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Abstract: [ Objective] To solve the problems of reduced
control accuracy in permanent magnet synchronous motor
(PMSM ) speed control systems due to variations in motor
parameters and external disturbances, a model-free sliding
mode control method for the PMSM speed loop based on
adaptive gain is investigated. [ Methods] The mathematical
model of PMSM under internal parameter changes and load
disturbance was constructed. The adaptive gain power
reaching law was selected and combined with the model-free
control concept to design a model-free sliding mode controller
containing a disturbance term. The total motor disturbance
was observed using a novel adaptive gain super-twisting
sliding mode observer. [Results] With the help of Matlab/
Simulink software and dSPACE platform for simulation and
experimental comparison, the results demonstrated that the
proposed method reduced the dynamic response time of the
PMSM system, decreased the rotational speed fluctuation and
the system chattering, and improved disturbance rejection
ability and stability. [Conclusion] The proposed method can
effectively improve the control accuracy of the PMSM speed
loop, enhance the dynamic response of the system, inhibit
chattering, and improve robustness.

Key words: permanent magnet synchronous motor; model-
free sliding mode control; adaptive gain; super-twisting

sliding mode observer

B = [ BRI vk #E R 22 L (PMSM) 458 R 48
Hh R R BILS B A LA R A3 A0 2l i 7 o R A 25 1)
AR SCHIEGE T — R T O Y 4 9 PMSM % 8 36 0
BRI BRSNS, [ 735 A7 PMSM 75 NS 5L

LA e 52 3 6 B4 30 e A B0 A8 3 FH 3 o 3 25 R IR
FAIT A, I 25 A ORI 45 ) AR B3 A 0 shami i e A
T A T 5 0T P B ) A 7 39 £ 8 B T A XL
AP SN, [ &R ] 8 Matlab/Simulink %142
K dSPACE V&1 7{5 BL 5 iR 50 X L, 45 - R W . e A S
WS 7T, PMSM 22 45 5 25 0 137 B 1] A AT, 2 i ik 3h 55
RGEMRIEAL, RETIHEM: REEHRA, [Fit] X
SCATHR T I RE 05 A5 A0 HE 25 PMSM % 530 34 (0 s i G e it
S FR G Sh A N AR Ty I BRI R

KB AR AL, JORBE R AR 1l 2R
R WETHE VA LN £

0 3|5

KRG [F) 25 AL ( Permanent Magnet Synchronous
Motor, PMSM ) Pl 280 35 o 1 2 %8 B2 L v vl Sk
SRR R BTz T, PMSM # HJR 1K
PMSM TAEPERE Ry B 228 bR, H AL 5 ] 2 28
SR N Ab2 3 BRI SE I B X PMSML % 3
R il 5w N A% 4 149 L 451 B2 43 ( Proportional
Integral , PT) #541** — 2525 & J 5] B i 1) A5 4
il e R s i ) A

fegs P1 ¥ BA G5 R B 280 ) 5 e S5
A RERSTEBRRR AR 2T, {H PMSM 2 — Rk
PR SRARE N 2B R ARG, HRAITE R A2 T
FIFFE BB ATH (L 450 PL E AN RE S UK B 11
Ptk WA ] (Sliding Mode Control, SMC)
SRR AR FR G B — R SR A —

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



TR, A AT Y A A A R TR A R ML R P O A B A A
LEI Ziqi, et al; Model-Free Sliding Mode Control of Permanent Magnet Synchronous Motor Speed Loop Based on

82

Adaptive Gain

ANREE BT BL T R A ] RGERE 1z 3h, HH 3)
AN R R AT A B SR B I N R AE K
2 A AL T R e v U SOk 19 ] 3 g
THBT AR A S DR 20 it T A T, 743 9 A5 30T B
B F2 MR B ¥ Sl B B A2 AR L 0, —
HHELEA BT TR 22 ISR B, {H i
T A U0 R B, A —E R PR I
B, SCHR[ 20 ] Otk DU R I 1, 23 i) A 00 25 1
PR THT R 5 3 9 A T (S [ R R R 32 A
FH A R A e IR 1) JE, IR0 4 Jay PRt 28 i 1
B AT R G s A8 T RE. SCHR[ 21 ] R
BT AP I A RGURS AL BT FH 38 W /IR
T A B T B4 ) 48 (Adaptive Sliding Mode
Control , ASMC ) , NMUA & il 7 R GE+HER, [F)
IR TE T FR G080 L B 24 R 48 52 B R
ErI iR E N ol RS o A

R SR BT 3 R A ) SR AR RE A8 i T
HARGERIROR (HR e —E R - WHs 1
R ) P A o, A G B R MR R T 1A B T I
1M ., AE LA BRI AT B AS W]k i 77 7E S 5008
AL K2 B AT, B SR Te i S e K
B A R B | T S W 2 ) o B R, BRI
— A f B %2 Michel Fliess 32 H T Jo#R A 35
1 ( Model-Free Control, MFC) 5 1% ) % )7 ki
ik ZR G AN i RS ST B A AU H o A
B AR R T S B AN E PSR B4R
RS BE T B R R, SCHIK [ 23 1R JC A B R AR
R 455 ok BT T AL T A o, R OR B2
TR B R s 2 i, k2D
R T RGEENE, TR 24 )0 T AR R E
UTAS S T P s a] | 6 bk R s a1, SR s 445
A MFC &=l m R G ek, [, &ty ki
SO0 g UL T oy A A v ) e 2 A A R e
B, (ER A fifp R i A ) A7 A 1 [ A B ) R
SCHR[ 25 ] 7F To AR A 1 A 42 i v (s 1 — i AL
AIARZ R I A R R AR BRI PR R GRS
W 1 3 88, SO P B i i 47 R T AU I 25 v >k ]
10U TE) eR R AT eR B, RIS T AR
8 T AT B , S IT X0 A TAER 11%)  A E  a

