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I. INTRODUCTION

When uncertain parameters are contained in a controlled system or parameters are
unknown, it is very difficult to design a suitable controller using conventional control
methods which necessitate complete mathematical model, because of the deficient model
information. In order to overcome this problem a new method named as adaptive control
appeared. Adaptive control is the method which updates control parameters used to
generate control input in a way that the output of unknown plant follows that of reference
model so that output error goes to zero asymptotically.

Recently, new adaptive control methods were developed and their interest was

concentrated in performance improvement such as transient response and steady-state
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response“t. Since the standard model reference adaptive control(MRAC) schemes have bad
transient behavior when bounded disturbances are present, modified MRAC schemes had
been proposed to improve transient response. Zhihua Qu et al. proposed model reference
robust control(MRRC) scheme’® which introduced the concept of the robust control into MRAC
in order to cope with uncertainties. However, since these schemes have been developed
through mathematical and structural modification in standard structure, there remain some
problems such as mathematical cornplexity and difficulty in the proof of stability, and no
simplicity in applications. Especially in case when plant is modeled as nonlinear and/or
time-varying system, they cannot be applied in order to assure global stability and improve
performance due to mathematical restrictions.

Therefore, in this paper, a new adaptive control structure is developed and suggested in
order to improve transient response and to assure robustness against nonlinearity and
time-varying characteristics of plant under disturbances. The structure is only the form of
standard MRAC with fuzzy compensator which forces output error of MRAC to converge to

zero fastly. Through simulation studies, the effectiveness of suggested MRACF is assured.

I. THE STANDARD MODEL REFERENCE ADAPTIVE CONTROL
2.1 The structure of the adaptive system

1) The controller structure

The basic structure of the adaptive system is shown in Fig. 2.1.

The controller is described completely by the differential equation

w(t)=ANAw,(t)+ ¢ u(t)

wo(t)=Awy(t)+ 2 y,(t)

w(t) & (1D, ol (1), y(t), @3 ()] T 2.1
0(t) = (K1), 6{(2), 6u(2), 65()] T

u(t) = 07(t) w(t)

where B:RT>R, 0,0 :RT™>R"! 0, R">R. 6, 0,:R*>R" A is

an (n—1)x(n—1) stable matrix and det[sI—A]1 =A(s).



A Study on the Adaptive Controller with Fuzzy Compensator for Nonlinear Time-Varying Systems

D) yu(t)

'@_: e (1)

.

D Z() t

ky R,(s)

o

)@y

Fig. 2.1 The basic structure of the adaptive system

The overall system can also be represented as

Xy A, 00 b,
w, =] 0 A0 [8T(H) w(t)] (2.2)
@y ehl 0 A 0

Yp = hpTxp'

We define the following parameter errors

W t)2k(t)—k", ¢o(t) 2 6y(t)— 65, ¢1(t)—¢9(z‘)—01
Bo(1) 2 05(£) =65, d(1) 2 [§(D),d1(2), o(2), d3()1 T

Then the state equation (2.2) can also be written as

x=Ax+b [ Er+¢Twl; y,=hlx (2.3)
where x = [xp,a)l,wg]T. he [hpT,O,O]T.
A, +Oibhl  b,07  b,05 b,
Ac=| 26 A+e6] 265 |, bo=|7¢ (2.4)
ehl 0 A 0
When ¢(¢)=0 that is 6(¢) = (2.3) also represents the reference model which can be

described by the (37 —2)th order differential equation
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Tme=AXme +b.ETY;, Y= thxmc (2.5)

iT #T !T —_ k
where Xpe= [ %} ,0} ,05 17, hI(sI—A) b, = —ki W,(s)

2) The error equation

The error equation between model and plant may be expressed as

e(t) = Ace(t) + b, [7(H)a()]

(2.6)
er(t)=nle(t)

where e(#)2 x(t) —x,(t) and €, = ¥, — ¥,. The output error € is given by

ex(t) = 12 Wals)8T(D ) @7

2.2 The control problem

1) Relative degree #»"=1

Because a model can be chosen which has a strictly positive real transfer function

Zu(s)
" Ru(s) ~

W, (s)=hT(sI—-A,) ‘b, = k

the pafameter error vector @#(?) is updated according to the control law

p= 0=—sgn(k,) e;(t)w(?) (2.8)

By lemma™, the state error e(#) and parameter error @(#) are bounded. Since e, as
well as the output of the reference model are bounded, y, is bounded and (%) is

bounded so that e(#)—0 as t—=co or |e(¢)| =0 as t—co.
2) Relative degree #n*>2

case (i) %, known

The augmented error method suggested by Monopoliw: can suitably modify error equation

in order to implement stable adaptive laws as shown in Fig. 2.2(a).
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€l

W, (s)

