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Abstract: Computable &, and &, performance bounds are derived for a recently proposed class of adaptive systems which show that,
in addition to global stability and asymptotic tracking, a systematic improvement of transient performance can be achieved. The
underlying linear nonadaptive controller is shown to possess a parametric robustness property, but for a large parameter uncertainty it
requires high gain. A comparison between the adaptive and the nonadaptive performance bounds demonstrates that adaptation
improves the overall performance without the undesirable effects of high gain.
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1. Introduction

In the absence of disturbances and unmodeled dynamics, the tracking error of most adaptive control
schemes converges to zero, i.e., they satisfy the asymptotic performance requirement. In applications,
however, the system’s transient performance is often more important. Numerous simulations indicate that
the transient response of adaptive systems may be unacceptable due to large initial swings. An example was
presented in [12], where an extremely poor transient behavior occurs together with ideal asymptotic
performance. It is therefore necessary that in the performance analysis of adaptive systems both transient and
asymptotic behavior be addressed. Recently, such an analysis of transient performance has led to its
improvement, suggested in [11] and this is further developed in [2]. The proposed modifications of adaptive
controllers render the tracking error arbitrarily small in terms of both mean-square and .., bounds. This
important advance is conceptual, because the bounds derived in [2] depend on the normalizing signal and
therefore are not a priori verifiable. Other efforts for estimating or improving transient performance are
presented in [7,9, 13].

In this paper we undertake a performance analysis for a new class of adaptive controllers [5, 6] which
exhibited a transient behavior superior to other adaptive schemes in simulations. Here we demonstrate that
the observed improvement of the transient performance is systematic. We prove this by deriving %, and %,
bounds which show that all the error states of the adaptive system can be made arbitrarily small, except for

Correspondence to: Prof. Kokotovi¢, Department of Electrical and Computer Engineering, University of California, Santa Barbara,
CA 93106, USA.

* This work was supported in part by the National Science Foundation under Grant ECS-9203491, and in part by the Air Force Office
of Scientific Research under Grant F-49620-92-J-0004.

0167-6911/93/$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved



452 M. Krsti¢ et al. | Transient performance improvement with a new class of adaptive controllers

the parameter error §(t), which is bounded by a constant proportional to (7(0). The performance bounds are
computable and informative: they are explicit functions of initial conditions and design parameters. Another
remarkable property of the new class of adaptive controllers is that for a known bound on the uncertain
parameters the stability can be guaranteed even without adaptation [6]. When the adaptation is switched off,
the underlying linear nonadaptive controller satisfies %,, bounds which can be used for a performance
comparison with the adaptive controller. The adaptation, although not necessary for stabilization when the
bounds on the parametric uncertainties are known, results in a smaller %, bound and achieves the asymptotic
tracking that is not possible with nonadaptive controllers. It is also important that the new adaptive controllers
avoid the use of high gain by which the nonadaptive controllers counteract large parameter uncertainties.

2. The new class of adaptive systems

The control objective is to track asymptotically a reference signal y,(¢) with the output y of the plant

B(s) b,s™+ --- +bys+ by
(s) = — = . 2.1
ves) A(s)u(s) sS"a,s" 14+ o +as+ag u(s) (2.1)

We make the following assumptions about the plant and the reference signal.

Assumption 2.1. The plant is minimum phase, i.e., the polynomial B(s) = b,,s™ + - - - + b;s + b is Hurwitz,
and the plant order (n), relative degree (p = n — m), and high-frequency gain b,, are known.

Assumption 2.2. The reference model is stable, has relative degree p, and its input r(t) is piecewise continuous.
Its initial conditions y,(0), 3,(0), . . .,y 1(0) are at the designer’s disposal.

To simplify our presentation we will consider the case where the high-frequency gain is known, b,, = 1.