FET G ARSCOFSE T —Fb A 38 0 5 45 A oA
RN B ] 05 vk, J08 LN 78 PMSM %% 3 34
o T RS PMSM B R EE T AL ER S 8K

(FUIER) AR AN 52 B SN ER I 8 (AL ) T 5HT
PGS Rt S SIS I | B e B LIPS
SRR 585 R4 e 1 3 107 496 i R OB I A O
b By RSN S BINAGE Y Gy R a = B
B AR A ORI R 4% AR RGE B e i
THRES I Sh 281k B S 715 A 45 1 3
338 2 R ME A UL I 85 L 4 3 AR o A Bl O
MBI i g o A D s A A I B 0 Bk — 2P 4R
T TSR RIRG . 5, 7E Simulink b #4705
HAR I 5 ORI A4 6] (Model-Free Sliding
Mode Control, MFSMC ) | 2k i 2 JC A58 7Y i A5 4% il
( Improved Model-Free Sliding Mode Control,
IMFSMC ) " f X} L, fF dSPACE ¥ 5 | 5
MFSMC J5 AT [, Sk 76 T3 45 A i
JO7 B PMSM % 33 A JJo A 70 5 462 478 1] AE 6% 41 X i
WIS BEA L) AN AR s $ m e R e, H RA
SR 18y e 3 RS AT B SR RCR

1 PMSM #=E58Y

ARk FH A B PMSM R A BFSE R 42, %
S AL CARTE AR AR AT AR AR 1 i 450 6
AL S 508 3h , HLFG 1 1 il 4% B OE 5% 5y
A7 AN SRR IR ISR, U] PMSM. 7 d—q Bl AR b
AINMETHENER

l
w, =Ri, + L, de - w,L,i,
(1)

) diq )
u, = qu + Lq E + weLqu + w i,

Ay, M0 dg BILIE R s T i LA
PRAE 50,20, 23000 d g BRI L, L, 5350 R d g
LAY B FRAE s 0, e HUA R 5 o DRk
A T B R

EUR LR SE PRIz 4T I, LN FR 2 2 v
BRI Je sl 5% A R A T S 2 TH e LR
Th G AR R A5 N AR A AR, DI, 2 PMSM
TEN TS BRSNS d-q FhAAR 2T B E T
GV R EF

Ly
u, =Ri, + LF’E -, + Ay,
(2)

de
_ . q .
u, =Ri, + L, m +oLi, +Au, + o

X Auy Au, 53500 PMSM & A= S 0% 3 5|

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



LSRRI, 25 51 4, 55 12 )

Electric Machines & Control Application, Vol. 51, No. 12, 2024

83

A d g BT R A A
ARSI PMSM 327706 478 J 2 7 75 1
PEBFIE AT I A, Au, TR

: di,
Au, =- a)eALqu + AL, T
di (3)
Auq = wCALqiq + AL{I ditq

XM AL AL, 5310 d g il LSS i
TEHLEIE S T PMSM A HL G0 7 il

Te:%p[¢i'+(Ld_Lq)idJiq+ATe (4)

AT, S PMSM HLEEE SN I 6 4 A2 A i HE
ATez—%p(ALd—-ALﬁiﬂq (5)

[ i, % 58 7 48 Ak, T 45 PMSM 1 HL iz
N
do,
Jdt
AT, LR B R AT, R B
Akt J LI S 0, N5 T LI AR
BB HIHLJE 2L,
Hi=(4) ~ 30 (6) A5 PMSM 75 AL J& 28 46 L)

Loz B A s e B e RS T R

dwm 3 . 3 . .
m =ﬁpl,bqu + Ep<Ld + AL, - Lq - ALq)Ldlq -

=T. - (T, +AT) - Bo,  (6)

1 B
7(TL + ATL) - 7wm (7)

2 ETHEMBmMNERITER

AR SN

7 LR S B AT PMSM 5 il &R G2 Y
SR, AR TR SPGB AR SCE & O
TR ] 0 285 Wi 7 3k B8 PR 8 MR P e (8 O A
I 7 7 VA RE RS A4 ) 4 45 BE R SRS A
ST AP R T T A N 25 Y MFSMC
TIE VAL PMSM il R Ge e i BR 4

ARICET XE PMSM F4 5 3 1) MFSMC 3% 11 4E
PINTEL 1 o B0 S R ek & PMSM #%
PR R SR AR B | R TS A4 5 B B JR) A
RIBETE T B b M A Y JC L R W R 8
( Adaptive Gain-based Improved Model-Free Sliding

Mode Control, IMFASMC ) 5 2] 9% & & x 5 % 1Hi
i JF Bt A I N A R AR RE RO I
( Adaptive Gain Super-Twisting Sliding Mode Observer,
ASTSMO ) WL 7 il B AR A Bl f S 1 i 3
P

1 FEIR MFSMC 1EE
Fig.1 Block diagram of MFSMC for speed loop

2.1 PMSM % iEIFEFHAEBIEE
8 R AR AT B 2 R R ST, f A
E BTSSR HATAE T, X TR A
AR LME R G, HH R AR ] KR Ry
y(”_>=au+g(x) (8)
Yy =x
Kby HRGHA ;u ARG 0 NIEE R
GRS ;n WERGENE ;0 MR LR 2(2) H
8 SR A A A v Y Bh A ER
SCHR[ 26 ] %8 Jm A A R BRI 1T 40 2,
Jry BB T i Bl AR A R A R — N R R Gk
BAEM— RGPS i, W 8 s A A0 n] 5=
INH

y'"=aqu + by +f

(9)
y=x

Kb HRGURES RS 0 ARG B sh i 2
Lipschitz 47 S U

T o A R R R B i, 25 A (T7)
I (9) , A5 PMSM % 30 48 Ja) S A 764
dw,,
? = aiq + bwm +f (10)
2.2 ETFBRENEGNLEREEEHEEEIT
TEW AL ] ) FE At L 25 & Jo AR 5 ) BiLiE
WO R i B il A% . X (10) AT 3T A
T3 1 i PR JC AR IR P A Tl PR o e e ik =
¥, to, —bo, —f
i = (11)
a
K0 HEVLG EVBAERE ~,,, MR
) A4 T o AT
RAEE(10) A (11) 7T 15,

