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Abstract

In order to enhance the response performance and robustness of the speed control for permanent
magnet synchronous motor (PMSM), and to address the inherent contradiction between the ap-
proach time and the system’s oscillation amplitude in the sliding mode control, an improved sliding
mode control method based on an adaptive approach law and a disturbance observer has been pro-
posed. This method introduces a composite function item and combines it with an integral sliding
surface to construct a sliding mode controller for the speed loop. Additionally, an integral terminal
sliding mode disturbance observer is designed to monitor the changes in internal parameters and
external disturbances in real-time, and the estimated values are used to compensate the sliding
mode controller to suppress the effects of disturbances. Simulation experiments have shown that
the proposed sliding mode control method effectively improves the response speed, with minimal
speed fluctuations and short recovery times when sudden loads are applied. The results indicate
that the proposed sliding mode control method can significantly improve the dynamic performance
of PMSM speed control, enhance robustness, suppress oscillation phenomena, and provide a feasi-
ble solution for achieving high-precision and stable speed control.
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1. 5|

FKHERD L(PMSM) G 2 i ST, OARIRER AR A, FEBUEASE . MUSHIR . Re & hilis .
HrRe RS SR 2 B[] 2T, PMSM 2 —NMEA 2R, G JRERMEMES RN E R R
i, PlyEldsJoikif 2 PMSM X}t Re4E I i 2Kk, H P15l 380 R RSB MO, B 5
BN LA A ISR [2] [3]. BRG], [H AR T &R SRS, W E Bk
FEHI[4]. EIERPERI[S]. OB H [6]AIE Hif H1[7] (Sliding Mode Control, SMC). 1, m-Fi s
XK P R EOR UK, N SHCRAARUR, JF BB A R0 IR R G S HR MM N EEh RS2, Bt
7E PMSM FEH| R G453 1) 2 N

SRIM, SMC fELEM BRI R mfshl s ThtE. BAl, A THRRSGFEHR, ERIMFERE T
ZRRRTTIE, B mE BR8], I R[91 757k, B AR [10]. Hh By RS RGUIRES BIA I
T AR B UIAR G, & B BTHE T 28 ] DUAT R0 i L FE R8> RS EHRILR

Fallaha C J [11]4% tH [ 3& ¥ #43i f3 (Adaptive Reaching Law, ARL), i 1] #3825 [ifi 2 S0k A28 & 5 ig 1
T )RR S H & MR, AR 7RG EHRIL R I 4K 7w S TR], AT SR 2 20 T RGuERE . Guo X
[12]5EH —Fh B G, 456 7 BeR BRI B ek B, BDhEakE 1 e S A), IR0/ 1 RHRBLS .
Han H [13]#& 1 — 25 T~ I AR Vi A5 0 1) 1 3 A i, Sl van R BN B2 DR i i, [RIIR osk/s 17 RHIR I
Fo Yu X [14]52 H —Fh g, 456 BA RGURESZEVIEAE N HENIT, sk TG BiT &
T A T BT[] 5 B R R AR R R, BT R PR B0 A e AT S B EHR
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AL, T PMSM £l RGAFAESME TR N TS HCLA, ¥ SMC RN I #5 45 & ] LA R
THRG &R Nguyen T H [15]42 tH—FhJE T 5ot B B LA AR 43 S0 25 (4 12 3 BT Azl i, s il
A TH R SRAR R O AR AN TERA Al v 3 B T B e S e R, Xiong J [16]4 HE — A R LR
AMMEE, BortHEiim NG S MR SIS RARAS, MM 7 PMSM (R R MR RE . Qi G [17]
Pt — PR AR AME R ORI S, AR IR T SRS W28 00 [ A BB, S TS TS BE .

BT UL, ARSCETE T — Rl 3 & M (Improving Adaptive Reaching Law, IARL), fi##k T
FG T VAT I 1 2 RO e D G S B R R IR e, G AR T R IshAERE. thAh, BT
3 283 VAR Bl A 28 (Integrated Terminal Sliding Mode Disturbance Observer, ITSMDO), REf% bk ik
WA T B A N E SRS, JRROULIE AT A ME B R bl 88, DU SR R G Itiiee 1. iR
SEEGIGAE T IARL + ITSMDO (A %, 25 REWSEH T EINtR 7 RGm R, A R0 17 HHR, A 30
T RS E .

2. PMSM #4880

N BT, BB PMSM S2BAE H AL,  H 2SR BA IR AT 45 e . RIS TAREAEAN . RN HL IR S
B N PMSM 1E d-q filiAAHR 2 P ) A T AR A R

u, =Ri, + L, %’— Lo,

di @
) iy .
u, =Ri, +L, E+ Lywly + o
PMSM HLf 177 FN
3. .
Te:EPnlq[l//f+(Ld—Lq)ld] )
PMSM HLE 2 77 F2 4 -
do
J dtm =T, -T, -Ba, @)

A ugs faF La 20002 d BEO RS . FRURAT R Ugs i FH Lo 2002 q BhE s . LU R RO
THF, e RFTHIHAEIE; Te /& BAFAE; ToRMEEM; Py RETHNEG W K BEARLSE: J
FEREENE; on RETHINIAESEE; B RRIEREL R TR .