The closed-loop adaptive system designed in [5, 6] consists of the plant (2.1), the input and output filters
= Aon + e,u and A= Aol + e,u, and the parameter update law (2.6) to be defined below, where
er=1[0,...,0,1] and PyAo+ AP, = —I1, P,=PJ>0, ie, K(s)=s"+k,_s" '+ - +k;s+
ko2 det(sI —Ao) is Hurwitz. In our analysis, the states of the closed-loop system are expressed in the
error coordinates e € R”, 7eR", (e R™, ze R?, 6 e R"*™. The filter states are represented by the state
estimation error &, and the output filter state error 7 =y — 5,

&= Ape, (2.2)

= Aol + 21, 7(0)=0, (23)
where z; = vy — y, is the tracking error. The zero dynamics { of the plant are represented by

C= AT+ byzy, LO0)=0, 2.4)
where { = { — {,,and P,A, + ATP, = —I, P, = PT > 0. The ideal reference trajectories #, and {, satisfy #, =

Aon, + e,y, and ¢ = A,¢, + byy,, respectively, they are not implemented, and their initial values are chosen
such that 7(0)} = 0 and {(0) = 0. The properties of the closed-loop adaptive system are determined by the
following pth-order error system:

M3 '_—Cl _dl 1 0 0 Ce 0 7
1

2'-2 —1 —Ca —dz(aal/ay)z 1 +O'23FCU 0'24r(l) O'ZPF(U

;'73 _ 0 —'1—0'23r(l) —C3 —d3(@a2/6y)2 1 +O'34F(U O'3PF(U

24 0 —0,4Tw —1 -0 Tw —cq —da(o3/8y) ... o4,

%0 ] | 0 —03,Tw —o;3, 0 —o4,l 0 oo —cp—d, (0,1 /0y) ]
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where c;, d; > 0 are design parameters, w is the ‘regressor’ to be defined later, o;; and da;/Cy are nonlinear
time varying functions which are smooth in all the state variables and piecewise continuous in time t. The
parameter update law is

Zy

~ 60(1 50( -1 Zy
= —Tw|l, — 2L, ., —Ze=t||%2] 2.6
0 w[ Gy ay] : (2.6)

V4

where ' =TT > 0.

Global uniform stability of the origin of the adaptive system (2.2)-(2.6), and the convergence of the states
to the manifold M = {z =0, ¢ = 0, j = 0, { = 0} were proved in [5] using the complete Lyapunov function
V=V, + (1/k,)|fl3 + (1/k)ICI3,, kyy ke > 0, where!

1 1 1 ~
%=§|Z|2+d—0|3|12’0+§|0|%—1’ 2.7

and (1/do) = ¥%_, (1/d;).

The closed-loop adaptive system is nonlinear, and is designed as such. However, with the adaptation
turned off by setting I' = 0 in the adaptive law (2.6), the uncertain parameter error 8 is constant, the
nonlinear terms o;;I'w vanish from (2.5) and, as explained in [6], the nonlinear terms da;/dy reduce to known
constants, so that the whole closed-loop system becomes linear. In Section 3 we analyze the %, and &,
performance of the adaptive system (2.2)—(2.6). We show that the design parameters c;, d; can be used to
improve the transient performance. In Section 4 we analyze the ., and mean-square performance of the
underlying linear system without adaptation. Finally, in Section 5, we use the bounds derived to evaluate the
advantages of adaptation qualitatively.

3. Performance of the adaptive system

In this section we prove that both the ., and .Z,, norms of the states z, 7, ¢ of the adaptive system can be
made arbitrarily small by a choice of the design parameters ¢;, d;, I'.
From (2.3) and (2.4) we define transfer functions

VVﬁ(s)é(SI - AO)_ lens (3'1)
We(s) 2(sI — As)™ by, (3-2)

and denote the respective impulse responses by wy(t), wi(t).

! Notation: The weighted Euclidean norms for vectors will be denoted by |x|3 = xT Px. The &,., %, and truncated %, norms for signals
will be denoted by || - ||, || - |2 and |- || .., respectively. The 3, norms for transfer functions will be denoted by || - ||, and the .Z;
norms of their impulse responses by || - ||;.
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Theorem 3.1 (¥, performance). The £, norms of the states z, ﬁ,Z of the adaptive system (2.2)—(2.6) are
bounded by

1
< —= V,(0), 33
HZ||2<\/C~O\/ »(0) (3.3)
NAAVIL P (3.4)

- 1
1712 <
Vv Co
~ 1
HCHzST\/ Vo0 Well oo 3.5)
Co
where | Will o, | Wil » are independent of co = ming ;. ,¢y.