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



TR, A AT Y A A A R TR A R ML R P O A B A A
LEI Ziqi, et al; Model-Free Sliding Mode Control of Permanent Magnet Synchronous Motor Speed Loop Based on

84

Adaptive Gain

x me = d)m - d)V: (12)

S SUBE R B R A2 i

Xy = w; - a)m
: : : (13)
Xy = Xy = X sme = wr: - wm
X (12) AR F 0] 15
x = x = xS“](‘,
L (14)
xz = xsmc = wr:: - wm
BOTHR L
s =cx; tx, (15)

e HRT 0 WAL
X (15) HATRF 15
s =cx, +x, (16)
B G NG 8 RO AT R e
s=—h(s)sgn(s) | s/
n
5+ (1-8)e™"
(s)=e "
() S FAE N 45 R IR (0, 67'9) ;
FCs) AR R I [ A5 W 5 4R 5 R B, (H R
(0,1) 5, o .8 HKRT 0 BYHEL, H 0<8<1,

3 3 25 T R I A R AR SR Ok I
Y SEAE L3 R BT AT 1% I B AL G W T R 55
55 R BIOH A 3 3 R R R R A
REGIAFRITSED, LRSS ST,
M FR G Y R I RS TN SRS R [ 8 e i 1
1708

(1) BRGEBEA TR BRESET, B s | AL
KAEZHN . TEXA TR, F(s) N 0 Bl
T 1, RGN WO i R A & 3
TR RIS . 5 17T R GRS A RIVKs 1 A SRS BT
FCs) MEEEE T 1, B, R G0R A5 B i 38 )
P R, B A /DN 19 R R 38 58 T B AR A AR IR
SRR R R A, [FE A (s) BI{EZ
sl IN , RSB ( 15 2R G0 R AN FE S0 2 i A T P A A
PR A RE 5 A T N 3 P s 2%

(2) BREBE T W BN, B s h
BUME BEB,f(s) AEEEE T 1, H AL i
ARV S I fE SO i, B R
S0 B RE T, W H R GERHR A U 26T, 0 3
PR 1Y A7 7 5 B0y iR s gl W) i
h(s) REe/IME, BB I/ R GRS TE W SIS

h(s) =

(17)

INNRESET
Ml (13) ~ R (17) W5 v, FikHh

x,. =clo, —w,) +

sme

" n —p.l\.»l
f ——sgn(s) | sl° dr
o[ 6+ (1-8)e" ™

(18)
B (18) FCA (1) 15 PMSM < H 52 il
RGP TR R AR i 2 e A 5

-l
sgn(s) | sl® :|d7+

i f U
o dols 4+ (1 -8)e ™

(o, ~0,) +to, -bo, ~f

(19)

a
2.3 BENEXEIREREMSIER
FIH Lyapunov B8 0IE BAAS SCRR %31 B 1& b
FUOEEARNEREM, & X Lyapunov PRECH
1

V:?s2 (20)
X (20) 3K G015
V=ss=s[- h(s)sgn(s) | s1/]
R 21
b mlsl - (21)
S5+ (1-8)e"”

Mg (21) AT AL R 9>0,0<8< 1, il oK
53T BEE K F 0, WA 5 V<0, ARG 2=
R EEHIE AT, 2 V<0 B, REUIRERE
AR S o U B0 A, B BE T A 38 1 R IR
R T IR I T s o R AR A 1Y
2.4 HBHiEMNIYIFBIENEEEN N ZiE it

1T PMSM %% 3 288 Jag 3 B 8 v 55 5 A A
Yol £, A B 30 o 4 25 M e A O 0 2 %o
FLHERT RO, K A AR A S (19) 7 2 Prdl
BH,

HRRARAL SN £ Ak, BT PMSM % i 34 4
Jri AR Sy

do,,
=aiq +tbw, +f
22
G " (22)
dt_¢

o) BN f YRR,
XFa(22) BEI A 4 g e R e A5 L

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



LSRRI, 25 51 4, 55 12 )

Electric Machines & Control Application, Vol. 51, No. 12, 2024 85
de - il
%=aiq+b(2)m +f+x,, Ny == bey = AL s 12« sgn(s,) -
P s
di}_ (23) fa-sgn(sl)dT (27)
de " PSR [ 27 7T R0, A E 20005 14 A FR A TR

A o, ML A 32 B LI/ Ay 4% s WL
% SHTEET A R M A S i AT 5 L Ay A
XJFJ,{J ARV A IE NS
WL a5 25w =X (22) R (23) fE 2215 3,
HFRRA N
e, =be, +e, +x_, o
e =L-x,, — (1) (24)
Krfoe, HHBEIIERZE s e, ARSI R 2
BETT UL 25 B AL TR A

s, =e (25)
5 A6 MR R R B A Sy LN 8 T A
A
{ =—Als |7 «sgn(s,) +v (26)
v=—a-sgn(s,)

A A o R

ARSI IR Y LAY
T, FORE P A M s o [ A B 11 D) 460 o 50

BRSO WA B ) B SRR s i A 2

AEAEXT UG sRB AL, LIS R Ge MR

A 3(24) ~ K (26) I 75 HE UL 25 Ui S5
PSR 22 35 B oA 2, ] 75 1) B e A 42 i
i AT A

" T
L 1 st

AR >0 A>0, [EE, AARIER (23) 6
PRSI, T B A LA H L>0,

O R 2ZE WS BN B e, =6, =0, I
i, 2 (24) AT Ry

ENE

ey +Le, +9(t)=0 (28)
iR (28) AT AHESRE Ny
e, =f~f=e[C+ [o() - eai] (29)

