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DECENTRALIZED CONTROL OF LARGE-SCALE UNCERTAIN
NONLINEAR SYSTEMS BY LINEAR OUTPUT FEEDBACK*

MICHAEL T. FRYE!, CHUNJIANG QIANT, AND RICHARD COLGREN?

Abstract. This paper studies the problem of global decentralized control by output feedback for
large-scale uncertain systems whose subsystems are interconnected not only by their outputs but also
by their unmeasurable states. We show that under a linear growth condition, there is a decentralized
output feedback controller rendering the closed-loop system globally exponentially stable. This is
accomplished by extending an output feedback domination design that requires only limited infor-
mation about the nonlinear system. We will apply our design to lower, upper, and non-triangular
nonlinear systems. The significance of our results is that we do not need to have prior information
about the nonlinearities of the system. Furthermore, we need to only employ a linear observer in
combination with a linear controller to stabilize the system. A time-varying output feedback con-

troller is also constructed for use with large-scale systems that have unknown parameters.

1. Introduction. Decentralized control of interconnected systems has been an
area of considerable research due to its obvious practical application to current prob-
lems in the field of controls. Large-scale systems have very complex dynamic models
due to the uncertain environment, the varying system parameters, and the intercon-
nected structure of the system. Also it is inevitable that nonlinearities are prevalent
throughout the dynamics of the interconnected systems. All these issues make the
stabilization of such large-scale systems a difficult control problem. Though quite
challenging, the research of large-scale systems are relevant to such areas as commu-
nication networks, satellite constellations, and the formation control of autonomous
vehicles.

The research of large-scale nonlinear systems began in the late 1960’s and early
1970’s. One of the earliest investigations into the nonlinear issues of large-scale sys-
tems centered around time-varying stabilization [2]. The early research in [7] demon-
strated a method of using high-gain state feedback to stabilize the nonlinearities of
the large-scale systems. The research in the early 1980’s focused on the use of state
feedback to globally stabilize large-scale nonlinear systems. Adaptive control was ap-
plied in [3] to stabilize a class of large-scale nonlinear systems with success. Output

feedback had also been applied to linear large-scale system in such papers as [1], [15],
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and [11] during the same time. The use of output feedback has certain apparent ad-
vantages because of the fact that not all of the state variables of a large-scale system
can be measured. An interesting paper [18], which applied static output feedback to
nonlinear large-scale systems, used a linear quadratic method to develop a sufficient
condition for stability of the large-scale system on a closed connected set. The use of
adaptive control and output feedback was applied in [5] and [4]. [6] discussed output
feedback and disturbance rejection for large-scale systems with disturbances while the
issue of robustness of output feedback was studied in [10].

Most of the existing decentralized output feedback results are developed for large-
scale systems interconnected only by the outputs. There are very few results dealing
with large-scale systems interconnected by unmeasurable states. One existing result
is the work [18] which dealt with nonlinear functions that can depend on unbounded
unmeasurable states, however the result is not a global one. In fact, due to the use of
a quadratic method, the static output controller proposed in [18] could only stabilize
the system on a closed connected set. Currently, the problem of global decentralized
control of large-scale systems interconnected by unbounded unmeasurable states is
quite open. The major difficulty in implementing an output feedback controller for
highly interconnected large-scale systems is due to the fact that for each subsystem,
the presence of unmeasurable states of the other subsystems makes the design of the
decentralized output feedback controller very complicated. In other words, it is very
challenging to design a global stabilizer for one subsystem only using its output while
this subsystem is also driven by the unmeasurable states of the other subsystems.

When the nonlinear functions are not Lipschitz in unmeasurable states or have
uncertainties associated with unmeasurable states, the paper [13] was able to provide a
method of constructing a linear output feedback stabilizer using a feedback domination
design method under a linear growth condition. In this paper, we extend the results
from [13] and apply them to m subsystems that are highly interconnected through all
the unmeasurable states. Under a linear growth condition imposed on the uncertain
nonlinear vector fields, we will design a linear controller for each subsystem using only
its own output. As shown in [13], this output feedback controller needs no information
of the uncertain nonlinearities. The new structure of the observer and controller
will enable us to overcome the difficulty in dealing with the output feedback control
problem in the presence of unmeasurable states in each subsystem. A combination of
the observers and controllers constructed for each subsystem will globally stabilize the
whole large-scale system. Our design method will be implemented for lower-triangular,
upper-triangular, and non-triangular uncertain nonlinear systems.

