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Fault-tolerant Control Strategy of PMSM Phase Failure Based on Four-bridge Inverter
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Abstract: In order to ensure that the permanent magnet synchronous motor (PMSM) can safely and reliably
operate the system after phase failure, for a three-phase PMSM,a PMSM phase failure fault-tolerant control strategy
was proposed based on the four-leg inverter. First, a three-phase PMSM phase failure mathematical model was
constructed to solve the input and output equations of the phase failure PMSM, according to the relationship between
the winding voltage and current after phase failure. Second, a voltage/current coordinate transformation matrix was
constructed to convert the d, g axis voltage/current reference value before the fault to the phase voltage/current
reference value of the remaining two phases. Finally, the carrier-based PWM was used to drive the phase-off PMSM,
thereby to achieve fault-tolerant control of the motor. The experimental results show that the fault-tolerant strategy
proposed has better steady-state characteristics and lower total harmonic distortion than the fault-tolerant and voltage
feed-forward compensation strategies.
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Fig.1  Three-phase four-arm PMSM fault topology

FEIE H 18 DL T HUAILBR o)y 8 0 FH — 477 i i AR
wisAT, HAREEEL . MR Gk A0S Wy
BRI, T A SR AT FL IR 0 39 & AR B D) R
AT S B AR SR 2 L IR 5% . R
A 3o SIS SR R 28 2 FL 3T B0 T Xk BRI S e i gt
TR 2 % AR AR 58 2 i B R e
FHSE 41 T 6 33 A5 25 45 1] 1Y) LR A v AR L Ao
AR AR I H ARG SR A 2 0.330, 5
0.67U,,, Horh U, R BB R o 6 B i B i v
O AL AR B 0 51 U, PRI 3 SR ) s a3
H He B AT SIS S8 2 ot B e I s S R G R A
AH ) 3845 0 BB B, 23 R AR DR A O ILAR
AT IHY 3 3 S5 IR M 00 ) 3R 4 B B AR = B ]
TRy 2RAE 0 I B

TEIEH TAESMT  a—b—c 2 AR R Y
PMSM A A4 5 Rt

U,=R-i,+L -p-i, +e,, (1)
v, =[U, U, U, i, =[i,i,il

R=[r00;0r0; 00r]
L =[LMM;MLM:;MML]
e, =le, e, ec]T

Kb .U, U, F U, N a—b—c Hehp & =M 1 i 1
JE 50, .0, F1i, R a—b—c Hebn R EHLE AR s p o~
T Ia 5 s R R BHLAE I 5 LW W BB s e, AR
PR B MRS 28

—BE LR, W8 3 Clarke T Park Z8 36 1] DL
A A bR FR A LR G, i, R ) e 4 R TR
A A bR FR T U AR G A ) ™ L AR Ay
(P& #8 T 087 r AL E U, PLAAS il 25 1) i
SHEHIE U MU W L UM Uy LIRS =

35

Hrp



wAEF 2021F £51% H224

FBL,F A T wgRA i T 5 69 PMSM Wi A8 545 45 ) Rk

AH A 2% (o 7E 3 T3 10 PWM Rk U,
Uy, F1UL) o bR 0 5 48 AT DL 3 Clarke
Park 4 2 HOS AR R S8, i L 2 2P

idq = Tpark . Tularke : iabc = P : iabc (2)
u,;, = Tpark Ty Uy =P-U,, (3)
Horf
2 2
cos(6) cos(ﬂ—l) cos(0+l)
3 3
P=—
3 217

2m
- 0+—
cos ( 3 )

(4)

-sin(f) - sin(0 - T)

i, =1, iq]T u, =[u, uq]T
T, =2/3[1 =1/2 =1/2; 0 V372 -=V3/2]

T, =[cos(0) sin(f); —sin(f) cos(0)]
AH PR a—b—c—d—q 2L RN ;0 M+
PrE 0,1, 0 d—q bR R TP HALHL U s w, Bl w, 2 d-
q bR R LML R T, o8 5 0 5 78 46 56 7
T, 0N Park B4 5 [

M d—q AR Z B a—b—c AAFR 2R 1390 48 4 iy LA
T2 AR

Iy = T(iu]rke : T;;x]rk : i::(lq =P ijlq (5)
U, = T(;alrke ' Tp_all'k : "'Zq =P "’;r] (6)
Hr
cos(6) - sin(6)

P =|cos(0 —2m/3) —sin(@-2n/3)| (7)
cos(6 +2m/3) - sin(6 + 2m/3)

