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Abst rac t :  Based on variable structure control (VSC) and fuzzy local controller network (FLCN) ,  a new de- 
sign methed of robust gain-scheduling control is proposed in this paper. "l~e proper sliding-modes and the ten- 
dency-rates for general operation-points are intr~xtuced such that the system gets into the sliding-modes' motion 
as soon as possible and has the desired performance. Its good performance is due to the robustness of VSC. 
However, any local controller works well only in the local region of a specified operation-point. In this paper 
functions similar to the fuzzy-attributed function in fuzzy-systems are introduced to form FIX2N. The simulation 
results showed that the presented method is feasible and acceptable. 
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INTRODUCTION 

In recent years, with the development of 
computer and control theory, gain-scheduling is 
widely u ~ d  in many applications, such as chem- 
ical engineering, aircraft control etc. (Shamma 
et a l . ,  1993; Wang et al. 1995).  However, 
there are many problems, such as stability, 
which are still not solved well. Although many 
reseanchers attempted to deal with those difficult 
problems, the results were mainly qualitative, 
such as the modeling error for any operation 
point should be very small and the scheduling- 
variables should be varying-slowly with time 
(Lawrence et al, 1995; Shamma et al. , 1997).  
In fact, the ordinary method required the sched- 
uling-variable to capture the nonlinearity of the 
controlled system (Hunt  et al, 1997),  it is very 
difficult for reported gain-scheduling approaches 
to achieve this objective. 

On the other hand, let us consider the new 
control scheme-fuzzy-control, which is widely 
used in many applications. The theory of fuzzy 
control is very similar to that of gain-scheduling 
control on the above difficult problem. So the 
above difficulty should not affect the research for 

gain-scheduling approaches, especially for the 
realization of a new control design method for the 
gain-scheduling. In fact, many reseanchers con- 
sidered these problems and some good results 
had been obtained (Leith et al, 1997; 1998).  

This paper presents the design of a VSC 
based local controller, which chooses a suitable 
sliding-mode for any operation-point and intro- 
duces the tendency-rate for the chosen sliding- 
mode. We use the valid functions very similar to 
the fuzzy-attributed functions, to construct FL- 
CN. The obtained controller is a robust gain- 
scheduling controller due to the fact that the val- 
id function is the function of scheduling-vari- 
ables, and the local controller is constructed by 
using the VSC method. 

MODELING WITH LOCAL MODEL NE3~ORK 

1. System description 
Consider the following single-input single- 

output nonlinear system 

y(n)  f (  y y , y , .  ", = , �9 y ( " - l ) , u )  (1)  
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where y E Y C R is the output variable, u E U 
E R is the control input variable, f is a smooth- 
ing nonlinear function. 

For the system of Eq. ( 1 ) ,  we define some 
fixed operation points, 

o p l  , o p 2 " " ,  Opm : opi  = [ yi , Yi , ' ' ' ,  y l  n-I) , 

u ~  = 1 , - - - , m )  

R e m a r k  1 : opi need not be an equilibrium point 
of Eq. ( 1 ) .  

The system can be linearized around opl as 

follows : 

Xli  : "~2i 

~2i  = -~3i 
~ 1 7 6 1 7 6  

T 
~,i  = c i x  + biui + e l ( i )  (2) 

X, l i  = y - y %  

X i = r x l i , . . . , x n i ]  T 

, 
ci = a y ' O y '  ' 3 y  ( .-1) , b i  = 3 u  

op , op , 

where x i  is the state vector, ui is control incre- 
0 ment of input signal u i at operation points, so 

the control input signal u can be written as u = 
0 u i + u i .  ei ( t )  is modeling error caused by lin- 

earization. 

2. Fuzzy local model network 

The operation points play an important role 
in system modeling. The linear model of Eq. 
(2) is valid only very 'c lose '  to the point o p i .  