Proof. As shown in [5], the derivative of ¥, along the solutions of (2.2)-(2.6) is

Vo < = colzl? = o= lef* < —colz/. (3.6)
Since ¥, is nonincreasing, we have
® 1 1
Izl = J |z(r)]> dT < — [¥,(0) — V,(00)] < — V,(0), (3.7
0 Co Co

which implies (3.3). From (2.3) and (3.1) we get
N 1
1l < 1Willwlz1ll2 £ —=/ V(0| Wil (3.8)
Veo
and, from (2.4) and (3.2) we get

I, < 1 Willelizyll, <

1
\/—\/ Vo) | Wello - (3.9)
Co
Remark 3.1. We point out that, although the initial states z,(0),. . . , z,(0) may depend on ¢;, d;, I' (see [5]),
they are at the designer’s disposal. As explained in [5], by appropnately initializing the reference model or the

filter states, z(0) can be set to zero. The values used in such initialization and &(0), 0(0) are independent of
¢;, d;, I'. Therefore, by setting z(0) = 0, we see that

1 1 ~
Vo(0) = i 1€(0)3, + 3 16(0)|F-» (3.10)
1)
is a decreasing function of dy and I', independent of ¢,.

The possibility to improve performance with the adaptation gain is particularly clear in the case (0) =
and I' = yI, when the %, bounds of Theorem 3.1 become

1 -~
iz, < [6(0)], (3.11)
’ Vv €o?Y
H'7||2—\/——|0(0)H|W”co’ (3.12)
DO | W2l - (3.13)

120, < \/—
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The error states z, 7, , ¢ are guaranteed to have good %, performance. This is an improvement over [2],
where only the mean-square tracking error (1/1) j'(‘) [¥(r) — y:(1)]? dt of a modified MRAC scheme was proved
to be arbitrarily small.

Another advantage of the bounds derived is that they are computable. The bound for ||z ||, is explicit, while
the bound for |7 |, involves || W;| ., which is known from (3.1). Only the factor || W;||, in the bound for the
zero dynamics || ¢ ||, depends on the unknown parameters by, . . . , b, —;. When these parameters belong to
known intervals, | W;| ., can be computed using [1]. ’

For a more complete characterization of the performance achieved, we proceed to derive £, norm bounds
for the error states of the adaptive system (2.2)—(2.6). These bounds are also useful for a comparison with
nonadaptive systems.

We first give simple bounds on || z|,, and HG | o

lz]le < /2V,(0), (3.14)
100 < /A /2V,(0). (3.15)

Since V;, < 0, the bound (3.14) follows immediately from

20,0 = 1201 + - 6(0F, + O+ < 27,00, (3.16)
and the bound (3.15) is obtained by noting that

—|9|2<|9|r 1 < 2V,(0). (3.17)

M)
For I' = 1, it further follows from (3.15) and (3.16) that

~ 2 ~
181 < /7120)] + \/d:: &(0)]p, + 16(0)]. (3.18)

In this way, ||§||oo is explicitly related to initial conditions and design parameters.

Theorem 3.2 (¥, performance). The ,‘? norms of the states z, r],C of the adaptive system (2.2)—(2.6) are
bounded by

1
lz()| < M + |z(0)e ", (3.19)
Jeodo
1
( Jeods (O)Ie“°‘> Twille s (3.20)
1
GRS (\/—— M + |z(0)|e“°’> wellys (3.21)
where

(3.22)

é—{\/l(l" V2V0) [l Ao 11 (/2V50) + [l yrll ) + K] +\/(—)| © )Iro},

and ” Wi “l’ ||WZ”1, ”ha)“b Ky, are independent OfCO, dO-
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Proof. Differentiating 3|z|? = 427z along the solutions of (2.5) we get

d 1 2\ _ d 2 2 2 aak_l 2 L4 6ak_1 =T
d[( I l >— kgl CpZ kgl dek ay - Z sz(ﬂ (D+82)

k=1
2 0oty 4 1 2 LS A
= _ d - (pT o T 2
kgl Z k[ k+2dk(0 w+82)] +<k;14dk>(9 w+82)
1
< —c0|z|2+zgi—(;(0 W+ &,) (3.23)
Upon multiplication by e, the last inequality becomes
(j 2 Zcot 1 2 2001
a(lzl )5270(0 W+ ¢3)%€ (3.24)
Integrating (3.24) over [0, t ], we arrive at
1 ~
[z(£)|* < |z(0)|%e 2" 4 2, J;) e 20t 0T y(1) + £,(r)]* dt, (3.25)
and from this we obtain
1 ~
|Z(l)|z < IZ(O)IZC—ZC()! + __J‘ e 2ot -nd, sup lHTw([) + gz(t)lz
2dO 0 tef0, o)
1 ~
< |z(0)|%e 20t 4 Icods 107w + &,1%, (3.26)
which in view of |e,(t)| < [1//A(Po)]|e(0}p,, gives
1 1
[z())] < (IIGHOOI o + le(0)] o) + [2(0)[e " (3.27)
N= 3 Jeods ST R
It was shown in [6] that
s+ky - s+ ki)A(S) .- T
_ [—K(s)‘ st s 1, S K AE) K(s)‘;(si) "0 s 13} Y + 0002 Hyls)y + wol0), (328)

where |wq(t)| < k,€~ " is the response due to the initial conditions of the filters #(0), A(0). Observe that k,,, o
depend only on the plant and filter parameters and not on ¢, do, I'. Now, using y = z; + y, and (3.14), we get