This paper is organized as follows: Section 2 introduces the Problem Statement,
where we will present our assumption that utilizes a growth condition for bounding
the nonlinearities of m subsystems. In Section 3, we will present our main result

for lower-triangular systems and demonstrate that a linear observer coupled with its
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output feedback controller can globally stabilize a large-scale system comprised of
m subsystems. Section 4 extends our design method to upper-triangular nonlinear
systems. In Section 5, we extend the results to systems with non-triangular structures

and when the growth rate is unknown. Finally we summary our results in Section 6.

2. Problem Statement. In this paper, we consider the following class of large-

scale uncertain nonlinear systems comprised of m subsystems,

11 = 12 + fr1(z, d(t))
&12 = z13 + fi2(z, d(t))
Subsystem 1: :
T1n = u1 + fin(z,d(t))

Y1 =711

Ti1 = Ti2 + fir(x, d(t))
Eio = i3 + fio(x, d(2))
(2.1) Subsystem 1i: :
Tin = Ui + fin(x,d(t))

Yi = Xi1

Tml = Tm2 + fml(xa d(t))
Tm2 = Tm3 + fm2(xa d(t))
Subsystem m: :
Tmn = Um + fmn(x7 d(t))

Ym = Tm1l

where z; = (zj1,-+ ,Tin), ¢ = 1,---,m, © = (x1, -+ ,&m), is the state, y; is the
output, u; is the control input, d(t) is a bounded unknown disturbance, and f;; is a
function satisfying the following condition.

AssumPTION 2.1. Fori=1,--- ,mand j=1,--- n, there is a constant ¢ > 0
such that

|fij(z,d(#))] < c(lz1] + - + |z1j] + [221] + -+
(2.2) Hagil + o F |Tma] e+ [Tg]).

The objective of this paper is to design a dynamic compensator and controller of the

form

& =M&+ Ny;, MeR™™, NeR"
(23) Ui frd K§17 K E Rlxn,i — 1, 77fn
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such that the closed-loop system (2.1) and (2.3) is globally exponentially stable (GES)
at the equilibrium (z, &) = (0, 0).

REMARK 2.2. System (2.1) under Assumption 2.1 represents a class of large-
scale systems whose subsystems are interconnected not only by their outputs but also
by their unmeasurable states. Moreover, those unmeasurable states in (2.1) will not

disappear in the bounding functions in (2.2). For example, in the following system

11 = T12

L1 = d(t d(t ,
Subsystem 1 F12 = w1+ d(t)z1 + d(t)z2

Y1 = T11,

where d(t) € [1, 2]

To1 = Tag
Subsystem 2¢ @9y = ug + In(1 + 22,) + 292 sin(222)
Y2 = T21-
Subsystem 1 and Subsystem 2 are interconnected through the unmeasurable state
12 and x99 that cannot be eliminated even in the bounding functions. Due to this
reason, the problem of global decentralized control of Subsystem 1 and Subsystem 2
by output feedback is challenging.
This paper will show how a linear output feedback controller of the form (2.3) can
be recursively constructed to globally stabilize system (2.1) under Assumption 2.1.
An advantage of our design method is that the precise knowledge of the nonlinearities
or uncertainties of the systems does not need to be known. What is really needed is
the growth rate ¢ of the bounding function of the uncertain nonlinearities as shown
in Assumption 2.1. This feature makes it possible to stabilize m uncertain intercon-
nected subsystems using very limited information even though the subsystems are

interconnected through unmeasurable states.

3. Output Feedback Domination with High Gain. In this section, we prove
that under Assumption 2.1 there exists a globally stabilizing output feedback con-
troller for system (2.1). This is done by using a new output feedback domination
design which explicitly constructs a linear output feedback control law without re-
quiring the precise knowledge of the nonlinearities in system (2.1).

THEOREM 3.1. Under Assumption 2.1, there exists a linear output feedback con-
troller (2.3) that renders the large-scale interconnected system (2.1) globally exponen-
tially stable.

Proof. In order to prove Theorem 3.1, we utilize the output feedback domination
design first proposed in [13] to design a linear observer and controller for each indi-
vidual subsystem. With these m observers and controllers, it can be shown that the
closed-loop system is globally exponentially stable after a large enough gain has been

carefully chosen. 0
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A. LINEAR OBSERVER DESIGN

We begin by designing the following linear observer for subsystem 1
Ti1 = iz + Lai(z — 41)

Ti(n—1) = Tin + L Va,_y(xa — i)

(31) i'zn = u; + L”an(xﬂ — CIA’,'“)

where L > 1 is a gain parameter to be determined later, and a; > 0, j =1,--- ,n,
are coeflicients of the Hurwitz polynomial p(s) = s™ + a1s Y 4t a, 15+ an.
Define the following error term e;; = x5 — &35, j = 1,---,n. A simple calculation

using the error term yields the following error dynamics:
i1 = e — Laren + fir(w,d(t))
éi(n—l) = €in — Lnilanfleil + fi(n—l)(xv d(t))

