58 % 453 B % X @ K ¥ ¥ K Vol. 58 No. 3
2024 4F 3 f JOURNAL OF XI’ AN JIAOTONG UNIVERSITY Mar. 2024

T o] 7k #4 [] 35 B 41 7 35 % %6 0 i Y
B Ul B iF =
HERGU . A eI

(1. PR ARHE TR LG EFEELRE, 710049, P§%;
2. VOUACBRFBEA T RERE . 710049, P§4)

WE. 4R REER R AUEBIE G b A 69 AR K R ove B iR AR 69 P AL, T T — AP
AT, EAE R H AT f&l&:)—ﬁu)\ﬁfﬁi WHl R BFIINAGERER S A D éﬁ%dkiﬁ ,

BoANFRGFR G TALRE, ME, ATBLIANERRZHHS T B R AEBAIFKR, K

AR5 #%rﬁz,uﬁ"f’ﬂiﬁiﬂ*%m:‘fikzﬁ%ﬁﬁ FIH B, AT R b i RS2 F R
B o3 B AR EAK J}‘H&i‘ﬂké’) lﬂf‘%ﬂ,uﬁ'T ﬂ’%ﬂ"%ﬁié’éﬁv ooy 7 ROAR AL B34 G B
sz,ff%“#/Lzyﬂéﬁ'{ﬁn' MERBSERBREHNE P R -—FIRT AAGRILBR, BEGAERE

E'fl-%#%&é‘a#i%*]”ﬂ&ﬁhu%% "%#]szﬂ&‘ri e b, EBALT G KL S Y e, b Pl
EHEIARAZTRANY 23. 1%, EkERG 62.5%, b ERBEIER LA A ZTRANL15.3%,
wey ik EAR % 500, AR AEA U AE T TM%‘A:FHL& AR, 5 FEE R EML, RA K
B AR B A REARL 50%,

KR . KR P A A A A AS A IR AR AL 3B 5 B AT A AME

mESES. TM351 XEERERS: A

DOI: 10.7652/xjtuxb202403019 X E4RS :0253-987X(2024)03-0204-08

Improved Sliding Mode Control with Disturbance Rejection for Load Torque
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Abstract: To address issues like large chattering and slow response in traditional sliding mode
control of permanent magnet synchronous motors (PMSMs), a new type of reaching law is
designed. This approach incorporates a conventional exponential reaching law with an adaptable
proportionality coefficient, system state variables, and the power term of the sliding mode surface
to mitigate chattering while enhancing convergence speed. To avoid introducing differential terms
of speed error and reduce high-frequency chattering in the system, an integral sliding mode surface is
used to design an improved PMSM speed controller. To address the issue of reduced control
accuracy and increased chattering in the control system caused by load disturbance fluctuations, a

novel saturation function-based extended state observer (ESQO) is devised. This ESO is utilized to
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estimate the load disturbance and the estimated disturbance value is fed forward to the improved

sliding mode controller to further enhance the system’s disturbance rejection capability. The

numerical simulation results demonstrate that the proposed control strategy substantially improves the

dynamic performance and disturbance rejection of the motor. When the motor is affected by load

torque fluctuations, compared to PI control, the proposed control strategy reduces overshoot by

about 23.1% and increases response speed by 62.5%. Compared to traditional sliding mode control,

the proposed control strategy reduces overshoot by about 15. 3% and increases response speed by

50%. The new sliding mode reaching law can effectively reduce sliding mode chattering.

Compared to traditional sliding mode controllers, the improved sliding mode controller reduces

motor chattering by about 50%.

Keywords: permanent magnet synchronous motor; sliding mode control; new reaching law; extended

state observer; disturbance rejection feedforward compensation

K % ) A5 B HL (CPMISMD i AR B/, ] 58 7 5
SRR R TE HL B VR VLI S ST SRS B T T
VR, KRR SR X PMSM A & P e R0 RS BE Y
Pl SR T PMSM J2& — Rl BE AR Ze M i R 48, Ho gl
BUEREZ 2NE Z R W L5 PLIE G K4 5
Z WS BB R AN B S i s E IR £ 1
B AR AR RS B R O TR &
Gra Rk R R G S ERE T 2 AR ik
B FHFE PMSM I 3 3 45 v, A 45 W A 4%
7 A ) T A T R s o A

VAR T LA P i 7 T G A AR A Ok
i 22 () T 50 SR FH I B 245 4 B8 % 1 PMISM 42 il
FRGE L SR U A AT 1 B 1) (45 L 8
B RGBT S W R G ok m B R, Wik, B
T AT X T A A 55 A 45 ) 194 BF 9 B AR P AR A T A
BHR . SCERC19 T T —FloR A T AR 3 A2 e
AT S PR 2 v VA TR, FE AN 5 ) R RS R B W R R
BEAR T R G BHE  HE WA % 18 AR 4 o A8 b 5
FRGEWEN, SR ARG S EE2E. CHk[20]&
TE T — Tl 67 2805 A R e O 00 2 K O T 8 ) 71
BT IR L B T M AR R R G bk
M A H T TR ) 2 A AR B R O I, S R
iz g s TR K AR R BRI S . X
Hik[21-22 )R FH AR 40 0 A T 34 11 A 4% il 5 ol T
By R R G RE ISR BN T R G R
W2, SCERL23 13 T —F [ 35 57 PR 3l 2 g T AL
. 3K Luenberger WM #3411 R G sh = K
AN P Bl A TR T A A R T RS
PeBe T /N T EHR IS, SClk[ 24 Ji& 3 T — Rl B
R A TR A T RIS T 1 R G X rL L S R
WA, I AE— B LN T RS EHE .