T, . Z[COS(O) - sin(6); sin(9) cos(@)]
T...=[10; —1/2V3/2; -1/2 -V3/2]
K : PR d-g—a—b—c Habn R B AR B A B 7
e AR T K Park Wi 8450 B 5 T3, A Clarke

WG

fECBE A AR %, O 0,20, 24 H 3 B AR o
I AR AR . Rl (2) A (3) i
AR LRI R 5, 20 (2) F=(3) il fe sy

2
cos(ﬁ—i) cos (0 +

AL
R AR
i il 3 27 |Li,

2
—sin(@—%) —cos(0+ )

3
(8)
2w 2w
005(0—7) cos(0+7)

36

Herp
r - { cos(0 — 2m/3)  cos(0 + 21’I’/3):|
—sin(6 — 2m/3) —sin(6 + 2m/3)
T, b—c—d—q MR R S 1
[FIRE, 2R Z2ms = (5) Fi=k(6) h 5 A M K
B 0T TT LA A B d—g—b—c A6 AR Z8 19 386 A8 4 4
L
(i il | cos(6-27/3) —sin(0-27/3) [
_i:} T |:i:i|=[cos(0 +2m/3) —sin(0+2mw/3 )}L’J
(10)
Cul, g cos(0-27/3) —sin(0-27/3) [y}
uf’,}: L. [u:}:[cos(0+ 2m/3) —sin(6+2m/3 ):|[u;‘
(11)
KP Tl d—g—b—c A bR 52 Z ] 14 [ $0 728 i
Wi IR R A LR 25 Bk PR TR S A AHAE G
IO AR
2 AR A W AR B ), f TR D7 AR 2 (X
(1) Al fapfeh

e e L A A I )

2R PWM HL He Y 3 AR 8% 1 9 4tk (PWM-
VSD) 0] LLZ W& IR AFE W AR A5 40 T, B ML R S
FETHS AR, .

B 2) PRV S EEAAN )G,
(12) A 224Ky

uy, r 0l L M i, e,

[ufj:[o JLJ{M L}"M*M (14)

KT BT d-q A AT e R R LI Y 56 R B
HAEG A G5 4 (T, T, ) (WA PMSM 3£ 47
AsbR R K4 g R O (D4R
AL ) g o, A FCA L BT LIAS 3
W AH PMSM iy A Hh 7 FE XA T

. . I .
[ud} =rT,T,' [Ld} + 3vaTalp{L.d} +
u, i, 2 i,

3L ;
2T, (pT)") H + T, H
2 i, e,

M)A (10) /] LIA W HRE T, A1 T, 1)
T BOIEA R . AR FAL G2 Clarke F
Park 2845 [ 0, T WA B AL IS4 SCAY W
AH PMSM HL 7 2 (=X (15) ) Ak = 22, 9F 2
HARLRPEWKE BT NS o BEAh, W 2R (5 PLz il
i, SLER VR RB A T R o DRI DB A 5 ) 17

(13)

(15)



Eak,F AT # % % 69 PMSM B A8 244 45 ) K ek

WA 20215 HS51E F22H

OUT B B FEL S/ HL 7 AR s 2R B 78 AR I O
2B 2 R .

]I PMSM

ii +8 D U u, S,
> PI . —> PWM Sh

aw; || T ek rll
o [z

P2 WA R ) PMSM F2 f 5 5t
Fig.2 PMSM control system of phase failure

T B B, 2 PSR A B AR
i, LA AR XS BRSSO 2 [ R s 2R 6
WG 7= e W RS AN BDE e % ik, i 515k
FEL B B L Ik s B i o o L PR B T o Ik, S
K F) 25 S LG A A A o, = 2R
T3 e i I 7 B 1) A0 HR BIL ) BR324 0 1R
JiE e w5 7y , RIVERIE S B i I A 2 [ FL e Ok PRy
AR o A AR GELLEEEI , DL A AR B o 4],
A MRS E T, [RS8 DU BB AT, 2R
SRR A 1) 91K 8 15 5 25 2 1 58 DU R 1) 2 oA
il B A] = A 5 TR S AR R B o, B A 2320, AT
PRAE S R i S PRI A A [ A [ e 4% , i
LR 230 M e B B i s R TS AR
I e e i i o