éin = —L"a,e;1 + fzn(l‘, d(lf))

Next, we introduce the following change of coordinates §;; = %, j=1---.,nto

obtain a new error dynamic

fir(w,d(t))

Jiz (z,d(t))
L

(32) & = LA +
o fin(2, d(1))
where
le —a 1 0
&i2 :
g’i = . ) A=
. —Qp—1 0 1
fin —0Qnp 0 - 0

A is a Hurwitz matrix. Therefore, there is a positive definite matrix P = PT > 0
such that

ATP+PA=—1.
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Consider the Lyapunov function Vg, = ¢ P&;. The derivative of Vg, along (3.2) is,

fir(w,d(t))
fiz (xid(t))

Ve, = —L||&|)> + 267 P

fin (I:d(t))
n—1

1
~LIGIP + 20PN (1l + Flfal -+ Tl )

By Assumption 2.1,

[fir (2, d(t))] <

|fia(, d(t))]

(e + -+ |Tmal)
c
i SE(|$11|+---+|$m1|+|$12|+---+|$m2|)

funla.d(1))] _
n—1 - Ln 1
Flzme| + -+ 21|+ A+ [Tmal)-

(lzi] + - - + |zm1| + |z12] + -

Therefore, letting ¢; = 2|| P||c, we have

. 1 1 1 1
Ve, < —L|&I? +01||€i||[(1 + =+t —)|zu| + (f + ot ) |T12]

L Ln,1 Lnfl
1 1 1 1
+o Ln 1|$1n|+(1+L+ + el + (g 4+ )|z
1 1
+- Ln1|$2n|+ (4t e
1 1 1
—l—(f+"'+F)|$m2|+"'+ﬁ|$mn”

1
L|\§z||2+01||€z||([n|9011| + oo lvael + |Z1n| + nl221]

1
Lnfl

n—
+

1 1
I |£L'22| + -+ F|£L‘2n| +--'+n|xm1| + -+ mk{:mn”)

1
< —LIGI? + eall&lll(zanl + -+ + fwma]) + F (|2aa] + -+ |2ma]) +

1
+Ln—1 ([z1nl + - + |[Zmal)],
for a constant c; > 0. Define z;; = %, j=1,--- n. This, together with the fact
that z;; = #;; + L771&;;, implies
1 N .
Tii%i| < |\ |t is| = [2i5] + &5, =1, ,n.

With this in mind, it is not difficult to deduce that
Ve, < —LI&I1P + Vaea||&ll (121l + - -+ lzmll + 100+ - + 1€ ])
—L|&1? + eallz1]|* + eallz2]® +
(3.3) +ezllzmll® + eslléall® + eslléel|® + -+ cslléml?
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for a constant c3 > 0.
B. CONTROLLER DESIGN
&

Under the new coordinates z;; = 752y, j =1,---,n, system (3.1) becomes

Zin = Lzip + La1&n

Zi(n—1) = Lzin + Lan—1&§i1

fin = Tnm1
Construct u; = —L"™[k12;1 + kazia + - - - + knzin), where kq,- - , k,, are the coefficients
of the Hurwitz polynomial s” 4 k,s" "' + --- 4+ kos + k; = 0. Under this controller,

system (3.4) can be written in the following compact form,

where
Zil ai 0 1 0
Zi2 as .
Z; = s D = R B = .
0 0 1
Zin an k1 =k —kn

For Hurwitz matrix B, there is a positive definite matrix Q = Q7 > 0 such that
BTQ+QB=-1I.

Consider the following Lyapunov function V,, = z] Qz;. By the necessary substitution

we are arrive at the following equations,

V., = —L||z|® + 22 LQD¢;

< —L||z|* + Leallzl|&ll,  ca =2(QD|,
1 c2
(3.6) < —§L||Zz'|\2 + Les||&|1?, c5 = 34-

Construct the following Lyapunov function
Wi =(1/2+¢c5)Ve, + V..
Using equations (3.3) and (3.6), one has
Wi = (1/2+ ¢5)Ve, + Vi,
< —LA/2+ es)l|&l” + collzall” + collzall® + - + ol 2m
tellal + callal + -+ colleml” = 5Ll + Les &

= —SLI&I7 = SL1=IP + collzall + -+ csllzml?

(3.7) +eo|&all + -+ collmll?,
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where ¢ = (1/2 + ¢5)c3. Consequently, for m subsystems we have

[ 2 2
39 s (ghome ) Sl (52 meo) el

If the gain L is made large enough, the right hand side of (3.8) will be negative definite.
Hence, the closed-loop system will be globally exponentially stable (GES).