In the following, we extend the basic lineariza- 
tion approach to the case of multi-points. By 
properly choosing valid functions gl ( { ) , " ' ,  g,, 
( { ) ,  we can get the following results 

xl  = ~2 

~': = ~3 
. o ~ 1 7 6 1 7 6 1 7 6  

x~ = cr~ + bu + e ( t )  (3) 

~, = Y -  2 Y o p ,  g i ( { )  
i=1 

x - =  

2[  I]o " = , : ,  a y ' a ~ 2 ' " " a ~ .  , & ( g ) ,  i 

, a u  
i 

~ _ l g i ( ~ )  = 1 , g i ( ~ )  ~ O .  
i=1 

where { is scheduling-variable, and gl ( { ) ,  

" " ,  gm ( { ) are fuzzy-attributed functions. Eq. 

(3) is called fuzzy local model network (FLMN) 
for Eq. (1 ) .  

R e m a r k  2:  From Eq. ( 3 ) ,  the following 
points are very important: 

( 1 )  In general, the scheduling variable 
should vary slowly, but in our eases, this condi- 
tion is not always needed because of the sliding- 
mode and tendency-rate. 

(2)  The modeling error should be considered 
in the controller design procedure . 

( 3 )  The valid function should be chosen 
carefully for each operation-point model. The 
basic requirement is that the valid functions 
should have the nonlinear properties of Eq. ( 1 ) 
as soon as possible. 

CONTROLLER DESIGN 

1. Local controller based on VSC 

For Eq. ( 2 )  on opi ( i = 1 ,  " " ,  m ) , we 

choose the sliding-mode Si = x,i  + kn_lixn_li  + 

f' 
�9 "" x l i d t  (4) + k l i x l i  + k~ o 

such that all eigenvalues of 

p"  + k . - l i p  "- l  + "'" + k l i p  + koi = 0 

have a negative-real parts, where k . _ l i  , k n _ 2 i  , 

k n _ 3 i , ' " ,  k l i ,  koi are constants and should be 
determined later. 

The special case without modeling error is 
first considered. The tendency-rate for the cho- 
sen sliding-mode is introduced such that 

S i  = - p i S i ,  Pi > 0 ( 5 )  

Further, the equality control law is obtained 
a s  

1 [ ( c r x  + k r i x )  + p i S i ]  (6) U~qi = -  b--7 

where ki = [ k n - l i  , kn-2i  , kn-3i  , ' " ,  k l i  , koi I T .  

Finally, consider the existence of modeling 
error (Utkin, 1977), the VSC control law can 
be obtained as follows: 
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Mi sgn( Si ) (7) 
ui = uoai - bi 

where, I ei ( t )  [ < M i 

The control law of Eq. (7) is the local con- 
troller for system of Eq. ( 2 ) .  

R e m a r k  3 : For the control design at various 
operation-points, the parameters of sliding-mode 
and their tendency-rate should be chosen care- 
fully. In fact, at each operation point the param- 
eters may be different for special working condi- 
tions or working requirements. But the stability 
of the sliding-mode and the existence of sliding- 
mode motion are required for each of the opera- 
tion points. 

2.  Fuzzy  local control ler  network 

From the local model network of Eq. ( 3 )  
and local control law of Eq. ( 7 ) ,  the fuzzy local 
controller network (FLCN) can be written as fol- 
lows: 

u ( t )  = - ,., g i ( { ) - ~ - s g n ( S i )  + u,~ig~(l~) 
i=1  

(8) 
Then, we get the gain-scheduling control 

based on FLCN and VSC as follows: 

u ( t )  = - ~___jgi(~) . sgn(Si)  
i = l  

(9)  + z..j(U~qi + ui 
i = 1  

! [  ( c T x i  + kTix, i )  "4- ~ i S i ]  ILeq i = -  bi 

R e m a r k  4 :  ~_~ Y%gi ( ~ )  and its differentials 
i ~ l  

will be replaced by the reference value of and its 
differentials for the realization of F~. (9) .  

3. The valid function 

For the realization of gain scheduling control 
expressed by Eq. ( 9 ) ,  the choice of valid func- 
tions is very important. In fact, we may choose 
the typical functions, similar in form to those of 
f ~ - a t t r i b u t i o n .  The valid function given below 
is used in the next section for simulation study. 

hi - s a t ( ~  - l~oe, ) 
g i ( ~ )  

~ ( hi - sat(~ - l~op, ) ) 
i=1  

[ I~ - ~op; I ,forl ~ - l~op; I < h; 

sat (~j  - l~op, ) = { [ 0 , f o r l  ~ - $op, I > h~ 

( m )  

where { is the scheduling-variables and {op, is 

are appropriate variables in X%.  

