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ABSTRACT: At present, the model predictive fault-tolerant control of single-phase open fault of six-phase permanent
magnet synchronous motor has gradually become a hot topic. The work aims to comparatively analyze the fault
mechanism under a-f and d-g coordinate system control and compare the control effect of normal and fault-tolerant
operating models in different coordinate systems. Based on the vector space decoupling coordinate transformation matrix
invariant principle, the A-phase open fault model was theoretically calculated and analyzed, and the model predictive
control fault-tolerant modeling was carried out in two different coordinate systems, a-f and d-g respectively. Finally, in
MATLAB/Simulink, the same motor parameters were used for real-time simulation of the normal operation and
fault-tolerant operation of the motor in the two coordinate systems. The simulation results showed that under normal
operation, the THD was 2.09% and 2.77% respectively. In fault operation, the THD in a-f coordinate system was 13.15%

smaller than that in d-q coordinate system. In fault-tolerant operation, THD was 1.19% and 1.79% respectively in the two

i B 2023-10-23

HEEMBE: BRAAMFEE (5200070339); vz KARE ELE T XBRM (6142217210301 ); #AG#HF/TH
FHAMLHRELERAD (D20221401)

*BIEIES



- 166 - f1 %% T 72

2024 4E 2 A

coordinate systems. It can be seen from the simulation results that the motor controlled by d-g coordinate system has more

stable performance when fault occurs, and the control effect under normal and fault-tolerant operation conditions is almost

equivalent.

KEY WORDS: six-phase permanent magnet synchronous motor; model predictive current; vector space decouples; open

fault analysis; fault-tolerant control
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Fig.9 MPC control a and f axis current in different coordinate systems

c172 - 3% T R
a0t 20 a0t 20
R g
L SSUINIHEN L S10pw Wh\
30 8 | I 30 g | \m l\m
:&: A iﬁ:
E | ‘ f ~ L 0 !
Z 20 & 20 020 0.2 0.30
@ E/ t/s
& =
10+ 10
0r 0 k/—.[
_10 | | | _10 | | 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
t/s t/s
a a-BAEARR b d-gBER R
K7 AFAPRR T MPC H 515 B 45 R
Fig.7 MPC torque simulation results in different coordinate systems
1500 - > e 1500 - P
| i l
= ~ 1520 ~ 1520
= 1000 - TE ‘E 1000 - 'T;
g ' NTYTITIR : :
£ | & 1500 bt g £ 1500 .. |
= | & | R ~a
I i |
& soof B ol & Soop # 00l
| 0.20 0.25 0.30 0.20 0.25 0.30
“ s t/s
(U o
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
t/s tls
a o-PAEFRAR b d-g%Ir %
B8 AIFALSRFR T MPC e s f) BL25 R
Fig.8 Simulation results of MPC speed in different coordinate systems
10 10
51 5L
< <
E ~
m 0r § 0
& &
< _Q
5+ 5L
-10 ! ! ! ~10 L ! L
-10 -5 0 5 10 -10 -5 0 5 10
ol FL /A ol FEL /A
a a-PRIRFR b d-gHFr &
K9 ANEAFRERT MPC #H o, f T



Fasts FH3W RBHL, %, RERER T SHH PMSM SEART IS 2455 MPC 54 - 173 -
05 Feuk (100 Hz) }94.618, THDIE #2.09% S HP (100 Hz) H4.626, THDIH K2.77%
04 |- 04 |-
8 8
go.s - % 03 |-
m b
= £
ozt o2l
o o
= 1
0.1 |- 0.1 [
0L=na llll lllllll-ll-lll = _0s0 0 -I Illllll-ll lllllll-lllllll

