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For solvable DAE systems, a general methodology was devel-
oped ‘wherein the DAE system was modified by a dynamic state
feedback compensator such that the resulting, system was solvable
and possessed a control invariant state space, thereby allowing the
derivation of standard state-space realizations. For the feedback-
modified system, a state-space realization was derived that can be
used as the basis for controller synthesis. Extension of the proposed
methodology for nonhnear DAE systems will be explored in future
work.
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Adaptive Nonlinear Output-Feedback Schemes
with Marino-Tomei Controller

Miroslav Krsti¢ and Petar V. Kokotovié.

Abstract— Three new adaptive nonlinear output-feedback schemes
are preseated. The first scheme employs the tuning functions design.
The other two employ a novel estimation-based design consisting of a
strengthened controller-observer pair and observer-based and swapping-
based identifiers. They remove restrictive growth and matching conditions
present in the previous output-feedback nonlinear estimation-based de-
signs and allow a systematic improvement of transient performance.

I. INTRODUCTION

In the last few years, adaptive control of nonlinear systems has
emerged as an exciting research area. Early efforts focused on the
state-feedback problem and resulted in a systematic design procedure
called adaptive backstepping [5]. The more challenging output-
feedback problem was then addressed for systems with nonlinearities
which depend on the output only. This problem was first solved
under restrictive structural and growth conditions on the nonlinearities
[31, [4]. Subsequently, the growth restrictions were removed [6], but
the structural restriction remained: the output nonlinearities were not
allowed to precede the control input.

The removal of this structural restriction by Marino and Tomel
in [15] was a breakthrough in adaptive nonlinear output-feedback
control. This was achieved by merging the. filtered transformations
of [13] and [14] with the adaptive backstepping: of [5] and using
a novel compensation of the estimation error effects. An alternative
approach for the same class of systems was presented in [7]. The
nonlinear systerns considered in [15] and [7] are still the largest class
for which asymptotic tracking of arbitrary smooth reference signals
can be achieved. A more general class of systems ‘was considered in
[16], but only for the set-point regulation problem.

In [15], the-authors view their adaptive scheme as an existence
result because of its complexity and high-dynamic order which are
primarily due to the overparameterization inherited from the orig-
inal adaptive backstepping procedure [5]. The overparameterization
amounts to employing p different update laws for the same parameter
vector, p being the relative degree of the plant. Another drawback
of the scheme in [15] is that it is restricted to!the unnormalized
gradient update law. Furthermore, in the setting of:[15], the passivity-
of the observer error system could not be exploited to design a simple
observer-based identifier. :

The three new adaptive schemes proposed in this paper remove
these drawbacks. They achieve minimal parameterization in two
different ways. The first scheme, presented in Section III, employs
the “tuning functions” technique developed in [9]. In this scheme we
modify the Marino-Tomei controller with terms which compensate
the mismatch between the actual update law and the tuning functions.
The other two adaptive schemes avoid overparameterization by using
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a novel estimation-based approach. They are motivated by our recent
state-feedback results [10], [11]. The “observer-based” scheme in
Section V has a simple identifier which exploits the passivity of the
observer error system. This scheme is still restricted to an unnor-
malized gradient update law, as are [15] and- the tuning functions
scheme. The “swapping-based” scheme in Section VI removes this
last restriction and can incorporate any standard update law: gradient,
least-squares, normalized, or unnormalized.

Until recently, the estimation-based approach to adaptive nonlinear
control [18] was unable to guarantee global boundedness without
restrictive growth or matching conditions. This is now accomplished
by strengthening the controller-observer pair with nonlinear damping
including the x-terms of [8], so that its boundedness properties
are achieved independently of the identifier. This strengthening
guarantees boundedness of all closed-loop states whenever 6 is

bounded, § € Lo, and either § € Loo or 6 € Lo. The identifiers,
in turn, independently guarantee that § € Lo and either b€ Lo

(swapping-based scheme) or 6 € £, (observer-based scheme).
In Section VII we show analytically that the schemes given in this
paper can be used for systematically improving transient performance.
Notation: X(;y and X; denote the ith row and the jth column of
matrix X, respectively.