2 = FBPMSM 24835 %) Rk

2.1 HE/HERALIRTIRER
S PR W A PMSM 1 2 51 35 R FEL R 0 6O
A5 K q Tl R AE A SRR L . R UL
7 BT S R P AR 20 HE AR R g
WAL o B A FH D BT AR R (A& 1h R )
ML TAEEA RS (,=0) o ZEXFMF AT
i, ANATHE A BRI CHA e A A R .
R T AT 55 5B A R 19 g il e 3, 7 1
BAHFN C AH T AR AH HL 3 o AR 40 =8 (8) AT LA ik
R T, 2K 386 A 3R A5 B AR A C A RS IE B i 48 2>
.
i —cos(0+7/6) sin(6+7/6) [ e
|:if}:\/§|:—cos(0—'n'/6) sin(0—w/6)}{i:}:7‘" H

(16)

ARl , 38 o T AT F b—c A2 FR R AR LAY AL
HEfEL N

|:ulm:|:\/§ —cos(@+m/6) sin(6+m/6) {UZ}:T{”Z}
u, —cos(0-m/6) sin(0-w/6)|lu]l " lu

q q

(17)
FIF B B As aE B (T, Fn ), Al (15)
faifb

C [P0l L o] . [0 -L]. kl
uzlq_ 0 r L(lq+ 0 L plrlq+w Ld O qu+wwm k
q ! 2

(18)
Horp k,=sin(20)/ 3k, =[2+cos(26)]/3
XF A R PMSM 51l REETT & L d, g Bl L TR
IR LIS

uy, = [8 0} Ly, + [3" LO} piy, +® [2 - é"} i, to¥, [(ﬂ
r q d

(19)

Fege= (18) A=K (19) , v LA & B RS T

14 R O AR 3 T IR A R A L R AR B

A (18) A= (19) 1y FZE X7 T g s s 8l

B HW I B 5 PRI ] DLg Sl i . Rk
IEF GO R ML PLIT LS

an| - quid
|:fJ B [a)Ldiq + a)llfm:I (20)
Wi AR AL TP AT DL R
w|_|-oLi, + koW,
LCJ { wL,i, + kzwqf,j (21)

ME(20) A (21) Ha] LA 2, et i I 7
AT BAEAEL, I HIBA LT A1 R 1
Do ST HLRRE TR BE RS O, H AT AR AZ
PR, e O 45 T DAy PP W &, HL T LA
i AT AME B T IR T BRI L

I RE , o ] AFRAS B AR C AT % T i 22 46
F R, AR R ) D7 AR B

i i
x| -1 d
L L

-2 4
sin(ﬁ—m) sin(0+M .
:\/g 3 6 '|:Ld:|
) w+2kw =4k i
—sin (0 + ) sin(6 - )
3 6
(22)
M
w,l * Lu,
) 4
(-T2 G TR
:\/g 3 6 '|:ud:|
in +1T+2k1T) in 1T—4lmT) u,
—sin m -
’ 3 70 6
(23)



wAEF 2021F £51% H224

FBL,F A T wgRA i T 5 69 PMSM Wi A8 545 45 ) Rk

o SR,y AR T AL ARz WA s kA
(AR
Mz=alf,x=b,y=c,k=0;M2=b0,x=c,y=a,
k=2;%8z=cBf,x=a,y=b,k=1, S H MWK
BRI, =00 AE St Il HEE P (a—b-c—
d—q) TN BE T, (x—y—d—q) 7= A= 1 AR e 45 S AR 7] .
=0 7] LL A 1F Clarke F11 Park 7% 4 o 1) 15451, PR I
ARSI P n] DU HIAE TR PMSM AR 42 14 S 15
(] b, AEL R K R I [ % o O o) (AR 1Y AR
W P i SR L B 1, DT i 4 IR 3 B T 19
LN
22 ETHKEPWM HIET 18 PMSM X577 %
TEE TS WA RS, A4 b i —

AT, B AL 48 19 SVPWM J5 vk ok 2k A% =
A7 R LR 2B R R BT R Y PWM 7
AT DA A = AN U PRI AS SR T 20 PWM
KRB PMSM. X T HA 2% PWM [ PMSM >k
Ut AN RS R AT A S R AR
i

u,. = - max(u,,)+ min(u,)]/2

u(:l = uiﬁ,, + uz (24)