REMARK 3.2. In contrast to the common observer design that typically uses a
copy of the nonlinear system, we design only a linear observer for each subsystem in
the large-scale system (2.1). Such a construction has enabled us to deal with difficult
issues caused by the uncertainties or nonlinearities of the systems in the single system
case [13]. In this paper, this new construction of the observer and controller also lets us
avoid dealing with the nonlinear functions of the interconnected unmeasurable states.
Consequently, this feedback domination design leads to a solution to the problem of

decentralized output feedback control of system (2.1).

REMARK 3.3. It is worthwhile pointing out that the observer and controller for
each system have the same structure. Hence, after we construct one output feedback
controller for one of the subsystems, we can duplicate the controller for the other
m — 1 subsystems. This property will reduce the design time and implementation

cost for the control design of system (2.1).

REMARK 3.4.  Note that in system (2.1) all the subsystems have the same
dimension (i.e. n). However, if the dimensions of m subsystems are different, we are
still able to achieve similar stabilization result under Assumption 2.1 with different
dimensional variables. The only difference is that the dimension of the observer will

be consistent with the dimension of the corresponding subsystem.

In what follows, a two-system model will be simulated based on the design pro-

cedures developed for output feedback domination with high gain.

ExaMpPLE 3.5. Consider the following interconnected nonlinear system,

Tl = T2 Y1 = Yo
(3.9) To = U + Yo Sin Ty go = v+ dt)In(l + y3) + d(t)z2
Loutput — L1 Youtput = Y1

where d(t) is a disturbance bounded by a known constant. As (3.9) shows, the -
system and y-system are coupled through the unmeasurable states (z2, y2). Moreover,
the unmeasurable states are associated with unknown disturbances. Therefore, most
of the existing output feedback control design procedures will fail to be applicable to
(3.9). On the other hand, it is easy to verify that Assumption 2.1 holds for (3.9). By

Theorem 3.1, we are able to design an output feedback controller for (3.9).
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System

Fic. 1. (431(0), :DQ(O)) = (273) ((il(o), :%2(0)) = (070) (yl(O),yg(O)) = (_'27 _3) (:’;1(0)7@2(0)) =
(0,0).

Specifically, we construct the observer as follows,

Iy = iy + 0.42L(x1 — 1)

Ty =u+ 4203z — i)

U1 = 92 + 0.42L(y1 — 1)
(3.10) U2 = v +4.2L%(y1 — i1).

The control laws to be implemented are

u=—28.6L%%; — 25.7Lis
(3.11) v = —28.6L%); — 25.7Lijs,

where the gain L was calculated to be 20. Figure 1 illustrates the response of the
closed-loop system (3.9)-(3.10)-(3.11).

REMARK 3.6. As shown in [13], the output feedback domination design has the
universal property that enables us to use a single output feedback controller to stabilize

a family of nonlinear systems satisfying the same growth condition. This property is
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Z =1 '¢ —] Y

QO O O QO

Fic. 2. Three Vehicles Linked by Dampers.

also valid in the decentralized case. For example, the same output feedback controller
(3.10)-(3.11) for (3.9) will also stabilize the following system,

Tl = T2 Y1 =y2
(3.12) @9 = u+ d(t)\/|T2ysl G2 = v+ d(t)(1 — e~ 1%2l) + zysinay
Zoutput = L1 Youtput = Y1-

EXAMPLE 3.7.
Figure 2 illustrates a practical application of the high gain technique for intercon-
nected systems that was discussed in this section. Figure 2 has three vehicles that are

interconnected by dampers and can be modeled by the following system of equations,

T1 = T2 Y1 = Y2
do=u+ f(t)(y2 — 222+ 22) Y2 =0+ f(t)(22 — y2)
Toutput = L1 Youtput = Y1
21 = 29

(3.13) Zo =w+ f(t)(x2 — 22)

Zoutput = %1

where f(t) € [-1,+1] is an uncertain damping function, and z1, y1, and z; are the
positions for each vehicle respectively. A typical control objective for system (3.13)
is as a reference or tracking problem where the connected vehicles are required to
follow a particular trajectory. Closely examining system (3.13), it is apparent that
the linear growth condition of Assumption 2.1 is met and therefore an output feedback

controller can be designed based on Theorem 3.1.
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4. Output Feedback Domination with Low Gain. We now extend our re-
sults from the previous section to examine the global stabilization of upper-triangular
systems. The decentralized control of a nonlinear upper-triangular system which has
subsystems that are interconnected not only by their measured states but also by their
unmeasurable states is a challenging problem due to the many practical applications
that can be characterized as being in an upper-triangular form. The control of many
mechanically underactuated systems can be modeled as an upper-triangular [16] sys-
tem. One such decentralized control problem is the formation control of a group of
carts with inverted pendulums. Another interconnected upper-triangular stabiliza-
tion problem is the vertical landing of an autonomous aircraft onto the pitching deck
of a ship. The issue of stabilization of upper-triangular nonlinear systems is of im-
mense practical importance due to the many technical applications that exist in this
area. Unfortunately, this area is not well studied and little research has been done in
either state feedback or output feedback stabilization methods for upper-triangular
nonlinear systems.

