A= FF I BRI 0 B AL H S D W 8 i
R, IR LR w, wg W S B ANET 910 fiT
N, HLRERZE PR N 11 FR

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



ZRIIAE, A5 BT ILIF AR A B0 FR 7S A AR (7] 20 AL A8 4 0T 4 12 e

LI Yongheng, et al: Open-Circuit Fault Diagnosis for Symmetrical Six-Phase PMSM Inverters Based on Nine-Switch

346

Converters

3 XIS PMSM 2 R (A EER

Fig.3 Simulation model of symmetrical six-phase PMSM control system
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B 6 FXES, 7 0.5s Z4EFREBEH 8 FFKE S,.S, £ 0.5 s KEFBEMBERAY
BE T u, R R
Fig. 6 Voltage waveforms u, with switch tube Fig.8 Current waveforms with switch tube S,
S, open circuit fault when the time is 0.5 s S, open circuit fault when the time is 0.5 s
B7 FXRES, £ 0.5 s ZHEFFEHBFERH B9 FEES,.S, £ 0.5s ZAFHEHEERG
MR E BER u,
Fig.7 Voltage residual waveforms with switch tube Fig.9 Voltage waveforms u, with switch tubes S,
S, open circuit fault when the time is 0.5 s S, open circuit fault when the time is 0.5 s
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