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Less conservative sliding mode control of permanent magnet
spherical motor
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Abstract: The high gains output is often adopted in the existing permanent magnet spherical motor (PMSM) trajectory
tracking control method to ensure the robustness of the system and the fastness of tracking control. However, this con-
servative control will bring greater control, and even lead to actuator saturation. In order to reduce the conservativeness
of control, this paper designs a fuzzy sliding mode controller with nonlinear disturbance observer to solve the trajectory
tracking problem of PMSM. The nonlinear observer is used to estimate the uncertainty, friction, external disturbance and
load disturbance, and compensate it at the control input so as to achieve the suppression of interference. The sliding mode
controller is used to cancel the interference observation error of the disturbance observer and unobservable part distur-
bance. In order to reduce the undesirable chattering phenomenon, the fuzzy logic is used to approximate this part. And
the sliding mode switching gain is replaced by the fuzzy output gain. In addition, the stability of the controller is proved
by the Lyapunov equation. The simulation results show that the proposed algorithm can realize PMSM trajectory tracking
control in the presence of model uncertainty and various disturbances, and has good dynamic and static performance and
less conservativeness.
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model of PMSM)
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Fig. 1 The structure of a PMSM
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M(0)6+C(6,6)0 + AM(0)6 +
AC(6,0)0 + 1t = T, (1)

K =[a B y]TRRS UK, M (0)ABHERRE,
C(0,0) FE5 01 5E K ITHRE, AM(0), AC(0,0)
FE BRI HAL R R B 52 0, e R TP, B, 7=
AEl 7 B 5 B B A AR Bh 2 RIS,
T T EIAN B B B RS AR A . M (9), C(6,0)
Jeiks i F:

Jaqcos?B + Jpsin’B 0 J,sin 3
M(0)= 0 Jag 0 , 2
Jp sin 3 0 J
C11 Ci2 C13
C(0,0) = |ca can cay (3)
C31 C32 C33

KOS T AN

1= (Jp — qu)B cos sin j3,

c12 = (Jp — Jaq)& cos Bsin 3,

C13 = Jpﬁ cos 3,

co1 = (Jaq — Jp)acos Bsin 3,

Coa = €31 = ¢33 = 0,

Co3 = —C39 = —Jpccos 3,
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3 AR TP 2R 5 T ((Design of non-

linear disturbance observer)
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é=104—6, (7
E=104—0, 3
E=¢é—é, )
d=d+d, (10)
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HoPé = 6o 651 6,4]T.
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4 TEAEEHIES ¥ T (Design of sliding mode

controller)
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a7
Af,t) = —M"CO — M~*d, g(6,t) = M,
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b1 (t) = 00,
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E,(0,t) — uu(t)
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FHIRI H B AR ASTRIAL I, FHASDR 428 i 25 ) i Hi 3
AR B V)M I 2, PTREAR B ) H 1 2
FERPAE S TG SIS, R BORIE A
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TR FH 3SR 425 1) 258 20 i A B v LAz 1 () 1)
A s ()5 Wpss (£)s Unyss (8), BIFI ARG 42041
a8 107 % 3G 85 0., ms, my 20 AR B nasen(sa(t)),
npsgn(ss(t)), nysgn(s, (t)). BT BRE AT LLLUE
EAE RIS S TR RO, FfifEEw, >0,
wg >0, w, > 0L

M0 — Fa(0,1)] < wa,
{nﬁFﬁ(Q:t) < wg, (34)
1y — F,(0,8)] < w,,
Hdw,, wg, w, 73 723l R BORE T R 2, P LA
FAER/NEL
F BB BORE T R 22, 3N A R B 38 4%
GHEPN PN
Uqa(t) = Caba(t) + N + da,
{Uﬁ (t) = cpés(t) +ms + dg, (35)
Uy (t) = ¢y, (t) + 1y + 65,
HH16,, 05, 0, 77l IEHHL.

H{Lyapunov 5N
Vi(t) = 5 (s(6)"s(0). 36)
XITTREBO) TR, B[S
Va(t) = [Fa(0,1) — 1o — Salsa(t) +
[F(0,t) —ng — dp]ss(t) +
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HARCHRATIEGD
Va(t) < (Wa = 8a)sa(t) + (w5 — 5p)s5(t) +

(wy = 65)s,(1), (38)
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DU TSR] 425 1) 484 2 . A2 TR A R T 1T R 221 38 A,
No B s, () RIE.