K. C AL

W (29) AT LA R, e 50158 22 B & B (] 1
AR R 0, FF B L KU 25 | S50H R i
PR AE L BROROULI B (4158 22 i S BE =2 3G R, H
I AT T L% B 52 i) U000 e 149 WAz S50 LA B R
W B RN AR TTEE X L3t F b 5k, DA
PAR URUILESUIRIIE Y&

FI 30 B R i R B S M B AR R R
IF, PERR Y L AR DASR T UL 3 B 5 4 5 o A
JNEE ERRA/IN LB AR LA R AR e 5y, SR T
UG AR, B e R LAR, DABA PR et 152 B
o, RE B EP S il g 5 — RN sh 2
e R, SRR T B I, N RS
TR BRI LAE ; )2 MIAH R Gi ke
FE RPN LA

A A S AR E L an ] 2 R

WAL,

Lol L,

B2 BENEEREE
Fig.2 Flowchart of adaptive algorithm

A (23) A (27) Al A S LI E -
f==Jr-
~sgn(s,) + ja . sgn(sl)dT] dt
(30)

1
be, + Al s, |7

3 REMESERST

{#i | Matlab/Simulink “FE# &1 T 0 & W
85 R 7K R T) A6 B AL 2 3 PR G A 750 i A 47 1)
A AL G T i, =0 B9 XUAI R PMSM 2%

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



T4,

S5 BT N A ) A R ) AL R WL T P A B A4

LEI Ziqi, et al; Model-Free Sliding Mode Control of Permanent Magnet Synchronous Motor Speed Loop Based on

86

Adaptive Gain

AR RGE, T SNIR N A P 7 A Al
FIASCRF TS 05 % 5 IN 3R O fL 3R, fdE AL 5 Pl
Pl AR MIHE R AN 3 R

4

6
Sensor PMSM

B3 EREIER
Fig.3 Block diagram of model structure
14 PMSM 15 EAEJH AR R S8, ICER
FEFISIN 10 s, ELURMIEL O 546 V, K2 J4H
TLFR PT 4% il 5 LA I 56 3 R ASTSMO | IMFASMC
ML
£1 PMSM S#%
Tab.1 PMSM parameters

BEA R ZHUME
B/ (romin™") 1500
FLHLAR L p 4
FETH R/Q 0.48
JET g fir U L, /mH 17.8
SEF d iR L,/ mH 7.45
HLMLEL B3 J/ (kg-m?) 0.018
FHJE Z%0 B/ (Nem-s) 0
W ¥ KA RESE o/ Wh 0.201

x2 ERSHESHR

Tab.2 Controller parameters

PI ASTSMO IMFASMC
P=186(q ) A =800 ¢=700
1=12 000( ¢ fill) a=1 000 a=67
P=600(d %) Lyin =500 b=0
1=8 000(d 1) Ly =1 800 n=0.1
— 8=0.3 , =0.000 5
— — 1, =0.000 5
— — 5=0.25

3.1 PMSM ERHBSHTUR AHRT THH
BoH

SRR UE A SCHIF 5T 5 ¥ IMFASMC 1A 3

TEFE 3 B B RUAE 28 R e B 45 48 MFSMC 5 3C

K[ 17 ] B4 7 ek IMFSMC VR0 B X e (X Bk s 54

PSP o T EAS R B EUn 8, s
YA SERE N BUE I 1 500 r/min; 78 0.5 s B}, HL
B 15 N-m Fi#k; 76 1 s B, AL ¢ Sl d kil
17.8 mH 2884 1.5 f5% 26.7 mH; 7 1.5 s B}, HLHL
d R 7.45 mH 58 1.5 /%% 11.175 mH,

Kl 4 & 5 J& PMSM 7E 25 30 sl i 32 3 3%
Pesh LI d, g B J& 58 AR B, IMFASMC 5
MFSMC  IMFSMC (%% i o i oI

——IMFASMC —MFSM(

1500} —
.‘E .IE 1500 r ‘
1 496
E1 000 g W
g |2 I il
fw 500 @ 1488 ; - -
ﬁz 0.5 1.0 1.5 2.0
i 18] /s
0 0.5 1.0 1.5 2.0
5 1) /s

B4 PMSM 7£ IMFASMC #1 MFSMC TH9%%i%
HEXSLE
Fig.4 Comparison of PMSM speed simulations under
IMFASMC and MFSMC

15000 —— IMFASMC —IMFSMC
o =~ 1500F
g |.E 1490} |
E10001 | E 1408}
= | é}/ 1497}
= | B 1496}
W S00H W ! - .
b 3” = 14955 0.5 1.0 15 2.0
I BT”’:H/S
0 0.5 1.0 1.5 2.0
i 1) /s
5 PMSM 7£ IMFASMC #1 IMFSMC T HJ% i
FEXTELE

Fig.5 Comparison of PMSM speed simulations under
IMFASMC and IMFSMC

HH &l 4 A1, PMSM 7Efd 1] MFSMC J7 k2
TR, 5 R 2 JPE 12 o/min, 17
IMFASMC J7 2 i 5% A5 7% 4 t/min; 2 PMSM
HLJR L A AR AR B, #E MFSMC 5 % F, % 1 e 7%
3.6 v/min A B W, e RHIR IR, s
IMFASMC 771k i 7 R AR Bl AR Ak, i HL, il
F MFSMC J5i:B} , RGAFAE— B RN IR 2

H & 5 B[, PMSM 1£ IMFASMC 1 IMFSMC
T3 T SRR SISt — 2k
I IMFASMC J5 ik AR, 2 5T E 5 o PMSM
e TR TR e RN | AR RS AR I | dg il JER SR
A 8 2 I R A TR AR B A 6 T

