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Abstract: Sliding mode variable structure conrol{ SMVSC) is a special nonlinear control strategy, which has strong ro-
business against parameter variations, load disturbances and uncertainty of system. Nevertheless, the control precision and sta-
bility of system will be affected by the chattering. caused by sliding mode switch control. To address the problem, this paper
proposes that the chattering can be effectively minimized by introducing fuzzy self-learning in conventional sliding mode control,
without sacrificing the strong robustness of SMVSC. Simulation research on a direct-drive AC linear servo system is also pre-

sented in the paper.
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1 Introduction

Shding mode variable structure control is a special
discontinnous nonlinear control strategy, which has
strong robustness against parameter variations, load dis-
turbances and uncertainty of system, with the advantage
of rapidness and easy realization. However, the control
precision and stability of the system are affected by the
chattering. The nonnal method to minimize the chatter-
ing is to replace the switch control with continued satu-
rated nonlinear control to smooth the discontinnous vari-
ables. This method can eliminate the chattering, but at
the same time minimizes the robustness of the sliding
mode structure control system'!!. Another method is
proposed in Ref. [2] to control the tendency rate of the
sliding mode, which minimizes the chattering through

the control of the approaching speed of the state variables
1o the switch line of sliding modes, without the loss of
the robusmess of the system. But it is difficult to decide
the approaching speed in practice. Ref. [4] introduces
the fuzzy theory to minimize the chattering, but it is as
hard 1o establish the exact fuzzy mle.

The strategy of fuzzy self-learning sliding mode con-
trol is presented in this paper. Based on the conventional
shding mode control, a fuzzy self-leamning control is in-
troduced. It has the ability of online self-leaming and
adjusting the output accurately and timely. It has a vice-
control effect, which ensures the kinematic state parame-
ters to surpass the super-surface of the sliding mode at a
low speed, and thus provides the possibility to minimize
the chattering, at least in theory.
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Since it needs no PMLSM ( Permanent magnet linear
synchronous motor), the mechanical switch from rota-
tional motion to line motion, PMLSM becomes the best
choice of the high precision and micro-inpnt servo sys-
tem. However, owing to the direct driving of the load,
the variations of the load and ocuter disturbance will di-
rectly affect the performance of the servo system. The
parameter variations of the motor under different working
states and the nonlinear factors will have bad influence
on the servo system. In this paper, as the controlled ob-
ject, the simmlation results of the motor are given.

2 Sliding mode equivalent control

Supposing the single input controlled system in the
following form

Yoy =(A+80)X(t) + (B+ABu(e) + f(t) =

AX(t) + Bu(t) + AAX(1) + ABu(e) + f(2),

(X € R",UERFER.)

(1)
where A, B are certain parameters of the system, AA,
AB unknown parameters {offset) , f() the outer distur-
bance. Define the general dismrbance as

F(1) = AAX(t) + ABu(t) + fl2),  (2)

Eg. (1) can be written as
X(t) = AX(t) + Bu(t) + F(1). {3)

Let the switch function be
o{X) = CX = e1xy + c2%3 + " + €%, (4)
where C = (¢q cy°*"c, ) is the parameter of switch func-
tion, X =[x x3 - x,]" the state vector of the system.
Using sliding mode equivalent conirol strategy, the

output of the controller is
U = Uy + Au, {5)
in which u. is the equivalent part of the sliding mode
control, i.e. the necessary known part of the control
system when do(X}/ds = Oand F (¢} = 0, the sliding
switch control Az, through high frequency switch con-
trol, makes the system state approach to the super-sur-
face of the sliding mode and ensures the system state
point approaches the stable point along the super-sur-
face. Therefore, the kinematic state will not be affected
by the uncertain parts of the system and the outer distur-
bance, and thus the system shows strong robusiness.
When the system mns into the sliding mode, the main
characteristic of the system is decided by the super-sur-

face s(X) = 0.

According to the sliding mode equivalent control con-
dition da{X)/dt = 0 and F(t) = 0, the equivalent
control can be derived from Egs. (3) and (4) as

oy = - (CB)™' CAX. (6)
3 Fuzzy self-learning sliding control

The fuzzy self-learning sliding comtrol strategy are
adopted in this paper to design the An for minimizing the
chattering of the sliding mode control system.

