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Abstract: Adaptive control for a class of nonlinear systems is discussed in this paper. We use fuzzy systems to approximate the

ideal optimal controller by adjusting the parameters of fuzzy systems. In order to tune these parameters, linear relationship be-

tween approximation error and parameters is established first. Then we design the adaptive laws of these parameters based on

Lyapunov synthesis approach. The advantage of our method is that we can tune not only the parameters of the consequences of

fuzzy rules, but also the parameters of the membership functions. As a result, a stable and more flexible controller is achieved.

The performance of the adaptive scheme is demonstrated through the longitudinal vehicle control.

Keywords: Fuzzy logic system, adaptive fuzzy, fuzzy approximation, Lyapunov synthesis approach, vehicle longitudinal controller.

Article No. : 1009-9492 (2002) 06-0122-05

1 INTRODUCTION

Most of the current research on adaptive fuzzy control only
tunes the parameters of the consequences of fuzzy rules.
This may cause the approximation property of fuzzy systems
not to be good, and affect the performance of the con-
troller. Aiming at this problem, we hope to tune all param-
eters of fuzzy rules. In order to tune these parameters, lin-
ear relationship between approximation error and all param-
eters of fuzzy rules is established first. Then we design the
adaptive laws of these parameters based on Lyapunov syn-
thesis approach. The advantage of our method is that we
can tune not only the parameters of the consequences of
fuzzy rules, but also the parameters of the membership
functions. As a result, a stable and more flexible controller
is achieved.

2 DESCRIPTION OF FUZZY LOGIC
SYSTEMS

Before the fuzzy adaptive controller is proposed, we discuss
the structure and the approximation error of fuzzy logic
systems we adopted.

Structure of Fuzzy Logic Systems

Consider a multiple —input single —output  ( MISO)  fuzzy
controller which performs a mapping from an state vec-
tor x=(x,x,,...x,)  €®R" to a control input ue®R . Using the

Takagi —Sugeno model, the IF-THEN rules of the fuzzy

: 2002—07—16

controller may be expressed as:

Ry IF x, is Fl1 and -+ and x, is F]"

THEN u = K|g,(x) + K38, (x) +++ K,.g,,(x) (1)
where Ff is the label of the fuzzy set in x; , for I=1, 2,
o M. gi(), ), -

[ 1 1
the state vector. K,, K,-- and K are the constant coeffi-

, and g,(x) are any known function of

cients of the consequent part of the fuzzy rule.
In this paper, we would use product inference for the fuzzy
implication and ¢ norm, singleton fuzzifier and centre aver-

age defuzzifier, consequently, the final output value is:

Z(ﬁ/ﬁ(x)J-(K{gl(z)+---+1<:‘gm@))

u(x) == T )
Z(Hﬂﬁ (X,-)J

Here, we adopt Gaussian function as the membership func-

tion of the fuzzy system because its excellent approximation

properties " | ie.,

ORI I Er A
“ (x,-)exp[ ( - n ()

for i=1,2,--;n and [=1,2,--- M.

And we can rewrite the equation (2) as:
u(x)=0"4(x)=0"é(x| c.0) @)

i 12 2 Mo
where 0=(K,,---,K K ,---K ---K ) is a parameter vector,

. . . .
c,0 are vectors with the elements of ¢;and o, in equation
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(5) respectively, and EE)=(, (1), &, (01, (x):.& ()~ . ()

is a regressive vector with the regressor §jl (x) defined as
n F-‘I
(Hﬂ (xl-)J‘g () )
&) ="
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i=1

1=1

+ -
- -} Plant

!

| . "™

i Yt s ]

MR
(Bandiu(hmul. ——§  alpem

b 1 :

i

" EQQ) [+

\,”)14'___ PG ing Condrol,

+

Adapaive aws of |
o (186 ) ame BO(SOY

-

wz}=0 fixic,0)
»

Fig.1 Structure of proposed Fuzzy controller.