(a) %, known (b) %, unknown

Fig. 2.2 The augmented error

The augmented error can now be expressed as
a(t)= ¢ U+ 8(t). 8(t)= 6 TLL) — Wo(s) 0" wlt) (2.9)

where £(D 2 W,(s)[w(f), ¢= 6—0", 9 = [OIT, 6;,6,71, 67~ [ 6], 6,671,

o™= [w], v, w71 and &(¢) is an exponentially decaying signal due to initial

conditions. The adaptive law having the form
(1) = —e) () &t) (2.10)

would suffice to assure stability. (3

case (ii) %, unknown

Since the feedforward gain A(#) has to be adjusted, the augmented error &;(#) must
contain an additional gain as shown in Fig. 2.2(b).

The augmented error can now be expressed as
k k W7 o7
a=73 ¢t +8(1), 8(1)=75(6" L= W(s)6 o) (2.11)

where &= W,(s)Iw, k\(t)=k,/k,+¢1(¢) and 05(¢) is an exponentially decaying

term due to initial conditions. The adaptive law for adjusting #(¢) and ¢(¢) are given by

s elé'
¢ = Sgn(kp)—1+ETE (2.12)
¢ = __&6i1e

! 1+¢7¢
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where E= W (I . These adaptive laws assure the global boundedness of all the

signals in the overall adaptive system and that ltim e(t)=0.&

. MODEL REFERENCE ADAPTIVE CONTROL WITH
FUZZY COMPENSATOR

3.1 A Structure of Model Reference Adaptive Controller with Fuzzy
Compensator(MRACF)

A structure of MRACF is shown in Fig. 3.1. The control input #,(#) can be obtained by
adding #At) generated by fuzzy compensator to u(#) generated by MRAC. But it should

be noted u,(#) is generated in a way that fuzzy compensator supervises MRAC scheme.

Z,(s) yalt)
kn RS |

-v

Fuzzy C) e (t)
Compensator ’{
uy(t)
0 o~ 1), 1)

. (¢) Z,
oS ot ot C R

i v
@ —

*

30)
)g/

Fig. 3.1 A structure of MRACF suggested in this paper

3.2 Design of Fuzzy Compensator(4)

The configuration of the fuzzy compensator suggested is shown in Fig. 3.2. With

three inputs of fuzzy compensator e (#7). 7 (nT), and a;(nT), the structure of the
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fuzzy compensator can be composed of two independent parallel fuzzy control blocks which
contain fuzzy control rules and defuzzifier. The incremental output of the fuzzy

compensator is formed by algebraically adding the two outputs of fuzzy control blocks.

fuzzy block 1
GE ~(nT
ei(nT) e (nT);
———— ! fuzzy  |uy™(nT) | defuzzifier | {y5,nT)
; rules 1 M 1 -
n~(T)!
yal) o~ elt) )?el(nl‘) n(nT) (g__ 3 GU
-] fuzzifier dUnT) du(nT)
velt) " .- u(nT-T)
ur(nT)
ainT) %_. a=(nT) fuzzy | D Getuzzifier holdi
rules 2 2 dUx(nT) c(i)rcur;tg
fzzy block 2 ulv)
yolt) us(t) " ult)
° Plant > &

Fig. 3.2 Configuration of the fuzzy compensator

The notations employed are as followings :

e)(nT)=sampling le(D] | =,7. el = GExe|(nT)
n(nT)= [ey(nT)—ey(nT—T)1/T. ri=GRxr/(nT)
a(nT)= (r(nT)—r(nT—-T)1/T

= [ey(nT)—2e(nT—T)+e(nT—2T) ]/ T?
a; = GA*a\(nT) . uf(nT)=du(nT)+u(nT—T)

du;(nT)=GU*dU(nT) . dU(nT)=dU(nT)+dUy[(nT)

3.2.1 Fuzzification algorithm for scaled inputs of fuzzy compensator

The fuzzification algorithm for scaled inputs is shown in Fig. 3.3(a).

The fuzzy set “error” has two members EP(error_positive) and EN(error negative) : the
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fuzzy set “rate” has two members RP(rate positive) and RN(rate_negative) : the fuzzy set
"acc” also has two members AP(acc_positive) and AN(acc_negative).

membership

membership membership
ON 1.0] oz oP ONM 1.0 OPM
- . . 2 L0 L > L/2 0 -L2 g
L 0 L ey, ri ai outputl output2

(a) The inputs of fuzzy

(b) The incremental output  (c) The incremental output
compensator

of fuzzy block 1 of fuzzy block 2

Fig. 3.3 Fuzzification algorithm for fuzzy compensator

The fuzzy set “outputl” has three members OP(output_positive), OZ(output zero) and
ON(output_negative) shown as in Fig. 3.3(b) for the fuzzification of incremental output of
fuzzy block 1. The fuzzy set “output2” has two members OPM(output_positive_middle) and

ONM (output,_negative middle) as shown in Fig. 3.3(c) for the fuzzification of incremental
output of fuzzy block 2.