H &l 6 AT %1, PMSM 7 {f H] IMFASMC J7 ¥

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



LSRN, 25 51 4%, %5 124

Electric Machines & Control Application, Vol. 51, No. 12, 2024

B, 25 25000 8l e o RE 1L 2 18 45 R B R Bl
WA £0.01 r/mm,ﬁ'ﬁﬁﬁﬁ IMFSMC J7 ¥ (1)
TR LS PR WUE e T BB K R
+0.03 r/min; 24 PMSM %€ il 1 2% B, i
IMFASMC J7 12 i) e 3 [ 9% LU A IMFSMC 7 i
1977 0.6 +/min ARG F2 A HEE A4 15 Nom
R, i B IMFASMC 5 % 09 %% 3 0% s
+0.03 r/min , M8 FH] IMFSMC 77 % 4 +0.06 1/min;
24 PMSM 1Y ¢ bR 1.5 £ B, A
IMFASMC. J7 ¥ W6 e sh AR A 3/ | e i sl oy
+0.05 r/min, 1M {fi F} IMFSMC 77 % A8 s % 5 728
K I 3 £0.09 r/min; 4 PMSM 1 d
i H RS HE 1.5 AR, ] IMFASMC T i 1) 5% 8
WS AR /N i W 3 £0.02 v/ min, 17 {5
IMFSMC. 77 1 3 sl ik sh AR A 0K, e i 0% 53k +
0.05 r/min, H AT, ff F IMFASMC J7 ¥ AH 3¢
Tl IMFSMC 77325 5% 2 82 10 42 o) B8 Jomobs o, 1
PRH /N AP vE

[ 7 2 PMSM 7E IMFASMC . IMFSMC \MFSMC
T3 T i A PR R EGT LU AL T T
VA& 7E IMFASMC J5 3T, 25 #as 17 B, % 0
Wk5h A+0.4 Nem;#F 15 N-m a0 #46 ksh b
+0.7 N-m;q Fl RS 1.5 50, A6 bk sh A
+1.0 N-m;d Hh AL BRZE 3 1.5 50, 5% 56 ik 3h A
+0.5 N-m 7E IMFSMC /6T, 2 #80a 170, H 5
JWk5h 0.7 N-m; i 15 N-m 08, 56 ks
+1.1 N-mjq fli oS 1.5 50, 5008 ik sh b
+1.5 N-m;d Hh A BZE 1S 1.5 50, 5% 06 ik 3h A
+1.0 N-m 7E MFSMC J7ik T, 25 s 17, 565
k5l A +0.8 Nem; 47 15 N-m a0 #6546 bk sh b
+1.2 N-mjq Fli S 3E 1.5 F50F, 5656 Bk sh ok
+1.7 N-m;d A BRSE3E 1.5 50, 5% 06 bk 3h A
+1.1 Nem,FHULATH, f FH IMFASMC 7 AT
i F IMFSMC \MFSMC J57% , PMSM #i H 19 B3 i e
FEK /N RS R
3.2 EitEENESBEEEEN NS5 %S

FB 2 TR AR X 38 X EE

HARGE ASTSMO A R, 7248 3C IMFASMC
J7 1 v BE B AL G 8 1R i T AW DU #% ( Super-
Twisting Sliding Mode Observer, STSMO ) YE{j5 E X}
l:[:(ﬁajr S IMFASMC J5 2% H BN 28 ) o 5 B2

R LS a2, 15 E g B o B ek

87
1500.1
S 15000
g
&
) 14999
#
14998, 02 03 04 05
5 1) /s
(a) BIAHE ik
1501 : 3
1500
‘= 1499
f 1498
B 1497
1496
1495 L— . * .
0500 0502 0504 0.506
ES
(b) FERRAE
15002 : : :
= 1500.1
.E
g
& 15000
bl
# 14999
14998 K H H
06 08 1.0 12 14
i 18] /s
(c) gl HL IR A
1500.2 :
= 1500.1
.8
£
L 15000
® ; 1
# 1499.9F [
1499.8 : : :
13 14 15 1.6 1.7
i [ /s
(d) dfh B AR

E6 HETEBIMMAE
Fig. 6 Zoomed-in views of rotational speed simulation
1 500 r/min;7E 0.5 s I, FEHLAN 15 N-m fizk,
Pl 8 R AN [ ORI £ 1 A ekt (5 B0 LU 8T, i ]
8 FIAI, 7Efdi Fl ASTSMO B, FRHLZE NN 15 N-m 7
WG RV 4 v/min BHTE 0.05 s FIRERA,
i STSMO B, % B 4517% 5 r/min JF7E 0.07 s
JERERaZS . BRI, ASTSMO A% T STSMO
RERSAT AU = RGP LA SNz 5 1 sh 2
M) )3 BE 7 o
&9 A, {fi ] ASTSMO If, PMSM 3241t 5
J5 0.03 s B BB LI R 4L 5, 1 STSMO W 75 22
0.05 s; PMSM Fa 751, ASTSMO WL 3t 5 ik 5h 5

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



TR, A AT Y A A A R TR A R ML R P O A B A A
LEI Ziqi, et al: Model-Free Sliding Mode Control of Permanent Magnet Synchronous Motor Speed Loop Based on

88

Adaptive Gain

I} a)/s
(a) IMFASMC

A [A)/s
(b) IMFSMC

I 1) /s
(¢) MFSMC

B7 REEEFEXLE

Fig.7 Electromagnetic torque simulation comparison

—ASTSMOI_| = STSMO
1500
1501 y
’T; 1500
210000 (= 400
E = 1498
= 81497
B 5001 ) 46
4 1495
01498 0.500 0.502 0.504 0.506 0.508 0.510
i ) /s
0 0.2 0.4 0.6 0.8 1.0
i [a)/s
8 #£ IMFASMC 775 ASTSMO #1 STSMO K
HIEFEXTEE