3 DEVELOPMENT OF A DIRECT
FUZZY ADAPTIVE CONTROLLER

Inspired from [2] , we construct the control law as:

U, =UA U+ Uy (6)
The above equation means that the direct adaptive control
law is comprised of a bounding control term, w, , a com-
pensating control term w, , and an adaptive fuzzy control
term, u, which is mentioned in section III and is used to
approximate the ideal controller. The compensating con-
troller is used to compensate for approximation errors in
representing the actual nonlinear dynamics by fuzzy systems
with ideal parameter values. The bounding control is used
to restrict the output trajectory of the system so that fuzzy
systems may be defined for a small range of states. The
bounding controller in this manner is similar to the super-
visory control  (described in the following sections) . The
structure of the proposed control is shown in Fig. 1.
After substituting the control law into the system, we will
have

A=flw)+b w1, (7)
After some straightforward manipulation, we can obtain the

error equation of the closed—loop system

é=Ae+Blu —u-u,-u,] 8)
=A§+B[¢;§(X‘C,O')+¢Z—uc +¢:ua +du(x)_uco _ubd]

where

0 0 0
0 0
A= , B= )
0 000 0 1
—k, k| —k, b
A. Bounding Control
Define a function:
Viec'Pe (10

And because all roots of the polynomial h (s) =s"+ks" "+
+k, are in the open left half plane (k= (k, ,---,k)" is user
defined, which has been mentioned earlier) , we can find
which is a symmetric positive definite matrix satisfying the
Lyapunov equation

A"P+PA=-Q (11)
where (>0 .

have

Differentiate the V,, with respect to ¢ , we

. 1 N
Vi =—5gTQg+gTPB[u —u—u,, —y]

T
]-e PBu,,

< f%gTQg + ‘gTPB‘[‘u*‘ + ‘u‘ +u,,

Assumption: We can determine a function fY(x)and constant
b, such that

)| <f"@) and  0<b, <b (13)
This means we should have some knowledge of the system,
but this is not very difficult to get.

Under the above assumption and equation (2) , we could

construct the bounding control u;, as:

1 n
tyy =1 sgn(e’ PB)[ul +[u, |+ (f* () +[7
L

+|K" ¢

uL'D
(14)

where I=1 if V,,>V ( V is a constant specified by the
designer) and I=0 if V,;,<V. And due to g(x)>0 (equation
(13)) , we can evaluate the value of (e” PB) . So, when
V<V, we have

Vi - e0e<0 (15)
So, using the bounding control w,, , we always have V,,<
V. This means we can restrict the state of the system in a
desired range using the bounding control.
B. Compensating Control
We use the compensating control to compensate for the ap-
proximation error in modelling u* by a fuzzy system.
From the equation (10) , we know that d,(x) is a residu-
al term of the approximation error &(x), and d,(x) cannot be
expressed by linear combination of parameter (0,¢,0). To re-
duce the negative effect of d, (x) to our defined Lyapunov

functions, we consider the compensating control as:

u,=sgn (e’PB) w'Y (16)
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And also, due to g(x)>0, we can evaluate the value of sgn
(e'PB) . However, in order to avoid chattering of the sys-
tem response around the equilibrium point where the sys-

tem error is zero, we can simply modify the equation of u,

to:
u,~w'Ysat (e'P,) /¢) (17)
where
1, x>1
sat (x) =yx, 1>a>-1 (18)
-1, x=-1

€ is a constant specified by the designer and £>0 .
C. Adaptive Laws

Consider the following Lyapunov function candidate:

1 b b ., b b
V=_e Petr—, b+ =l 4 +—— 410, + 49,
2 27, 2y, 27, 2y, (19)

Based on equation (34) , taking the derivative with re-
spect to ¢ yields:

V== Qe PBIGIEx .00+ T 4 81, +d, ()

b . b .
*Sgn(grpB)WTY7“h4]+*¢3T¢e +7¢¢T¢c (20)
7 2y,
b oy b
t— .0, +—4.0,
2y, 2y,
Hence,
V<€ Ocre PEIGEG] o)+, + i,
+sgn(e’ PB)w” Y —sgn(e’ PBYW'Y —u,,]
S S S
F =Gyt Bl A BP0,
" 2y, 2y, 2y,

PN " 21
=5 Qe+e PB[§,&(x|c,0)+d,u +d,u,

b ;. b .
+Sg“(§TPB)¢£Y*”»d]+*¢9T¢a +—¢l4,
7 2y,
b . b .
to— b+ 4.0,
275 27,

From (14) , we have
QTPBMM =1I(e"PB) sgn(gTPB)[‘u‘ +

ut.a

)] (22)

T
+‘L€ ¢

L .