http: // zkxb. xjtu. edu. cn

FE 3R SCHRAY At 1. o9 1 f — 4R & PMSM
P R GEMERE W/ R RHR L AR SCBE T — A Y
TR T, A% G 48 BUG T b 45 5 ] A T &R
B I I FR GE RS A i R0 AT A R R0, /)N
P 2R GE RHIR Y ) g 384 KT 2R SR 288 30T A T 1Y
HEE . SR AR A T B T BT T R R A o A ek
IR IRZE R THE W RGAE L . A, Sy 1o B
A BN R Gk B Y S, et T TR AL
BRI E A 5 AR 5 I s CESO) W 41 2 42 1k L Ky
LN 25 77 15 2 T A R A L SR T RGBT IR XS
PO A A5 ) A% EAT AR e MR . AR &
B L A SO H A 42 ) SR I o 0 R PR R GERHIR /D
JFHL AT DUA R ] G 2 sl o0 R e 152 0
1 priEi kit

B RS e 458 i A4 T T3 o )V 3 A iR R A
R, ) LATE 3k 350 T 8 20T 1 1) 7 3 1 R AR 48 W I
JE N RCER . R AR BB

s =—esgn(s) —ks, €.k >0 (D

b ke BAERIAR S8 — e sgnls) URFH B
I — ks ARURAG BT I ;s AL, 2 R G AR
AL B T N, IR B AR LR S B
I AR 5 T2 7R G0 R AN 0T A 1A N A R TR
HEE S0 R X E R BN T RHR

HH T 98 B0 T Y T AN RE OR UE A BIR N )
FGA M, R F 45 A S BB I, (H2, RS
) IR T AT ) R RE & DRE G IN AR G v N R
SR IG IO AL RHR | 78 A B 3 T 1S R A e W] LU
TR 22 45 B 3k A I A B ) 3 5 R A8 B AR g L H
e T RN SSHAGEHR I,

TEAG Ge 48 B T A Bl b B T — o




206 W % oz M

PN

58 &

fEBlin= 3 INN
s =—K |s|“sgn(s) —k, |s|re sl Dy
k,
e, +(1—epe?l!

. s MU R > 05k, > 030 <e, <<13;8>0;
0<<a<<l;0<Cb <1,

U AR 2 G0 0K 2 s W A T A A, B s | B OR, )
(1—epe I #T 0, H sgn(|s|—1) = 1,H R
GRS LIS RBOHE AT by | 5]/ FIHE BOH T A
ko |s|"s BIIEUIMLIA B RGORASFEUT B , | 5 | Wl
e+ (—eDe IR T 1. HE, || 10 a5
T ko T AT B BT R AT R AE R — kysgn(s) — kas,
PRI I S 28 6 0 A A 3 T T DA FE J2E 25 A TR IR P
F G W WSSO 7 S 0T TR B R IR S A D
INBFIR 7RG K R G oy e R A R DR R SRR

2 TR A A A

2.1 kEESERINHFER

Ja T A 3 A o SR HUUN T B < 22 W T 95 A A 5 22
W i 5 e TR RE s B 7 B JCHL e Zg4l. W PMSM
TE d-g-o BEFE bR 28T 1 7 B T7 # N

(2

. . di

Jud — Rﬁld _CULqZ,] +Ld ﬁ

J N (3)
u, = Rii, + ol i, +wp + L, @Tlf

s g vuy 050 05 T HUEAE d g Bl BB 08 5,
i, S RNE TR d g B BB i L, L, W H
PLIK d g Bl LI s oo O AR EE 5 o R0 B TR RIE

X 2 K R (R A0 HUBIL o B 0 T i

T, = inp<,/1fiq 4)
2
BTN
Jodo _ p
S T.— T, (5)

s To R RER I 0, LIRS EG T N
TAEH T e B
2.2 ORI R R

HLBLSE PRz 47 I L 5 3800 3 A i LS B AR
Bt I 1] 22 46 O 1 DRAIE 2R GEAGUE T A ol A9 O 5G4
fit s B E — R T8l B R, s AR
THOLT o WL 45— B 2 U — N B (H X 233
ARG EHRIE K. O 1N EHIR 3R R K
RS LN 21 L0 L AL A HIE 2l o I K L0 (L i 45 2 90
B+ 75 18 2 RO i 72 P 5 W) ) 7 D0 RS 7
) 25 L ALY iz 3 7 2 R R

http: // zkxb. xjtu. edu. cn

& =i, — BTy + () =ai, +d®) (6
K a = 3ni¢/2] 38 = n,/Tsr(0) RHRINERI
id() —— BT1 +r(0).