II. MARINO-TOMEI FILTERED TRANSFORMATIONS AND OBSERVER

Problem Statement: As in [15], we consider SISO nonlinear sys-
tems transformable into the output-feedback canonical form

& =Az+ 6(y) + (y)a + [g]o(y)u, z €R"

y =1 ¢y
where @ = [a1,-+*,a4]T € R%b = [bm, -,bo]T € R™ are
vectors of unknown constant parameters, and

0 ®o,1
A= Iooils o=
0 -0 ©o.n
$1,1 Pq,1
=1 : ol 2)
P1,n Pq,n

It is assumed that ¢;;,0 < j < ¢,1 < ¢ < n, and o
are smooth. Geometric conditions which characterize the class of
nonlinear systems that can be transformed into this form have been
given in [15]. The class of systems which are globally stabilizable by
output feedback is not much broader than (1). It was shown in [17]
that the system &1 = z2,&2 = 25 + u,y = x1 cannot be globally
stabilized by dynamic output feedback for n > 2.

Assumption 2.1: The polynomial B(s) = bms™ + -+ +bis+bo
is Hurwitz, and o(v) # OVy € R. The sign of b, is known.

Assumption 2.2: The reference signal y.(¢) and its first p deriva-
tives are known and bounded, and y'* (t) is piecewise continuous.

Filtered Transformations: The filtered transformations employ
the input filters

v; = ! Vip) = L a(y)u

T s l+1—(3+/\)9—i yru,
i:l,---,p—-l (3)
1 = 1 P=1..-- @)

#]—8+)\M1_1_(3+A)jv1’ J=1 ,»m
and the output filters

§=Aif+ Bigly), E€R™ )
(= AE+Bd(y), EeRDx¢ ©)

where A; and B; are given by
In—Z

Ar= |-l ,
0---0

Bi = [A1,en-1] M

and the vectors [ and [ are defined via the coefficients of polynomial
(s+ )"t

T
_ n—1 =1\ n-2 yna
e G ]
A |l
] o
For later use, (4) is rewritten in the compact form

f=Au+evi. ©)]

Lemma 2.1 [15]: For (1) and (3)-(6), there exist a vector 3(b) €
R™ and a matrix S(8) € R**[(a+D(»=1] where

8= [bm, B()",a"]" (10)
such that the parameter-dependent coordinate transformation
x=2 =S5O, u", ¢l (BT an
takes (1) into the “adaptive observer form”
X =Ax + l{wo +w"6)
y=x1 (12)
where wo and the “regressor” w are given by
wo =61(y) + & (13)
W' =[o, 1", @) () + Eqy)- 14)

Observer: Once they have brought (1) to the adaptive observer
form, Marino and Tomei design the observer for the transformed
state

=A%+ Ko(y ~ %1) + l(wo + wT8) (15)
where K, is chosen so that A, = A — K.er satisfies
det (sT — A,) = (s + co)(s+ A"t (16)

namely, ef (sI — A,) 11 = 1/(s+c¢,). The observer error £ = x — X
is governed by

é=Aoe+IwTé. an

III. TUNING FUNCTIONS SCHEME

The tuning function’s design [9] is applied to the system consisting
of the states y,v1,+-+,v,—1. The design steps are only briefly
outlined.

Step 1: The first component of the state of the error system is the
tracking error z1 == y—y;. The first stabilizing function is designed as

a1 (X,t) = —¢(c+ d)z1 + ém 2 o (18)

where X 2 (, %, &, 5, 1, 6,<), the quantity ¢ is an estimate of
¢ = 1/b,,, and

=X —wo—T 6+ 9
where the truncated regressor is given by
@' =[0,n", 20y (y) + Equ]- (20)
We design the first tuning function as
= [@z1 + Yewer), Ye > 0. 2D
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Step 2: Introducing z2 = v1 — w1, the second stabilizing function

921 )]
&Q(X,Ul,t):—*{C““d(—éO-;l—) z2 +Tg + g2 (22)
consists of
R b) R
T = —bmzy + Aoy + %—(m + wo+ w'é)
605
: [AX + Koy — %1) + lwo +w " 6)]
6’ d
+ %(Azs + Big) + S (AE+ Bi3)
6041 6 o1 . 6 P
-~ a " Yr " a- Jr 2
g An o esv] o+ o @3)
and the compensating function
_ 8041 (9041 DA
= T 24
where the second tuning function is designed as
T2 :’7‘1‘-}- F(—a;“l-w+zlel>22. (25)
By :

