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Abstract: Aiming at the problem of chattering in sliding mode variable structure control after
analyzing the causes of chattering a new method of reducing chattering by arc tangent saturation

function is proposed. At the same time in order to overcome the influence of disturbance on the
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speed of permanent magnet synchronous motor a proportional integral observer ( PIO) based on
Luenberger observation theory is designed the observability in the linear system theory is used to
prove that the observer error dynamic equation converges to zero and then the observation of the
unknown disturbance is realized. The feedforward compensation structure is used to offset the
influence of the disturbance on the rotational speed which further improved the system robustness.
The effectiveness of the proposed method is verified by simulation and experiment.

Key words: PMSM; sliding mode control; saturation function; chattering; Pl observer; robustness

( permanent magnet syn— °
chronous motor PMSM) .
: 1
~ ~ ~ PMSM 15
Al A 1)
o PID
Al 2)
o ( sliding mode o
control SMC) 1 3) o PMSM
. 2 d-q
da
PMSM . u; = Reiy+—" —w, * A
de ‘
da v
u, :R.i“+T;+w”.Ad
3-5 6-7 _ 8-9 . .
A A A :)\ll :L({Ld +¢Izl Aq :quq +l!/q d_q
10 11
N ;¢q‘¢d(¢q=0) d_q
o 2 1 Jw, NS d-q
NS d-q ' R
: Ld\Lq d-q
L,=L,=Lo
PMSM
dw,,
: S T B, (D)
‘w, v J 0 T,
T, B o
PMSM
Luenberger Te = %pn( /\d ¢ it[ - /\(1 ‘ i(l) =
71 ( proportional integral
observer PIO) o iy (L= L) ~igei) = (3)

3 . .
Tpn .wd.lq = Kﬁ .lq



206

'K, s °

Park™ PWMI1 l l

1
Pl N ) K, T B
. W ep ( 7Lq - 7L - 7(1),") ( 6)
‘ (5)
i* - L . +£ +£ feretg : ( ) + k .
¢ TE Ot O ctetesig(s 5
o (7)
1 J/K, *g*sign( s)
&
s=e+c'Jedt (4)
s =—gsign(s) —k-s (5)
e>0 e=wy,—w, & k sat( s)
k $ sign( s)
17
co( ¢y >0)
:sat(s) =arctan(c, * s) o
16
° 2
(4) s (2)
o (-5 )
€ = W, w, = ’ 2 2 ‘



P1 PMSM 207
200 arctan(s) sat( s) =arctan( ¢,* s) o
L5 ____arctan(5*s) o
1.0
o OS5 T,
E 0
oot
-1.0
-1.5 ==
-2.0 L L | o
-15 -10 -5 0 5 10 15
N
3 PI
2
2
s 0
0 |'s | o
o e o Luenberger
8 o
s 3.1 Luenberger
Luenberger
o 18
’ X = Ax + Bu
: { (12)
Lyapunov y=0Cx
1, Luenberger
V=—s (8) . . -
2 {x:Ax+Bu+H(y—y) (13)
v y = Cx
V=ses (9) NN nx1 rgx1
0 pxl " A.B.C
V=s*s =s5(-gearctan(c, *s) —k*s)= N
—seg arctan(c, *s) —k*s (10)
k>0 ¢, >0 £>0 arctan ’ , ’
Luenberger 3 o
s>0 arctan(c, *s) >0 —g s ¢ arctan(c, *
s) <0 —k s <0; s<0 c:arctan(c¢, *s) <0
—gesearctan(c, *s) <0 —k s <0,
V=s+5<0 Lyapunov
s o
. Tr T
Iy :KT wmf+%wm+7L+c'e+e'sat(s)+k's e, =x —%
(11) e, =(A-HC)e, (14)



208

Q= <
|

mfuinm
I

—

3 K

T O O 01

(A - HC)

S

—
[a—

Trl

PMSM

0.

PI

o

+

<3 ATI(

)

lij S

Ql~ <

|
O ]
1
O amod

-Q .«
17

N O o

Luenberger

~

3.2 PI

Luenberger

B

S

—
[a—

!