LR RN PMSM PERHEER R, A L =L, » :N(Q)FRIL:

3 .
Te :E nl//flq (4)
3. BRI R
3.1. GRS
s=-ksgn(s) ®)
ﬁqj: k %i_ﬁ)ﬁ’ k > Oo
Xof F(B) HEAT AR 73 T SRATH M L I () Ay «
_Isl
t=" (6)
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EHF(6) AT T AT, G 25 k o] DA/ S TA) ¢, H 238 KRR, RZITRAR .
Fe%E T 2 (Exponential Reaching Law, ERL) & & 2 R ot =, HEREN:

s=—ksgn(s)-es (M
:_EEEP: k$ug%iﬁ—l§y k>0y 8>Oo
X 2 (B)HEAT AR 73 T R A e S I ] g -
tr = l|n {M} (8)
k k

H@) AT A A, FRECEIL AW 5 AU B —es HNIE RGOSR R ISIGEE, DISEHLER
FIARGEMR N, (HIG 28 K RIS (8]t B9 0F JE S RAFAE o TR A% 00 2 A ey 7o B2 MR R MR < 8] A7 A
AP JE -

3.2. M BENEIRRETT

BT BIR T, R DAL G 2T, 456 ERL FISCRR[11], A ST sudk @ MBI ZE (IARL) .
HEIEAN:

§=—f (s)sat(s)—Kzs[yl|s|v + }/ZVJ
s

©)
s K,

(Is] +ﬁ)(50 +(1-6, )efa\s\" )

K Ko RU#mitas, Ko ATREIYE &, Kiv Ko>0; 0<do<1, >0, f>2, p>0, 1>v>0, 5>
y2 > 0;

TE LARL H H IE B I R Y F(s) (ELRE 22 St Mze B8 18 A% 1 218 3 T 1 R v B BB s, A
TR E AP, MR T RARISASMMNYERE, KT EHE. R, £Lguéia it L mi—ks 7e it
FEFPZETCSE] 0, I HBGEUTIE RN, s BN, 8 RS NI [A]3G 0. K EAE IARL H, ¥ LeAsl

T -K,s 5EA Ry, |s| +|7% ghA, M ARGUE BRI, E|]|S|>2§/7/—72 , OB R A s BRI
S Ve

f(s)=

S

BR. MRFHALIFFN, B |s|<zv%, EE%@%&(—FWH‘WE@T, A8 LU 451 101 2R B9 5% ek )N
1 S

TR T TH R o R Gl i DA SR (1 755 R A sgn(s)fE a2 il bR B R T 7E Bk BB, itk

IARL K 2 (10) Ffr 7= AN R B 1455 B A DAdE— B4 1

-1 s<-A

sat(s) = % |s|<A (10)

1

$>A
X ARNLRZEE, 1>A>0.
4. BRREEH R

HUPMSM R G PR &
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X = W — O
dx,  da, (11)

X, =—=
27 dt dt

A corer N EFIE, om NIRRT,
h(3), (@)

. 3pnl//f H T|_ me
@y =———1I
20 % J
TR BT BROE T SIS IS BB, AR I AR MR AR A T iR 2 Uk, D&
PEAER . TR R 5 ARSI, AR R T AR IR ZE IR RGBS L, B TR,
PR T ARGUEENE, DISLECN AR BT A -

(12)

5 =%+ K, [ xdt (13)
ﬁqu Kayﬂiﬁéy Ks> 0,
X A(13)R F I3
$=X%+ K% =X, +K;X (14)

#ia(9), (12), (14)n] 153 R4 il 2% B4 7 R

iy = %[f (s)sat(s)+ Kzs[y1|s|v + 72V ]4— KsX, +T—L+%} (15)
S J J
3pnl//f
: D= o
A >3
JYUE B AR ) 2 R e PE, € X Lyapunov BR#L:
vzéf (16)

g:49). R(10), xR (A6)RF A1

Vess= S[_f (s)sat(s)- Kzs[nlslv +Z—2J]

17)
=—f (s)-s~sa1t(s)—Kzsz(;/l s’ +7_2VJ
s
A (L0)k1 s-sat(s) 20, e 21, ik &S YA T S
- 51Ky 7 -s-sat(s) <0
s|+ B[, +(1-5,)e ™"
(5+£)( 0+ (1-0)e " ”