Uy, = Uy, T U,

Upe = Uy, + U,
Horp u,]
A emax(u),) , min(u),) 8 =FHARPR LR (u), , u;,
Al w, ) v d RAB AR/ IMEL s wg, wp, AT ul, g HLBL
Ui B B BE L P A B L AR S IR SR A LR

uy=[u,, u,

RIS PWM B ; w;, iy M AL H P 53 B I B 46
TS L RAE 4

FEWTAR 2500 T, 5 W7 AFRE X 7 ) R IR O Ak
T2 WK A, FERAH W o5 F 275 iU ), M
w,, AT DIARIE L (23) 355 . 25 18 30 g 5 H s e, 1Y
e D R foff R YR %) R R R Ak, R e mT
DL O i L R4S A N
u,, + u,,
2

P13 Ay TF 8 DR 2SR T AR I RIR ST 1 PMSM
R RGRER , 2 RGE F B -LB
LI PRl % | [F]20 A bR R AR H  PWM & ZE 7%
DU 30 AR % \PMSM RH A i3 52 12 DT 38 Al s
e o AH AR A2 W B 3 e WA A A R I Ok B
WA 5 (F) RSO & (2) o W03 s WLAE IE %
RE T B85, 0l L B AR 56 B P(a—b—c—
d—q) FH T FU AL A L I A2 48 b DA ARAS o, o il ) B A5t
Lo AT I PTEE hle ,  iT AT g il
P PR s (e R ), PS8 G AR 40 R0 B T, 46
Ry A LS w, R w55 38 5 SVPWM i i AT
IR ELAIL 24 A W AR SRR, SR FH 3 1 36 A5 46
iR T (d—g—a—y) KRS R E (u),, u;,) , I
L) FH 2 T 300% i PWM I 77 2F 0K 51 30 78 28 A 15
Ao ATLUR I, WA Rt s il 25 1) 32 22 DO 48 T
FL L B I8 1 [ (6 A8 v 7 335 A8 48 6 7 R PW ML ) il
R E N o R = A Nl R S N
A 250,

(25)

* —_—
ull: -

A AR A 4 PWM% /- 42
H i P i 2 - VU R 306 7%
(T 1 VPV B ST T
_5?_’@ “ l IJ;E‘D‘ b
F F NI “ VRY
. de & u, B
- L . “arrier{ 1 S, T HD:_HDe DM pe
(T) Uy, |/ based T J LEI}TJ'—]}P[’J_’? w
PWM = _
4 Ium
] ARV
i 12 W
) P
1,
[a] 25 A R A8

(GRS SRS

Fig.3 Fault-tolerant control scheme

3 FRaR L5t

31 ZEWRE
T VA B 2 05 1 i 1k RE SE g P ] T A
38

o 8 4 0 0, A Bl BURE SR 958 3 07 6 7y B B AX
(DGCMG) J5i i, HEZESET . BB R U,=
28 V, B a B J=0.173 kg-m®, L LB AR E K =
2.22 N-m /A, FHHLFH R=6 Q, #HLE L=9 mH , £ 5l



Eak,F AT # % % 69 PMSM B A8 244 45 ) K ek

WA 20215 HS51E F22H

It H=10 N-ms, HE 42 i #1104 % 5 45 o) 2 42 R H
i,= 0 ¥ 7 K.
32 IR A AR

R T B E T R DA AR T AR
FE LS 1T 1A 02000 A FH NG AR 28 LT . 76
R TCAAS  HA R TR ME A SO 8 7 vk
ZIALEAT T AT S SG . [E 4 R O R M it S
Wa . W 4] LIE H 2E WA R 5, A A+
B4 R G ST RO/ N B0 i s sh A R A, A
FEAA ARSI HL AN 2

un

'1., n U gy

0 5 10 15 20 5 10 15 2
fif fil/s. i ] /s
(@)L BrHL R (byFH HLIA AN 2R L B
20
mmmp A f\ /\
™

IR

0 5 10 15 20
i i)/
() HL B Bt o i o T

Hsf1a)/s
(c)d—qHL T TE

2 500

2000 N

=
£ 1500

=

2 1000
fod

500

0

5 10 15 20
R Ies
K4 AR

Fig.4 Compensation measures without fault tolerance

5. &1 6 43 5l S e e Hin st i R R 4 3R
W AR SCHR A SRS I SR A5 IR . O T
AR R D AL PERE , 7E R Gk T 2 T
ot HL HS A I 48 7 o i At L AR AR i SR (8]
TR, O T ARAS MERR A 0 e, N 5 B
PLSHL, B WK RERERE W, & F I EAC R
&1,

M5 AT LA HR 3 G i 5t A, d—q HL
AEAS 2 23, I H. o i HL I B 5 M 0.185 A Jsi/N 3|
0.156 A, 53 A M\ H T2 28 i 113 5000 TN S 1
KB HAEREY A Pl o (HJE i TR b 200
PR JBORITRE H B AR Ak PRI R R A PR

15 20 5 10 15 20

0 5 : .-
i 1] /s
(by A L AN 2 L

10
B lil/s
(a)SZBRHL R JTE

T.f

15 20 l"() 5 10 15 20
Hsf[a]/s
(d) L T A o BT

0 5

10
s} [ /s
(c)d—qHL T IETE

2 500

2000

)

1500

min

1000

T (x

500!