(Y@
bL

>0

then we obtain:

V‘s—%gTQg+§¢;'[mgTam)+ég]

b . b ;
+7¢K[yzgreuc +4,)+—dllrse Pu, +4,] (23)

2 3

+ L Tl sen( PR PY + 4]
Ve

f
where P, is the last column of P.
We could choose the adaptive laws as:
0=y, P&
é=7,¢ Pu,

o= 73eTP u 24)

= tate

W=y, sen(e’ PB)e' PY

Using the facts d)e =9, d}( =—c, (i:aa:—o" and ‘j),L‘:-?b,we ob-
tain

. 1 T
Ve-5e Qe (25)

Using the above fuzzy adaptive laws, we cannot guarantee
that the parameters are bounded. We can use a projection
algorithm
4 EXAMPLE: VEHICLE LONGITUDINAL CON-
TROLLER

Automated highway systems (AHS) have drawn more and

to modify the above adaptive laws.

more altention in recent years because full automation can
greatly increase highway capacity while improving safety®.
In each platoon of AHS, every vehicle (except the leading
car) tightly follows the preceding vehicle, and can react
quickly to the preceding car and emergency due to its au-
tomated electronic device, which automatically controls the
throttle and brake of the vehicle.
Recently, some soft computing technology, such as fuzzy
logical control and neural network, has been applied in the
controller design of automated vehicle control system !4
And some learning or optimization methods are also pro-
posed. The main advantages of these methods are that they
dont need the exact model of vehicles and may be not
sensible to imprecise data from sensor. But these approach-
es also bring some drawbacks. These model —free methods
require some operator experience or training data. And the
performance of the controller depends much on these a
priori knowledge.
Within this section, we will apply our proposed adaptive
fuzzy controller into vehicle longitudinal control. The objec-
tive of the adaptive fuzzy controller is to maintain a safe
distance between the preceding car and the following car.
The strength of our approach is that we dont require the
training data, and fuzzy rules can be updated on-line ac-
cording to the performance of the controller. And our ap-
proach needs little knowledge about the car. As a result, it
can be transported to any vehicles regardless of the nonlin-
ear and often unobservable dynamics.
A. Vehicle Longitudinal Dynamics
A lot of vehicle models have been proposed for different
purposes. For vehicle longitudinal control design, we only
consider throttle and brake control for longitudinal control,
and don’t consider the steering wheel. The vehicle dy-
namics may be expressed as the following mathematical
model 28

sz —cx? —d

= (26)
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F:%(—F-%—up) 27)
where, in the first equation, x,F,c,d,M are the position, the
engine traction force, effective aerodynamic drag coefficient,
rolling resistance friction, and effective inertia respectively.
If we consider the engine dynamics, we have the additional
equation (27), where the engine traction force F can be
modeled as a first order system, and u, is the control in-
put.

We should say here that, although we present the exact ve-
hicle longitudinal model, we use only some knowledge of
this model to design our controller, and we may not know
the exact values of all parameters in equations (26) and
(27) , instead, we should only know the bound of the pa-
rameters  (see the next subsection) . In other words, the
controller design doesnt require a complete model.
B. Fuzzy Adaptive Controller Design
The main objective of vehicle longitudinal control is to
maintain a constant safe spacing between the preceding car
and following car.
We consider the output of the vehicle as

y=xx, (28)
Based on the objective mentioned in the beginning of sec-
tion 4, we simply select y,=0, then we obtain:

€=y, ~y=K,~X; (29)
If we neglect the time lag of u, i.e.,7=0 in vehicle model,
then o o o Ll 1

