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Abstract

Adaptive control systems based upon the command
generator tracker (CGT) approach have attracted con-
siderable interest because of the simple structure of its
adaplive controller. Some atlempts to such improve the
adaptive coutrol algorithm, for the sake of the application
to broader class ol plants, are made. Recently, Su and
Sobel (1992) proposed that those schemes can be treated
by an unified theory using a metasystem representation
with some types of supplementary dynamics. However, in
their method, it is difficult to find the dynamic compen-
sator, which is proper and output [cedback stabilizable,
for the uncertain plant. This paper proposes a new de-
sigh metbod of such supplementary dynamics and some
parameters of adaptive control system for lincar time in-
variant SISO plants. The method gives a concrete and
systemalic design method using only a few priori knowl-
cdge of the plant.

1. Introduction

The command gencrator tracker (CGT) approach? to
dircct model reference adaptive control (MRAC) was first
proposed by Sobel ct al? This idea was extended
and refined as the simple adaptive control (SAC) which
has atlracted considerable interest because of the simple
structure of its adaptive controller. Unfortunately, the
asyinplotic stability of SAC method was guarauteed for
the class of P ASPR plants. So, some atlempts to extend
the mcthod to non-ASPR plants have been made. For ex-
ample, Sobel el al. proposed an exlension which involves
augmenling the plant with an inner loop compensator?.
Further the extension of SAC, which incorporates the
feedforward filter into the reference model’s oulpul as
well ag the plant’s outpnt, have heen proposed by Bar-
Kana®. Recently, Su and Sobel” have shown that these
extensions are chavacterized by Lhe insertion of supple-
mentary dynamics in dilferent locations in the adaptlive
loop. And it has been emphasized thal they can be uni-
lied by using the mctasystem representation for the adap-

TASPR; an abbreviation of Almost Striclly Positive Real. The
plant is said to be ASPR il there exists a static outpul feedback
gain such that the resulting closed loop transfer function is SP'R.

tive systemn and introducing adaptive gains flor the supple-
mentary dynamics in addition to the adaptive controller
gains. However, in the unified method, for the design of
the supplementary dynamics, we need to find ont the dy-
namic compensator, which is proper and outpul feedback
stabilizable, for the uncertain plant. Even il we could
obtlain such a dynamic compensator, the supplementary
dynamics located jn parallel with the plant may be un-
stable so that the stability of the adaptive confrol sys-
tems are nol necessarily guaranteed. In this paper, a new
design method of unified adaptive control systein based
on CGT approach is proposed for lincar time invariant
single-input single-output non-ASPR plants which can
enable us to solve the above mentioned problems. Thal
is, a systcmatic and concrete method for the divect de-
sign of the parallel supplementary dynamics is discnssed
and it is proved that such a supplementary dynamics can
always be realized in a simple form il one has prior: -
formations including the knowledge ;(i) all zeros of the
plant lie in the open left half plane, (i) the upper bound
of the rclative degree of the plant, and (iii) approximale
value of the high-frequency gain. The cffectiveness of the
parallel supplementary dynamics and adaptive controller
designed in this way is examined through the numerical
simulation.

2. Basic construction of adaptive
control system”)

A controlled plant is an SISO linear controllable and
observable system described as follows.

’I‘p(l) = /11:513]»“) 4 I)pll,])('l) + gl(l) (]é!)
yr(t)=cpap(l) + ga(t) (Ib)
where, @p(t) € K" is the plant state vector, yp(1) € R
is the plant ontput and up(f) € R is the control input,
Ap € RV, bp € " and ¢p € R" are unknown con-
stant matrix and vectors. g, (1) € B™ and go(7) € It arc
bounded distirhances. The transfer function of the above

conlrolled plant is given as
Gp()=ch(sl = Ap)bp (2a)
=kp+ B(s}/A(5) (2b)

— 189 —



where A(s) and B(s) are n-th and m-th order monic poly-
nomials, respectively.

Let us consider the following asymptotically stable ref-
erence model which the plant output is required to fol-
10“'

Em(t) = AmTm(t) + b (t) (3a)
Ym(t) = cl;:cm(t) (3b)

where A, € R*™*"™ b, c, € A™, z.(l) € 1“"’"
Ym(t), um(t) € R. It is stressed that the order n,, of the
reference model is given regardless of the order n of the
plant.

The adaptive control algorithm will utilize supplemen-
tary dynamics which will be inserted into parallel path
with a plant. The state space Ier\lesentahon for the par-
allel dynamics is given by

zy(t) = Ay s(t) + byup(t) (4a)
. T

ys(t) = cpmy(t) (4b)
where, z,(t) € R™ is the state vector and y,(t) € R is
the output of parallel supplementary dynamics, respec-
tively, Ay € R™*™ by € R’ and ¢y € R™ are the con-
stant matrix and vectors, respectively. Then, the plant
and supplementary dynamics are concatenated to form
an (n + ny) order metasystem ;

(1) = Az(t) + bup(t) (52)
y(t) = C=(t) (5b)

where

Now, we make the following assumptions.
[Assumption 1]
(1) There exists a constant vector k; such that the fol-
lowing matrix Ag;
A=A+ bETC (6)

is stable.