3.2.2 Fuzzy rules and fuzzy logics for evaluation of the fuzzy rules
For fuzzy block 1, four linear fuzzy rules
(R1)1 : if error = EP and rate
(R2)1 : if error = EP and rate = RN then output = OZ

(R3)1 : if error RP then output = OZ
(R4)1 : if error = EN and rate = RN then output = OP

are given as:

RP then output

ON

EN and rate

For fuzzy block 2, four linear fuzzy rules are given as:

(R1)2 : if rate = RP and acc = AP then

output = ONM
(R2)2 : if rate = RP and acc = AN then output = OPM
(R3)2 : if rate = RN and acc = AP then output = ONM

(R4)2 : if rate = RN and acc = AN then output = OPM

The eight different combinations of scaled error and scaled rate constituting inputs to

Fig. 3.6 for the block 1. For the block 2, the eight
different combinations of scaled rate and scaled acc are shown in Fig. 3.7.

the rules are shown graphically in
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"1 a,
! !
(IC18)1| (IC12) ]E1011>1 (IC171 (IC18)2| (IC12)z ﬁICll)z (IC17)z
(IC4):|(IC3) IC4)2|(IC3)
(IC13) acio. | . (IC13); aIcioy | .
(IC5)1 ic2n el (IC5)2 1C2). g
-L |(IC6) IC1):|L -L [(IC6) IC1)z|L "
(IC14): | UCT: |IC8MN] ICHM (IC14)2 | TICT)2 |ACBN| (IC9)2
-L -L
(IC19):| (IC15)1 |(IC16)1 | (IC20): (IC19)2| (IC15)2 |(IC16)z2 | (IC20):
Fig. 3.6 Possible input combinations Fig. 3.7 Possible input combinations
of e] and 7] for fuzzy block 1. of 71 and aj for fuzzy block 2.

3.2.3 Defuzzification algorithm

Thus the defuzzified output of a fuzzy set is defined as

> ( membership of member) * (value of member)
dU = (3.1
> ( memberships)

The incremental output of the fuzzy block 1 at sampling time »#7, dU,(nT). can be

described by the following two equations.

If GR*|ri(nT| < GEx*ley(nT)| < L,

- _ 0.5*L

If GE=*ley(nT)| < GR*|rn(nT)| < L,

— 0.5*%L
dUy(nT) = — 51— GR¥7,(nT) (GExe(nT)+GRxr, (nT)] (3.3)

If scaled error and/or scaled rate are not within the interval (L, L] of the fuzzification
algorithm shown in Fig. 3.3, the incremental output of the fuzzy block 1 is as listed in
Table 3.1.

In a similar way, the incremental output of the fuzzy block 2 at sampling time #»7T,

dU,/(nT), can be given by the following two equations.
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If GA*la)(nT)| < GRx*|ri(nT)| < L,

- _ 0.25%L

If GRx*|r(nT)| < GA*|la)(nT)| < L .

- _ 0.25*L

If scaled rate and/or scaled acc are not within the interval (L. L) of the fuzzification

algorithm, the incremental output of the fuzzy block 2 is as listed in Table 3.2.

. Table 3.1 The incremental output of the fuzzy compensator when e} and/or
1 are not within the interval (-L, L) of the fuzzification algorithm.

Input combinations Incremental output of the
as shown in Fig. 3.6 fuzzy block 1, dU/(nT)
(1C9): , (IC10(ICID); |, (IC12); T(GR " (D) + L)/2
-(GE * e1(nT) + L)/2
~(IC13)1 , (IC14) *
(IC15); . (IC16) -[GR * n(nT) - L)/2
' b ! -(GE * e1x(nT) - L)/2
(IC17h L
(IC18); ., (IC20): 0
(IC19), L

Table 3.2 The incremental output of the fuzzy controller when 7, and/or
" a; are not within the interval (-L, L) of the fuzzification algorithm.