Step i(3 < @ < p) : Subsequent components of the state of
the error system are defined as z; = vi—1 — @;—1. The stabilizing
functions

Joi—1

Oéi(X,’Ul,---,’t)i_l,t) = ”'|:C+d( ay

2
) jlzi'f‘az"f‘%’ (26)
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3

At the end of the recursion, the last stabilizing fimction o, is-used
for the actual control law

1
O'(y) ° ( )
The update laws are designed as
=~ sgn (bm)a¢z1 (31)
“ Fol _ .
=1 = F{w[l,——aiyl,---,—%——l—} A fozévelll +'Yaw<€1}
: (32)
with e > p/2dg, and g, specified in the proof of Theorem 3 1.
By noting that w™ 6 = byv; + @' 8 and
y—xz+wo+w TH+ e, (33)

it is straightforward to verify that the resulting system called the

error system, is
i = A (2,t)z 4+ Welz,t)ez + Wolz,8)"0 = bmozgelc,

z ER? (34)
where (35) is shown at the bottom of the page, and
5&1 da —1
W.=|l,——=, -, ——2
< i: b 8:(} 3 ay
Wi =We(z,t)w” - {acere] (36)

and p 2 g+ m + 1. We see that § is absent from (34).

Theorem 3.1 (Tuning Functions Scheme): All the signals in the
closed-loop adaptive system consisting of the plant (1), the filters
(3)—(6), the observer (15), the update laws (31) and (32), and the

control law (30) are globally uniformly bounded for all ¢ > 0, and

consist of global asymptotic tracking is achieved: lims—.co [y(t) — y:(¥)] = 0.
‘ S0 : Proof: See [12]. :
_ i—1 . T ,
P =i g :
« oy (X2 +wo +w70) IV. STRENGTHENED OBSERVER AND CONTROLLER
+ 804¢A_ LA + Ko(y — %1) + {(ws + w7 6)] Observer: We strengthen the Marino-Tomei observer by adding -
ax the stability enhancing, nonlinear term #ojw|?l(y — %1) in (15)
8 i i . - . - N A
+ (e + Big) + Doy = (48 + Bi®) % = AR+ Koy — %1) + solwI(y — %) + Uwo + " 8) (37
8 1 so that the observer error system becomes
o 3# g, 1Auteivi] &= (Ao — ro|w|lel e + 1™ 4. (3%)
Bovi_ s Lemma 4.1: Suppose in (38) that w and 6 are p1ecewise continu-
+ Z 1( Avj +vjg1) + Z 2 (; ;) y? (27} ous on [0,5). If 6 E Loo[0,%5), then € € Loo[0,t5).
j=i j Proof: Since e1 (sI — Ao) 'l =1/(s4¢o) 1s SPR then there
T
and the compensating functions exist P, = P, >0 and g, > 0 such that
5o oo i1 ATP,+ P A, < —gql, Pl =le. (39)
i—1 i1 % =~
4= i+ 8c o E_, ZkT ki Therefore, along the solutions of (38) we have
k=2 .
o = 201 Bavi ‘ 28) %(]gﬁ%) < —golef? — 2ko|w|* et Polet e
‘ j 7]
99 Y + 26T P14
and the 7th tuning function is designed as = —qole] — 2’%104 = 251w i
S i W (29) | 612 40
LT = Tie1 — i —q0 .
oy q 5! + 2/90 (40)
—c—d b 0 0 1
60{1 2
—‘bm —-c—d 8_:[/ 1+0’23 0?,p
Az = 0 -1 - 023 (35)
. 1+ ‘Tp—l;p’
Oa 1 2
0 E ~02,p —1—-0p-1, —c— d<»——a’; )
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which implies that £ € Lo[0, %), whenever § € Loo[0,1y). O

Assumption 4.1: In addition to sgn b, a positive constant g, is
known such that [bi| > 0m-

Controller: We only spell out the differences from the tuning
functions design. The stabilizing functions «; are designed to render
the state [z1, - -, ;]" bounded whenever § is bounded and § is either
bounded or square-integrable. This is achieved with the nonnegative
nonlinear damping functions s;

