EORVECE RR
202545 A 10 H

HLAIL-S5 4 O

Electric Machines & Control Application

Vol.52 No.5, May, 10, 2025
CCBY-NC-ND 4.0 License

DOI: 10. 12177/ emca. 2025. 033

XEHS1673-6540(2025) 05-0527-13

FES5ES . TM 341 XHERARERD - A

ETEBEEEREGxERE S B
437 7€ [0] #2 ll #F 37

3 T2

(k=X%

FTHEHE, MWAHE,
AA SR RE B 710060)

WeFE, TEE, TAK

Field-Oriented Control of Permanent Magnet Synchronous

Motor Based on Super-Twisting Sliding Mode Control

LI Yaohua, WANG Zichen, HE Yuxie, QU Hanzhang, WANG Yuhan, WANG Qinzheng
(School of Automobile, Chang’ an University, Xi’ an 710064, China)

Abstract: [ Objective] In field-oriented control ( FOC)
system of traditional permanent magnet synchronous motor
(PMSM) , the speed loop and the stator dg-axis current loops
typically adopt proportional integral ( PI) control, which
results in a significant speed overshoot. Although sliding
mode control ( SMC) can reduce overshoot, it still suffers
from slow dynamic response and significant current ripple.
[Methods ] To address these issues, this study adopted
super-twisting sliding mode control (STSMC) to regulate the
speed outer loop and stator dg-axis current inner loop to
improve response speed and suppress speed and current
ripples, thereby enhancing the dynamic and steady-state
performance of the system. Furthermore, to improve system
robustness under external load disturbances, an extended
state observer ( ESO) was designed to observe disturbances.
By treating the load as an extended state variable, the
proposed method reduced speed recovery time and mitigated
speed drop during sudden load torque changes through
feedforward  compensation, thereby enhancing system
robustness. [Results] Simulation results showed that under
an operating condition of 1 000 r/min reference speed and
10 N-m step load, compared with speed SMC, the STSMC
reduced the speed regulation time by 86.25% , the root mean
square error (RMSE) of speed ripple by 95.35% , the d-axis
current ripple RMSE by 45.44% , and the g¢-axis current
ripple RMSE by 34.31%. Compared with speed SMC, the

STSMC based on ESO ( STSMC-ESO) reduced the speed
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regulation time by 86.25% , the speed ripple RMSE by
95.70% , the d-axis current ripple RMSE by 45.61% , and the
g-axis current ripple RMSE by 37.02%.
external load disturbances, compared with STSMC, STSMC-
ESO reduced the speed drop by 21.81% and the speed
[ Conclusion] The STSMC-ESO

strategy effectively reduces speed overshoot and enhances

Moreover, under

recovery time by 90%.

dynamic response speed. Meanwhile, it suppresses system
chattering and significantly reduces speed and current
ripples, thus improving steady-state performance of the
system. Under external load disturbances, the system can
quickly recover speed and maintain relative stability.
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oriented control; sliding mode control; super-twisting sliding

mode control; extended state observer
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Bl 1 T STSMC Ky SPMSM FOC %%t
Fig.1 SPMSM FOC system based on STSMC
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(35)

B2 EHTF STSMC-ESO 1§ PMSM FOC %%
Fig.2 PMSM FOC system based on STSMC-ESO

2 EREXTEE

J£ T Matlab/Simulink Z 57 SPMSM FOC %

i AL, SPMSM 280Nk 1 ik, %5
B on, H 1000 rpm, ¥R A2 FE R 0,0.2 s B
BYERZE 10 Nem, RAEEJAWIH 10 s, 5 B A EHK
H0.4 s, FHl SMC RS HER R ] SMC 2 1 &%
HBH Me=62.67,6=200,k=1 000;dqg 5 H i
R PLEERIS , HB BN k) =k, =9.35 k=
k,=1053.8,
£ 1 SPMSM £#
Tab.1 SPMSM parameters

SR SHUH
X ER p 4
FET d Bl S/ mH 8.5
ET q B2/ mH 8.5
FETFHER/Q 0.958
HFWEHE /Wb 0.182 7
B J/ (kgom®) 0.003
Ktk EEHE L B/ (N-m-s) 0.008

T4, WG T SMC $5 il 48 A0 PT 45 il % 14 v
REVEAT XS L, PL & 8% (0 5 SR S 8N &, =
0.14,k,=0.7, KASHIIMIFE ,

FFHEH SMC A PL ) SPMSM FOC &
G EPOEIE 3~ E 6 iR,

B3 E-TF#iE SMC 0 PI #=#l# SPMSM FOC
ARG E
Fig.3 Speed of SPMSM FOC system based on
speed SMC and PI control