“w“ao < Hhm “1(”Zl ”ao + Hyr ”oo) + Kwe_m < “hw “1(\/ 2Vp(0) + Hyr“oo) + Ke - (329)
Substituting (3.29) into (3.27), and using (3.15) we obtain

20 < ——== \/—— {\//1 (M V/2V,0) [l ko 11 (/2V,0) + {ly:llw) + k0] + mls(o)lpo} + |z(0)|e "

1
M + |z(0)]e . (3.30)

Codo

From (2.3) we have

M + |Z(0)|C"°') wille, (3.31)

1
17l < lwsllilizillo < (—
,/Codo



M. Krsti¢ et al. | Transient performance improvement with a new class of adaptive controllers 457

and from (2.4) we have

M + Iz(O)le‘“") Iwelly. (3.32)

~ 1
Il < lwglillzy e < (
\/C()do

With the initialization z(0) = 0, the expression (3.10) for ¥,(0) and (3.22) show that M is a decreasing
function of d,, independent of cq.

Thus, the entire state z, 5, &, #f, { is guaranteed to have good .%,, performance. This is an improvement over
[2], where only the tracking error of a modified MRAC scheme was proved to be arbitrarily small.

Since M in (3.30) depends on | h, ||;, the bounds (3.19)—(3.21) require computation of | h, |, ||w;|, and
| wzll ;. Although | h, |, and ||w;|; depend on uncertain parameters, we can employ the procedure of [1] to
compute their 3, norms and then apply the well-known inequality [g|; < 2n + 1)|| G| ., where G(s) is
a stable transfer function, n its McMillan degree, and ¢(t) its impulse response.

Let us now give a special but more revealing form of the above %, bounds.

Corollary 3.1. In the case z(0) =0, (0) =0, k, = 0 and I" = yI, the ¥, bounds of Theorem 3.2 become

|§(0)|uhw||l( 1~ )

Izl < ———=2 {1 Vel + —= 16(0)] ), (3.33)

’ cody \/;

N 16(0>|nhwn1< . )

170l < ——=222 (Ve ]l + —=18(0)] ) 1wzl (3.34)
Codo \/; il

s 15(0)|||hwul< 1 - )

100 < === {1 : ]l + —= 8O ) Wzl . (3.35)
cod, y \/; ( Wil

The assumption z(0) = 0, £(0) = 0, x,, = 0 is satisfied in the particular case where the initial conditions of
the plant and the filter states are zero and the system is driven by r(z).

The form of bounds in Corollary 3.1 clarifies the dependence of the #,, performance on the parameter
uncertainty |#(0)| and the design parameters c, dy and y. Any increase in those parameters results in an
improvement of the &, performance. It is of interest to observe that d,, present in the %, bounds
(3.33)—(3.35), is absent from the .#, bounds (3.11)—(3.13). This is consistent with the ‘peak-shaving’ ability of
the nonlinear damping terms observed in [5].

4. Performance of the nonadaptive system

It is of interest to evaluate the performance achievable with the underlying linear controller resulting from
setting I' = 0 in the adaptive system (2.2)—(2.6). Here we investigate the %, performance and the mean-
square performance of this nonadaptive system.

Since the nonadaptive system is linear, without loss of generality we assume that all the initial conditions
are zero. It is clear that this will not affect the conclusions about stability, and in the performance bounds this
only amounts to neglecting the exponentially decaying terms.

Using Theorem 6.1 of [6], the following result is immediate.

Theorem 4.1 (stability and ¥, performance). The nonadaptive (NA) system (2.2)—(2.5) is asymptotically
stable for

2/codo > 18] 1yl - 4.1)
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The &, norms of the states of this system are bounded by

1011 A 14

12N < - el (4.2)
Codo - 191 || hw“l
1011 4
1N < = FATH 4.3)
codo — 161 [hol, "
. 101 1 Ay 14
1TV o < = P (4.4)
2/codo — 10yl

The nonadaptive controller does not, in general, achieve asymptotic tracking, so we cannot talk about %,
performance in this case. However, it is possible to prove that the mean-square performance can be made
accurate to the desired extent.

