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Robust Control of Feedback Linearizable
Large-Scale Systems

Myung-Chul Han*
(Received July 22, 1994)

The design of decentralized controllers for a class of uncertain interconnected nonlinear

systems is considered. The uncertainty considered here is time-varying and appears at each
subsystem and interconnections. Two control techniques are explored. The first one, namely, the

feedback linearization control, involves a known and autonomous nonlinear system. The second

one, namely, the robust control, is especially suitable if any uncertainty and/or time-varying
factors are involved in the nonlinear dynamics. These two controllers are combined to stabilize

a class of large-scale nonlinear uncertain systems. Two decentralized robust controllers, non-

adaptive and adaptive, are proposed and those results are proved.
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1. Introduction

Modeling of large-scale systems is often de-
scribed by a set of interconnected subsystems. The
considered uncertainties are nonlinear (possibly
fast) time-varying and are distributed into the
inner portions of the subsystems and the inter-
connections. In practice, it may be difficult to
acquire their real statistical properties a priori.
Under these circumstances, it may be desirable to
adopt a deterministic approach which is based on
the possible bounds of the uncertainties.

Decentralized control is an effective way for the
large-scale systems since each subsystem can be
independently controlled. Important work on
decentralized control of large-scale uncertain sys-
tems can be found in (Chen, 1988 ; Chen and
Han, 1993 ; Han and Chen, 1991, 1992b ; Gavel
and Siljak, 1989 ; Ikeda and Siljak, 1990 ; Ohta et
al., 1986 ; Park and Lee, 1993; Siljak, 1989) and
their bibliographies. In (Chen, 1988), two classes
of control schemes, namely, the Jlocal and the
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global, are proposed. The local control is based
on the state information of only each subsystem,
while the global control utilizes the extra feed-
back information from the states of neighboring
subsystems. This work falls into the local cate-
gory.
Feedback
approach for the design of nonlinear system con-
trollers. However, the robustness of the resulting

linearization provides a unified

controller can not be guaranteed. Several methods
have been used together with feedback lineariza-
tion to increase the robustness of the control.
These include, for example, variable structure
control (Sira-Ramirez, 1986), adaptive control
(Sastry and Isidori, 1989 ; Taylor et al., 1989)
and Lyapunov based method (Spong and Sira-
Ramirez, 1986 ; Calvet and Arkun, 1989). In this
paper, the rtesults of the Lyapunov based
approach are extended to large-scale systems.

A diffeomorphic state transformation is first
applied to each subsystem. The transformation
together with a nonlinear control render the
nominal system to be controllable-like. An extra
control effort is then added to the nonlinear
controller to ensure satisfactory results even if the
uncertainties appear. Two control schemes, name-
ly, non-adaptive and adaptive robust controls, are
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proposed. In the non-adaptive robust control
design, all the bounds of uncertainties are given
and the control gain parameters are related to the
bounds. In the adaptive robust control design,
this prerequisite of the bounds can be relaxed if
each subsystem does not have uncertainty in the
input matrix. However, an additional requirement
on the uncertainty bounds, namely, cone-
boundedness, should be satisfied. An adaptive
algorithm is adopted to track the bounds of
uncertainties of each subsystem and the control is
based on this estimation. The related work can be
found in (Chen, 1990 ; Corless and Leitmann,
1983).

The main contributions of this work can be
divided into three parts. First, 1t is shown that
feedback linearization is sucessfully combined
with robust control to supply a systematic control
design method for nonlinear large-scale uncertain
systems. Second, decentralized robust controls are
proposed, where the bounds of interconnections
are explicitly taken into acconunt while the neigh-
boring states are not required. Third, an adaptive
algorithm is adopted to guarantee the desired
properties in spite of insufficient information of
uncertainty bounds.

2. Interconnected Systems

We consider a class of uncertain large-scale
systems S which are composed of N interconnect-
ed subsystems S; described by

Set xA8)=Ffilx,(8)) +Afi(x:(8), o0:(8))
+lg i (1)) + dgi (x: (1),

G () s () +%n-,-(xi(l‘).
(1), 6:i(6)
xz(O) =X (1)

for all ;&N, N={1, 2, ---, N}. Here /&R is the
time, x,;(¢)&ER™ is the state, y,(;)=R is the
control, and ¢,(¢) =R% is the uncertainty. Both
the internal uncertainty (i.e., Af; and AJg;) and
uncertainty in the interconnections (i.e., 7,;) are
considered. It is assumed that the unkown funtion
o:(+): R— 37, is Lebesgue measurable where 37,
CR% is a compact set (known or unknown).