% 5 100 15 20
i [A)/s
()G T T
FS  AEGERT R M i R

Fig.5 Traditional feedforward voltage compensation control strategy

i,
0 150 2

0 5 10 15 4 5 1
Fifil/s /s
(a) PR Y (b)FH FEL TR R 26 F T D
g
\
L s T
T,
\
1 ed
0 0 ;
0 5 10 15 20 7
AN
(©d-g BT ()P P A
2 500
72000
g
£ 1500

b=
A 1000
R

500
(% 5 10 15 20
fif[A]/s
(&) WL

Fl6 A SO Pl s
Fig.6  The control strategy proposed in this paper
39



wAEF 2021F £51% H224

FBL,F A T wgRA i T 5 69 PMSM Wi A8 545 45 ) Rk

BRUGZ AN, X Tt H e M e LS B R i
TN, SIS EORN R, #METERE SR
fike WK S s, GRS EE S 50% (S8B) ,
d,q SR HRIRIR ZE S, ke LE L, LT
5 HL A M 5 vk 1 M BB 2 2 B LS B0 B
(R 5E I

L6 FT LA, 55 W7 AH AL 3R 8 T i R
FEAME R GEAH L, o il T S B B . R d
AT P T O AR AE I B, {HLER Dy PMSML (R 36 0
TR rh d B RECHE (L=L,) , LA S
S ALIPERE . D3 oh, it A SO th R 254
s ) SR WS, HL PR A b 2 R R B I 1 P R
HMEFE SR RS o
3.3 hniEAN R E R

FE L SZ 56, ) WA PMSM i st Fi sz 5% >k
D 0 255 7 s i R B o X lin e 4 e DU
B TEe =15 s ZHT, RESZ I A ;=0 A, i, =
0.3 A, 15 s S B HIE N i;=0A,i;=0.7 A,
FE ¢ =8 s, W AAH, IFH5 T HE 1 10 25 5 5w 1
HTFRG ., FEEFERET, L = A AR
UKy, — BWi T T AR E T2, (8 2 305 5 Y
e o 7 SR T 3845 A A LI L d—q FL 3 T AR
PMSM ()3 B 7R B K

5 0 15 20 25
1} 18] /s
WP
0.6 i
0.4 l
S0 peme—— i,
2 OMVT«W
02 ] s
04 5 10 15 20 25
RIS
(b)Ha—b—cFEA1Y d—qHL i
1.5 ; T T T
2
2 o
#0.5 l >
/
//
0
5 0 15 20 25
s [E) /s
(o) FRLATLA 18

P 7 =AH PMSM (i fE
Fig.7 Acceleration performance of three-phase PMSM
40

H 117 AT AT, > DA AL S e, 25 A AL
LU B S AR/, 3 B A ML B B -3

TEWTAR LAY S PEREII e e = 15 s 2
AL WESHWHR N, =0A,i,=-0.4 A, 15 s J5k
SEHEBRBRENi;=0A,i,=—08A, fE1=8s
I, WEOT A KH, K8 BIr B A 2 B SR s L T &
%5, [ 8 Ay Ik A PMSM [ AH HL 3 . d—q HL 3 I
PMSM 3 B2 B 1 . el 181 8 mTRL, S A8 i R i A
IR IS £1% 2P AR DN, E 2 A i L7 L S e
ERAE AT LIRS HE AT .

3

0 5 10 15 20 25
s} [ /s
(a)HLAILAY = AH LR

=081 Wk [kpE
5 10 15 20 25
i ]/s
(b)H a-b—cFedeit) d—qHL T

0
% -0.5
E f
=
& -1.5 o
2
23 S0 15 20 25
B[] /s
(c) PGS

P18 IBTAH PMSM () iz 4 i
Fig.8 Reversal performance of phase-off PMSM
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Fig.9 Steady-state performance test and FFT analysis
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