FH O ELE5E R AT AR T4 P, T
B SMC ) SPMSM FOC & 4 1% A 558 1 , .
FEAE B AR Bl Iof 1) 7 i B 7 /)N, B R MR BB
BT SMC 43 4 ¥4 30 iz 2l F1 i B a 3, HiT
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B4 ETHEESMC 1 PIEHIH SPMSM FOC
R d SRR
Fig.4 d-axis current of SPMSM FOC system
based on speed SMC and PI control

B 5 ETFHESMC fn PIZHA SPMSM FOC
AR q MR
Fig.5 g-axis current of SPMSM FOC system
based on speed SMC and PI control

P iz B B I B AR L R K B, >R A STSMC #%
il 2 X 5 R T RE T dg R EAT A

J T RAERE IR STSMC $5 1 28 0 P RE , 75 %
SRk, Nk, HEATIRTT . BURZEH R 1% , R
B[] S Bl R | A ) S R ok

B 6 EFHiE SMC 1 PI#EHIA9 SPMSM FOC
Bk 3% 578 2k Buid
Fig. 6 Speed loop phase trajectory of SPMSM FOC
system based on speed SMC and PI control

RAEFHLRGE R B S PERE ; K e e ik 3 ¥ 07 iR
%22 (Root Mean Square Error,RMSE)wm_RMSE FE
T dq T RIK S RMSE, pyep i, s ARRAE AL
oMt SR, Hakik X mt (37) ~ 0

(39) Fs
N
d(w, —w))’
W, RMSE — = N (37)
N
2 (id - i; )2
. i=1
Uy RMSE = N (38)
iq_RMSE = (39)
SN R,

ANIFL kAR, R HLBLR SR RE 235 a0 2
% 3 iR

*2 ARk FHEH RS

Tab.2 Motor system performance under different k, values

k TS E] /s B R/ % R A s TR /% @, puse/ (rad-s™") i ruse/ A iy ruse”/ A
0.2 0.041 13.79 0.008 3.356 0.024 0.108 0.116
1.1 0.015 0.170 0.003 1.637 0.016 0.119 0.172
1.5 0.013 0.075 0.002 1.412 0.020 0.123 0.238

2 0.012 0.080 0.001 1.290 0.036 0.128 0.408
4 0.012 3.008 0.002 1.552 0.124 0.146 1.414
6 0.011 5.568 0 0.980 0.196 0.151 2.754
10 0.011 6.808 0 0.980 0.363 0.152 6.355
20 0.011 7.302 0 0.980 1.168 0.152 16.23
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PUHLRE T, (H 2 0 25 18 o i 3 0 F 3 1 °F 237 ik A HlL, X HEL L ER STSMC 4 il 5 2 5t 170

B,k K 2 BRI E S G SR, 15 YRk, =k, =100k, =k, =30,

TSR KRG AL, 2 & B I8 L+ k=2, Xf3ET STSMC #4438 SMC 1) SPMSM FOC

F3 ALk HEORBESRTHUINIERE (0 b, I KRS RGAGHHIE G UEAT 07 BT b, 45 R 7 ~ &
SURE B, RS, A B IR, A= 10 BR,
®3 FEk, THEV RS

Tab.3 Motor system performance under different k, values

ky PR s RSB/ %  FBERER s BEBIE/% o, g/ (radss™h) iy puse/A iy ryse/ A
1.5 0.012 0.005 0.002 1.466 0.031 0.117 0.198
15 0.012 0.010 0.002 1.450 0.035 0.128 0.403
150 0.012 0.080 0.001 1.290 0.036 0.128 0.408
500 0.011 0.627 0.002 1.450 0.038 0.125 0.408
800 0.011 1.481 0.001 1.370 0.042 0.126 0.429
1500 0.011 4.190 0.001 1.407 0.046 0.125 0.437
7 ET STSMC ##iE SMC #j SPMSM FOC B9 ET STSMC #%%iE SMC Kj SPMSM FOC
R HIFEIE RGEHY q HHFR R
Fig.7 Speed of SPMSM FOC system based on Fig.9 g-axis current of SPMSM FOC system
STSMC and speed SMC based on STSMC and speed SMC
B8 ET STSMC F¥iE SMC # SPMSM FOC 10 ETF STSMC F%i® SMC #J SPMSM FOC
REH d BT R 4t B R iR AR BT
Fig.8 d-axis current of SPMSM FOC system Fig. 10 Speed loop phase trajectory of SPMSM FOC
based on STSMC and speed SMC system based on STSMC and speed SMC

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



ZEWRAR A5 TR R T R A K R TR AP F LR 0 5 1) 4 I E 5

LI Yaohua, et al: Field-Oriented Control of Permanent Magnet Synchronous Motor Based on Super-Twisting Sliding