Fig.8 Comparison of rotational speed simulations
between ASTSMO and STSMO in IMFASMC

approach
INUEBHAE g+ 1, 1 STSMO W 3t 5 3 3 (8 A
+2, LA, ASTSMO A% T STSMO REMEATRL
AT I S8 3 [73] BF JoA% R W0 35z 3
g LTk o 5 A5 R 5 4, IMFASMC
JrILBENS S PMSM (1) S hG B e il 4 il , AT R

0
60 -828
=700, -830
e ~250) gy -832
= -900 -834
= =5001-1 000 -836
R -1100 -838
ﬁ 0.502 0.504 0.506] 0.700.740.78 0.82 0.86
-750 \[_l
-1 000 H : i H
0 0.2 0.4 0.6 0.8 1.0
i 1) /s
B9 7 IMFASMC 77i&£H ASTSMO #1 STSMO #y
HEh IE 77 E X b E
Fig.9 Comparison of disturbance observation

simulations between ASTSMO and STSMO in
IMFASMC approach

P  ShAsm R BE 1 DL R Ao il e 1 | 56
JE T IMFASMC 77 B Aa Rt

4 KIELEIE

SRS UEAS SO A0 T A 3 4 A K 7 [R]
A0 B LG R B O R 3 A4 ol 7 s ) A S8 A
SCHIH dSPACE ~ES29)°F- 6 #4750 IE, I 5% 4t
MFSMC EXF Hb, & 10 & dSPACE i - 4, %%
MR- EEAUFE 5 5.5 kW RSN, — 5
T TTMBRI I ML, — 5 0~430 V (Y { AR
JEgs — B AR DL S5 B e R AR 0y AL,
PEhlAE 2 i dSPACE DS1202 78 47 K SR 5 H
P

E 10 dSPACE iXBFEA
Fig. 10 dSPACE experiment platform

G i K W [R1 25 AL S 0 BT i 2 A — 3K
(AR —E e 750 . WEBILE
HIAEh, S B 1 000 o/min, %58 E 5
YR EREH 1 500 r/min HEVEFIN 15 N-m fE,
Bl 11 s AL i £R 18 &1 12 S 11 )RR
i ONE

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



LSRRI, 25 51 4, 55 12 )

Electric Machines & Control Application, Vol. 51, No. 12, 2024

89

A 11 B 12 AP PRS2 534 1 000 1/ min
i, IMFASMC J5 5 JL-F-JC 9 | Ifif MESMC J7 V547
7E 3.7 v/min PR, B AR RS [E], IMFASMC J7
P MFSMC 7R 1.5 s; 7E45 5% 1 500 1/min
B, AR 7 e B JC A, E 15 N - m £ 2 AT,
IMFASMC J7 ¥ Fb MFSMC 7 ¥ %% 3 5 9% /b
8.5 r/min, H A7 # I S BHR AL 2 v/min 22747
H UL AT, IMFASMC A% F MFSMC, JCig & 7F
T e AL e R S B 38 & T T P R 1 LA B FEAIR

e R S ER A B R AR T,
——IMFASMC % ________
1500 —mrsme -2 T :
A
.= |r——=——1 005
,E 1000 11003
= | -§4 001
1 R e
#5009 ® 997
905l
354.055 7.0 8.5 10[0
" . ‘ _ INll/s,
0 5 10 15 20 25
B i) /s

B 11 FEEile e E

Fig. 11 Comparison of speed experiment results

1550
1500
~ 1480
=
g ~
L1430 [
b
# 1380
230 235240 245 250
I []/s
1307316 1920 22 25
i 1) /s

B 12 HHEEEEREAE

Fig. 12 Zoomed-in view of speed chattering under load

5 #iE

BT X PMSM 1 3 2 4t Hh A L AL 2 50438 4k LA
BN Bl fe 1 s RS B 45 25 45 [l A, AR SC
Jeg s PMSM 7E N &5 2 800 A6 DL K2 3 4 34k
SlG IBCFA T KR Z A 25 & A 18 V3 25
VAR RS T T 1 — ol 80 (%) R 7R e 42 ) 2
DI 22 48 sh 25w i ROR LA S 55 8, 6]
R T PRI R G RIRG B R RSB,
WA T REREAR TR 2 A8 Ak B 2l 1 A 45 19
X2 07 8 5 A B E A UL 2 UL 81 2R G A B
FFAME B ¥ il #8 H . #E Matlab/Simulink % {4 H

5 PMSM & 5 06 R 4, (i B A SCE i i
IMFASMC 5 1£45 MFSMC LA & SCiik [ 17] Frig 5
2 IMFSMC 1E{ B Xt L, H 78 dSPACE 2524 °F
EUATIRIR I AIE , &5 0

(1) AL ITIEREIE KRR T R G080 A
N RE TS AW BR300 2R G A R i
T PMSM 93 & 4t b K B HL 2 B0 Ak DL K SRR
P Bl A (0 4 TR 8 A 2 4 ) A

(2) IMFASMC J5 AT MFSMC 70k
AR BhAR e N B[] KR BRI, RGPt
FasE Pk 34 K i BE 4% TF, IMFASMC 7 A T
IMFSMC 753, %5 2 i) 5% 3 B} 4k B IR 66. 6% ; 47
15 N-m B BT SR 7 0800 15.2% , Nk 5 Pk 2
FAZSHHEDNR /D T 16.7% |, 47 25 i BHIR B AE 50% ;¢
BRI 1.5 A5 U B b 44.4% 5 d il
IR 1.5 I, % i 302D 60%

(3) T AN 5 1Y PMSM % i A oA 7Y
TR 7 1k BB A AR T R Gt s A L g
J1, ssmprai ek, B9 R g bR

& % X o

[ 1] BRER, SRPIIR, ENS, . BT E SRR

(e 205 R BIL L O 9 90 0 o SR [ ] AL o i
A, 2022, 49(7) ; 30-37.
CHEN Y, ZHANG Z Y, FENG X P, et al
Suppression strategy of current harmonic in permanent
magnet synchronous motor based on compound control
[J]. Electric Machines & Control Application,
2022, 49(7) : 30-37.

