PSR HEA | EMCA

SR HE YN FZB KB T

# L
AR IR R 2R T

Ao, kR
(1. Eiwiusie w55k, Lig 201306; 2. LB RS w A T4%, Lk 200240)

wOE: T %‘**HM&H%E&*IL(PM@M)v*ln_%%éfﬁﬂﬁzﬂuun@'%:,Eﬁz%{jé%?%ﬁiﬂ_ifﬂz%ﬂ%ﬁéﬁﬁﬁéu'@
BE, M RS RMR B s RS B2, 0 T T Bk A S O I B A e T AR R s g . A
MATLAB/ Simulink {5 B, $#5 @4 R GBI AT H T D5 HIBAIE T Irik it it etk % PMSM i J3 422
TS AR o AR T #S AT ARAS A g 1) B BRSNS B A SR R s e 01, $2 5 R R e A e 1

KR kHES B, XEEG; BERES; BEE; AEANE

FESES: ™™ 351 XEARER: A XEHES: 1673-6540(2019)01-0034-06

Design of Permanent Magnet Synchronous Motor Sliding Mode Speed
Controller Based on Improved Reaching Law and Load Observer
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(1. School of Electrical Engineering, Shanghai Dianji University, Shanghai 201306, China;
2. Department of Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: In order to improve the dynamic performance of three-phase permanent magnet synchronous motor
(PMSM) speed control system improve the control performance of traditional sliding mode speed controller, suppress
the system chattering, and improve the control precision, an improved sliding mode speed controller based on a new-
type reaching law and a load observer was designed. MATLAB/Simulink simulation software was used to build the
control system model and conduct simulation analysis. The design was verified by simulation. Good speed tracking
precision and load disturbance resistance were obtained, and stability and robustness of the system were improved.

Key words: permanent magnet synchronous motor ( PMSM); vector control; sliding mode control

(SMC) ; reaching law; load observer

(R DIE 1Y &N - g i

5 = kAR RE

&AL D AEH) & 2019,46 (1)

BT LLE L PT £
Tl TR B 1 0 PSR

KGR A UL (PMSM) BLAT 4544 fif 8L iz A7
AR AR R LR ROE SRR A,
V2 LT A M DR A a1 B Y 220K
MR o LG PRI S SEA R, 5 T
B, AT i PMSM A% da 45 1 28 Gt — 7 3 [ P4 A 42
HE R, T PMSM &3 R AR Lt 248
SRS ESREERE, PLEE I SR PR RE S 52
RGBSR SNRIL B AEEm , P & St

DRI , A 2 4 ) 7 v ke 197 T PMISML (42 ol
ZGP AHE A E R R R
Ml R (SMC) P Back-Stepping
Dt g e el 4, SMC
L HL 2052 W 7 45 B R 5 20T A 5 T
BRI . SCHR[9— 11 ] SR 7 280 T A A
T R R B R R a2 2, SR 5
doE, HAR S b ek, SClk 12 ] 3@ id & 3k

YEZ A JH E(1990—) , 5 BRI S AR, WF5E 05 1l Sy WL Jy 3-S5 v 045 30
SIEHE(1978—) 55, Wt B HUR , WL WF S0 AR R0, WF5E 5 1) Sy vt J L 345 v 045 80



3 LB HZ-H) 29 2019 ,46 (1)

Pl SR HEA | EMCA

PG B SR BT, LA o e i Bk sh B4 , (H 2
T ZGERE L E] o SCHK L 13 ] B i i i 5303
TE—EFERE F WIS T R GE0 5% ik ) n) 8, (H 5%
BRI, AR TR S

T ke PMSM ¢ i il 28 G0 i 45l R g
ARSCAE A G VAL T P A ol e (9 Bty 3t 1 —Fof
A R R RE P A o AR AR T A i
HE, LG UL 2 LA 52 B 7 28 S IR At
T i - A R84 o 45 14 Wi oz 3o 2, 410 o) 2% 4
PHIR, S R HORT R o SR A 3G iy el s 20 o
PR JEE 17 1) 4% 55 1 8 B0 T AL T JRE 7 o 4% A L
PMSM 742 5l B B e 5 PRt 5 1) 45 o 183 H L
TAT BRI 5 T 7 5% T 670 28 s 2 3k e 2l /)
HWRSZ 5 25 5 e T A N T ) S o X S £ o4
TR A A JRE 4 i 5 B A S ) S A R AR T
MIPTILBRE ST, 30 T ARG EVE G