PI

<=
’

<
<3

o PI

Luenberger

19

(17)

01

C =11

O Oe
lij

Ql~ <

|
© Omo

4 PIO

e C

Vs

PI

) —
o0
E —
. Z
>
(q\]
1 |
-—ee
17] @« O
Q|~
o o~ s
+ =
- &
s
-
)
<
[
1
——
— -
< o <
IO — )
~ ~
— S —
v =
= =
s =
T.d
Td
I
~ o
& o
1 3
S
5|3
=
[0p]
=
(=W

Y



PI

P1 PMSM 209
(15) (16)  Luenberger
Luenberger PI o
. o-B_x -lo s
eobv = H ] J Eobv (19)
0 _k, o O
etu A
enh‘,:l ] ew=w—aA);er=Td— e °
1 PMSM 1 Matlab /Simu-—
link PMSM
. B
.K0p>—7 K, <0 o
1
Kop\
Kﬁi o
PI R/Q 13.0
L/mH 31.87
’ P, 4
(17) K/(Nem+A™") 0.712
fd:K,.j(w—a)) dt =T, (20) /(J - (kg *em’) 7)) 0.17
‘/ ooo —‘[ J'l
SMC_ASR ’ :IU AR P vait ab2alfzbeta
T e s
"L@ (S
b®> H
500 E o /=

<Robraigk et ()~

I I Ekctromag retic brgre Te (N'm)>

5 PMSM

K

pe

. PI
=1200 K, =120;



210

4.1 60
1 = 2l
= 40
&
=30
e
2/ =
20
. Wy
o 1 500 r/min €1
b
¥ o0
c= -10
800 £ =3 000 ¢, =100 k£ =1 000
6~9 o
60 - )
- —— B ARESE K 6
4:;* 50 } — A A A RS A
125
&40
o 04 0.10
i 30 foo o os
m?_p 20 4 0 0 s=0
E -0.2 -0.05 '
4 10 5.5 6.0 6.5 7&)}_3 0050 , 0052 0054
&
a 0 =
-10 . & 5 . )
0 0.02 0.04 0.06 0.08 0.10
ils s) ¢
6 2 SMC
257 P R
— RS I BT ) Bk 89 A 0.05
w 20| —— RGBS 0L
E <
“5 15} 010
‘3‘{1‘"‘\' 005
5% 10 - 7
2% ;
s 010
iyl 0.5
e 0020 002 0024
& 0
-0.5 . L 4 L '
0 0.02 0.04 0.06 0.08 0.10
ils 0.1 A
7 2 SMC i
0.095 A
600 — 5 E A ] 55 6k 2R
\ B e T 2 B B0y iR 2R
= 500
£
< 400 |
= 5005
= 300
‘-g 5000
=l
& 200 | os
sl - : .
w100 0020 0025 0030
0 : - - : -
0 0.02 0.04 0.06 0.08 0.10
t/s .
8 2 SMC

— BT Bk AR E
A A o Ae T s ) 35k R IR 2 W
0.05
0
005
0.030 0035 0.040
0 0.02 0.04  0.06 0.08 0.10
t/s
9 2
s
s
arctan( ¢, * )
o arctan( ¢, *
A=0.05
s s=
0 o
( )
-0.1~
lq o
8
17.4% - 9

+0.3 r/min

+0.2 r/min



PI PMSM 211
700 — SMCHPIOw) I ) #%,
- 1 GEPIE o1 BTy 25,
600
E A
. 500 V
° = 600
4.2 PI g 1 550
. oY 600
=300 0
o 550
% 200 i
8 400
PMSM 1 PI - il — s oo
. K, = . N
35000 K, = ~4500 0,04 s 0 002  0.04 ﬁso.06 0.08  0.10
0.4N-*m 0.06 s
12 PI SMC + PIO
Pl K, =0. 06
K, =50
o 10 o
PI 60 r/min 20
r/min 66. 7% o
PI PMSM
o PI
11 o PI o
12 o 4.3
0.6 1 propm it kaiE S 13 PMSM
= 05} — A EHRLH TS DSP
z 041, ( TMS320F28335)
g 03, FPGA( EP3C40F324) .
= 02}
= ol IPM( PM75RLA120) .
£, e [ FPGA 100 00 Pulse/r
-0.1 ‘ L . . L i 10 kHz 1 kHz.
0 001 002 003 004 005 0.06
t/s
10 PI
nor —%#t%ﬁ%xﬁzéi
600 A AR W 2
= 500 K AN ;
g V- gy . == ¥
;‘; 400 600 #_ -
% 300 550 K eomsusmas A
By ) EARE
woa00 b0
B 450
100 f 0.04 005 0.06 0,67
. S 13 PMSM
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
s PI d q K, =
11 PIO 3.0 K, =0.18 ¢ 2 A; PI