2

o=d+ o+ e, @1
2 2
)
Bt \? dai_y | aai—lTZ
i =d L .
’ ( dy ) e oy +9 Bl 43)

which consist of three terms, each counteracting the effects of

disturbances ¢2, 6, 8. The nonlinear damping functions appear in the"

modified stabilizing functions'

sgnbm

o =—7—(c+ sl)z1+ 7 (44)
o = =(o 1)z + 7+ 5 na|w|2l@ - ),
i=2p 4s)

The term (dcvi—1 /8%)Ko|w|*I(y — X1) in (45) accommodates for the
strengthening in the observer.
It is straightforward to verify that the resulting error system is

5= AN (2 0)z + We(z, )ea + Wa (2, 8)70 + D(z, )6,

z€RP (46)
where ’
[Poletsy b 0 o ]
om
—bm —(c+s2) 1
A:(Z,t)= . .
0 -1 oo 0
; '.. '.' .. 1
L 0 0 -1 —(c+s,)]
“7)
o
7]
We(z,t) = .y
9ip
L Oy
[ wT+:a—1—eT |
6 m
———6%}—0.) +zlegF
Wie,t)' = _99zr “@8)
By
_30‘/;~1 T
L Jy ¥ J
8041 Do _1]T )
D(z,t) = [0, ——,-+., ——2~ 49
(9 [ a6 a6 )

1Our identifiers will guarantee |by, ()] > om, ¥t > 0.

Lemma 4.2 (Input-to-State Properties): Consider the system (1),
(3)-6), (37), 30). If ¢ Loo]0,t5) and either § € L0]0,t5) or
e L2[0,t5), then %, &, 5, p, v, 2,4 € Loo[0,15).

Proof (Outline): Differentiating 2 [z|* along the solutions of
(46) and using the definitions of the nonlinear damping functions
(41)-(43), by completing squares one can show that

ﬁd_ l|z1? <
dt\2 =
Since 6 € Lo[0,25), by Lemma 4.1, ¢ € Lo[0,#5). If either f €
Loo [0,85) or§ € £2[0,5), it is easy to see that z € Loo[0, 7). The

boundedness of y: and z; implies that y is bounded. Therefore ¢ and
= are bounded. To prove boundedness of x, let us first rewrite (37) as

1 1. 15
—elzl* + g(geé + 101 + 5I9I"’>. (50)

Q;AOX + Koy + l[ko|w|* (¥ — 1) + wo -l-wTé] (51)
and note that the boundedness of €1 and y implies that X1 is bounded.
To prove that the remaining components of x X are bounded, we employ
the similarity transformation

N . T
Xi1] A {Xx1| A ej .
[77‘ ] N [TX] - [Alelaln—l]x 52)
and, from (51), we obtain the system
7= Ain - Afery (53)

which shows that 7 is independent of the input k., lwiP(y - x1) +
wo +wT 4. To arrive at the last equation, we have used the identities

Arer

Tl=0, K,=co~ { 0 }, TA, = AT (54)

which hold for K, such that 4, = A — K‘,e;r satisfies (16) and
are straightforward to verify. Because of the boundedness of y and
the Hurwitzness of A;, (53) proves that n is bounded. In view of
the similarity transformation (52), it follows that ¥ is bounded. The
boundedness of y,v,z, and u is established as in [15]. O

V. OBSERVER-BASED SCHEME
We choose the parameter update law as

§ = Twe:. (55)

Although not indicated in (55), the standard projection is employed
with b,,(0) sgn b, > o only to guarantee that |b,. (£)] > om, VE >
0 (no other a priori parameter knowledge is needed).
Lemma 5.1: If w is piecewise continuous on [0,25),
guarantees that §,€ € Loo[0,%7) and €,8 € £2]0,15).
Proof (Outline): With (39), and using the standard properties of
projection [18], [19], [2], along the solutions of (38) and (55) we have

then (55)

d ~
Lol + 101) < —golef? = 2nolwfel

< —golel? —o_lfe |6?]2

5y (F)2 (56)
which proves that =, 6 are bounded and ¢, § are square-integrable. (]
Theorem 5.1 (Observer-Based Scheme): All the signals in the
closed-loop adaptive system consisting of the plant (1), the filters
(3)-(6), the observer (37), the update law (55), and the control
law (30) are globally uniformly bounded for all ¢ > 0, and global
asymptotic tracking is achieved lim;—.o [y(t) — y:(#)] = 0.
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Proof: Combining Lemmas 4.2 and 5.1, it is su'aightforward to
show that all the signals are globally uniformly bounded. To prove
the tracking, we first rewrite (46) as