In this section we implement a linear output feedback controller to stabilize a
nonlinear interconnected system under the following upper-triangular growth condi-
tion.

AssumMPTION 4.1. Fori=1,---,mand j =1,--- ,n — 1, there is a constant
¢ > 0 such that

|fij(z,u(t))| < c(|eipo)| + -+ |Trmeny | + [T2g42)| + o+ T2y |+
+|xm(j+2)| + 4+ |xm(n+1)|)
| fin(z,u(t))] =0, YV x,u,t

where (1) = U

THEOREM 4.2. Under Assumption 4.1, there exists a linear output feedback con-
troller (2.3) that renders an upper-triangular interconnected system of the form of
system (2.1) globally exponentially stable.

Proof. In order to prove Theorem 4.2, we follow a proof similar in structure to
the previous section on lower-triangular systems but with the difference being that a
small gain needs to be carefully chosen in order to prove that the closed loop system

is globally exponentially stable. n



202 MICHAEL T. FRYE, CHUNJIANG QIAN, AND RICHARD COLGREN

A. LINEAR OBSERVER DESIGN

We begin by designing the following linear observer for subsystem 1

Ti1 = Zig + car(zin — 241)

Tig = &3 + e2ag (i — &i1)

Titn1) = Zin + " Van_1(zi1 — 41)
(4.1) Tin = Ui + "an (T — 1)
where 0 < € < 11is a gain parameter to be determined later, and a; >0, j =1,--- ,n,

are coeflicients of the Hurwitz polynomial p(s) = s™ + a1s" D 4t a, 15+ an.

Similar to the previous section, by defining the error term e;; = x;; — 245, J =
1,---,n, and the change of coordinates &; = ;—,’1, j = 1,---,n, we have the

following error dynamics

fil (:L‘, u(t ) d(t))
fiz(@,u(t),d(t))

€

(42) G=edet | g G
f,»,m_lf(;cfz(t),d(t))
L 0 i

with

57’1 —aq 1 0

Eio :

fz = . ) A=
. —An—1 0 1
Ein —a, 0 -+ 0

Consider the Lyapunov function Vg, = ¢ P¢;, where P is a positive definite matrix
P = PT > 0 such that

ATP+PA= -1

The derivative of V, along (4.2) is,

T
Ve, = 6T (ATP + PA)E + 267 P [fﬂ(x, L “"‘”fﬁy) A0 0}

1 1
(43) < —ell6l + colll (1fal + Ul + -+ Zlfinn] +0).

co =2||P||.
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Based on Assumption4.1,

|fi (2, d(@)| < c(lzas] + -+ [21nany| + - + |ziz| + -

ity + -+ [Tms| + o+ | Tm@na)])
| fiz(z,d(t))]

1
. SEC(|$14|+"'+|$1(n+1)|+-'-+|$i4|+---

iyl + -+ Tmal + - F [Tman )

finea (. d())] 1
i(n—2) < —cll@n| + [T1ngn] + -+ |zin

gn—3 ~ €
iyl + -+ [Tmnl + [Tm@an)|)

gn—2 ~ €

Therefore,

1 1
co <|fi1| + g|fi2| +o gn—_2|fi(n—1)|>

1 11
§01(|x13|+(1+g)|1‘14|+(1+g+§)|$15|+"'
11 1 11
+A+=+5++ Nt + (1 4+ =4+ 5+ +
9 9 3 3

en—3 en—2 )|u1|

1 1 1
+o ot ems] + (U4 D)lamal + (14— + )lams| +---

1 1 1 1 1 1
+(1+g+6—2+---+—6n73)|xmn|+(1+g+€—2+---+—€n72)luml)

where ¢; = ¢ X ¢p. Assuming that ¢ is a small gain, we have the following condition,

1 1 1 . 1
(1+g++ )S (Z)Sgi_l(n_1)7

gi—1 gi—1

where i < (n — 1). Therefore we can develop the following equation,
1 1
co(| fir| + g|fi2| + En—_2|fi(n—1)|)
1 1 1 1
<co | [wis] + g|x14| + §|$15| +F En—,3|l‘1n| + En—,g|u1|
1 1 1 1
+ o [ Tms| + glxm4| +§|xm5| +t ﬁlxmnl + w—,QlumI ;

for a constant c3 = (n — 1)c¢;. With this in mind, Equation (4.4) becomes,

. 1

Ve, < —ell&ll” + call&ill[(Jzas] + was] + -+ + |zmsl]) + g(|$14| + [2aa| + - + [Tmal)
1 1