(2) There exist the constant vector g and constauts y
and d (7 > d > 0) such that the following transfer
function H(s) ;

H(s)=d+ (T +7k7)C(sT = A)"'b (7
is SPR (Strictly Positive Real).

(3) um(t) is an input of the reference model in which
the output of a linear constant coeflicient stable sys-
tem with input i,,(t) is continuous and unilormly
bounded.

Under the above assumptions, we define the control
input up(t) as i

up(t)=Fk (t)l z(1) (8a)
k(t) = [ke(8)", Ea(6)T, k()] (8b)
2(t) = ey (1), em(t)", wn ()T (8¢)
ey (1) = [z, (1), v, () (8d)
ke(t) = [Lcy(t)»ke/(t)]T (8e)

where e,(1) = yp(t) — ym(t) denotes the output follow-
ing crror signal and k(1) is adaptively adjusted by the
following conventional parameter adjusting law.

k() =k (t) + kp(t) (9a)
k() = =Trz(t)v(t) — oks(t) (9b)
LPU)I*FPZ( Jult) (9¢)
v(t) = Te,(t) + ')'k(t)Tz(t) (9d)
q= [!IPyQJ]T (9¢)
= F,>0FP~F >0,06>0

Applying the control input (8) to the metasystem (5),
it is verified by Su and Sobel”) that the all of the signals
contained in the adaptive control system are ultimately
uniformly bounded under the assumption 1.

Remark 1: It is important to emphasize that only the
existence of the vector k. is required for the adaptive
control algorithm. Neither its numerical value nor its

implementation is required.

Remark 2: The adaptive control algorithm described
by (8) and (9) yields an asymptotically vanishing output

error e,(t) if the following conditions are satisfied’ 7,
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Fig.1 Block diagram of adaptive control system
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[Condition 1]
(1) um(t) is constant for t > {3 > 0.
(2) o>0
(3) 7 is chosen Lo be
v = qrey A7 by (10)
(1) 94(t) = 0 and go(2) = 0

(5) There exists the matrix £ which is a solution of the
malrix equation

0, 0,
= 1la
{ 0y Q ] - (11a)

A bl[a
Iz{[.ﬂ‘ 0] 0“&23 Q..} (11b)

where no eigenvalue of £y is equal to the inverse of
an cigenvalue of 4,,.

3. Main Results

In the preceding section, we have shown the basic for-
mnlation of the CG'T based adaplive control system with
parallel supplementary dynamics for plants that satisfy
the assumption 1. Although the assumplion 1 is very
important, hecause which is imposced to guarantee the
stability of the adaplive control system, it is diflicult. to
design the parallel supplementary dynamics and the other
control parameters in just the form. Related to this prob-
lem, Su and Sobel proposed an adaptive control system
design method using a dynamic output feedback compen-
sator which stabilizes the plant 7). However, their method
requires a priort knowledge of plant parameters Ap,bp
and cp.

In this section, we will give a concrete and systematic
design scheme of adaptive control system using a priort
{ew knowledge of the plant.

Now, we impose the following assumptions on the plant

(1)
[Assumption 2]

(1) Anupper bound v* of the relative degree ¥ = n—m
of the plant (1) is known.

(2) Plant (1) is strictly minimwum phase, i.e. the zcro
polynomial denoted as B(s) (monic) is a urwilz
polynomial.

(3) There exist known positive constants &, and &, such
that

kp>6 >0 (12a)
| Gp(40) |26, >0 (12b)

Under the above assumptions, we cart obtlain the lollow-
ing theorem to establish the design method for the paral-
lel supplementary dynamics (3) and the constant vector
q which is the coellicients of v(t).

[Theorem 1]
Suppose that the parallel supplementary dynamics (3)
is constructed as

e (sl = Ap) by =F(s) + [ (134)
() =3 Fi(s) (131)

=),
Fi(s)=—fi *Ni(s)/ Di(s) (13¢)

where, 1= 1,- -, 4%, v* > 2, Di(8): ¢-th monic Hurwitz
polynomial, ¥;(s): v;-th monic polynomial and

G—wi=7"—i (14)
> fi> > f->0 (15)
8§ | F(;0) | (16)

And let the constant vector q ,which is the cocflicient of
v(t), Lo be

T -
a=law o) =90 =3/00 ] (17)
Then the assumption 1 is satisfied.
Proof;
Consider the augmented plant GL(s) ;
Gals) = Gpls) + F(s) {18)

where I'(s) is given by (13b). According lo lwai et. al™,
Ga(s) can be ASPR under the conditions (14) ~ (16).
Therefore, the plant (1) can be stabilized by the output
feedback compensation with the inverted system of I7(s)
3)

Suppose that the state space representation of inverted
system of I7(s) is given as [ollows.

z.(1) = Aaz(t) + beuc(t) (19a)
yo(1) = Talt) + dae 1) (19b)

where u (t) = yp(t),up) = y(t). Then we have the
following relations.