= AL 0)z + Wale,D)ea + W2, 0+ D(z,08  (57)

where A% is obtained from A, by replacing by, by by, and W
(z,)T = We (2,)wT. Let us define M(z,t) = Wo(z,)(1*/|I]>)
and consider ¢ £ .- Me along the solutions of (57) and (38)

E = AC 4 [Weed — M — M(A, — kolw|eT) + A, M]e + D6

(58)

where the bracketed expression and D are bounded. It is now
straightforward to derive

(ICI ) < —cl¢f? +—|W e3 — M — M(Ao — rolw|’leT)
1,
+A2M|2|5| + 2—|9[2- (59)

Since E,é € Ly, it follows by [1, Theorem ‘IV.1.9] that ¢ € La.
Thus z € L. From (57) we can see that 2 € Lo, which, along with
2z € Lo N L2 by Barbalat’s lemma, proves that z(¢) — 0 as £ — co.
Since z1 = y — y., this proves the tracking. O

VI. SWAPPING-BASED SCHEME

A swapping-based identifier for (38) would seem to require filters
of dynamic order n(p + 1). However, with a special choice of K, in
A, = A= Kel such that det (sI — A,) = (s+¢o)(s+A)" 1, we
are able to design an identifier of the minimal dynamic order p + 1.
With this choice of K,, (54), and the similarity transformation

T
&1 A & A €y
[c } - [Te} - {Azel,f,r_l}a ©0)
(38) is decomposed into the scalar equation for €1
é1 = —(co + Rolw|?)er + W TE 4+ 61

and the (n — 1)-dimensional uncontrollable ex:ponentially stable part
' = A, 62)

Now we design a parameter identifier only tor (61). We introduce
the filters

QO =—(co + kol + w, QeRP (63)
T =—(co+rolw)T+wTd, TeR (64)
and the estimation error
;=51+§—QT9‘. (65)
Substituting (61), (63), and (64) into (65), Wé get
e=0%0+¢ (66)
where € is governed by .
€= —(co+rolw)E+ G- ©67)
The parameter update law is either the gradisnt
6= rlffjﬁ, v20 (68)
or the least squares
. T
g= Firfiim%’ =T f?lﬂl% I, v>0 (69

where by allowing v = 0, we encompass unnormalized update laws.

Lemma 6.1: If §) is piecewise continuous on [0,1), then (68) and
(69) guarantee that §,¢,6 € £o]0,%;) and €, € L2[0,t5).
Proof (Outline): 1t is readily shown that

S (5108) < -edor+ =

which proves that 2 is bounded. For both the gradient and - the
least-squares update laws it can be shown that

d 12 1 ‘ 62
= _9 L)<z °
( [C[P[ € + [ |r 1> —_ 2 1 + V|Q[%

70)

)

where P; = P >0 satisfies PiA; + AF P, = —I. The conclusions
of the lemma are immediate from (71) and (70). : ' o
Theorem 6.1 (Swapping-Based Scheme): All the signals in the .
closed-loop adaptive system consisting of the plant (1), the filters
(3)(6), the observer (37), the identifier filters (63)—(64), either the
gradient (68) or the least-squares (69) update law, and the control
law (30) are globally uniformly bounded for all ¢ > 0, and global
asymptotic tracking is achieved lim—.o [y(t) — 4:(¢)] = 0.

Proof: With Lemmas 4.2 and 6.1, we establish the global
uniform boundedness of all the signals. To prove the tracklng, we
first show that € is square-integrable. Let us consider 1/1 = w- QT
which satisfies

& = —(co + Rolw|P)w — Q4. (72).
It can easily be seen that
F(3) <-Soegatie. oy

Since QT8 € L5, then by [1, Theorem IV.1.9], ¢ €. Lo. In view of
the fact thate = ¢ -l—w, this proves that &; € Ly. From (60) it follows
that € = le; + [ ]C which proves that & € L2. Following the
same arguments as m the proof of Theorem 5.1, [cf (57)-(59)1, we
show that z € Lo. The tracking is deduced via Barbalat’s lemma. (]

The flexibility to incorporate any of the standard parameter update
laws in the swapping-based scheme is achieved 'at the expense of
additional filters for the identifier.