WRME CREXSERRE ) /%
EN

0.12

0.10

0.08

0.06

R (AR ) /%

0.04

0.02

FTF VSD A FRAE e AR A MPC 2558 2 1 iF 78

01 2 3 4 5 6 7 8 910
EBHIR
a a-BAAAR R T IEHFFT/MT

Hik (100 Hz) 47.731, THDIE K27.67%

lIlI ‘lllllll
6 7

8 9 10

5

0 1 2 3 4
BB

¢ a-BAAR R T BEFFT M

H% (100 Hz) 48.352, THDE 51.19%

||||||||.||I|.I|||I.|I||l.
2 3 4 5 6 7 8 9

0 1 10
L.t 11578

¢ a-BRRR T A4EFFTAT

01 2 3 4 5 6 7 8 9 10
BB
b d-gAFRE T IEHFFTAHT

HJg (100Hz) #48.111, THDEA14.52%

WEE (HEXTEEDR ) /%
S

3
| “
1
Ll "I | I” |||||‘||
0O 1 2 3 4 5 6 7 8 9 10
BB IK

d d-gHbR R T BREFFTAHT

ek (100 Hz) 98.368, THDIE }1.79%

e
=
¥

o

=

o
T

o

(=

oo
T

EME (FEXEEEE ) /%
=) =)
R

(=]
S
(=) S
T
=
——
=

|.I"| |||.‘||I‘|I
4 5 6 7 8 9 10
PEBEIR

f d-gAehRZR T B4EFFTAMT

hJ
2

3

K10 3 FusfrRESTEA R AR R T HRIE FET 2047

Fig.10 FFT analysis of current in three operating states in different coordinate systems

IR A FET d-g Bebr BRH o-p A br R HEAT 25 H b
AR B X H A3 AT o X S A A R [A) 25 H ML A T
FE O, XFIX 2 A bR 2R 45 3R G 53 0 o B SRR AL
M, IR TR A AMETT, 7E MATLAB/ Simulink



<174 - f1 %% T 72

2024 4E 2 A

HHEAT S B, X ER BT 2 FARAR R R A IE R
W AR 3 Fs RS M HI AR . 5 R R,
TEIEH BT AR BTN B, a-p 45 5 MPC £l
RS THD A L d-q 2645 R MPC ¥ 8il R4 1)
43517 0.68%F1 0.60%, K I 2 FAS ] A bR 2 73X 2
PRIz AT TO0 T BRI RCR LT A TR H 2 A iz
T B, d-q Ahn 2T 8 H Z 50 b 11 o i o o AN i
Mk R e, BBk B THD [EH a-p 2
PR T /N 13.15%, 78R B B R 0% o 47 b O 4 H
Mo B2, 3T d-g HFr R MPC 45151 7 4
RN R B ) Al AN AN R R U PR BILAE B A EL A
AR ASPERE , T ELAE IE H R A4S T 00 A Ry
IR . F— 2 TAER XA R Aa bR 22T B9 455
F2 11 5 W R AT SR B SR X L, 7R SEBR TAE TS
BP R FAR, TR

S 3k

(1] &hHE, SRICHE, ZEH7. T 0 SRE i AT 3l W DU 2% 114

K ) A5 F L TC A AR BT L SR e 0], e
T2, 2023, 44(3): 139-147.
HAN K, ZHANG C Z, YUAN L. Sensorless An-
ti-Disturbance Control Strategy of Permanent Magnet
Synchronous Motor Based on Super-Twisting Sliding
Mode Disturbance Observer[J]. Packaging Engineering,
2023, 44(3): 139-147.

2] SZiE, E@iR), 2008, . T ok R e gk

{10 K Bl TR A5 L S PL AR I D). 6028 TR, 2022, 43(19):
198-207.
JIN AJ, WANG S X, LI S L, et al. Control of Permanent
Magnet Synchronous Motor Based on Improved Super
Twisting Algorithm[J]. Packaging Engineering, 2022,
43(19): 198-207.

[3] XU Q, GUO S, GUO H, et al, Fault-Tolerant Current
Control of Six-Phase Permanent Magnet Motor With Mul-
tifrequency Quasi-Proportional-Resonant Control and
Feedforward Compensation for Aerospace Drives[J]. IEEE
Transactions on Power Electronics, 2023, 38(1): 283-293.

[4] SFESE. XU AR R D LA A R s T AR LA
PEHIRIERTFE[D]. P42 P94 B TR, 2023: 23-25.
SHI B B. Study on Optimal Control Strategy for

Fault-Tolerant Operation Efficiency of Double-Three-

Phase Permanent Magnet Synchronous Motor[D]. Xi'an:

Xi'an University of Technology, 2023: 23-25.
(5] FRMIT, 2NE, fRokim, . % 8 R 20 g B =

(6]

(7]

(8]

[9]

[10]

[11]

[12]

A 7K1 ] 210 R AL — AR T B ) A A 5 2 42 T SR s ).
[ P TR AE 4, 2023, 43(1): 294-303.

