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Yoshihiko Miyasato

Department of Prediction and Control,
The Institute of Statistical Mathematics,

4-8-7 Minami-Azabu

Abstract: New design methods for constructing

nonlinear adaptive control systems are

considered. The proposed adaptive controllers

are applicable to the case where the degree of
It

is determined

the controlled process is unknown. is shown
that the degree of the
the
of
introduced to deal
of the

simulation results

controller

independently of degree of the process.

Several nonlinear functions

with

types are
uncertainties of the
degree Finally.

process. some

show the effectiveness and

simplicity of the proposed methods.

1. Introduction

In controlling processes whose physical

and/or chemical characteristics are unknown, we

usually derive linear stochastic models with
suitable degrees and stochastic properties
ar ound operating points. and construct

But the

conditions often induces

compensators for those process models.
change of the driving
the structural variations of the process model.

In such cases, control design methods

considering only one process model cannot be

applicable.
we have

Concerned with those problems.

already proposed design methods of nonlinear
adaptive control systems independent of the
degree of the process (Miyasato ef al. 1987

A B). nonlinear functions

(one for

of

adaptive

where two types
constructing sliding mide

control systems and the other for constructing

adaptive high-gain feedback control systems)
are used to deal with wuncertainty of degree.
and the degree of the controller is determined
independently of that of the controlled
process. Those design methods have been shown
to be applicable to the case where the degree
of the process 1is unknown. In the present
study. we show that other types of nonlinear
functions also can be wused and that various
adaptive control systems are constructed

according to the demand for the control system
regulation of the output error
It

regulation of the

such as perfect

and-smoothness of the control input. etc.

is also shown that perfect

Minato-ku,
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continuous control inputs can
The
of the proposed

output error and
be realized simultanecusly in some cases.
and simplicity

by

effectiveness
method

experiments.

are confirmed some numerical

2. Problem Statement

We

single-output nonlinear

consider an wunknown single-input.
system modelled by the

following equations:

L2(t) = Ax(e)+bult)+f(z u 1) 2-1)

y(t) =c'z(t). (2-2)

™™y, b, c (€RM)

Sz o u t)
nonlinear term and/or disturbance and evaluated
with known functions h,(§,(t). t)

where A (&R and degree n are

assumed unknown. is an unknown

as follows:

L]
Nf(a:.u,t)IIS‘E_ZIM‘h,(E;(t),t). (0= M, <=)

2-3)
where signals §,(2) are measurable. but
constants M, are unknown. Alsc the state x(t)
is assumed unknown

The problem to be solved in this paper
can be stated as follows: Given an unknown

process with unknown degree. and a bounded
known reference signal y,(t). determine a
suitable controller such that the following

equation holds.

1‘ime(t)=0, (2-4)
where
e(t) =y, (t)-y(t). (2-5)
3. Evaluation of State Variables
Before constructing adaptive control

systems. several assumptions are introduced.

< Assumption 1 >



(c. A) is observable.

< Assumption 2 >
cTo=0

< Assumption 3 >
h,(£,(t). t) have following properties.
3 N, N, (0SSN <o O<KN, <w=)

h,(é‘,(t).t)SNo+N,s‘1.=¢?Iv(r)l (lsisk)

< Assumption 4 >

(s:c"(sI-A)'b=0})eC

< Assumption 5 >
A reference signal
bounded and C'.

yu(t) is uniformly

Assumption 1. 2,
of the

relative degree
Under

representation of

and 4 assert that the linear
with
and has stable inverse.
and 2.

process

part process is observable.
one,
Assumption 1

the

the input-output
is obtained as
follows:

Lyt)r+agu(t)

= 072, J+F) v, () +07gu, (t)+050, (1)

+05u,(t Y40,y () +05F(x w. t)

+0ou(t), (3-1)
where
L, () = -2, () 4ult) (1,>0) (3-2)
Hu,,(8) = Fu, () +gu,(t)
S () = Fu(£)rau () (3-3)
vty = Fu (6)+TF(z u £).
8,=c"b (3-4)

end (F.g) is a n-dimensional controllable pair
with a stable matrix F; T is a transformation
8, (with

determined

matrix; parameters suitable
properly (for
1987 A, B and

Concerned with equation (3-1).

dimensions) are

details, see
1980).

following

Miyasato et al.
Morse

state variable filters with degree

one are introduced.