+§(|x15| +|@as| 4+ 4 |Tms|) + -+ En—_g(lxml + |@on| + -+ + |Tmnl)

(04) +omg(hal + o+ )]
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Define z;; = Zij j =1,---,n. This, together with the fact that z;; = #;; +&771¢;;,

-1
implies

2i—1 L

B. CONTROLLER DESIGN

We now construct the controller as follows,

u; = —€"k1di — " hadin — - — E2kn_1Zi(n—1) — knin
Zil
Zi2
(4.5) =e"[—k1,—ko, -+, —kn] | | :
Zin
where ki, -+, k, are the coefficients of the Hurwitz polynomial s + kjs" " + .- +

kos 4+ k1 = 0. Clearly Elffi‘z < €265]|2i|, for a constant ¢ > 0.

Using the relationship from Equation (4.4),

Ver < —ell&ill® + c2ll&ille® | z18] + |223] + - - + |2ms]
+|z1a| + |z2a| + - F [Zmal + - F 2] | 220] + -+ | Zmnl]
+&1s] 4 [Ea3] + - -+ |Ems] + [E1a] + [E24] + -+ 4 [Emal
+ ot G|+ E2(([2a ]+ + (lzm])]
< —el&il? + eae?||z1]|* + cae®(|z2f® + - -

(4.6) te3e? |zml® + cse®[|E0)” + ese®||&all® + - - - + cse” [[éml|?,

for a constant c¢3 > 0. Using the new coordinates z;; = 5—11 and the controller (4.5),

system (4.1) can be written in the following compact form,

(4.7) zi =Bz +eD&x
with
Zil al 0 1 tee 0
Zi2 as .
zi = , D= , B= )
0 0 1
Zin (275} _kl _k2 te _kn

Consider the following Lyapunov function V;, = z! Qz; where P is a positive definite
matrix @ = QT > 0 such that

BTQ+QB=-1I.
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By the necessary substitution we arrive at the following equations,

VZ < —€||Zi||2 + 622iTQD§i1
—ellzill® + ecallz &, ca=2]QD].

IA

By applying the following inequality,

2 2
Zi Cq
lellealien < 25 4 & gy,
the following equation is constructed,
y 1 2 2 i
(1) Ve, < —gellal +eesll, e = 2.

Construct the following Lyapunov function
Wi=(1/2+¢5)Ve, + V..
Using equations (4.6) and (4.8), the following Lyapunov function is developed,

Wi =(1/24cs5)Ve, + V2,
—e(1/2+ ¢5)[|&]1% + cee?(|211* + coe®| 22|

IA

I? I?

+ o+ e8| zm® + o || ]]? + coe®||2

1
+ 4 cge?||Em)? — §5||zz||2 +ecs &1

1 1
= —sell&l? = el + ez

(4.9) + oot co? | zml|? 4 coe? (€] + - -+ coe®|1Eml?,
Cg = (1/2 + 05)03.

Consequently, for m subsystems we have

dowi< —562 &% — 562 l[23]|* + cgml|z|*
i=1 =1 =1
+ -+ cgml|zm® + com|[Enl]® + -+ + com[Eml|?

1 = 1 -
(4.10) =— <§e - m6652> ; &% - (56 - m66€2> Z; 2]

If the gain € is made small enough, the right hand side of Equation (4.10) will be
negative definite. Hence, the closed-loop system will be GES.

REMARK 4.3. In the preceding section, the gain L that was calculated had to
be chosen in such a way that if large enough, the lower-triangular system was GES.
Conversely, when dealing with the output feedback stabilization problem for an upper-
triangle system in the form of system (2.1), the gain e must be made small enough to
guarantee GES. Furthermore, the gain € provides a lower bound for stability and is

therefore a quite conservative value.
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We conclude this section with the following example.

ExaMPLE 4.4. Consider the following nonlinear upper-triangular interconnected

system,

(4.11)

W

i1 = @9 + x3sin(ys)d(t) + usv
j)g = I3
j)g =Uu

Zoutput = L1

U1 = y2 + In(1 4 23)d(t)
Y2 = Y3
Y3 =0

Youtput = Y1

where d(t) is a disturbance bounded by a known constant. As shown in system (4.11),
the z-system and y-system are coupled or interconnected through the unmeasurable
states (z3, y3). Moreover, the unmeasurable states are associated with unknown dis-
turbances. Therefore, most of the existing output feedback control design procedures
will fail to be applicable to system (4.11). On the other hand, it is easy to verify that
Assumption 4.1 holds for system (4.11). By Theorem 4.2, we are able to design an
output feedback controller for system (4.11).