As a valid function, the following conditions 
must be considered. 

( 1 ) For the case ~ = ~op, the valid function 

must be 1 or tend to 1. 
(2)  For any pairs of operation points (op, ,  

opj ) which are not the nearest points, we have 

- gj( ) = 0 (11)  

(3)  The value of each valid function must be 
changed smoothly. 

(4)  With the increasing of the distance be- 
tween one fixed operation point and transient 
states, the valid function should tend to zero 
smoothly. 

Obviously, the chosen function of Eq. (10) 
meets the above conditions. 

NUMBER1CAL EXAMPLE 

The purpose of this section is to show the im- 
provement of the presented controller design 
method based on VSC and FLCN over the other 
controller. Consider the following dynamic non- 
linear system 

Xl = X2 

y = x l  

Here, we consider two LCNs, where the first 
LCN1 has the .same operation-points as Hunt 
(1997) 's ,  but LCN2's is difference. 

LCNI: LCN1 contains four local controllers 
designed on the basis of classical linearization 
around the equilibrium points: 
(X*l , x*2 ,ue )E  1 ( 0 . 5 , 0 . ,  - 0 . 2 5 ) , ( 1 . 5 , 0 ,  - 

2 . 2 5 ) , ( 2 . 5 , 0 - 6 . 2 5 ) , ( 3 . 5 , 0 - 1 2 . 2 5 ) }  
The local controllers all have the same slid- 

ing-mode parameters and tendency-rate: 
kli = 0 . 3 , k 0 i  = 0 . 0 2 , 1 o  i = 5 0  

The simulation results are given in Fig. 1. 
Obviously, our results are much better than 
those of Hunt (1997).  For the experiments E1, 

E2, E3 described by Hunt, our results are all 

stable, but Hunt's are not stable for E2, Es �9 
LCN2:LCN2 contains four local controllers 

based on off-equilibrium linearization about the 
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points 
(~ ,  ~ ,  .~)E t(o. 5, 0. ,  0),  (1.5,  o, 0),  
(2.5,0,0),  (3.5,0,0) t, 
which covers some of the transient states only. 
We may find that there are less designing opera- 
tion-points than those in the case LCN2 of Hunt 
(1997) .  The control parameters are the same as 
those for controller LCN1. 

Fig. 2 on the simulation results show they are 
acceptable. For the experiments E l , E2, E3 
Hunt ( 1997 ) ,  the obtained results were all sta- 
ble. 

From the simulation results, we can get the 
following conclusions : 

(1 )  The simulation results of a local control- 
ler network based on local equilibrium-points are 
better than those of a local controller network 
based on off-equilibrium-operation points. 

(2)  Comparison of our results with those of 
Hunt ( 1 9 9 7 ) ,  showed that our controller has 
similar characteristics but is much simpler. 

( 3 )  Comparison of the local-network with 
Hunt 's shown that the local control network 
based on sliding-mode and its tendency-rate 
works well for the system of Eq. (12)  due to the 
fast tending to sliding-mode and slow tending to 
its required value with high tendency-rate and 
suitable parameters for sliding-mode. 
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Fig. I Simulation results with controller LCNI .  
(a) the system output y for the desired values 1 , 2 , 3 , 4 .  (b) the control input u for different desired values 1 , 2 , 3 , 4 .  
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Fig. 2 Simulation results with controller LCN2. 
(a) the system output y for the desired values 1 , 2 , 3 , 4 ;  (b) the control input u for different desired values 1 , 2 , 3 , 4 .  
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CONCLUSION 

This paper presents a new approach for gain- 
scheduling controller design based on local con- 
troller network using sliding-mode and its ten- 
dency-rate. The valid function similar in form to 
fuzzy-attribution, is introduced such that the de- 
signed local controllers are combined into FLCN. 
The simulation results showed that the designed 
controller works well for many cases, such as 
Hunt's ( 1 9 9 7 ) .  One of the important results 
from simulation is that to achieve better perfor- 
mance, the tendency-rate and sliding-mode pa- 
rameter should be different from each other. 
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