1 PMSM ##42A

H TAETE G 00 51, 87 d-g A&
PR T IBCEERR I~ ik : (1) Z B L
FEFHROMR, N W B R L 0, RS BN
A5 5 (2) AT I T RN R ol R 5 (3) % T ok i
MR SR (4) §6 7 LA e 28415
(5) HLAILSE FH B HL I A — A AR IE 5% T .
PMSM 7E d-q A5 2 P IE FHE TN
] di,
% =Ri, +L, W pw,L,i,
|

” (1)
% = Riq + Lq ditq +pw, L, + po,
HUBZE 3 7
d
J——=T -T, - Bo, (2)
dt
L G R T RN
3
TP=?pi,,[i,z(L,1—L,,) +¢f] (3)
s wy ou,— THUEE S
i T B
R—E F L2 IR ;
p— XL

o, — P
L, L—&F d.q fliH /2%
L, FE T HLE

KRR RE B

J—HE S

T —— WG ;
TL—ﬁﬁ%iﬁ;

B——Fb FESE DKL

2 RS AR RO 5 T
Fe PMSM A7 DL FHER 145 g i s
BRI B0 L, =L, =L, 5 R 6, =0 BB w3
PP IB RO . TS5 (1) <58 (3) %8
B RPHCEER
S = (- B, - po )

m _ 1 PY; _ _
i J( 2w h me)

FE SCHL ML 228 1 5 SR o (R 1R 2%
e =W, T W (5)

m

ARG ALRR R 22 | E SCH ARSI PR KR

t

s=e+cjed7 (6)

X (6) KT, 15
s=ce+e (7)
fL5e i) SMC Ry T ARIF T2 s 0 sh 4 i T,
R AR B IR kB
s=ce+e=—gsgn(s) —qs (8)
g (5) M= (8), ilfg:
(w4 - 0,) —o, ==esgn(s) —gs (9)

455 9) M (4) , Al

1 (3py.
c(wy —w,) — 7 ) qu -T, - Ba)m) =
- esgn(s) —gs (10)
PNIICIEES
2]
i, = 3p(ﬁf[c(w,_e,« -w,) *

%%BQH+EJ+8%MS)+w (11)
ST Fh B ML 0 A B0 2
%m%%&m+nhﬁﬁm%%ﬁﬁ&ﬁWEﬁ

dé
A
~ e

R 1
N, =1 —e o L N ES R, W
o



PSR HEA | EMCA

&AL D AEH) & 2019,46 (1)

N
8—[!;6(115 (12)
B CI2) A1) AT A4

2
3pys;

Ly

(1
ce + lffedt + esgn(s) +gs
|«

(13)
A (13) B ge i il e iy 2k, Ay
AEBLTHRTER, T LA A A 45 il 50K, A 5
AREhZSERE SR . (AR R T2
(1) RAHEBOB AL, 75 28 G130 1A 1 e
AEFEMNERIAE ;

@)ﬁ%@ﬁ%ﬁﬂﬁﬁ%ﬁmm§wmﬁ

T) A BRAT B O HURE , £ L BIL SN £ 28055 R H
I 18 I B R L A IR S e 1]

3 B E R R E R B it

3.1 H#BEEHEELRIRT

FRBUE T B AR S S B P, (R A 42 3 T
SRS B O™ I RHR LG RO T AL
SRR FE RS AEAE 35 30T 1 Sl RS I BT LA 55 4
PRIMER . 4G 8 E0E 5 3 UGB T 3 1 RF A
BT LU s B

s==mn,|s|*sgn(s) = m,|s*s (14)

Hrf.n, >0,m, >0,0 <A <1,0<pu <1,

E X Lyapunov pREY

1

V=?s2 (15)
W V=ss=s[-nls]"sgn(s) —m,ls]s] =
o ls M -y ls? <0 (16)

AR B R A T A L TR AT IR A

N T SRR, A A R AR sat (s)
BACEIL A AT S R AR sgn (s) , R 5251
KUY, 7031 52 R B il

—, s> A

= 1
sat(s) = [#s, \s‘SA,k=Z (17)

=

=1, s <A

X A—a A=,
3.2 GEEEENNRLIT
PMSM A A 856 2 A i Wy B, R 5 B

N T 368 3 A DA O FL A 5 0 A7 2800 i i A7 52
IR BT RO B e 5 1A B2, W 4R T R itk
e .