(1) = -0, )+ 1u, (8 |
Fvag (1) = ~2us(t)+ 1w () | (3-5)
Fvgot) = Ruao (1) +h,(6,(£). £). (1S ishk)

where 1, is determined such that

741

fexp Ftl s Myexp (-2,2). (3-86)

(O<M<®, 1,>0)

Then v,,(t). v,(¢). and vy(t) in equation (3-1)
are evaluated as follows:

By ()1 S Mo Nolu,p0(t)

Ho(e) 1 s My lgllug () (3-7)
&
fv, ()1 SM‘,‘Z_:1 ITI Myvgae0(2)
4. Nonlinear Adaptive Control System
The proposed nonlinear adaptive

control systems are stated as follows:

Control Lows:

u(t) = (608 1 Fug(£) +Aoua(£) 146, (1)U, (£)

000030 (E) 4 5 balauo (£ +h,(2) 1Y (2) |

+ B bach (8,12 £)4841u () 1) (59m 85) ale(t)
(4-1)

Adaptive Laws:

>

©
~
-
~
I

=00 15 va(t)+heuyg(1) | BLe()) T(e(2))

=gy vy ,0(t) B(e(t)) r(e(e))

€
»
—~
-
~
1

=g, V(1) Be(t)) r(e(t))

R & S e
S
~
o
N
i

L5ty =g, 1y(1)] Ble()) r(e(t)
by (1) = g5 By (£,(2). 1) BLle(E)) T(e(E))
£ba(t) = 0, lu,(2)1 Be()) riele)).
(15siskig,.0,>0) (4-2)
where a(e). 8(e) and rie) are nonlinear

functions to be determined in the followings:

Case (1)
a(e) = sgn(e)
Ble) =1
r(e) = lel
Case (2)
- _
ale) =Tg733
1 ze%)
5(e)={ (el
o] (lel<e™).
r(e) =ale) e. or lel (3., e>0)



Case (3)
sgn(e) (lelzd)
ale) = {,
5 (le|<d).
Bm:[z (lelze™
0 (lel<e™).
r(e) = le} (6. e°>0)
Case (4)
sgn(e) (lelze)
ale) =1,
H (lei<e)
B(e) =1
r(e)=a(e) e
Le=-te £(0) = e*>0. 1>0

A design parameter & in Case (2), (3) is set

as the admissible magnitude of lel. Other
parameters 5 9y Gia (>0) are chosen
arbitrarily. Now the main theorem of this

paper is stated as follows:

[Theorem]

Consider a controlled process with
control laws and adaptive laws described by
(2-1)., (2-2). (3-5), (4-1). and (4-2). Suppose
Assumption 1 ~ 5 can be met. them the resulting

control system is uniformly bounded.
Furthermore. the tracking error e(t) converges
to zero asymptotically, when nonlinear

Sfunctions in Case (1) or Case (4) are used. In
consrast to those, the tracking error e(t)

converges to a region defined by

S(e") ={e; |le| <&} (4-3)

in Case (2) and (3).

< Proof >
We set the functions V,(¢) (i=1.2) as
follows:

Vi) = e(£)%+ 10,1 [(04-6,(2) )} /g,
+{9,=6,(£317/0,+(9,-6,(2) }*/ 0,
+ B 0000 (1) 1050+ (9,-8,8) V /0,
+ B 0005001 ) /0504 (90-85 (1) }2/05]  (4-4)
V,(t) =%—°e. (8,>0) (4-5)

where ¢,. ¢,, are some constant numbers to be
determined later.

Case (1)

Considering control laws and adaptive

laws. we take the time derivative of V,(t) and

set the parameters ¢,. @,, as follows:

0oz 171641, ?, 2 16T (A I+F) IMlgli/ 18,1

9,2 10,1Mlg1/18,1. Pac 2 10, 0M1g 1M,/ 16,
0.2 16,1/16,1. P5c 2 101M,/ 16,1

9e2 187g1/18,1. (4-6)

Then

LV, (1) s -Xe(t)’ s 0. 4-7)

N

Case (2)
a) r(e) =alele

In case that le(t)|lze”. we take the
time derivative of V,(¢). and set o,. ¢;; as

follows:

%zu%)/leu

o, 2 (1+§>nefuoz+m EAPIACA

922 (1+2)10,14,001/ 16,1

s 2 <1+§> 16,418,114,/ 16,1

ez (1+2)10,1/1801. 9502 (1+2)Z 10:1M,/16,]