Furthermore, the known functions f£;(-):R™ — R”
and g,(-):R™— R™ and the functions (known
or unknown) A4f.(+):R"x 3}, — R"™, dg:(+):R™" x
>,—R™ and 4;(:)R"xR"x 3}, — R™ are
continuous.

The following assumptions are introduced.

Assumption 1: There exist continuous functions
hi(+) 1 R"x 3, —R, [;(+) :R*"x3],— R, and
¢ (+) 1 R%x 3, — R such that

Afi(xi, 6 =g:(x) hilxs 00)
Agi(xi 0 =gi(x) li(xiy 0)
ris (e x5 00 =glx) colxn x5 04)
ou=min g,& 3.0 (x:;, 0:)
>—1 2)
for all (x;, x;,)ER™XR"Y and 0,2,
With this assumption, The system equations (1)
can be written as
Set 2=Ff(x) +g(x) [ xi 0)
+(1+ L 00)) us
+Jﬁlcij(xiy Xjs Uz’)] (3)
J¥i
Remark : Assumption 1 assures that all uncer-
tain portions Af;, Jdg;, and y,; in each subsystem
are contained in the range space of the nominal
input matrix g,. This structural condition on the
uncertainty is usually called the matching condi-
tion {(e.g., Leitmann, 1891 ; Gavel and Siljak,
1989). Work on the relaxation of the matching
condition can be found in, e.g., (Chen and Leit-
mann, 1987 ; Tkeda and Siljak, 1985).
For convenience, we define

N
[XITs A’zrv"',XﬂTERn, n= 'Zlni
&=

Xo=[x10s x50, x40) T ER?
U [Z{h uz,'--,uN]TERN
o=[al, of.---08]"ERY, q:fZqui
f(x) E[fl (x1) Ty fz(XZ) T, Tty
S (xn, on)7)TER”
df(x,0)=[dfi(x1, 0)", dfs(x2,02)7, -,
AfN(XN, GN)T]TERn
Gx)=diag{gi(x) 7, &) 7, -,
gN(xN)}TERan
AG(x, o) =diag{dg (xi. o) 7,
dgCeay a2) 7, -+,
dun (xx, on)’ TRV

X

Ul
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Rx, J)E|:<v§w1ru(x1. X, 01))7.

Jxl

(éizj(u, Xjs 62)>T Y

j=1
J¥2

77T
<E rai(xn, X5 m)) } =R”

JxN

The following definition describes the desired
system behavior.

Definition 1: Given a control ¢ (¢) = p (x(¢)),
the resulting closed-loop large-scale uncertain
system

Xx=f)+4f (x, o) +{G(x)
+A4G{x, o)]1p(x)+Rx, 0)
x(t) =xo (4)

is practically stable iff there exists an j;, >() such
that the following properties hold.

(1) Existence of solutions : The system (4)
possesses a solution x (-) : [#, o) — R”

(i) Uniform boundedness : Given any » < (0,
o) and any solution x (+) : [, o0) — R” of Eq.
(4), there exists a () <co such that |y <r
implies ||x ($)||<d () for all r<[¢, oo).

(iii} Uniform ultimate boundedness :
any 7 >y, and any & (0, oo), there exists a
finite time T (7, 7) such that |[x| < implies |x
(W< 7 forall t=4+T(r, 7).

{(iv) Uniform stability : Given any 7 >
exists a §(7) >0 such that |xof < ¢
lx()|< 7 for all = ¢,

Given

7o, there
7) implies
Throughout, we adopt the Euclidean vector
norm. Matrix norm is the corresponding induced
one.