ZHENG B Y, LI B J, XU Y X, et al. Modeling and
Fault-Tolerant Control for DTP-PMSM with one Phase
Open Circuit Fault Considering Voltage Constraints[J].
Proceedings of the CSEE, 2023, 43(1): 294-303.

JIN L H, MAO Y, WANG X Q, et al. Optimiza-
tion-Based Maximum-Torque Fault-Tolerant Control of
Dual Three-Phase PMSM Drives Under Open-Phase
Fault[J]. IEEE Transactions on Power Electronics, 2023,
38(3): 3653-3663.

HUANG W T, HUANG M J, LUO L Y, et al
Open-Circuit Fault-Tolerant Control of Five-Phase
PMSM Drives[C]// 2022 1IEEE Transportation Electrifi-
cation Conference and Expo, Asia-Pacific (ITEC
Asia-Pacific), Haining, China, 2022: 1-5.
GONZALEZ-PRIETO, DURAN M J, BARRERO F J.
Fault-Tolerant Control of Six-Phase Induction Motor
Drives With Variable Current Injection[J]. IEEE Trans-
actions on Power Electronics, 2017, 32(10): 7894-7903.
JARKEE, oy, JhEs, A T IE R R AR i
X AR 7K () A0 AL BR A 2 5 P SRS [ 0], WL TR
R, 2017, 32(3): 86-96

ZHOU C P, YANG G J, SU J Y, et al. The Control
Strategy for Dual Three-Phase PMSM Based on Normal
Decoupling Transformation under Fault Condition Due
to Open Phases[J]. Transactions of China Electrotech-
nical Society, 2017, 32(3): 86-96.

LI X, XIE M, JI M, et al. Restraint of Common-Mode
Voltage for PMSM-Inverter Systems With Current Rip-
ple Constraint Based on Voltage-Vector MPC[J]. IEEE
Journal of Emerging and Selected Topics in Industrial
Electronics, 2023, 4(2): 688-697.

PR, TET, XM, % R AUKRE R D AL
22 5 R L TN R O S ) TRT AL SR (0], AL A
2, 2023, 27(6): 85-95.

LI Y H, WANG X Y, LIU Z K, et al. Simplified Mul-
ti-Step Predictive Current Control for Surface Perma-
nent Magnet Synchronous Motor[J]. Electric Machines
and Control, 2023, 27(6): 85-95.

GUZMAN H, DURAN M J, BARRERO F, et al. Com-

parative Study of Predictive and Resonant Controllers in



a5 3

wmYl, . RERFER T /S H PMSM MA I % 2544 MPC $54

© 175 -

[15]

Fault-Tolerant Five-Phase Induction Motor Drives[J].
IEEE Transactions on Industrial Electronics, 2015,
1(63): 606-617.

LUO Y X, LIU C H. Pre- and Post-Fault Tolerant Oper-
ation of a Six-Phase PMSM Motor using FCS-MPC
without Controller Reconfiguration[J]. IEEE Transac-
tions on Vehicular Technology, 2019, 68(1): 254-263.
GONCALVES P F C, CRUZ SM A, MENDES A M S.
Fault-Tolerant Predictive Current Control of Six-Phase
PMSMs with Minimal Reconfiguration Requirements[J]
IEEE Journal of Emerging and Selected Topics in Power
Electronics, 2023, 11(2): 2084-2093.

ABURUB H, IQBAL A, GUZINSKI J. High Perfor-
mance Control of AC Drives with MATLAB/Simulink
Models[M]. Chichester, West Sussex: Wiley, 2012:

[16]

[17]

[18]

372-373.

g = ARG [R) 2 LK 3 R LB 5E D). K
b WIREKAF, 2013: 25-28.

MENG C. Research on Driving System of Double
Three-Phase Permanent Magnet Synchronous Motor[D].
Changsha: Hunan University, 2013: 25-28.

TR K R R A L LA L 0 44 1 (M. b AL
B AL, 2022: 15-17.

ZHANG X G. Model Predictive Control of Permanent
Magnet Synchronous Motor[M]. Beijing: China Ma-
chine Press, 2022: 15-17.

WANG X Q, WANG Z G, CHENG M, et al. Remedial
Strategies of T-NPC Three-Level Asymmetric Six-Phase
PMSM Drives Based on SVM-DTC[J]. IEEE Transac-
tions on Industrial Electronics, 2017, 64(9): 6841-6853.