[2] KREH, =5, 400, W sh CHL AL ek K R

[l AL TC A e 4 R 53R [ 1], AL S 4%
I, 2024, 51(1) : 60-76.
MI'Y Q, YUAN B, ZHOU C Z. Review on sensorless
control technology of permanent magnet synchronous
motor for electric aircraft propulsion system [ ] ].
Electric Machines & Control Application, 2024, 51
(1): 60-76.

[ 3] sk, s, BT H R R PMSM & 1 1k
BRI 5 i ke R g [ ] LS i R A
2024, 51(7) : 21-32.

ZHANG C S, CHU J B. Research on PMSM robust
model predictive control  algorithm based on
incremental model [ J]. Electric Machines & Control

Application, 2024, 51(7) . 21-32.

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



T4,

S5 BT N A ) A R ) AL R WL T P A B A4
LEI Ziqi, et al; Model-Free Sliding Mode Control of Permanent Magnet Synchronous Motor Speed Loop Based on

90 Adaptive Gain
[ 4] FRESR, Mt KEgE DRI A B %R new reaching law for antidisturbance sliding-mode
TEARLEA[T]. YL SR, 2024, 51(1) . control of PMSM speed regulation system [ J]. IEEE
1-13. Transactions on Power Electronics, 2020, 35(4):
ZHANG G Q, DU J H. Review of position sensorless 4117-4126.
control technology for permanent magnet synchronous [12] ZHAO K H, LIU W C, ZHOU R R, et al. Model-
motors [ J ]. Electric Machines &  Control free fast integral terminal sliding-mode control method
Application, 2024, 51(1) . 1-13. based on improved fast terminal sliding-mode observer
[56] JINLH, MAOY, WANG X Q, et al. Optimization- for PMSM with unknown disturbances [ J]. ISA
based maximum-torque fault-tolerant control of dual Transactions, 2023, 143. 572-581.
three-phase PMSM drives under open-phase fault [13] GUO X, HUANG S D, PENG Y, et al. An improved
[J]. IEEE Transactions on Power Electronics, integral sliding mode control for PMSM drives based
2023, 38(3): 3653-3663. on new variable rate reaching law with adaptive
[ 6] BERR, A%, ¥4, 3T ook 28 55 1k 1 7K R ) reduced-order PI observer [ J]. IEEE Transactions on

[10]

[11]

AHAL PTFEHI S EACA DT EL[T]. LS
H, 2022, 49(8) ; 28-33+92.

CHEN X, HU T, JIANG Q. PI control parameter
optimization  simulation  of

permanent  magnet

synchronous motor based on improved Honey Badger
L] & Control
Application, 2022, 49(8) . 28-33+92.

FAN Y, CHEN J L, ZHANG Q S, et al

algorithm Electric Machines
An
improved inertia disturbance suppression method for
PMSM based on disturbance observer and two-degree-
of-freedom PI controller [ J]. IEEE Transactions on
Power Electronics, 2023, 38(3) : 3590-3599.

RIR, AR, BT S I B 8 R 1 A £ B K
AR g5 PLAERI[T]. T HOARSAR,
2016, 31(23) . 38-45.

GUAN X, LI Y S. Variable gain PI control method
for permanent magnet synchronous motor based on
load torque feedback real-time compensation [ J].
Transactions of China Electrotechnical Society, 2016,
31(23) . 38-45.

BT, EEE, B, 5. RIMEAOKRER LR
W3 PLCAL BAR AR [T]. B THAR
244, 2020, 35(10) ; 2119-2129.

LI'Y J, DONG X, WEI H F, et al.

compound PI control for surface permanent magnet

Sensorless

synchronous motor speed regulation system [ ] ].
Transactions of China Electrotechnical Society, 2020,
35(10) : 2119-2129.

LI K, DING J, SUN X D, et al. Overview of sliding
mode control technology for permanent magnet
synchronous motor system [ J]. TEEE Access, 2024,
12 685-1704.

WANG Y Q, FENG Y T, ZHANG X G, et al. A

[14]

[15]

[16]

[17]

[18]

[19]

Transportation Electrification, 2023, 9 (3). 4503-
4516.

AHHL, B, DUHEN, A TSRS P1 Y
KGR A AL TG AL AR [ )] AUBILAS 250 B
2021, 48(10) : 9-34.

LI R Q, YANG B, HE J X. Sensorless control of
PMSM based on variable universe fuzzy PI []].
Electric Machines & Control Application, 2021, 48
(10): 9-34.

WANG S, WANG H Y, TANG C, et al. Sensorless
control strategy for permanent magnet synchronous
motor based on adaptive non-singular fast terminal
sliding mode observer [ J]. IEEE Transactions on
Applied Superconductivity, 2024, 34(8) . 1-5.
ZHANG X G, SUN L Z, ZHAO K, et al. Nonlinear
speed control for PMSM system using sliding-mode
control and disturbance compensation techniques
[J1.
2013, 28(3) . 1358-1365.

YIN Z G, GONG L, DU C, et al. Integrated position

and speed loops under sliding-mode control optimized

IEEE Transactions on Power Electronics,

by differential evolution algorithm for PMSM drives
(1]
2019, 34(9) : 8994-9005.

RIAZ S, YIN C W, QI R,

IEEE Transactions on Power Electronics,
et al. Design of
predefined time convergent sliding mode control for a
nonlinear PMLM position system [ J]. Electronics,
2023, 12(4): 813-813.

BRI, BUAER, B KEER D i LR A7
Zevm s il de A9 B3t (] A LS i 2 i,
2021, 25(12) : 58-64.