3. Input-State Feedback Linearization

The nominal part of the system (1), which is
represented by

Si i A= flx) T () us (5)
is assumed to be globally input-state feedback
linearizable, that is, for every nominal subsystem,
there exists a global diffeomorphism 73 (-) : R
— R""

Ti:[ Til, T,'z, b

za=Tnlx:)

Ty Tin,]T

2io= T (x)) :Lf, Th (x0)
Bin;— T,‘n,v(Xx) - ;1:“1'[‘1'1(-7({) (6)
such that following holds:

Ly,
Le L3

Tn=0 for k=0, ---,n, -2
RE|) (7)

Here [, T, stands for the Lie derivative of T3,
with respect to f:

LY Ti=Ta

Ly Ta=~Tuf;

LnTu=LALi Ta, j>1 (8)
Without losing generality, it is assumed that the
transformation 7, maps origin to origin.
(6)~(8),
dynamics are governed by

From Egs. the transformed state

Sa= (VT0) fir (V Tl-l)gi[/m L+ 1) s

N
+ Z},l(,'g_,}
L, Ta+ (Lg,,Tln[zz,-Jr (1470 s
N
+ 2(”}
=22
12"(\7[4 fl)f1'+(\7Lf,Tv'1)gi
N
[11,-4— (141w + g‘x(.”}
=12 T+ (Lol Tw) [1z,~+ (1+ 2 s
N
+ g'l(bji
= Zi3

Zin-ny=(VLE2T) fi+ (VLE 2Ty
N
gt[llz+ A+ u+ ;lCij:l

J*7

=LW 0 Ta+ (Lo LT
[hz»+ (A+71) u:+ glcl-)]

J®i
= Zin;
2= (VLY To) i+ (VLE T g

N
[hi+ A+ 71w+ gl(?ij]

LT+ (Lg L3 il)Vlz‘
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N
+(1+7) u:’+§Cij:| (9)

J¥i
Choose the control input as

1
Ui= 7 T
Y Ll T

For convenience, we define

(vi— L} Tw) (10)

ZE[ZlTv 2, "',Z‘Z/]TER”
/‘,'(21‘. o) =1(x: o)
iz, 6)=hi(xi, 06)
gi](ziv 25 o) =cy(xn x5, 07)
Equation (9) becomes
21‘:A1'21'+Bi[1+ 71(25, Gz')]Vz‘
+Bilwnalz, 6)+walz, o)] (1)

where the matrices 4, and B, are given by

JinmDx=n
Al'i[olxl RIETETaY :|

B[:[le(ni—l) lel] (12)
and w;(z;, 0;) and w{z;, z;, o6;) are defined as
Wil (Zz'v (71') ELg,-L_’/Z‘f‘l Tz'l /Z_i (Z;‘. 0‘1‘)

— Tz, 0 LETa (13)

N
wnlz, 0)=Lg L} 1'121 Ciilzi, 2z, 09
L

JEL

O(ﬂ{*l)xl

(14)

Assumption 2 : For each j, j&N, there exist
known and non-negative scalar constants «,; and
b, such that

N
maxo‘,e}.‘,'| w2z, o) f Sgdv||2j“+bi(15)

for all z&=R”™.

4. Non-Adaptive Robust Control
Design

The following decentralized non-adaptive

robust control is proposed
)/1'(21') :Kizz'_yiBiTPiZivpz'(zi) (16)
where K; is chosen such that 4,4+ B,K; is
asymptotically stable, and matrix P, >0 is the
solution of the following Lyapunov equation
P:(A:+ B:K)) + (A:+ B:K) TPi: - Qi,
@Q:>0 (17)

The scalar y, is positive and is specified as follow-

ing : First, we choose a constant §; such that

N
A 18
012 o (@) (1%)
Second, we choose y; in the control (16) such that
N
Zlajaz'j

7250+ o) (19)

The reason why these values are chosen will be
stated later in stability analysis.

The saturation type control term p,(z;) is cho-
sen as following:

ﬁ%‘;mz» if | (2 [>e

pi(z) (2) (20)
le“pi(zi) if | pi(z0) [<e:
pilz) =0+ ) | wiiz, 02)

+ Iz 00 Kz | (21)

/lz'(zz') :BI'TPZ'ZhOi(Zi) (22)

where ¢, Is a positive constant.

Remark : The nominal control Kz, and any
one of last two terms in Eq. (16) may render the
subsystem (11) practically stable if there is no
interconnections (Corless and Leitmann, 1981 ;
Barmish et al., 1983).