2 Tl 25 1) SR A AT 0 28 /55 T 07 8 L 1) A A
R BRHTE — S RAE R A, 7 3 4 AT A R e
Bl

dr,
=0 (18)
R (2) MR GEAPRE BT

.
g—ﬂ

m 1
:7(Te - TL _me>

(19)

Cd:
S iy S EALE, nTARIRAS TR

%[f] - [— (1)/1 - Z/J] [z:] ’ [12]] .
O]
=10 11 [T]
I:I wm
(20)

AR B ) B, A R GRS LI 2% 7
TN

Cj o, O %o O O o
mE Egl _8 =
S0 57y 7 WO
3 10 ["o-p o
+ —
= [1/]]“ [kz] yoy
1
] Cr, O
=0 115 3
C @, ]
o= (20) FO=(21) AT A WL 25 1R 207
EH
0 — k,
deTL_TLI:lg -1 a
wH _ BEgl _B_, i
[a _me Ol ] ] 2 _me
T, -7, 0
ME = (22)
[@, —w,[]
0 -k O
Hrh.oy = U O
s 2L -2g
O J J O

ARG LI A R T R



&AL 5 EH) %W 2019,46 (1)

Pl SR HEA | EMCA

det[nl — M] =n’ +(£]g+k2)n—=0
(23)
TE RGN A A, RIDULI 25 3]
PR EZ TN
n2_<)\1 +A)n+A,4,=0 (24)

ny,
DRSS
- i (25)
RS
J
15
k== JA,A,
B (26)
ky=—A, — Ay ——

J
FRAEE VT3 Hh B S 05 4 R Ak Lk, BT AL
(19) ATAGEE R G ARSI &5 07 7 «
g} =k(w, - C:)m)
A R (27)
w I.— T, - Bo, .
iy = f + kz(a)m - a)m)
P, AT B S AR I g 1 1R

R B I
@y

AL

L_..*_' ®_.._
Lg

1 SRR R UL S AE 5]

455 0(11) (16) (2 (27) , n]fh ik B 3
P P e ) AR

2 1 A
i, = / ce + —(Bw, +T.) +
3pi, J
s |*sat(s) +m, [s ] (28)

4 HF MATLAB W &85 H 5 o #f

R T YR UEAS SCRTERES5 T B 00 g Y e
AUV B 48 008 S0 WO IR T E R B
TIHEZRIER [ 455 3 /% SMC #5:] %8 ) MATLAB/
Simulink f ELRSE, I HIE# T LIESE SMC fig i
B9 ) 2% 19 MATLAB/Simulink {5 B 2 S5 4E b %

o RGEAMERIHER a2 froR .
= {.:\I'"‘I

| svp ;
WM ) Vsl

s | 3s/2s

= o A e

2 RGEEHINER

KT SR A SCITISE T A A 4 i A A
Rk, MR BT BT B R S8 AE &, g
MATLAB/Simulink {jj R AF3ET RGN E . 1 E
JTHELSEN T . & FHE R=2.8 Q, & TH
J& L,=0.009 26 H, /K WK% ¢, =0.123 13 Wb,
FESEE J=0.000 187 kg-m?®, B EE 3 5 B =
0.008, I XI 4 p=3, HEFMU N :ZHEHEH 0, =
1 000 v/min, HIEA TR FERH R E T, =0 Nom, 7 t =
0.1 sB&EMME T, =2 N-m,

& 3 & 4 43 g SMC i 45 i 2% 5 AR
SCHT R E R SMC 3 5 2 i 2 2 11 10 % 3 R
Bih 2. mTLLAE 78R 3h By Be, X AR ge il
SMC #&4ill#5 , AL 1) SMC i 45 nT LABH {2 by
/L R VR S P Bl 5 £E0.1 s TN T BT, L 4
1200
1 000

800
600
400
200

n/(r-min~")

T
|
-%
|
l

0 0.04 0.08 0.12 0.16 0.20
t's

B3 gt SMC 5 il o X B ) P PP

1200

1 000 ———————— —_—
i Y

nf{r-min")

I 1 L L I
0 0.04 0.08 0.12 0.16 0.20
1s

B4 bRy SMC ] o o) o B2 A4 il DT



PSR HEA | EMCA

&AL D AEH) & 2019,46 (1)