HRAE 3 (6) , 7 P gR R 75>

J&) =ai, +dt) <)
d(1) =— AF (s)
A, o BABE o WATHE  d ) RN d O
RIS ITE s F o) A i 8, £k R

13 S>A
F() =< (G/MV,  |s|<a (8)
—1, s<<—A

XF A NBOABEREE; o HBIENREXRE, NIE
FH,
2.3 BEEEERELIT
B PMSM RS HIRSAE &N
X, — (Ux — w
. . €D
{1'2 = Ji_l'ldl/ = J,,, (0™ —w)dt
P w' B w 5B A B AL R I RN S B
MO NEERGIF N CIE =
Ji‘l :_Cl.) :_%(%nl)¢[i(] - T[‘)

<

(10)
li‘g =1 =0 —w
Shy A S R R 22 18 Bl R A e MR S E 0L AR S
SR JHAR 23 00 A5 T /) v R P T R TH RSB
PERE . e B LI N
s = a1 +cx, (1)
K e HEEH >0,
XA RS,/

s=x, +cx, = o+ cx, 12
g4 (2) ) A (12) , n] 15 145 s i 2 A 1 Ry
i\ :%(ngn(s)‘FkZ || D g cry —d ()

(13)

R PRUE FR G A AT B0 U R 2 0 e 2 38 W AR T
#E X Lyapunov pRECH

V = %ss2 14

X (1K T 45506 . A2, /TG
V=g =s(—a,—dt) +c,) =
s(— K |s|“sgn(s) —k, |s|=l 1705 <0
(15)
H Lyapunov & & P4 H 85 7T %0, A SC 2 1 1Y)




553 HR PR 4T, 45

¢ T 1) 7 R (7 A0 v AL B 4 2 RE UL ) 1 0 o8 e A o 207

e T B B A A A g R AR YL R HAE A
BN ] P 3 22 2 W8T 0,

S SCAHR H 1 e A ) SR G IR AR ST A A AE 1D A
7R,

Park Vs
0, u e, o)
-y S
. | [FEBom)E iy u uy
'+ st 5 4+ | /ap| 2 SVPWM|—{—
rLtan [T = -
ol | x I 6
| o) | i i 4
| [FRRE | o/ f—=—aB /T 1h|
P o q B lc
A lly i b
%0 | ParkZ#:  ClarkZ#
|
L E AN
] )
BL1 A SO Y Y Rt s o R 1 R 40 4 A [

Fig. 1 System control diagram of the proposed improved

control strategy

3 BfEpTE b

AR L {56 UE T A 5 R 1 A L
M. P75 BT PMSM 2804036 1 TR , SRR
10 kHz, MR DT H 45 B X A 2 1, i e vE s
BE T8 Bloka s A W AR 2R M e B A B S
Bl e = 23,k = 5, B 45 ) S0 o B4 o 2% S 8K
ky = 23k, = 5, V&1 AR 2 R0 O A o 4 )
M fie 2 Btk L T S 50N 2 iR P Tl 2§ 2 50k
k, = 0,07,k = 31.42,

k1 KEERF @MLK
Table 1 Parameters of the PMSM
E2 HUH
BETHE Py/W 750
BiE R In/A 4
e ny/(r » min 1) 1500
e Xt £k 5
K HERTESE /Wb 0.07
FETFHIR,/Q 6.11
d.q iR L/H 0.008 26
A 2 AT ESO #9 s i B3 ) B PT A A

Table 2 Parameters of improved sliding mode controller based

on ESO
ky 23
ky 5
€ 0.01
o 0.05
a 0.5
b 0.2
1
i 3
LRSI FEELLE N 1000 r/min, 758 1 s

R 25 SN 1500 r/rmn LA B FETESE 3 s
BrERIEAN 1N « m, 7E%6 5 s Brikydi/h 1 N« m, PI
Pl A 05 B2 TN & 2 i, 3k 45 R T A 1
R4 il g 0 B4 SR AN P 3 P s, 3k T A R T A Y
T R e 0 L2 SR AN R 4 B

£ 1500 1550
* 1200 ;1475[
£ 900 1400
3 3

-

'l'\/(N °m)
OB

3 4 5
I 1 /s

TJ(N * m)
O

5 15}\NNNNAAN\/\/\/\/\/V\/V\/\/\N\/\/WV%M/\NV\/\

D
/.

 /(r * min
=
WO
S WO

[=RVN

TJ(N «m)

090 095 1.00 1.05 1.10 1.15

I 1) /s

290 295 3.00 3.05 3.10 3.15 3.20

490 495 500 505 510 515 520

i1 /s IRF (1) /s

B 2 PLEHl 45 H 485
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Fig. 3 Simulation results of sliding mode controller based on exponential reaching law
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