Yi==,-v,)=-v, —;Apv —;d+;u
So, we have:

1 1 . 1
J@=—— AV ——d =, b=—>0 (30)
And we obtain:
g=[e,é]T=[xp—xf-,vp—vf]r (€20)]
Let,
d=x,~x; , v,=v,~v, (32)

Next, from the equation (30) , we may determine the up-

per bound of fix) and the lower bound of b.
fe@ £lafol e ldls
m m

Based on the information provided in [12] , A,=0.44kg/m,
d=352kgm/s*, and we assume the minimum mass of vehi-
cle 1000 =£m <2000kg , the acceleration of vehicle -3 <

a<1.5m/s* . We get

a
3

, 2
f=—a,lv [+ ]d |43

‘min ‘min

200> 1 -0.0005=5, (33)
m,,.

‘max

Here, we consider the following fuzzy rules of the adaptive

fuzzy controller.
/

R, : IF & isFl] and v, is F.

2

THEN =K, +K, 8+k,v (34)

The detailed implementation procedure of the car longitudi-
nal controller is as follows:

1) Initialize the parameters (0,c,0) of fuzzy rules.

2) Obtain the relative speed and relative distance through
the sensors of the car, and then we can get system error
e= [dp,]".

3) Calculate the membership of 8,», based on equation (3).
4) Calculate & (x) based on equation (5) and fuzzy rule
(34) , and obtain the fuzzy controller output u based on 6
and & (x) (equation (4)) .

5) Obtain the compensating controller output w, based on

equation (17) .
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Fig. 2. Fuzzy membership function of (a)d and (b)v, .
6) Calculate the bounding controller output w,, by equation
(40) based on u and w, , which have been obtained in
step 4 and 5, respectively.
7) Calculate the total control input u, of vehicle based on
equation (32).
8) Update the parameter (8,c,0)based on the adaptive laws
(equation (50)).
9) Back to step 2.
C. Simulation Results
We select  k=(k, , k)'=2,1)" (so that s*+k;s>+k, are in the
open left half plane, i.e., stable) , Q=diag (10,10) , and

155

55 }
We adopt the fuzzy rules like eqn. (34) and totally have

we gel symmetric positive definite matrix P=




‘ 2002

31 6

9 rules in our simulation. Initially we define three fuzzy
sets over the interval [-1,1] for §, three fuzzy sets over
the interval [-0.5,0.5] for v,, which are shown in Fig. 2.
In our simulations, the velocity profile of the preceding
vehicle is shown in Fig. 3.
We should notice here, there is no acceleration of the pre-
ceding car to provide and we can only obtain the informa-
tion of the relative speed and relative distance between the

preceding car and the following car.
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{a) The velocity profile of the preceding vehicle
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{b) the velocity respnnse of the following vehicle with

our propesed adaptive fuzzy control.
Fig. 3

5 CONCLUSIONS

We have proposed adaptive fuzzy control in this paper. We
want the fuzzy system to have a good approximation prop-
erty, so we tune all parameters in the fuzzy rules including
parameters of Gaussian membership functions. In order to
construct the adaptive laws of these parameters, linear rela-
tionship between approximation error and parameters is es-
tablished. Our proposed controller includes bounding con-

trol, compensating control and fuzzy control, which is used

to approximate the optimal ideal control. The advantage of

our approach is that we don’t require the complete model,
and fuzzy rules can be adjusted according to the perfor-
mance of the controller. Moreover, our controller is more
flexible because more tuned parameters are considered. Fi-
nally, we apply our approach to vehicle longitudinal con-
trol; simulation results show that it provides satisfactory
performances in car—following.

While our approach presents significant advantages, there
are several aspects for us to consider. First, our control
scheme is only for a class of specific continuous time SISO
nonlinear system. Extension to other nonlinear systems is

an important direction. Second, if we can provide simpler

or more desirable approach from the implementation aspect

such as real-time consideration? Last but not least, how to

tune the parameters of fuzzy rules appropriately is very
important. Besides Lyapunov synthesis approach, if we can
combine other optimization techniques.
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