In order to investigate the controlled system
performance, we proceed with the following anal-
ysis. First, take a C! function

Vx)=V(2) =%ngPizi (23)

The total time derivative of 1/ along any trajec-
tory of the uncertain large-scale system (1) under
(16) is then given by
Lz, H=V(x)=§(2)
__1& J T
- ;71_;121' Qizz' + lgl[ - Bi Pz'zz'
A+ 7)) pi+BIPz: (T .K:z:
N _
(BiTPiZi) TBz‘TPz‘Zi
+Bz'TPz'Ziwz'2] (24)
With regard to the second term of Eq. (24), if | y,
|>e.
—BiTPl'Zi(l + Z_z) pz’
+BZ'TP1‘Z,'( l_iKiZi+CUz'1)
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~ U+ w |+ A+ p]=0 (25
and if | u, |<e,

—BlPzi(1+ 1) ps

+BTPZZ( 7'Ki2i+a)x1)

< — “Zﬂ—lﬂlvﬂuph)lluil
cOtowe 20

Consequently, for all z&R”, the second term is
N

bounded by 3} (1+py)e://4. Now, we perform
i=1

the worst case analysis of the third term in Eq.

(24):
S~ 1+ 1) 7.(BIP.2) 'BIPa,

i=

+ BiTPz'ZiCUz'Z]
N
<2[-A+pd)r | B/Paf

1 BIPZ.] (2 avlzl+ 501 (27)

Using the algebraic inequality

aff < a +5 /3’2. a, BER, (28)
one has
2 | BIP:z | (ZaU“ZJH)
N N
= g}lg | BIP.z, | 62026, 2 a2 2|
L1
<3 > (805 | BIPz: |2
+ 6 aulzlP) (29)

where §, is a positive constant. Therefore, the
total time derivative of | satisfies the following
inequality

M=

Lz, 1)< [m(@)

a,--laﬂ]nz,-n?

(1+pu)e:
4

- (1+ plz) 71

I

.
il

(
M= l\'}‘»—l

-+
.MZ

+
M=
—
TN

+
SN
3

U) | BIP.z: |?

+

.| BTPz; 1] (30)

Let

N

*1*2 Ot

=1+ o) yi— o &

and

5,;.%{/1mm(@> *21‘3“]

Since §; and y, are chosen to satisfy the inequal-
ities (18) and (19), £, and 7, must be positive
constants. Then the last term in Eq. (30) is bound-
ed by
oo_g bt
=1 4014 1) yi—

. N
1:14771 221(%611'1
J=

Consequently, one has

N
Lz, H=<— géi“ziuz+ K
< —&llzP+« (31)
where

Ezminl»EN{éi}

— &i J’i}
K—l_:l[(l‘i"()u) 2 + iy

Now, one has
Lz, 1)<0 (32)
for all (z, #)&=R” xR such that

lel> =5, (39
Let

T =TT (z2), T+ (&),

S Tz ]
si=sup sl T71(2) | (34)

Finally, one has

Vix) <0 (35)
for all x<R” such that

flxf > s (36)

Theorem 1: Subject Assumption 1 and 2, the
uncertain large-scale system under the proposed
decentralized robust controls Eq. (16) is practi-
cally stable.

Proof : The right-hand side of Egs. (1) under
(16) is Caratheodory by using some standard
results in analysis. The Lyapunov-based argu-
ment for the feedback linearized system is already
shown above. The result follows based on the
standard arguments in Corless and Leitmann
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(1981).
5. Adaptive Robust Control Design

If the bound of uncertainty is unknown, the
aforementioned robust control is not applicable.
Then, it is desirable to introduce an adaptive
scheme which is capable of tracking the bound.
Additional assumptions will be imposed on the
uncertainty.

Assumption 3 : There exist (unknown) con-
stants ¢, and ¢; such that
MmaXges; ‘ wnlzi, o) 1 Sdz‘||21'”+€i (37)
for all (z;, ¢g;)&=R" X3,
Assumption 4: Each subsystem does not have
uncertainty in the input matrix, that is,
Adgi(xi, 06:) =0 (38)
Subject to Assumption 4, the uncertain system

(1) can be rewritten in a compact form as

Six=f(x)+4df(x, o)
+C(x)u+R(x, o)
x (f) = x0 (39)
The feedback linearized system (11) also can be
rewritten as following
Sz' : Z.z':Az'Zi+Bin'+Bz'a)il (Ziq Gz)
+ Biwalz, o))
4 (tO) =Zio0 (40)
The following class of adaptive robust controls is
proposed
vilz,, 70 =Kzt Dbz, 7 (41)
where
ﬁz’ (Zz’y 3’1) = ?z’Bz‘TPz'Zi (42)
The adaptive parameter %; is governed by the
following dynamics
’:);1'(t) =/ | BiTPiZi(t) |2—‘ lz'z;z'(f)
y:(l) =%u (43)
where /;; and /;, are arbitrary positive constants.