5. Extensions. In this section we will extend our results to deal with non-
triangular systems that have a linear growth condition. Furthermore, we will ex-
amine the case when the growth rate ¢ is unknown for a system and show that by

implementing a time-varying gain our previous results can still be employed.

5.1. Non-triangular Systems. We have proved the output feedback stabiliza-
tion of large-scale systems with both lower-triangular and upper-triangular bounding
functions. In the case when the system does not have a triangular bounding func-
tion, we can still develop a design procedure similar to the previous sections when the

non-triangular system satisfies the following assumption.

AssumMPTION 5.1. Fori=1,--- ,mand j=1, -+, n, there is a constant ¢ > 0
such that
| fij (@, d(t))] 1
”LT Scllen]+ -+ fwmal + F (w2 + o+ [zma])
1
(5.1) +"'+F(|m1n|+”'+|xmn|)]-

THEOREM 5.2. Under Assumption 5.1, there exists a linear output feedback con-
troller (2.3) that renders the large-scale interconnected system (2.1) globally exponen-
tially stable.

Proof. The proof is parallel to Theorem 3.1 and is omitted here for brevity.

EXAMPLE 5.3. It can be shown that by applying Assumption 5.1, we can develop

a controller (2.3) to such non-triangular systems as,

T1 = X2 Y1 = Y2
1
&9 = x3 + |z3|2 In(1 + 22 o = 1-
(5.2) 2 = a3 |z3]2 In( 1) g2 = v
r3 =u Yz = v

Toutput = T1 Youtput = Y1-
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In system (5.2), the function &y = 3+ |x3]2 In(1+ 22) is not bounded by a lower
-triangular function, therefore, Theorem 3.1 is not applicable. However recognizing
that

jzsl2 n(L+2d) _ ||
fﬁln 1+ )+ﬁ§|x1|+_

a linear growth condition exists for Assumption 5.1. As a consequence, we can con-
struct a controller by Theorem 5.2 such that the closed-loop system is globally expo-
nentially stable.

5.2. Large-scale Systems with Unknown Growth Rate. For the inter-
connected system (2.1), there might be circumstances when the growth rate ¢ in
Assumption 2.1 is unknown. In this section, we show that using the time-varying ob-
server developed in [14], a decentralized output feedback controller with time-varying
gain L(t) can be designed to globally regulate system (2.1) whose nonlinear function
fij(z,d(t)) linearly grows at an unknown rate.

THEOREM 5.4. Suppose system (2.1) satisfies Assumption 2.1 with unknown

growth rate c. Then, there exists an output feedback controller of the form,
& = M) + N(t)yi, M(t) e R*™™, N(t) € R

(5.3) u; = K(t)&, Kt)e R i=1,---,m,

such that all the states of (2.1) and (5.3) are ultimately bounded. Moreover,

lim (x(t),£(t)) = 0.

t—+00
Proof. Theorem 5.4 can be easily proved by combining the time-varying observer
and controller proposed in [14] with the design procedure for Theorem 3.1. The linear
structure of the observer will avoid the difficulties in dealing with the uncertain non-
linear functions while the time-varying gain will suppress the effects of the unknown

growth rate. The proof is parallel to Theorem 3.1 and is omitted here for brevity.

EXAMPLE 5.5. We apply our time-varying result to system (4.11) to globally
regulate by output feedback when d(t) is bounded by an unknown constant c. By
Theorem 5.4, the following observer is developed using the varying gain L(t),

Iy =9+ L(t)(x1 — 21)
To = u+ L2(t)(zx1 — 1)
1 =92+ L(t)(y1 — i)
(5.4) 2 =v+ LX)y — ).
The control laws to be implemented are found to be
u=—L*(t)Z1 — L(t)Zo
(5.5) v =—L2(t)j1 — L(t)je.



208 MICHAEL T. FRYE, CHUNJIANG QIAN, AND RICHARD COLGREN

System

Fia. 3. (z1(0),22(0)) = (1, —1) (£1(0),£2(0)) = (0,2) (y1(0),y2(0)) = (—1,0) (92(0), §2(0)) =
(5,—1).

Figure 3 illustrates the result due to an implementation of the varying gain L(t) = ¢t+1.

REMARK 5.6.  Using a similar argument proposed in [14], we can prove that
(z,y,2,9) tend to zero exponentially. As a consequence, the observers and controllers
are ultimately bounded even though L(t) is not bounded. In fact, as shown in Figure
3 the states of the system (4.11) and observers (5.4) tend to zero very quickly. In an
actual application of using an increasing L(t) gain, to avoid the issue of an unbounded
L(t) we can saturate the gain after a sufficient amount of time has passed. To employ
a saturation technique, a practical method would be to measure the error between
the reference set point and the current output and after the error has become and
remains acceptably small, the current value of the gain L(t) can be made to no longer

increase.