SMC. ¥ il #8545 il () 55 25 28 D7 5 K 9 0% o HL
o A IS AP A2 28] JRA ke, T el adE 2 SMIC 2 il
FEPE R 1% B s INFAR PR 52 I A B i L
WA

E5 6 43 5] R A% 48 SMC il 2% 5 48 3¢
JUT 4 B R aE R SMC 45 1) 45 45 61 T B = AH
WAEEHZ . T E S S5E 6 nlH, 7R s B
B 5 28 T 6 8 A2 i g 9 B, et AL 1Y) SMC KR
RE VR /I HL I 0 8l LA B R 0% T K A R O il 4k
Y IE 5% B

f\/’\ N
| \/\/

0 0.04 0.08 0. I’ 0.16 0. 20
s

KIS &4t SMC il dedz il T — A 2 o h 2k

T el

12
10
8
6
L4
ol SOOXOX
Y s s g
—2F
—4 ) ) \/\_ \._/\/
0 0.04 0.08 0.12 0.20

tls

K6 St Ry SMC Fdfi aedz il B =AM At h 2k

7 1 8 433l g £ A% G SMC $5 3l 4% 5 A< 3L
JIrde th A et B SMC 2 il i P2 i T R AL A %
WA STk o AT LA, St B SMC 45 45 75 ¢ =
0.1 s AR IS A B W Bz, % % 48 SMC,
WD T P s ARBE T et R SMC i 45 R4
ARG N BETT o

TAN-m)

1 1 1 1 J
0.04 0.08 0.12 0.16 0.20
t's

Bl 7 A4 SMC 42 il a4 il T e i 1t 28

L |

TAN-m)

—_— O

1] 0.04 0.08 0.12 0.16 0.20
tls

P8 Wt Ay SMC 2 il e il e R i) 17 pth 2

5 % i
L PMSM g BIFFEXT G2, B1 X5 % 48 T e ik J32 44
] A IR 50 7 L OV R A | R A 55 S
B TR T R G A 0 8OO0 s A ik
T VRS A P 2 o D7 LA SRR WY . At T A
A T 45 A8 2 A G T A B A 4, LA
TR/ R BREART BE PT I R AR R AT R 0
XL R G2 B0 A BA T (& P SR
MRS R TERER B

(& % x K]

[ 1] i AR RE LS 53 M. b st ALK
Toll i ikt , 2015.

[ 2] Zeid, 5T 5 R G B 10 ARG PN Ok /G ) 20
P S B 5% B BL [T ] d T HOR 2241,
2016,31(21) : 203.

[ 3] PR, BT I8 LA, % 2k TR0 A ot 42 il &%
B AL A sh AL IR R e [T ] F TR 24,
2013,28(9) : 294.

[4] CHOI H H, VU N T T, JUNG ] W. Digital
implementation of an adaptive speed regulator for a
PMSM[ J].IEEE Transactions on Power Electronics,
2011,26(1): 3.

[ 5] XBukfs, 2k, Ty, 45 5 F RR 2 IR AR
Sl R R S8 F S N AL [ ]Gk
F£,2014,22(8) : 2088.

[ 61 XIBEHE, SR, G 1k T e/ —3fe Sl d LAR
A FL TP ) i B4 K R TR) 2 L BIL B 2 4 T O
ELI] A E R AL TR0, 2014,34(27) « 4654.

[7] ZHID W, XU L, WILLIAMS B W. Model-based
predictive direct power control of doubly fed induction

generators | J |. IEEE Transactions on Power

Electronics,2010,25(2) : 341.

[ 81 Rokfs, 2=k s, F AT, A5 T T30 o K4 ) F1



&AL 5 EH) %W 2019,46 (1)

Pl SR HEA | EMCA

PUBI LI o (14 7K WA TR) A PP JEE 2 [0 ] 02

2010,57(4) . 1270.