Remark : The adaptive scheme (43) is a
leakage-type adaptive scheme which belongs to
the g-modification class (Chen, 1990 ; Ioannou
and Kokotovic, 1983).

For convenience, let

5’5[3’17 5’2"“~ ?N]TERN
?(fo):ﬁ’o (44)
r=[y, v, ww]TERY (45)

Theorem 2: Suppose that the uncertain large-
scale system (39) satisfies Assumption 1-4 but
with ¢,; and p; in Eq. (15) unknown. If the system
(39) is subject to the decentralized adaptive
robust control (41)~(43), then the overall com-
bined controlled system (39) and (43) is practi-
cally stable.

Proof: The Lyapunov function candidate is
taken as

Vix, )= %)

V(z,
%ANEJ Pz +2k (Fi—7)?
(46)

where k; is a positive constant. The choice of
values of %, and y, will be stated later. The total
time derivative of 1V (x, %) along any trajectory
of the combined system is given by:

Lz, 3 H=V(x, »)=VI(z 7
N N
:22[Pi2i+§2k1'(’}\'i—yz')

>

11 N N
=5 2 Qizt D (=
|Bz'TPz'Zi |2+B(]‘Piziwil)

N
—g (5’1_ 71) | Bz'TPizi 12
N
+ ZIBI'TPz'Zin'Z
N
+ ;[2/&-/11 (=7 | Bz-Tszl-]Z
_Zkiliz(?z"‘ )’z‘) 5’1] (47)
The constant %; is chosen such that
2kilan=1 (48)

Therefore, using Egs. (15), (28), and (37), one has

(\3

LGz 30 0= =53 dmn (Q) = Fo7a Il
N

+ [ <7,——%§18jaﬁ> | BlPz: |”

=1

T (dlzd+ et i) | BTPz: |]
N

— i:Zleflfz (5’1“ }’i) z

N
- E2kiliz(§’i - 7:‘) Yi (49)
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First, The constant §; is chosen such that
N
(@) - S a | > (50)

where ; is some positive constant. Next, the
constant v; in Eq. (46) is chosen such that

d?
2. 51
71 > 2 6 al) 4 ,/1 ( )
Therefore, with these choices,
N
71'_L§6jaij>0 (52)
=1 Vo Llshe1,
;= ZAmln(Qz) 212161 aji
_4_@‘2#.__ (53)

17 >0
4<7i_"2_'j§8jaij>
Subject to Eq. (52), the maximum value of the
second term in Eq. (49) is given by

(d||z1|l+e + b:)?
o752 o)
This leads to
Lz % <=2 alalt—glad-
— S0kl (7 )’
%kl:zlyzllyz 7:l
=~ S @zl + 2kila (i 7))
[,81 BN2k1112| 7’1|
2knin2 |y | ]
Lal-lanll [ 7= | 7w
| T E (54)
where
4(7i__2'j_215jaij>
L (56)

1 &
4(7’i—725jaij>
o g=1
Let
=27, n—n, - Wl
mi=min,ey{a;, 2k}
ma= B4+ B+ Qkilia) P+

+ 2knln2)?)E
N
M= E ¢fi

Combining the results of Egs. (53) ~(56), one has

L(g t)=L(z % ) <—mlél
+ mall €| 4 ms (57)
Now, it is shown that
L& 1) <0 (58)

for all (&, #)=R™ xR such that

"5">m;z+¢mz+4M1m =3 (59)

2m
Let
$:=8UPe=s [ 777 (2), 1i—rn
Fa—ye s ?N')’N]“ (60)
Finally, one has
Vix, <0 (61)
for all (x, %)e&R"xXRY such that

Ix™s n—n, 2= 72,

?N - 7N]” > 52 (62)
The four properties of Definition 1 then follow
(Leitmann, 1981 ; Chen, 1990).

Remark : The constants §, and y, are chosen
such that Egs. (52) and (53) are satisfied. But
these constants do not appear in the control, (42)
and (43), and show only in the proof of Theorem
9. Therefore, only their existence needs to be
proven.