3.1 Fuzzy basis functions

In order to solve the problem of the convergent speed
of leaming algorithm, a special fuzzy comtrol — fuzzy
basic function is introduced in this paper. The system is
treated as a nonlinear function. It is expanded based on a
seres of basic functions and accomplishes self-leaming
through the cormection of the weight of the basic function
according to the error between the input and feedback.
The convergence is superior to the Nerve Net{NN)[*)
The fuzzy control {FC) consists of fuzzy, nule base,
fuzzy deduction and anti-fuzzy (Fig.1).

le bas
ok} [ anti- | Au

' Fuzzy | Fuzzy (4 fuzzy

b=~ deduction
Fig. 1 Structure of the fuzzy controller

The distance between the kinematic state point P{X)

and the super-surface of sliding mode s{X) = 0is R =

a(X)/ [ De?, its dervative dR/dt =
i=1

D7 ¢ is just the speed at which the point P{X) ap-

i=}

proaches the super-surface. So we used switch function
a(X) and its derivative as the input of the fuzzy con-
troller and substituted the sliding switch Au with the out-
put of fuzzy control. Assuming that the input of the
fuzzy controller has seven level language variables, its
membership function is shown in Fig.2.

éjg NB NMNS ZD PS PM PBI

a{X)/

. \ .
410 -05 0 05 10

Fig. 2 Membership function of input variables

Two-input-cne-output structure is adopted in fuzzy
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controfler, The relation between s(X),s(X) and Au
can be seen as a nonlinear function with two input and
one output and naturally can make fuzzy basic function
expansion. Supposing that the input varigbles o(X) =
s1,a{X) = 5;, the fuzzy rule in the rule base can be
expressed as
Rule j: Ifs is 4 and s, is 45,
then Z is B/, (7)
where j = 1, ,m{m = 7 x 7 = 49} 1s the number of
the fuzzy mile, 5;(i = 1,2) is the input of the fuzzy
controller, Z = Auw is the output, 4%and # are the input
and output language variables with the membership finc-
tion g , (s;) and p2, (2}, respectively. The correspond-
ing expression 18
(s1,92,2) = P (51} “ry (s2) % p, (2),
(8)
where * means multiplying , not getting minimum as in
the taditional fuzzy controller. The Eq. (8) can be
transformed into

#ﬂl‘l.(z) = #B,(Z)*]:_[l‘uﬂ(s,). {9}

The mole of the anti-fuzzy is to map from the fuzzy ag-
gregate in output space R to the exact point in the R.
When gravity center anti-fuzzy method is used, we have

-3 2u (D Sh, (@), (0
where 7 is the value when pz( Z) is the maximum, In

general, let p5{ Z) = 1. Substituting Eq. (9) into {10),
the expansion form of the fuzzy controller cutput is

F‘}.A;__B)

Au = f(S) = Sp(Shuw, (D)
where

SO | PESTH ) | P ESRIEY

in which n = 2 is the number of input, w, = Z is the
weight, decided by the following leaming algorithm.
Eq. (12) is called the fuzzy basic function (FBF). The
expansion of Eq. (11) can approaches arbitrary nonlin-
ear function with arbitrary accuracy'®).
3.2 Leaming algorithm

The task of the leaming algorithm is to justify the
weight w; to ensure the statc point sliding on the super-
surface. Accordingtothes]idingmodeccndiliona-&
< 0 and the principle of minimizing the chattering, the

justification of the weight should make o - o decrease,
that is, under the condition of sliding mode, the switch
function converges to zero and the state point slides to
the stability point along the sliding mode super-sorface.
Gradient descend method is used to justify the weight w;
Buy = - 'V ya(X)a(X) = - p2eiXiell)
wj(ﬁ)

(13)
where I' > (is the rate of leaming. Eq. (13) can be
writen as
2a(X)al(X) 2u(y)

Buj == I=500)  awle) -
: Hu An
- RA TS e

From Eq. (6) we can see that i is decided by the state

variable X but has nothing to do with weight w;(t), so

duo/3w; = 0. According to Eq. (3) and Eq. (4)
2elliell) . o0 & - 500 20
#(X) ZLC(AK + Bu+ )] = CBa(X). (15)

Combine Egs. (14} and (15), we get the leaming nule
of the Wﬂigh[ w;

A = - rcsa(x)%u‘_"—((f)l -

3Zpaw

- FCBa(X) =2 = _ I'CBa(X)pia,s),
Jw

(16)
where j = 1, ,m.
4 The application in linear AC ser-

vo system
The basic structure of PMLSM and the working prin-
ciples of AC linear servo system were proposed in [61].
The directional vector comtrol is used in the inper circle
of the system. Let iy = 0, the simplified model of the

controlled object is

19 . .
Fo = Zpig = Kpig =

M%Ha“ Fi+ Fy, {(17)

5 = Jvd:, (18)

where M is the mass of the mover, B is the viscous fric-
tional coefficient, F) is the load resistance, F, is the
electromagnetic thrust, Fy is the equivalent resistance
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caused by the top effects, K;is the thrust coefficient, s
is the mechanical displacement of mover, v is the linear
speed of mover, $; is the effective flux of permanent
magnet, r is polar distance.