—K252[71|S|V + yZVJ<O
s

BV =s-$<0, 4 Lyapunov R EFEIE, Bt fof% bl REREE M.
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5. MEIIA=F T

N T SRS IR S L 28 (Extended State Observer, ESO)Gk 5, & RGP TERE. Wit T
3 it AR #S (ITSMDO) . 13 (3), (4 Hl, FRAGSH L., A TRALH KRR SN
i, 4 f, XonHRESHLA. FERBMR BB TRIE DS, X@)WTLUESA:

o 3w, Bt

" AR J J

£ PMSM £t 24iF, HT RGEBMBNBLRRAN, K SBATAE, B f, =0. B
AR ony RGELSIBN T FEIRELE, PIWMAEE on ARG, BRI T RGRET R ITIEN:
i, 8ot

“nTToy Ry T

(19)

f =0 (20)

B om B, ENIIIN 5, & WM EIRESL T 21 = omr 22 = f,, Pl PMSM $5# RS0 HE B
#hf,, &I ITSMDO JIREZ R TR R .
e, =0, -,

A _3pnl//f - BA 22

7= 2] Iq_j 1 T_ (ew) (21)
Z,=-0U(e,)
A 0 R THZEG U (e, ) Roanxt BT HHEWIIR%E e, = o, — @, FIFHEHIE.
H 2 (28)9 X (29) 1] 15 ITSMDO 115 7% J7 4«
. B €;
— e, ——-U
ew J e(u J (e(u) (22)
é =-0U(e,)
Ao Rtk bR TR
s, =€, + cl'[;emdt + CZI;|ew|l sgn (e, )dt (23)
AHF: ¢1>0, ¢2>0, 1>1>0,
X R(31) Rk F:45-
s, =€, +ce, +C,e,| sgn(e,) (24)
s, =—K,|s,|"san(s, ) (25)

AHF: Ky>0, q>0.
g5 (30), (32), 3(33), K —e, WUE AWM S IPEEN TR, 15 2 W1 F P DL &3 92 fil) 22 -

U(e,)=K, |sw|q sgn (s, )+ce,C, |ew|l sgn (ew)—?ew (26)
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€ X Lyapunov pR#:

V= %sz 27)
g4 30(15). (16)xF R (17), ARIE Lyapunov Fee EHEEIE, I8 #5147 45 A AT IE F 2614 M
V=s, -3,
:sw{ ?e —eTf—U( )+clem+cz|ew|ﬂsgn(ew)} (28)

=s, {—eTf— K, s,|"san(s, )} <0

NAESRBWIESFEE, T e SRRV, IR (28)IRA KL, IZHIHRZAL Ky BIEFAF 205 K H

A :
ef
K, > max (29)
.
o R REIIAE f, 30 A (25) a5 R ] B A b e
iq =%[f(s)sat( )+ K, s(yl|s| o J+K X, Bj’ %] (30)

B4 20(30), a4 4% 3 N RGEHRAN AWM (B b, AT AR5 R GE WIS, 27 0
GHFIAR S e
6. EWIES 54

FTF MATLAB/simulink 17 B°F & # &7k 5 B 25 L B3 H) R 88, Wb ) oG B 3E Mt M
ITSMDO HIZE& HIr AT . S ERE 1 s, WE PMSM Z500n4E 1 Bz .

ref 4

SVPWM

Clark 3

—| ITSMDO

6 AV
on — ﬁzﬁ&“ﬁﬁ < PMSM

Figure 1. PMSM sliding mode control system block diagram
[l 1. PMSM /B 1EEHI R G AEE
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Table 1. PMSM parameters
= 1. PMSM &%

ZH Ji &=
7E T HLFH R/IQ 2.875
€T d-q fili S LimH 8.5
TR p 4
TR WA S PWh 0.175
i & Jkg-m2 0.003
Rt BE 2 240 BIN-m-s 0.008

6.1. ABFHRRT(HTELIE
RNIGAE RGUAEF 3 10 N-m I 1 )3 3l M RS RN 4% T 98 AR ) 3 i R B MR e, R B WIUR %S e #5500
rrmin-t, 7£ 0.2 s i {1 500 r-min-1 F} % 1000 r-min-, {5 EF[A#&EN 0.5 s. 2 N PMSM %% 33 i . i

2, 4 2 NEETARI H kA

1zuv
600 =
DK
1000 | e I e
. ‘e L
550 | ¢ NS +
|: N /
; N | (
00 s00 |12 e, 1100
B Lo N
(: / 7%
e ) 050 |2 G
' A 002 0.04 0.06 | : N
£ : S
600 | : e,
£ < J 1000 | [: — e
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i IS

Figure 2. Speed response curve of PMSM under sudden speed change
Bl 2. #%RIIITAT PMSM 453N R 4k