6. Example

Consider the following system:

S X11:x211 + X1z
Fro=—axntutc(t)xn (63)
So ! Xn=x=
xZZZ_xgl+u2+C3(t)xll (64)
where 0.5< ¢, (¢) <1.5, i=1, 2, 3. The nominal
values of the time-varying uncertain parameters ¢;
(t)’s are taken as 1.
With the following state transformation and the
control inputs

— a2 _
Zu=X11, 2z=xntXi 2= X2,

<227 X224 (65)
= —2xh —2xnxi2+xu+u,
Us= x5+ Vo, (66)

we can get
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ZNn=212

Ze=wn+1—ca)z2u+ 222

Zo1= 22

2=Vt 321 (67)

The uncertain portions are bounded as following:

l @i IZI (1—6‘1)211 |$0-5”21”

| @iz | =] c22e1 [ <1.5) 2

| w21 |”—‘0

, W22 l:| 3211 |31-5”21“ (68)

Since Egs. (15) and (37) are satisfied, both non-
adaptive and adaptive robust controls are appli-
cable. If we choose

K=[-1-2]), Q=-1, i=1, 2,
then,
1.5 05
05 0.5
" The nonlinear gain p,(z,) in Eq. (21) is now

o1(z1) =0.5]z],
02(22) =0, (69)

The non-adaptive robust controllers are

Pi:[ ] i=1, 2.

U= "‘276?1 —2xuxiztxn—1.62n
—2.6z12— 1 (21),
tr=x31—1.621—2.622.— P2 (22). (70)

The adaptive robust controllers are
= —2xh —2xuxetxn—z2n—2z;
‘0-55’1 (211+212),
u2:X231”221‘2222‘0-5?2(221‘*‘222), (71)
with the following dynamics of the adaptive
parameters y,’s:

;’1: I (0-5211 +0-5212) — 1125’1y

;?2:/21 (0-5221‘*‘0-5222)2‘ 1223’2- A(72)

State variables

11

- 3 4 é [] Tine 1@

Fig. 1 Response of subsystem ] under non-adaptive
robust control

State variables

-

H
X "
n

22

-1

4 [3 8

Tine 10

Fig. 2 Response of subsystem 2 under non-adaptive
robust control
Input
2
ua
L}
ui
-2
L F] 4 & [} Tine 18
Fig. 3 Control history of non-adaptive robust con-
trol
State variables
1 x12
a
=11
-1
E3 4 é []

Tine 10

Fig. 4 Response of subsystem 1 under adaptive
robust control

State variables

ww'

L 6 []

Tiwe 18

Fig. 5 Response of subsystem 2 under adaptive
robust control
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1.5 Rdaptive paranetars

-

L 18 £ 38 Tine

"

Fig. 6 Histories of adaptive parameters

2 Input

-2
L 2 4 é [

Tine 18

Fig. 7 Control history of adaptive robust control

Simulation results are shown graphically in
Figs. 1~7. Figures 1~3 represent the system
responses and inputs for the non-adaptive robust
controllers in Eq. (70). Figures 4~7 represent the
system responses, adaptive parameters, and inputs
for the adaptive robust controllers in Eq. (71).

7. Conclusions

It has been demonstrated that feedback linear-
jzation is a systematic controller design method
for uncertain nonlinear large-scale systems. The
uncertainties which the systems possess, can be
(fast) time-varying. No statistical information of
the uncertainties is assumed. If the robust control
is applied alone, some difficulties may arise on
how to choose a suitable Lyapunov function for
the nonlinear nominal system. This is the most
frequently noticeable when the dimension of the
system is high. Feedback linearization technique
is used with robust control in order to find the
Lyapunov function of the nominal system system-
atically. Two classes of decentralized robust con-
trol, namely, non-adaptive and adaptive, have

been constructed. In non-adaptive control, all the
bounds of uncertainties are given and the control
gain parameters are dependent on the bounds.
The adaptive control scheme is applicable to the
system which has no uncertainty in the input
matrix. However, this scheme does not need to
know the bound of uncertainty.

References

Barmish, B. R., Corless, M. and Leitmann, G.,
1983, “A New Class of Stabilizing Controllers for
Uncertain Dynamical Systems,” SIAM Journal
of Control and Optimization, Vol. 21, No. 2, pp.
246~ 255.

Calvet, J. P. and Arkun, Y., 1989, “Robust
Control Design for Uncertain Nonlinear Systems
under Feedback Linearization,” Proc. 28th IEEE
Conf. on Decision and Control, Tampa, FL, pp.
102~106.