Define state variables: assuming that s * is known, s
is the actmal displacement of mover, ey = s° - 5,¢; =
é,, from Egs. (17) and (18) we get the emor state
equation of PMLSM

Y | R TR
¢z 0 -alle - b, d. "’
{19)
wherea = B/M,b = Ky/M,d = 1/M,u = iis the
control element, a,b,d are the limited fime variable
parameters with rated value a,, b, , d, respectively.
f= F)+ AMdo/dt + ABy + Fy
is the defined general loading distarbance, AM and AB are
the offset of system parameters M and B, respectively.
According to Eq. (4), the switch function of sliding
mode varable stucture is ¢{e) = e2y + e;. From Eq.
(6), we have
leg = (€~ 8,) €2/ by (20)
The input of the fuzzy controller is 5 = ofe), s, =
¢{e). From Eq. (11}, the fuzzy switch control of slid-
ing mode
Au = f(8) = E]PJ(S)wJ-, (21)
where J

PJ(S) = II#“!(SE)/}T_‘,IT#‘J(SE).

=1 1=1 T

According to Eq. (16), the weight leaming algorithm
Aw; = - (- bo(e)) Jug(t) =

- (- bﬁ(e))%’i& =
/i
- I‘b,p'(e)p_,-(a,&), (22)

wherej = 1,"*,m. From Egs. (20) and (21}, the
output of the sliding mode controller

U= g+ Au o= (c - a)ex/ by + ZIPJ(S)W*'
i=

(23)

The block diagram of linear serve system with self-
Jeaming fuzzy sliding mode control { SFSMC) is given
in Fig. 3. The dash part is sclf-leaming fuzzy shding
mode control {SFSMC) , including sliding mode control

{SMC) and fuzzy self-leaming control {FSLC) .

RPN Y ity SR e .
HoeFsLd=o—k) 1{Ms+8)
ST SESMC *
el JSMC
....................... q_'V

Fig. 3 Block diagram of linear servo system
with self-leaming fuzzy sliding mode control

5 Simulation and analysis

Based on the PMLSM servo system developed by our-
selves, we simulated the scif-leamning fuzzy sliding mode
control by using MATLAB 5.1( fuzzy toolbox, con-
troltoolbox, simulinkbox}. The parameters are:

M, = 11.0kg, B, = 8.0N + &/m,

K; = 28.5N/A, F, = 100N, 7, = 1.0m/s.
The emulation of the traditional PI and sliding mode
control is also carried out. The parameters of PI control
are K, = 46,K; = 5.6, and the parameter of sliding
mode control is ¢ = 12. Let the dimensional factors of
the input parameters of self-lcaming fuzzy sliding mode
control 6 (e) yale)} be &y = 12,k = 50, respectively,
the proportional factor of the output parameter Au is £a
= 10, leaming rate is I" = 1000, sample period is 7 =
0.5ms.

5.1 Constant disturbance

As constant distarbance F| = 60N(¢ > 0.6ms) , M =
M,. The simuladonal curves of PI and self-leaming
fuzzy sliding mode control are shown in Fig.4, marked
with 1 and 2, respectively. It can be seen that the speed
descending amplitude of PI is greater than that of self-
leaming fuzzy control. Algorithm and the respondent
time are longer. Therefore, self-leaming fuzzy sliding
mode control has good tracking ability .

15
R N
AV S
Eo L
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ts
Fig. 4 Speed responses of the servo system

with constant disturbance

5.2 Variational disturbance

Add F; = 40sin(25:)N, M = M,. The simulational
results are shown in Fig.5(a) and 5(b). From Fig. 5
{a) we can see that the conventional sliding mode con-
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trol has great adaptability to the disturbance, which indi-
cates the advantage of sliding mode control, that is, it is
non-sensitive 0 the variation of ouler disturbance. But
the chattering and static error still exist to some extent.
It can be seen from Fig. 5(b) that the furzy self-leamn-
ing control minimizes the chattering remarkably and has
strong robustness to the disturbance.

v/m-g

s

(b} SFSMC
Fig- 5 Speed responses of the serve system

with variatienal disturbance

5.3 Parameter perturbance

Supposing that the mass of mover, one of parameters
of the linear servo system, is M = 3M,. The simula-
tional curves of PI control and fuzzy self-leaming sliding
mode control are given in Fig. 6. The carves, marked
with 1,2 and @, @, are the speed responding curves
when M = M, and M = 3M,, respectively.

0 04 08 12 16 20
/s
Fig. 6 Speed responses of the servo system
with parameter perturbance

It can be seen that when the parameters are perturb-
ing, PI control obviously can not fit this varation and
the speed curves display delaying. However, the fuzzy
self-learning sliding control is almost not affected, which

means that the fuzzy self-leaming sliding mode control
has strong ability against parameter perturbance.
6 Conclusion

The emulational resalts indicate that the strategy pro-
posed in this paper is effective. It is superior to PI and
traditional sliding mode control. It has strong robustness
to the parameter perturbance and outer dismrbance and
minimizes the chattermg remarkably .
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