Table 2. Speed response analysis table of PMSM under sudden speed change
= 2. FEIRFTRT PMSM 28RN R 475

s Mo (i o
Pl 0.1 80 8
ERL 0.1 73 23
ARL 0.05 2 0.2
IASMRL 0.01 0.4 0.04

HIE 2 Je e 2 WL, JA SIS PLAT ERL R 44 i A K B R AN (i 2N 8], 72 0.2 s S FE R
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AR, ATS AT R AR R AN K R A I TR o 17T ARL AN LARL (%6 3 i [ J L ~F- 38 A7 0 18] LWy 2 I 8] 45 0
15 0.2 s JH P IRARIATI BAT [ 47 A5 B R ER 1 e R DU K S AeE 78 DU il S (AR LU, TARL
()3 S LV RE B, M RO E b, HJULPCE, ERERARS R, B R 0 B e
IARL &3 (O VEBESRTT BN Ih T &M IS 5, E A REBURSH v W, 8 XX s ST
ML ACFI VR B, Ay DL 25 B THE ) SRS IO B AR e, (675 IARL TETHIXS AN I8 AT 25 A R i AR
TRFFIE/IN BB T AN PR 1% 2 R e

6.2. AFRTERY{FE S

NEGIE R AT 1 B IR I s N PR RE, FALETE F3kN R 3l), W B 45 2 #E A 1000 rmin-t, HL
HLIZATZ 0.2 s B0 10 N-m RO 62, 15 ER 1 E N 0.5 s. & 3 NIRRT KRgmiy ek, &4 5
B IRASHT PMSM #EAEIR N BT 28, 78 3 g 6n 25 i Al AR AL s

14uv
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Figure 3. Speed response curve of PMSM under sudden load change
Bl 3. £a#ZRaTRT PMSM %53 M R 4k
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Figure 4. Torque response curve of PMSM under sudden load change
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Table 3. Speed response analysis table of PMSM under sudden load change
= 3. AFETRT PMSM 25iRMRL 7 5R

ek %ﬁﬂi{iﬂﬁg )ﬁ WE%?S)E i 1]
Pl 55 0.08
ERL 95 008
ARL +ITSMDO 18 0.015
IARL + ITSMDO 20 0.004

£ 0.2s I, BTN 10 N-m FEURFH B3 SBUE 73 prin 18] 3 J 4 3 iz, IARL + ITSMDO #H#Z
T PI. ERL 1 ARL + ITSMDO fit LA s F IS ()P A5 € BRI ahEh, MEL B i el BAE . IARL
+ ITSMDO EA SR NEE, SRt FHuEEJr. 755N ki B amma N gh 28 s 4 o, W LG
H IARL + ITSMDO #HLtF PI. ERL F1 ARL + ITSMDO ELf5 5 {5 () 3 0 7

1200
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800 | 1000
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Figure 5. Torque response curve of PMSM under sudden load change
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Figure 6. Speed response curves under different observers
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6.3. MBI MES{HESCIE

NG UESE S VLI 2 v A P AT EGE M, 35K ESO AT ITSMDO 5 IARL 454, £ PMSM DA4A 2 i
A E B AT RIG 10 N-m ffa, MEEAS [FDULI 28V Re 0 R HUHLANIERE AN o 5] 5 Dy T A7 S 41 4
PRI HIZE, 151 6 N LARL 545 AN [ W0 00 25 Hiof 2 ety 17 by 28

I 5 AT%0, fE 0.2 s A5 10 N'm, ITSMDO 1 ESO #BAEAERAHu AL i 8k 648 (1 f, Herp
ITSMDO EA5 SB[y B Jd 5, o] DATE SRS R B 1] P oA RO vt e A . anl%] 6 BT, 1ARL +
ITSMDO EA fe bR 38 5, b el W, T IARL HOMg A5 hl 245 & ITSMDO 1] LAA 2R msh A1k
REANPLTHLRE

7. &

ARSCHRMY 7 — e T ok S I A (JARL) TR 2% BDh 50 e 1 A% 8 1 A 3L R A M 7 P
()RR R TR T THT AR AN AL o 45 5 BETHAOAR ) 28 im T AL S LN 45 (1ITSMDO), A 258 1 R LRI DTIzh e
71, T TIEHI R G REANERE . AR TR RAZRHL T, IARL + ITSMDO 4% il S g FE L i 4R
e R PR R e B, L, RIS S TERE. A RERY], ITSMDO fEfg
PROFAER AL T SRR RN B S HR S, RO DI AT R B AR R g, DAHEIR RSP RE
IARL 454 ITSMDO FIZH| SRS R & ik 1 RGN (8], FRAR T RGEE, 15 7 RGN EEE. 25
EFTA, ARy PMSM 15| RS BOHHR O T I BRI M SC B T, AR AR R AT
WBNRE ST R A B .
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