2% TFE,2014,22(6) ; 1598. [13] 5KAd, ZKOR  BVBRR , A5 — Tl /) 728 A3 24 3 T 4
(9] kB, Bve, T3, A5 KR ) 20 WL WL T AR 254 B Bl PN e el ik sl ) i [0 ] TR 7
T RGBS B [T ] b E L TR 24, 1%,2006,21(7) : 87.
2011,31(15): 47. [14] WAI R J, CHANG H H.Backstepping wavelet neural
[10] ZHANG X G, SUN L Z, ZHAO K, et al. Nonlinear network control for indirect field-oriented induction
speed control for PMSM system using sliding mode motor drive [ J ]. IEEE Transactions on Neural
control and disturbance compensation techniques[ J ]. Networks ,2004,15(2) ; 367.
IEEE Transactions on Power Electronics, 2013, 28 [15] YU ]J P,SHI P,DONG W J,et al. Neural network-
(3). 1358. based adaptive dynamic surface control for permanent
[11] LIN F J, HUNG Y C, RUAN K C. An intelligent magnet synchronous motors| J].IEEE Transactions on
second order sliding-mode control for an electric Neural Networks and Learning Systems ,2015,26(3) .
power steering system using a wavelet fuzzy neural 640.
network [ J ]. IEEE Transactions on Fuzzy Systems, [16] LINFJ, HWANG J C, CHOU P H, et al. FPGA-
2014,22(6) : 1598. based intelligent-complementary sliding-mode control
[12] FENG Y, ZHENG J F, YU X H, et al. Hybrid for PMSM servo-drive system [ J ].IEEE Transactins
terminal sliding-mode observer design method for a on Power Electronics,2010,25(10) : 2573.
permanent magnet synchronous motor control system Wik H . 2018—-07-05
[ J].IEEE Transactions on Industrial Electronics,
TEVETERWETERETUETERETERERETETE R TERETETE R TE RN TN R TE R TR TR R Rl vl wl vl ul wl vl el vl
(L8527 7)
[ 3] MBS, AREIHE, PR 18, S5 b 1) 1 37 i 168 170 48 B 7K FLAL S HC AR R A A A [ ] TR 24,
LB A 6 REAM R [0 ] s T4 R 7 3l , 2015, 30 2013,28(3) : 71.
(2): 21. [10] ZHAO JL,LIN M Y,XU D, et al.Vector control of a
[4] HAOL,LIN M Y, XU D, et al. Analysis of cogging hybrid axial field flux-switching permanent magnet
torque reduction techniques in axial-field flux- machine based on particle swarm optimization [ J].
switching permanent-magnet machine [ J ]. IEEE IEEE Transactions on Magnetics, 2015, 51 (11):
Transactions on Applied Superconductivity, 2016, 26 8204004.
(4) : 5200605. [11] REEe BRI, 7 08 IR & ol i 8 1) 45 7Y
[ 5] HAOL,LINM Y,XU D,et al.Static characteristics of P AL B L H 37 2R 4 ol %Fﬂ%ﬁ%ﬁm CEBALT
a novel axial field flux-switching permanent magnet ek ,2012,32(15)
motor with three stator structures [ J ]. IEEE [12] Wk, BEEM:, 87 7), ffﬁ*ﬁﬂ(%ﬁﬁk%*ﬂ ]
Transactions on Magnetics,2014,50( 1) ; 4002604. ARSI [T ] Bl S22 4, 2018,22(5) « 1
[ 6] ZHANG W, LIANG X Y, LIN M Y. Design and [13] Bk 2, 55, H SCWF.6/19 284588 7k s w8 Yl e s plL
analysis of novel hybrid-excited axial field flux- A J B s A e s R [T ] T3 R 24k, 2016, 31
switching permanent magnet machines [ J ]. IEEE (2) . 219.
Transactions on Applied Superconductivity, 2016, 26 [14] BH3CWF, 5,8k 22 AMITER IS OLT 6/19 skl
(4): 5201005. TG DA A 5 ML A h i P R SR [T ]
[ 7] ZHANG W, LIANG X Y, LIN M Y. Analysis and THE AR ,2018,33(7) ; 1488.
comparison of axial field flux-switching permanent [15] T4 s, A7 B i Tl 25 s L el it o 25 4
magnet machines with three different stator cores[ J]. PRI L] T AR 244 ,2011,26(6) - 39.
IEEE Transactions on Applied Superconductivity, [16] ZHANG W,LIANG X Y, YU F. Fault-tolerant control
2016,26(7) : 0607806. of hybrid excitation axial field flux-switching
[ 8] &I BhiR 4 H R ik wf T A i) 37 25 5 FaL L permanent magnet machines[ J].IEEE Transactions on
WP AR ARBT ST [ D] BT : g K5, 2017. Magnetics ,2018,54(11) ; 8106305.
(9] R—F XRUR, £T5°, 45 N 7K B 7 e U1 46t Wik H b1 2018-07-25