Chen, Y. H., 1988, “Decentralized Robust
Control System Design for Large-scale Uncertain
Systems,” International Journal of Control, Vol.
47, No. 5, pp. 1195~1205.

Chen, Y. H., 1990, “Robust Control System
Design: Non-Adaptive Versus Adaptive,”
International Journal of Control, Vol. 51, No. 6,
pp. 1457~1477.

Chen, Y. H. and Leitmann, G., 1987, “Robust-
ness of Uncertain Systems in the Absence of
Matching Assumptions,” International Journal
of Control, Vol. 45, No. 5, pp. 1527 ~1542.

Chen, Y. H. and Han, M. C., 1993, “Decentral-
ized Control Design for Interconnected Uncertain
Systems,” Control and Dynamic Systems, Vol.
56, Academic Press, pp. 219~266.

Corless, M. and Leitmann, G., 1981, “Continu-
ous State Feedback Guaranteeing Uniform Ulti-
mate Boundedness for Uncertain Dynamic Sys-
tems,” IEEE Transactions on Automatic Con-
trol, Vol. AC-26, No. 5, pp. 1139~1144.

Corless, M. and Leitmann, G., 1983, “Adaptive
Control of Systems Containing Uncertain Func-
tions and Unknown Functions with Uncertain
Bound,” Journal of Optimization Theory and
Applications, Vol. 41, pp. 155~ 168.

Gavel, D. T. and Siljak, D. D. 1989,



186 Myung-Chul Han

“Decentralized Adaptive Control Structural

Conditions for Stability,” IEEE Transactions on ..

Automatic Control, Vol. 129, No.
413~426.

Han, M. C. and Chen, Y. H., 1991, “Decentral-
ized Robust Control of Nonlinear Systems with
Bounded Time-Varying Uncertainties,” Control
Theory and Advanced Technology, Vol. 7, No.
4, pp- 609~628.

Han, M. C. and Chen, Y. H. 1992,
“Polynominal Robust Control Design for Uncer-
tain Systems,” Automatica, Vol. 28, No. 4, pp.
809~814.

Han, M. C. and Chen, Y. H., 1992, “Decentral-
ized Robust Control Design with Strong Intercon-
nections,” Proc. American Control Conference,
pp. 3279~ 3283.

Ikeda, M. and Siljak, D. D., 1990, “Robustness
and Optimality of Linear-Quadratic Control for
Nonlinear Systems,” Proc. 11th IFAC World
Congress, Tallinn.

Ioannou, P. A. and Kokotovic, P. V., 1983,
Adaptive with Reduced Models,
Spriger-Verlag, Berlin.

Leitmann, G., 1981, “On the Efficacy of Non-
linear Control in Uncertain Linear Systems,”
Journal of Dynamic Systems, Measurement,
and Control, Vol. 103, pp. 95~102.

Ohta, Y., Siljak, D. D. and Matsumoto, T.,
1986, “Decentralized Control Using Quasi-Block

4. pp.

"

Systems

Diagonal Dominance of Transfer Function
Matrices,” [EEE Transactions on Automatic
Control, Vol. 31, No. 5, pp. 420~430.

Park, C. G. and Lee, J. G., 1993, “Stability of
an Overlapping Decentralized Controller,” Proc.
1993 Korean Automatic Control Conference, pp.
943~946.

Sastry, S. S. and Isidori, A., 1989, “Adaptive
Control IEEE
Transactions on Automatic Control, Vol. 34, pp.
1123~1131.

Siljak, D. D., 1989, “Parameter Space Methods
for Robust Control Design: a Guided Tour,”
IEEE Transactions on Automatic Control, Vol.
34, No. 7, pp. 674~688.

Sira-Ramirez, H., 1986, “Variable Structure
Control of Nonlinear Systems Through Sim-
plified Uncertain Models,” Proc. 25th IEEE
Conf. on Decision and Control, Athens, Greece,
pp- 2037~2041.

Spong, M. W. and Sira-Ramirez, H., 1986,
“Rbust Control Design Techniques for a Class of
Nonlinear Systems,” Proc. American Control
Conference, Seattle, WA, pp. 1515~1522.

Taylor, D. G., Kokotovic, P. V., Marino, R.
and Kanellakopoulos, 1., 1989, *“Adaptive
Regulation of Nonlinear System With Un-
modeled Dynamics,” [EEE Transactions on
Automatic Control, Vol. 34, pp. 405~412.

of Linearizable Systems,”