6. Conclusion. We have presented in this paper, a method of using output
feedback to globally stabilize large-scale nonlinear systems whose m subsystems are

highly interconnected by unmeasurable states. Under the linear growth condition, we
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explicitly construct m sets of linear observers and controllers by only using the output
feedback information of each subsystem. It is shown that global output feedback
stabilization is achieved for the closed-loop system. This design method was applied
to lower-triangular, upper-triangular, and non-triangular nonlinear systems. Also,
observers and controllers using time-varying gain are developed to control large-scale
systems with unknown growth rates. The universal feature of our feedback domination
design enables us to design one output feedback controller and apply it to any system

which satisfies the same growth condition.

REFERENCES

[1] W. BACHMANN AND D. KoNIK, On Stabilization of Interconnected Systems using Output Feed-
back, System Control Letter, 5(1984), pp. 89-95.
[2] E. J. DAVISON, The Decentralized Stablization and Control of a Class of Unknown Nonlinear
Time- Varying Systems, Automatica, 10:3(1974), pp. 309-316.
[3] P. IoaNNOU, Decentralized Adaptive Control of Interconnected Systems, IEEE Trans. Aut.
Contr., 31(1986), pp. 291-298.
[4] S. JAIN AND F. KHORRAMI, Decentralized Adaptive Output-Feedback Design for Large-Scale
Nonlinear Systems, IEEE Trans. Automat. Contr., 42(2001), pp. 729-735.
[5] Z.P. JIANG, Decentralized and Adaptive Nonlinear Tracking of Large-Scale Systems via Output
Feedback, IEEE Trans. Automat. Contr., 45(2000), pp. 2122-2128.
(6] Z. P. JiaNG, F. KHORRAMI, AND D. HiLL, Decentralized Nonlinear Output-Feedback Stabiliza-
tion with Disturbance Attenuation, IEEE Trans. Automat. Contr., 46(2001), pp. 1623-
1629.
[7] H. KHALIL AND A SABERI, Decentralized stabilization of nonlinear interconnected systems using
high-gain feedback, IEEE Trans. Automat. Contr., 27(1982), pp. 265-268.
[8] A. J. KRENER AND A. ISIDORI, Linearization by output injection and nonlinear observer, Sys-
tems & Control Letters, 3(1983), pp. 47-52.
9] A. J. KRENER AND W. RESPONDEK, Nonlinear observers with linearizable error dynamics,
SIAM J. Contr. Optimiz. 23(1985), pp. 197-216.
[10] B. LaBiBl, B. LoHMANN, A. K. SEDIGH, AND P. J. MARALANI, Output Feedback Decentral-
ized Control of Large-Scale Systems Using Weighted Sensitivity Functions Minimization,
Systems & Control Letters, 47(2002), pp. 191-198.
[11] A. LINNEMANN, Decentralized Control of Dynamically Interconnected Systems, IEEE Trans.
Aut. Contr., 29(1984), pp. 1052-1054.
[12] L. PrALY, Asymptotic stabilization via output feedback for lower triangular systems with output
dependent incremental rate, IEEE Trans. Aut. Contr., 48(2003), pp. 1103-1108.
[13] C. QiaN AND W. LIN, Output Feedback Control of a Class of Nonlinear Systems: A Nonsepa-
ration Principle Paradigm, IEEE Trans. Aut. Contr., 47(2002), pp. 1710-1715.
[14] C. QiaN, C. B. SCHRADER, AND W. LIN, Global Regulation of a Class of Uncertain Nonlinear
Systems using Output Feedback, Proceedings of 2003 American Control Conference, Denver,
CO, pp. 1542-1547, 2003.
[15] A. SABERI AND H. K. KHALIL, Decentralized Stabilization of Interconnected Systems using
Output Feedback, Int. J. Contr., 41(1985), pp. 1461-1475.
[16] M. W. SpoNG, Underactuated Mechanical Systems, Control Problems in Robotics and Automa-
tion, B. Siciliano and K. P. Valavanis, editors, Springer-Verlag, London, UK, 1997.
[17] X. H. X1a AND W. B. Ga0, Nonlinear observer design by observer error linearization, SIAM
J. Contr. Optimiz. 27(1989), pp. 199-216.



210 MICHAEL T. FRYE, CHUNJIANG QIAN, AND RICHARD COLGREN

[18] D. Z. ZHENG, Decentralized output feedback stabilization of a class of nonlinear interconnected
systems, IEEE Trans. Aut. Contr., 34(1989), pp. 1297-1300.