-} T

#oz (1+2)18701/161- (4-8)
Then

1.d

54V (t) s -Le(t)?s0, (4-9)

in case that |e(t)| s¢™.

b) r(e) = lel
Except that g¢,. g,; are divided as
follows:
9= 9197
Gi5= 94495 (4-10)

and that the following function V, (¢)" is

utilized.
Vi(2) = e(t)*+18,| [{9-0,(t) Y/}
+{9-9,(£)}2/01+{0,-0,() ) /g

L] 2,1 - 2,1
+‘)_31(¢3,—¢3,(t)) /Ga,t(9-0,(t)} /gy

L] - 2,1 - 3,1
+ ZP5= 95, (1)) /05t {9e=96 (2]} /9s1  (4-11)

the proof is carried out almost same manner as
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Case (2) a). By setting

9,052 1/16,1. @922 10T(A,I+F) IMollgl /18,1

9,022 10,0M g1/ 18,1, @505, 2 H0,1M,1gIM,/ 16,

0.912 10,1/18,1. G5eTay 2 1651M,7 18,1

9605 & 16791/ 10,1. (4-12)
0<gis1/(1+8)
[
0<gls1/(+,
3
it follows
L8y () s -ae(t)?s0 (4-18)
2dit o '
in case that |e(t)| se".
Case (3)
If o<e™ the proof is <carried out
almost same way as Case (1). If dze", the

proof is carried out
Case (2) b).
(4-12). and that g}, qi, are set as follows:

almost same way as

except that o¢,. ¢,, are set as

0<ois
0<gi,s% (4-14)
Then in case that |e(t)]| & e",
d .
12v.rs-ae)iso (4-15)

Case (4)

In case that Jle(t)|ze.
Case (1)
(V (t)+V, ()} is utilized for
stability analysis. In case that ie(t)]| <e.

for B, such that

the proof is
almost same as except that the

function

Bo 2 NotN suply(t) I+stlltplt%y.(t Y+Aouu(t) |

O0sSNy <=, O<N,, N,<o, (4-16)
the following result is derived.
N AT AT ?
R TAM 2 }s-2,e(t) s0 (4-17)

(End of proof)

5. Simulation Results

Numerical simulation studies are

performed to show the effectiveness of the

the method
applied to a process

proposed methods. As one example,

in Case (2) a) is
described as follows:

A=diag(-1;, -kg =~ —-2,)
b=[11-10)"
c=1[cy Cg = €17

flzou t)=[00~01170. S5siny

1,=0.1(i-5), c,=1/1 (lsisn)
n=15 50
In this case, hy=1(k=1), so that no exact

knowledge about the nonlinear term of the
process 1is needed. A reference signal which

the output of the process must track is

yu(t) =sin (nt/2).

Design parameters are set as follows:

g, =9,,=3 1,=1. Rp=

§ = 0. 001,

Fig.1 and Fig. 2 show the results where the
degree of the process is set to be m=15, and
n =50 respectively. In each case, the proposed
adaptive controller is identical and with 4
parameters; those

degrees and 7 control

constants (4 and b are determined

independently of the degree of the process (n).

6. Concluding Remarks
In the present study. we propose several
methods for constructing nonlinear adaptive
control systems whose degrees are independent
of that of the
Case (1).
control

controlled process. In
a kind of adaptive sliding mode
system is constructed, where
discontinuous control input is utilized. In
other cases. continuous control inputs are used
to construct a kind of high gain feedback
control system. Perfect regulation of the
output error can be realized in Case (1) and
in Case (2) and (3).
but the

magnitude of the output error can be made small

(4). Contrary to those.

perfect regulation cannot be realized

freely. Especially in Case (4). perfect

regulation can be realized using continuous
control inputs. In each case. the degree of
the controller is equal to 5+2& and it is
determined not from the degree of the

controlled process. but from how the nonlinear



term and/or disturbance are evaluated in (2-3).
One drawback of these methods is thought that
their effectiveness is restricted to the case
where the relative degree of the process is
equal to one only- Extension of those methods
to the general case where the relative degree
is greater than one, is left for our future

study.
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a) Response curves

b) Control input

Figure 1 Simulation results (n=15)
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a) Response curves

b) Control input

Figure 2 Simulation results (n=50)