VII. TRANSIENT PERFORMANCE ANALYSIS
We first' derive Loo-bounds for estimation-based :schemes. To
simplify the analysis, we let I = vI, as well as ¢, = ¢ and ko, = .
For the same reason, we implement X1(0) = y(0) to get £1(0) = 0.
Theorem 7.1 (Observer-Based Scheme): In the adaptive system
1), (3)6), (37, (55) (30), the following inequa]ity holds:
|l=(8)] < I(M 16(0)]+ NIe(0))) + (0)] ™% " (74)

where M and N are nonincreasing functions of ¢, d, s, g.
Proof: First, we note from (61) that

d /1 c oK 1 5 1 502
dt( 51) < b w]?e] + 20(1 + 2,€|9] .
Combining (50) an (75) we compute '

d{1l o o7 2
dt<2|z| F ang S

so 1o
<-cf+5(3 2+—|e|2+—|012)

(75)

—cpls - —|w6 >4 Ll

ilgﬁ
4rg 4 Kg

4k2g

) * ﬁ(lor — Jywerl?)

>| " cngﬁ}

C%+

(76)
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and, since the second term in the parentheses is zero, it is straight-
forward to obtain

0 £ Bl + (1 2 i

72 1/2
+ ——uani] +12(0) e an
ckyg

where we have used £1(0) = 0. Now we determine bounds on
lle2lloos 118]|oo and [|¢1||oo. First, from (62) we have

d o2\ _ 2
E(|C|P,)— <]

which implies that ||¢1]|2, < [L/A(P)]|¢(0)[3,- Since 1(0) = 0,
then ¢(0) = Te(0) = [0,I.—i]e(0) and it follows that:

MEP)

78)

165 < Sy leO@I (79)
Along the solutions of (61), (62), and (55) we have
s (ct+ Helk + 208) < —5et - S 0
which yields
1 <o)+ 2 o (31)
lealie <2 (1P + 1@140)?) &)

To obtain a bound on ||g2||co, from (60) we recall that e2 =
(rn — 1)Xe; + ¢ which, by virtue of (79) and (82), shows that

2An ” Mo

N <2(n - I)Z/\z)\(P,)

lle2]l3 <

oY)
23 o)

Substituting (79), (81), and (83) into (77), we arrive at (74) with

(83)

RN A W
M—-\/E[2K (1+;—> sl (34)
3 Y M? 1 1 42 1/2
vV s (it o) @

Now we consider the swapping-based scheme. For simplicity, we
initialize Q(0) = —&1(0) = 0 and ©2(0) = 0 to set €(0), 2(0) to zero.
Theorem 7.2 (Swapping-Based Scheme): In the adaptive system
(1), (3)(6), (37), (63)—(64), (68), (30), the following inequality holds:

()] < %(Mui(on + N + 0™ (86

where M and N are nonincreasing functions of ¢, d, &, g.
Proof: We derive an Loo-bound on z using (50) rewritten as

. 1/2
p (1 2 12 1509
< )2z = -
2(0)] <4/ £ (duszum + ~11811% + g||e||m)

+|2(0)]e™* (87)

It remains to determine bounds on Hszllm,_||§||°o and |6|]oo. First,
from (71), using £(0) = 0 and [¢(0)[3, < N(P))|e(0f, we get

= ~ 2V (P,
I < BOF + 22 o). @)
Noting that (61) yields
d (1 4 c g 1 =90 1 5
E(Eel) < —5fit EW + %Cl (39

we obtain

1,z 1
llexllte < 5116115 + IG5 (90)

Recalling that €2 = (n — 1)Ae1 + (1, using (79) and (90), we get

13232 _1\2)2
”52”205(71—1))‘_”9”;4_2 1_|_("_1)_A
cK c?
AP, -

Sy FOr Q¥
From (68) we write
IQ|262 2 2 ¢
f S L L v 11T | T I —
g <1+ o < Tl Ry
92)
and by substituting (66) obtain
16112 < 27° 112115 (12012118113 + 11€l13)- 93)
From (70), using ©(0) = 0, it follows:
91 < )
® = 4ex”
To obtain a bound on ||¢||«, along (67) and (62) we consider
d 1 ~12 1 2 ~2 ) ~ 1 2
22+ = - - <
& (b + L) < - +e - P <0 69
which yields
(P,
. < 22 e 96)