BT LU, ORI dI 8% B R, ORI
e BN B R I, BN T s (2), S 2, R
NIty AR B TS F AE RO Ay

(NB NM NS ZE PS PM PB},

NS IEH IER. BRIy
Rule : IF s,(t) is A, THEN n, is B,

Horp AR BRI, 2 ARNB - - - PBAR @
SRR LR AL IR AR

puar () = expl—( ), (39)

Horp: MARCEBMEND - - - PB, 2,48 % s, (1) 8in,,
afRERE T OME, o FREERRE T8 RE. X TR 4R
Aa;(i=1,2,---,7) = —1,-0.6,-0.2,0,0.2, 0.6,
1,=0.2; % FHMED, a;(i = 1,2,---,7) = —20,
—12,-4,0,4,12,20,= 0.2.
BRI BT 1 R,

& 1 BN
Table 1 Fuzzy control rules

e NB NM NS ZO PS PM PB
e NB NM NS ZO PS PM PB

Tr; — O«

6 1iHE 5%¥H1((Simulation and analysis)
AL 7K HEER T L S AL 28 BR R A P G0 12T

AN AL AE AR LRV I35 P AR ) 2% L R 3AMBR 2 il
A5 ARG 25 MBSy A 28 BN, 3
AN SR 425 1) 455 110 i 3G 25 43 ol FH SRR i AR 4 o
R 3AN A ] P U s ) 0 2 A S R e O 0 2 R
ARG E R, WIS &
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[f]2590.001 s.
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K 2 FRBEERIE Fa sl ALK F il HE 1
Fig. 2 The control diagram of PMSM
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T Lyapunov /5 #£ 1] LG HUCK

V(t) =Vi(t)+Va(t) + Vs(t). (40)
SRR (40) HEAT R S AT
V(t) =VA(t)+Va(t) + Va(1). 41)

H1 75 FE(15)(32)(38) T 13V () < O, 418 2= F 3 v
KA MERR ] Lk IR R G e FR e ).
AT VARG AR LR T 000 0 28 6k 0 A 000 e R
SO THA T
d = 1474, (42)

74 = 0.2r[cos(wt) sin(nt) exp(—0.57t)|T F 7~ 4b
P, me=[1 1 1) RIREEIRFEHE I S
FERE, r2 (=1, 1) Z MR BENLEL. TR E Rk
BEWRE, TIUH E20% 0 A E M, XA %A 2 HLER
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&2 05 — %E T
3 — WAE
0.0 Il Il
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1.5 T T T T
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5 st s
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1 1 1 1
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Z 1.0
= 05 — BT -
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Fig. 3 Comparison of disturbance and its observed value
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FELME PO 5% T DL SE I M6 Pk AT A A Al
it.

R 38 KRG ER Y HL B HIL AR LB A 2 5, A
ADAMSHAF AT LA B ERTE HUL3 Al 17 4 % Sl 15
N
J, =232kg - m? Jy = J, = Jyq = 2.27kg - m”.

N T B UEA ST BT 3 T AR L P R 5% F RO T
AR ) 2% T LAV BRANE e M L TP BROE LR
B I L RO R, Bt 1 BA T SR
RN T
64 = 0.35[sin(7t) cos(wt) 2t], t € [0,5]. (43)

TELE B W FE42) s 3R R 2t b (5 e 7Y
T AFTE20% [P AN 72 11 A1 50% I A e Y, - 31
) F 1+ 5546 56 ¥ (calculate torque method, CTM) R A<
ST AT B B A LA Rl i Bl 4-S .
A LAE tH, A SCRTE tH s 07 A () S 4R A
AR, E PRI

< 005 : .
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b // \\ //___ \\ ,/ -
PR /- ~ -
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=y ] SNo o ~_7
f&— \/
® 005 : : ‘ ‘
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ﬂﬁ //5\\ //,_:\ s
i /T TN -~ ~ -
%00 / Seo_ Nee_ 77 1
mX < N -, \\ //
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% 0.05 - : ! . y
70 1 2 3 4 5
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CIRN ~ J
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1% — L/ 4
i 02 v
= -03L/ : ; )
= 2 — = 20%ANHETE  — — 50%ANH E T
=04 1 1 * *
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Kl 4 20%A150% AN T CTME I FIERER IR 2
Fig. 4 The tracking error of the CTM control with 20%

and 50% uncertainty

< 004 x x x x
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\ - - 20% A HEYE  — — BO%AHE T
0.02} i

T

000 =— —

BhlERERR % / rad
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-0.02 1 1 1 1
0

t/s

15 T T T T
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S W

yiEREE %22 / rad
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K5 20%M150% AE M R ASCEHITT AR ERER R 722
Fig. 5 The tracking error of the proposed control with 20%

and 50% uncertainty

4 TR R, SR Ty A2 (43) i
7, BRI B 20% A E M, Bl6-87 il s
K FH I #5421l 2% (sliding mode controller, SMC), X
FE T PO A5 197 15142 1] 23 (sliding mode control-
ler based on disturbance observer, SMCO), % i % T
TR 1 % R 2 M TP 00 00 45 (1 3 54 1 95 (sliding
mode controller based on fuzzy logic and nonlinear dis-
turbance observer, FSMCO)HE 1T 4328 R g I 425 1) 25 1)
NET.
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7, /Nm
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100 T T T T
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(=)

-50 i

,100 1 1 1 1
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Fig. 6 Torque input signals generated by SMC
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Fig. 7 Torque input signals generated by SMCO
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Fig. 8 Torque input signals generated by FSMCO
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