534

Mode Control

7 B85 SR T AHER T A% 48 SMC, STSMC
(S SIGH B TR, FLRB IR e /N, A5 58 SMC 1 H
TR K FHOPL 45 1 2%, STSMC (9 B 3 ¥ 2R H
STSMC #5 1l %% , AT WL STSMC R #10fil ef, 7 Bk 50

KI5 T STSMC Y SPMSM FOC %
G R SR E R, RGP EE 1A R
T, HIRTF RGN T M, &I ESO
W RGE G EY KR E R, RS RS 8h,
X} ESO MZH o) ., 1 8 FEATEE . SE o M
o, FUTFHAE W /& Hurwitz £ PEED AT PR, B
=15 a,=9, A Tl ESO EA7 4 4f i IR & 1
AE, XA SE S0 8 AT IR . AR 8 T 4 il ok
feang 4 prs .,

F4 TE 6 THIEZHIMERE

Tab.4 Control performance under different 6 values

B WAIR s R % RAIRE%
0.01 0.074 4 0 0.06
0.007 5 0.055 8 0 0.0017
0.005 0.037 2 0 0
0.002 5 0.018 6 0.002 5 0
0.001 0.007 4 0.0129 0

i 4 m 1,8 W/ Al LABR T ESO X F 4 5h
BT E R . 2498/ 0.001 B i 8 3 A i
ZIGYRSEIE /N & S m A B, 8 HUE
4 0.001

Xf £ F STSMC-ESO Fl1 STSMC f SPMSM
FOC RGEH4aHI MERB AT O EOXT b, 25 R an &l 11
A 12 iR,

P ELZE S AT AL, I A B ESO S |, 7 4h Bt

B 11 #EF STSMC-ESO # STSMC ) SPMSM FOC
REH g AR
Fig. 11 g-axis current of SPMSM FOC system
based on STSMC-ESO and STSMC

B 12 T STSMC-ESO #1 STSMC £ SPMSM FOC
R R IR
Fig.12 Speed of SPMSM FOC system based on
STSMC-ESO and STSMC

TR AR, T 38 A 17057 L M o 2 o T
2 RTF RGNS,

WUt iR 254l 1% , % e PL 45 ) |
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Tab.5 Comparison of dynamic performance

IR s PI#H] #%H SMC  STSMC  STSMC-ESO
PEAT[E]/ 0.071 0.080 0.011 0.011
EEEE/ % 29.44 0 0 0
R E/s - 0.035 0.022 0.020 0.002
BEHBRTE /% 6.42 3.07 1.88 1.47

VO A4S s R AL R S PR RE XS L an 3k
6 7N,
*o6 FEmMaEsTLE

Tab.6 Comparison of steady-state performance

AR PI 4% %53 SMC STSMC  STSMC-ESO
w, qyse/ (rad=s™) 07272 0.8164  0.038 0.035 1

ig ruse/A 0.2007 02337 0.1275 0.127 1

i, juse/ A 0.5345 0.6386 0.4195 0.402 2
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1% 6 AT, PT 45 i %% 3 SMC A HE I 3R
FH P Fa il 7 8 ok 2 0 e 9 Bk sl 88 K, STSMC
F1 STSMC-ESO B H Jii #5 >& H] STSMC, %%  Jik 5l
FRL LK S A s/ RS v AR AT R4 T

3 iR

(1) 5 PLEEHIA L, ek SMC W] S 9% 3 T
FETE {0 SMC I VAR TS50 AR 5 3 s 2 i i
RPN, R b PR AR SR PL 4, %
R Jk Sl R HL 3 Bk Bh K

(2) STSMC i B8 Jie R 2 00 492 Wi 8 38 °F-
R HICR IR ETEE T, KR T )8
BFE], 32 TE T s AR s R A, HL AR A STSMC
A A5 RV 8 Jik s R e 3 Bk s, 3R T R B R
AMERE, M T H SMC, STSMC (%% 33 I 45 i
]9 7L 86.25% ; %% # Ik 5l) RMSE ¥/ 95.35% , d
Tl % Dk 3 RMSE J80/)N 45.44% |, g Bl v 37 bk 30
RMSE Jai/] 34.31%

(3)STSMC-ESO W] 7£ #1282 AR i, 3 i
5 FEL DA M el e R & ST R e ek
FHAS THE3 SMC, STSMC-ESO (1% 8 15 i 6]
/1> 86.25% , 53 ik 3l RMSE 18/]N 95.70% , d i H
Tk zh RMSE /)N 45.61% , ¢ %l H 37 ik 31 RMSE
/N 37.02% A7 FE SN BB S EE, AR T
STSMC , STSMC-ESO [ 34 #: 75 98 /b 21.81% , ¥%
PRSI ]9 90%
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