Aa=A;+ el (20a)
bo=d.by (20b)
c, = r.lcc'f (20c)
de=—~1/[5 (20d)

and the closed loop matrix A
/ic _ /\[) + (lcbpcrll; bpcz- (21)

T
bCCp AC]

Next, we observe from the assumption 1 (1) that the A;
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Fig.2 Block diagram of supplementary dynamics

Ac=A+bkTC (22a)
& T . "
_ i: Ap -f: }”peb;CP ]xp/bfac} ; (22b)
kpcb/CP Aj + ]ijb/Cf

is required to be a stable matrix for some gain vector

T :
k= [k;g,k;!] . Thus, by comparing (21) and (22b) we
observe that the choice

ke =k, =d. (23)
will result in A, being a stable matrix. Furthermore,
g7 = —7k:T is held from (17). Hence (7) reduces to
H(s) =d >0, the assumption 1 (2) is also satisfied. [J
Remark 3: It is clear that the choice of f,- such that
(24)
means the satisfaction of the condition 1 (3), because we
have

f.y- = '—C}“/l;lb/

(e + T A7)y = 0 (25)
from (10) and (17) immediately. And we can recognize
that (24) is held by the choice of Ni(s) in (13) such as
Ni(0) = 0.

4. Practical Design Procedure

In the case of an actual implementation, the paral-
lel supplementary dynamics is constructed in the control
loop as a kind of filter. In this case it is convenient to
reduce the order of the parallel supplementary dynamics.

The simplest form of parallel supplementary dynamics
based on (13) and (24) is given by the following polyno-
mials. (See Fig. 2)

Ni(s)=s (26a)
Dae—i(s)= (s + ;) Dy (s) (26b)
Dy =1 (26¢)

pj>0,l.=0,"‘y7-)j:07"')7-_1

While (26a) signifies that N;(0) = 0 is held, if the others
of condition 1 are held then the output error e, (1) will be
asymptotically vanished.

5. Simulation Results

The effectiveness of the design method of adaptive con-
trol based on the CGT approach developed in the previ-
ous séction will be demonstrated by the following numer-
ical simulation.

Suppose that the controlled plant is illustrated in Fig-
ure 3, which is the one-link direct drive (D.D.) arm, whose
output is denoted as the hub rotatory angle 8(t) and in-
put is denoted as the command voltage v(t) for the servo
drive amplifier unit. The output torque of the motor (1)
is related to the command voltage v(¢) such as approxi-
mated as

7(t) =nv(t)

7=160/8

This plant can be approximated by the following state
equation for small 4(¢).

(27)

o Lo o i [+ (5] o0+ ]
(28a)
yr(t)=[1 0] [ ZS; J (28b)

g(t)zasinﬂ(i) , a=mgr/J B=n/J

where m is a total mass of the arm and the payload, r is
a distance from the center of the motor hub to the center
of gravity of the arm, g is an acceleration of gravity and
J is a total moment of the inertia of arm and the rotor of
D.D. motor.

The relative degree of this plant is two. Thus, for im-
plementation of the CGT based adaptive control method,
we have to introduce a parallel supplementary dynamics.

Here, it is constructed as
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fapo -
S+ o

fo___
(S + Po)z
based upon (26), where fi, f2 > 0,(f/1 > f2) and ,po > 0
are chosen as the following values, respectively.

Ni=04, f, =0.002, po = 200

F(S) = -

(29)

(30)
The reference model is given as
100~
Gm(s) =
s+ 10
and the reference model input u,,(t) is given as
wi(8) = (4(2) -+ 10y, (4))/100 (32)
wlere y,(t) is given as Fig. 4 and y,(1) is calculated from
¥ (D).
~ The design parameters for the adaptive control algo-
rithm are chosen as follows.

(31)

Ty =diag[3 x 10°,3000, 3000, 3000] (33a)
I'p = diag{3 x 10°,300, 300, 300] (33h)
og=0.1 (33c)
7 =50 (33d)

Suppose that we can neglect the influence of the dis-
turbance, g(t) = 0, then the plant and model output are
shown in Fig.5 for period of § seconds. We observe that
the output error is driven to zero in approximately 0.5
seconds albeit with a maximum overshoot of nearly 6% .
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Fig.4 Command signal y,(¢) of relerence model input
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Fig. 7 and 8 show the plant output and model oulput and
the output error in the case of the presence of disturbance.
We observe that there exist the steady state error of ap-
proximately 2%. The adaptive gains ke, (1), ke (1), Ax(1)
and k,(t) are shown in Fig. 10a ~ Fig. 10d, respec-
tively. We observe that the gains become momentarily
large at the time when the reflerence model outpul rapidly
changes. It is in order to force the output error to zero.

5. Conclusions

A concrete and systemaltic design scheme of the unified
adaptive control system based on CGT approach using
the parallel supplementary dynamics are proposed. Ac-
cording to the design method, the asymptotically vanish-
mg of the output error is obtained when the model input
is constant for 1 > 1; > 0 In a disturbance [ree environ-
ment. The effectiveness of the proposed design method is
confirmed through the simulation of the position control
of the one-link D.D. arm.
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