Theorem 4.2 (stability and mean-square performance). The nonadaptive (N A) system (2.2)~(2.5) is asymp-
totically stable for

codo > 10111 Hyll - 4.5)
The mean-square values of z, 7, ¢ are bounded by
1 1/2 a Hw -
(— f lz”A(r)Pdr) P UL, el (46)
tJo 2/codo — 10111Hy )l
1 12 will 110111 Ho |l
( ijAder) < WOl els o @)
2 /codo — 18111Hy
1 [ - 12 well 11011 Ho ll o
(- f |¢NA(r)|2dr> < Al ole 48
t Jo 2/codo — 10111 Holl

Proof. For I' = 0, with initial conditions z(0) = 0, &(0) = 0, we proceed from (3.25).

1 ~
[z(D)|? < 3, j ~ 200009 T0y(1)]2 dr. 4.9)
Now, integrating (4.9) over [0, t], we get
t 14
J lz(7)]* dt < ﬁ— l:f e 20t IhTe(s)]2 ds:' dr. (4.10)
0JO 0

Changing the sequence of integration, (4.10) becomes

t 1 t
J lz(0)|? dt < Lj e 25 [0Tw(s)]? (J g~ 2cor dr) ds
o] 2'dO 1] s

1
7 [oTw(s)]2 - 208 g, (a.11)

because

t
e~ 2cot d‘L' = 1 (e—2cos _ e—Zcot) < 1 C—ZCOS.
s ZCO 2C0
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Now, the fact that e2®*¢ ™ 2°* = { used in (4.11) yields

L 2@ de <

On the other hand, since H,(s) is stable and proper, the truncated %, norms of w and z are related as

lollze < [Hollollyll2,0 £ [ Hollo (1 2112,0 + 19l 2,0)- (4.13)

From (4.12) and (4.13), by the small-gain theorem, .%, stability is guaranteed for 2./codo > |§ |1 Hyp |l 0, and
the asymptotic stability is argued as in the proof of Theorem 6.1 of [6]. Substituting (4.13) into (4.12) and
solving for | z||,, = (f§|2(z)|* dv)'/?, we get

' 1 1011 Hos
2d = el 2,0 4.14
(ora) < codo— 1011712 o

(4.12)

and (4.6) follows because H Vell3.= fol y.(7)|? dt < ||y, || t. Inequalities (4.7) and (4.8) are immediate from
(4.6) (recall that #(0) =0, Z(0) = 0). O

Theorems 4.1 and 4.2 provide two different stability conditions (4.1) and (4.5), of which (4.5) is directly
computable [1] and less conservative because | H, || < | Ao ll1-

Another usual way of expressing performance properties of a linear system is to examine the difference
between the actual and the desired closed-loop transfer function. In the case of tracking, the desired transfer
function is y(s)/y,(s) = 1. The actual closed-loop transfer function of the nonadaptive system was derived in
[6] as

y(s) 1
= G.(s) = (4.15)
X L+ g N

In this expression, f,(s)/a,(s) is the transfer function from 0w to z, in (2.5) when I' = 0. This transfer
function is stable, relative degree one, and with deg a, = p. Its poles can be placed arbitrarily by using the
design parameters c;, d;.

Theorem 4.3 (tracking performance). In the nonadaptive system (4.15), the design parameters c¢;,d;, 1 <i<p
can be chosen to satisfy, for any 8. > 0, the following tracking performance specification:

IG(jw) — 1) < 8, YweR. (4.16)

Proof. By setting ¢t = o0 in (4.12) we see that the induced &, norm of §,(s)/a,(s) is not greater than

1/2./codo. This in turn means that | 8,/a.| . < 1/2./cody, which implies |B,(jw)/a,(jw)| < 1/2./cody,

VYw e R. From (4.15) we now have

ﬂz(.]w) AT : 1 i1
o= 0TH ,(jw) |01 Ho l o
|Ge(jow) — 1| = ’;Jc(‘;)w) <2 c°f 2 , (4.17)
=0 6TH, 1— 011H, |
+ iy T Holi) T Ol Hal

which is less than any 6, provided that c,d, is sufficiently large:

1\ ~
Codo >(1 +5—>|9|“Hw”ao- (4.18)
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As expected, the tracking condition (4.18) is more stringent than the corresponding stability condition (4.5).