Input combinations Incremental output of the
as shown in Fig. 3.7 fuzzy block 2, dUx(nT)
(IC9)2 , (IC10)2, (IC13)2, (IC14)2 -0.5* GA * ai(nT)
(IC11)2 , (IC12)2, (IC17)2, (IC18)2 05*L
(IC15)2 , (IC16)2, (IC19)2, (I1C20)2 05*L

Conclusively, the incremental output of fuzzy compensator can be divided into four
different forms according to the following conditions :

1) If GR*|n(nT)| < GE*ley(nT)] < L and

GA *|a)(nT)| < GR*|n(nT)| < L ,

— 0.5*L*GU
du;(nT) =— 5L — GExle,(nT)| (GE*e)(nT)+ GR*r, (nT)]

(3.6)
_ 0.25%L*GU
5T — GR*r(nT)] [ CA*ar(nTD)]

—112—



A Study on the Adaptive Controller with Fuzzy Compensator for Nonlinear Time-Varying Systems

2) If GR*|r(nT)| < GEx*le(nT)| < L and

GR *|r(nT)| < GAx*|lay(nT)| < L,

_ 0.5*L*GU
du(nT) =— 5L —GExle,(nT) (GE*e,(nT)+GR*r,(nT)]

(3.7)
_ 0.25%LxGU
SL—GAxa nT)] [CA*a(nT)]
3) If GExley(nD| < GR*|n(nT)| < L and
GA *|la)(nT)| < GR*|n(nT)| < L |
duy(nT) =— ZLQ-g;‘?Z;{;‘f(Zm (GE*ey(nT) +GR*r, (nD)]
0.25*L*GU 3.8
. k[ %
T L= GRAnGnTy | CAran D]
4) If GEx*le)(nT) < GR*|r(»nT) < L and
GR *|r|(nT)| £ GA*|a)(nT)| < L,
du(nT) =— ZLE'(S};?ﬁl*r?(ZT)I (GE*ey(nT) + GR*r, (nD)]
(3.9)
0.25*L*GU »

If scaled error, rate and/or acc are not within the interval [-L, L] the incremental
output of the fuzzy compensator is obtained from the combinations of incremental outputs
for the fuzzy blocks given in Table 3.1 and Table 3.2.

Thus far, a fuzzy compensator which supervises standard MRAC scheme was established.
Although the derivation process is based on the design process of general fuzzy logic
compensator, the resultant incremental output of fuzzy compensator, dU;(nT), has
analytical forms with time-varying gains rather than linguistic forms. Therefore, it is
convenient to apply only if input and output scalar GE, GR, GA, and GU are selected
appropriately, while the performance supervising standard MARC scheme against
nonlinearities and uncertainties may be superior relatively because its structure is

time-varying nonlinear PID type.M’

IV. SIMULATIONS AND RESULTS

When the plant is nonlinear and time-varying in the presence of bounded disturbance,
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the adaptive control was simulated using MRAC, MRRC, and MRACF scheme.

plant: y=—2y+(3.0+0.5% cos#) ¥+ u+u~+v plant: y= y+(2.0+ cost) y* + u+u+v

model: y=—y+ » model: y=—y+»
input : 7(#) =5cos t+20cosb5t input : 1(¢) =5cos t+20cos5¢
distur . distur

v(#) =0.5sin t+e,cos2t+0.5¢3 cos ¢ v(#H =0.5sint+e;cos2t+0.5¢% cos ¢

bance '

bance’

-4 1 1 L 1 _4 1 1 1 L
0 2 4 6 8 10 0 2 4 6 8 10
4 T T T T 4 T T T T
2F 2r
MRACF MRACF
2f 2
-4 1 1 1 1 _4 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Fig. 4.1 Comparison of the performances when Fig. 4.2 Comparison of the performances
the plant is stable nonlinear time-varying when the plant is unstable nonlinear

time-varying

In the standard MRAC, the output error e; does not converge to zero and oscillates as £—>co .
In the MRRC, the output error converges fastly but not to zero by chattering accompanied,
so it exhibits poor steady state response. The MRACF have a better transient response and
steady state response than those of MRAC and MRRC.

For MRACF scheme, it is shown that the output error converge to zero and the
parameter error is bounded with persistent excitation. Since the input generated by fuzzy
compensator is added to the input of the adaptive controller, parameter error does not
converge to zero even when input is persistently excited. Nevertheless, the transient
response and steady-state response are good in spite of nonlinear time-varying and

nonminimum phase plant with disturbance.
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V. CONCLUSION

In this paper, a MRACF scheme was suggested in order to improve performance and assure
stability of overall system for nonlinear and time-varying systems with unknown disturbance.
The scheme improved performance by using fuzzy compensator supervising the MRAC and
assured global stability in the sense that the output error and all internal signals were
bounded by fuzzy compensator, while fuzzy compensator should be designed stably.

In simulation study, the MRRC scheme exhibits a fast rising time, while steady-state
response is not good as shown in Fig. 4.1-4.2. MRACF scheme exhibits better performance
than those of other adaptive schemes as shown in Fig. 4.1-4.2.

The scheme can be easily applied because the requirement of prior information is only
equal to that of the standard MRAC. And fuzzy compensator designed in this paper is
analytical and PID type, the MRACF scheme has simplicity in applications to nonlinear

time-varying real systems and assures performance improvement.
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