By substituting (88) into (90) and also (88), (94), and (96) into (93),
and then the two results, along with (88) into (87), we arrive at (86)
with

2 2y2\ 1/2
_|p ~ (n—1)°A
M= 4K (1 + 8c?kg + cd N
N ooy AR [ 1
2 c2p 8c2kg  AP)
-1 2)\2 1/2

- <1 +(ﬁ~;,—)—>} 98)
O

Although the initial states 22(0),- - -, z,(0) may depend on ¢ and
d, this dependence can be removed by setting z(0) = 0 with the
standard trajectory or reference model initialization explained in [10].
From (74) and (86) it is evident that the L-performance bounds in
both the observer-based scheme and the swapping-based scheme can
be made as small as desired by initializing z(0) = 0 and increasing c.

To obtain a similar £.-bound for the tuning functions scheme, the
design has to be augmented with nonlinear damping terms. Unlike
for the estimation-base schemes, for the tuning functions scheme one
can also derive an £;-bound

llzll2 <

—= (O + O, +BO-

1/2
lb |~(0)) ‘ 99
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VII. CONCLUSIONS

The adaptive schemes proposed in this paper advance the state-of- )

the-art of adaptive nonlinear output-feedback control in several direc-
tions. They remove the main drawbacks of the original Marino—Tomei
design. Only the minimal number of parameters is updated, and
any standard update law can be incorporated in the swapping-based
scheme. The estimation-based approach can now be used for adaptive
nonlinear output-feedback control without any growth restrictions.
The modifications made in the Marino-Tomei controller make it
possible to systematically improve the transient performance by
increasing certain design parameters.
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Adaptive Control of a Class of Decentrahzed
Nonlinear Systems

Jeffrey T. Spooner and Kevin M. Passino

Abstraci—Within this brief paper, a stable indirect adaptive controller
is presented for a class of interconnected nonlinear systems. The feedback
and adaptation mechanisms for each subsystem depend only upon local
measurements o provide asymptotic tracking of a reference trajectory.
In addition, each subsystem is able to adaptively compensate for distur-
bances and interconnections with unknown bounds. The adaptive scheme
is illustrated through the longitudinal control of a string of vehicles within
an antomated highway system (AHS).

I. INTRODUCTION

Decentralized control systems often arise from either the physical
inability for subsystem information exchange or the lack of computing
capabilities required for a single central controller. Furthermore, dif-
ficulty and uncertainty in measuring parameter values within a large-
scale system may call for adaptive techniques. Since these restrictions
encompass a large group of applications, a variety of decentralized
adaptive techniques have been developed. Model reference adaptive
control (MRAC)-based designs for decentralized systems have been -
studied in [1]-[4] for the continuous time case and in [5] and
[6] for the discrete time case. These approaches, however, are
limited to decentralized systems with linear subsystems and possibly
nonlinear interconnections.: Decentralized adaptive controllers for
robotic manipulators were presented in [7]-[9], while a scheme. for
nonlinear subsystems with a special class of 1nterconnect10ns was
presented in [10].

Our objective is to present adaptive controllers for a class of
decentralized systems with nonlinear subsystems, unknown nonlinear
interconnections, and disturbances with unknown bounds. This paper
is organized as follows: In Section II, the details of the problem
statement for the decentralized system are presented. The adaptive
algorithms for each subsystem using only local information are
presented, and composite system stability is established in Section IIL
An illustrative example is then used in Section IV to demonstrate the
effectiveness of the decentralized adaptive technique.

II. PROBLEM STATEMENT

.Our objective is to design an adaptive control system for each
subsystemn -which will cause the output, y,,, of a relative degree .
7r; subsystem, S;, to track a desired output trajectory, ¥m,, in the
presence of interconnections, [;;, and unknown disturbances using
only local measurements (see Fig. 1). The desired: output trajectory,
Ym, may be defined by a signal external to the control system so’
that the first r; derivatives of the ith subsystem’s reference signal ym;
may be measured or by a reference model with relative degree greater
than or equal to r; which characterizes the desired performance. Tt
is thus assumed that the desired output trajectory and its derivatives
Yrmgs® " ,yS,’{;') for the ¢th subsystem, 5;, are measurable and bounded
(let y( i’ denote the 7;th derivative of y.,, with: respect to time).
Within this paper an “output érror indirect adaptive controller” i
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