KANG E L, HE J Z, WANG Y C. Design of non-

singular fast terminal sliding mode controller for

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



HAL

SR, #5514, 12 )
Electric Machines & Control Application, Vol. 51, No. 12, 2024

91

[20]

[21]

[22]

[23]

[24]

permanent magnet synchronous motors [ J]. Electric
Machines and Control, 2021, 25(12) . 58-64.
T, BSEI, B8 . TR AR
5 4 e P % i i AL DU 4 1 TPMSM. 4 7 AR
GETRLERI (1], B TR E, 2023, 38(1):
190-203.

GUO X, HUANG S D, PENG Y, et al. Sliding mode
control of IPMSM speed regulation system based on
an improved double power reaching law and global
fast terminal sliding mode observer [ J]. Transactions
of China Electrotechnical Society, 2023, 38 (1)
190-203.

LEI Z Q, FENG X P, XIE S R, et al. Sliding-mode
control of PMSM speed loop based on adaptive power
reaching law [ C ] // 2023 6th International
Conference on Electrical Engineering and Green
Energy, Grimstad, 2023.

FLIESS M, JOIN C. Model-free control [ J ].
International Journal of Control, 2013, 86 ( 12):
2228-2252.

R, BE, SKE L, 55, JREER] D ALK
AU R AR (1], B 5O E R,
2018, 32(4) . 172-180.

ZHAO K H, YIN T H, ZHANG C F, et al. Research
on model-free sliding mode control of permanent
magnet synchronous motor [ J]. Journal of Electronic
Measurement and Instrumentation, 2018, 32 (4):
172-180.

BRI, REEAE, WOEIEK, SF. R TREE A
K ) AP FE ALK Bl 22 G At TOASE R i B i [ ]
PLEHLAE S, 2022, (3): 148-155.

[25]

[26]

[27]

HUANG Y S, TANG R Z, KUANG M Q, et al.

Improved model-free sliding mode control  of
permanent magnet synchronous motor drive system
based on quick reaching law [ J]. Electric Drive for
Locomotives, 2022, (3) . 148-155.

RAEURE, SRES, 5, 5. STV RIS
LI 85 F) 73 A 1) 20 P A L 2 TS 2R R [ ]
TR AL TR, 2022, 42(6) : 2375-2386.
ZHAO K H, DAI W K, ZHOU R R, et al. Novel
model-free sliding mode control of permanent magnet
synchronous motor based on extended sliding mode
disturbance observer [ J]. Proceedings of the CSEE,
2022, 42(6) : 2375-2386.

SAFAEI A, MAHYUDDIN M N. Adaptive model-
free control based on an ultra-local Model with model-
free parameter estimations for a generic SISO system
[J]. IEEE Access, 2018, 6. 4266-4275.

M. AGE R B R R MR I D] K
U EPTRHER A, 2012.

LI P. Research and application of traditional and
higher-order sliding mode control [ D]. Changsha:

National University of Defense Technology, 2012.

Wk H 1 .2024-07-16
W B ke H 3 . 2024-10-11
TEH T

AR (1999-) B BT AR BFSE DT 1] D L ER

T 5 11E35),19117215354@ 163.com;
* EEMEE R4 (1963-) , 5B 1, #¥%  Drge 7 il
HHHLIET B H AR | zhaoch@ sdju.edu.cn,

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



Extended Summary

DOI: 10.12177/emca.2024.139

Model-Free Sliding Mode Control of Permanent Magnet Synchronous

Motor Speed Loop Based on Adaptive Gain

LEI Zigi', ZHAO Chaohui’*, GU Pingping', ZHANG Wei', MA Yuxin'
(1. School of Electrical Engineering, Shanghai Dianji University, Shanghai 201306, China;

2. School of Intelligent Equipment Engineering, Wuxi Taihu University, Wuxi 214064, China)

Key words: permanent magnet synchronous motor; model-free sliding mode control; adaptive gain; super-twisting sliding mode

observer

Permanent magnet synchronous motors

(PMSMs ) have been widely adopted due to the
advantages of high efficiency, high power density,
high reliability, etc. However, PMSMs have a wide
range of practical and

applications complex

application environments, and in some specific
operating environments, factors such as temperature
and wear can cause disturbances in the original
parameters of the motor, such as changes in the
inductance and resistance, which can lead to a
decrease in the precision of motor speed control and
deterioration of the control effect. In order to improve
the dynamic characteristics and control accuracy of
PMSM, a model-free sliding mode control method
based on adaptive gain is investigated.

Firstly, a new ultra-local model was established
based on the PMSM speed loop under the variation of
the internal parameters of the motor ( inductance )
and external disturbance (sudden change of load).
Based on this, adaptive gain-based model-free
sliding mode control (IMFASMC) was designed to
obtain the controlled quantity x and the control
quantity i; and the adaptive gain super-twisting
sliding mode observer ( ASTSMO ) was designed to
observe the unknown disturbance in the controller f
to complete the speed loop control design. The flow
block diagram is shown in Fig.1.

Then, to strengthen the dynamic response of the
system and reduce chattering, an adaptive gain

power reaching law was designed, which replaced

S8

the traditional sliding mode gain term and power term
exponent with an adaptive gain function. The system
state was introduced into the designed parameters to
enable dynamic adjustment of the parameters. The
model-free control was combined with the adaptive
sliding mode control to design the model-free sliding
mode controller with adaptive gain to improve the
system > s robustness.

w*

m

Fig.1 Block diagram of model-free sliding mode
control of speed loop

Next, the total disturbance of the ASTSMO

which

automatically adjust the sliding mode gain according

observation speed control system, can

to the disturbance change, was designed and
compensated into the controller as the disturbance
term of the control law, which further improved the
speed control accuracy.

Finally, simulation experiments were carried out
on Simulink and validated on dSPACE. The results
showed that the gain-adaptive model-free sliding
mode control of the speed loop of PMSM improved
the control accuracy in response to the changes of
motor parameters and external disturbances, offering
faster response and better transient and dynamic

control.
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