The required value of 2. /cqdy is increased by the factor 1 + (1/4.) and tends to infinity as . — 0. In this
sense the underlying linear controller is a ‘high-gain’ controller which achieves a good tracking performance
at the expense of an increase of the bandwidth of the closed-loop system.

5. Performance improvement due to adaptation

The global stability and tracking properties of the adaptive system established in [5, 6] and the bounds
derived in the preceding sections, provide us with a data base for a semiquantitative performance comparison
of the nonlinear adaptive system and its linear nonadaptive counterpart.

The stability of the adaptive system is guaranteed to be global for any positive values of the design
parameters ¢, do and I'. No a priori information is required about the parameter uncertainty. In contrast,
the linear controller guarantees stability only if a bound on the parameter uncertainty is known and the value
of cody i1s large enough to satisfy the stability condition (4.5).

Asymptotic tracking is achieved by the adaptive controller for any initial condition, any parameter
uncertainty and any positive ¢, do and I'. The tracking error of the linear system can be reduced, but, in
general, does not converge to zero. To make the tracking error small, the value of ¢4 d is required to be large.
It can be shown that the increase of ¢yd, increases the bandwidth, which may be undesirable.

Transient performance of the adaptive system can be improved over that of the linear system without an
increase of cody. Performance improvement due to adaptation follows as a corollary from the bounds
(3.33)-(3.35) and (4.2)-(4.4). We use the superscripts A and NA to denote the quantities in the adaptive and in
the nonadaptive system, respectively, and assume the same parameter uncertainty, N = §4(0)2 6. Then we
measure the performance improvement due to adaptation using the performance ratio

|5A(0)|nhwu1< o=, )
—_— e +—=102(0
> o s el +\/y| 0)] N
“ EIEAR - e

2/cBAdEA ~ 0N [k
between the Z,, bounds (3.33)—(3.35) and (4.2)—(4.4). The improvement is achieved if the performance ratio is
smal: R, <R, < 1.

Corollary 5.1. Let the initial conditions of z, ¢, n, A be zero. Then with adaptation gain

[ 2. /cNAdNA — 18] kol ] 101 (52)

2. /chdd Ry — (2/cN2dNA — 1011k, 11) 1%’

lyell%
and 2. /cbd8 Ry >2./cNAdNA — 18] || h,,||1 the performance ratio Ry_is no greater than Ry < 1.

From this corollary we can deduce two further advantages of the adaptive controller. First, the adaptation
gain y provides an additional degree of freedom with which the performance can be improved when c§d§ and
cYAdy? are the same. Second, and more important, performance improvements can be achieved even with
cgd$ smaller than c§2d32. In the presence of a large parameter uncertainty 6, the nonadaptive controller
must use cNAdA sufficiently large to satisfy 2./cNAdN¥A — (8] | h,, |, > 0, thus increasing the bandwidth.
From Corollary 5.1 it is clear that with the adaptive controller such an undesirable bandwidth increase can
be avoided, because when both 6 and c§AdYA are large, the condition 2./cAdA Ry >2./chd)* —
|0| | hell 1 can be satisfied with cAd4 much smaller than c§*d)*. This confirms that adaptation is an efficient
tool for reducing the effects of large parametric uncertainty without unacceptable widening of system
bandwidth. For small parametric uncertainty, the linear controller is effective.
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The improvement of performance due to adaptation was illustrated by simulations in [6] for c3d§ =
cN*d)A. While (5.2) shows the performance improvement only beyond a certain y, the simulations indicate
that the performance improvement is present for any v > 0.

6. Conclusions

Our %, and %, bounds show that the performance of the new class of adaptive controllers proposed in
[S5,6] can be made as good as desired. The use of design parameters for improvement of the transient
performance is systematic. It is crucial that with adaptation this performance improvement, in the presence of

large parameter uncertainty, can be achieved without large bandwidth required by the nonadaptive linear
controller.

The performance bounds derived in this paper are for the ideal case, i.e., in the absence of disturbances and
unmodeled dynamics. The problem of robustness with respect to such modeling errors is yet to be addressed,
and robust update laws for the new class of adaptive systems will have to be developed. As in [2-4, 8], it is of
interest to study the performance of the new adaptive controllers in the presence of unmodeled dynamics.
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