212

KP:O. 021 K, =0.000 2; 600 [ "
: v
c=10 £=60 ¢, =100 k =50; PI g 400 (
K, =20.0 K,=-0.9. < 200
)
0.4 Nem o Iito
0 2 4 6 8 10 12 14 16 18 20
14 t/s
o 500 r/min 2.0
1.5
PI 15 10
PI T 05 F—T
0}
16 o
'05 1 4 . e 1 ye ye 1 e 1
0 2 4 6 8 10 12 14 16 18 20
oe6r t/s
E
Z
ﬁ =
=
(58
s 0 2 4 6 8 10 12 14 16 18 20
t/s
16 SMC + PIO
14 Pl
0.7 s 0.4 N*m
600 T \ 50 r/min
- VvV ) .
S 400 | @ 0.5s :
g 500
. 560 PI
= 480 540
_@ 200 } 520
- 460 500 0.5s
s 0 80 .82 84 6 88 , M2 144 146 148 _
0 2 4 6 8 10 12 14 16 18 20 30 r/min
s 0.35s .
2
PI
14+
O_
-1 " N s L s n N N s L
0 2 4 6 8 10 12 14 16 18 20
t/s 5
0 2 4 6 8 10 12 14 16 18 20
tls ¢
0 °

15 PI Luenberger PI



P1 PMSM 213

9

J. ( ) 2018 32
(12):162 —169.
10
PMSM J.
( ) 2018 32(4):193 - 198.
11 JULIAN Y C KELVIN K S HENRY S H ET AL. High—
] . 2010 43(6):78 - 81. order switching surface in boundary control of inverters
C //Power Electronics Specialists Conference. IEEE
J. 2007 24(3) ;407 —418. 2007: 1753 - 1765.
FALLAHA CJ SAAD M KANAAN H Y et al. Sliding— 12
mode robot control with exponential reaching law J . PWM I
. . . ( ) 2018 32(3):227 -235.
IEEE Transactions on Industrial Electronics 2011 58

13

(2) : 600 -610.
J. ( ) 1998 18
ZHANG Xiaoguang ZHAO Ke SUN Li et al. A PMSM
(1):90-93.
sliding mode control system based on a novel reaching . .

14 LUENBERGER D. An introduction to observers J .
law J . Proceedings of the CSEE 2011 31(24):77 IEEE Transactions on Automatic Control 1971 16(6) :
—82. 596 — 602.

15

7. ( ) 2015(3):89 J. 2017(1) : 19 -26.

-9, 16

CHEN M S HWANG Y R TOMIZUKA M. A state-de— J. 2016 20(4) : 106 - 111.
pendent boundary layer design for sliding mode control 17

J . IEEE Transactions on Automatic Control 2002 47 I

(10) 11677 - 1681. 2018 45(6):6 - 11.

YOO D S. Integral sliding mode control with adaptive 18 Luenberger
boundary of nonlinearities for robot manipulators C // PMSM I 2013 4l
ICCAS-SICE USA: IEEE 2009. (4).31 -34 62.

19
SINGH M CHANDRA A. Application of adaptive net—

I 2000 21(5) :471 —473.
work-based fuzzy inference system for sensorless control

20 M . : 2006.
of PMSG-based wind turbine with nonlineardoad-compen—
sation capabilities J .IEEE Transactions on Power Elec— ( )

tronics 2011 26( 1) : 165 —175.



