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ROBUST H>* CONTROL OF AN UNCERTAIN SYSTEM
VIA A STABLE DECENTRALIZED OUTPUT FEEDBACK
CONTROLLER

IAN R. PETERSEN

This paper presents a procedure for constructing a stable decentralized output feedback
controller for a class of uncertain systems in which the uncertainty is described by Integral
Quadratic Constraints. The controller is constructed to solve a problem of robust H*
control. The proposed procedure involves solving a set of algebraic Riccati equations of the
H*® control type which are dependent on a number of scaling parameters. By treating the
off-diagonal elements of the controller transfer function matrix as uncertainties, a decentral-
ized controller is obtained by taking the block-diagonal part of a non-decentralized stable
output feedback controller which solves the robust H° control problem. This approach to
decentralized controller design enables the controller to exploit the coupling between the
subsystems of the plant.

Keywords: robust control, decentralized control, H* control

AMS Subject Classification: 93B36, 93E20, 93B50, 93B35

1. INTRODUCTION

In this paper, we present a new approach to stable decentralized output feedback
robust H*° control for a class of uncertain systems described with uncertainty de-
scribed by Integral Quadratic Constraints (IQCs); e.g., see [6]. The problem of
robust decentralized control has attracted a great deal of interest in the control
theory literature; e.g., see [6]— [L1]. One important approach to the design of ro-
bust decentralized controllers is to treat the interconnections between subsystems
as uncertainties; e.g., [8]. This approach has been very successful in many prob-
lems where the interconnections between subsystems are not well known. However
in other cases, the interconnections between subsystems may be well known and it
would be desirable for the controller to be able to exploit these interconnections; e. g.,
see [11]. Our approach to robust decentralized control falls into this later category
in that it is able to exploit the interconnections between subsystems. Indeed, our
main idea is that rather than treat the interconnections between subsystems in the
plant model as uncertainty, we treat the off-diagonal blocks in the controller trans-
fer function matrix as uncertainty. This enables us to replace a non-decentralized
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controller transfer function matrix with a corresponding block-diagonal decentral-
ized controller transfer function matrix. However, in order to be able to treat these
off diagonal blocks of the controller transfer function matrix as uncertainties, it is
necessary that the controller transfer function matrix be stable. Thus, we address a
problem of designing stable robust decentralized output feedback controllers. This
idea of designing a controller which is robust against perturbations to the controller
gain matrix is somewhat reminiscent of non-fragile controller design methods; e. g.,
see [9]. It is well known that the use of stable controllers is preferable to the use
of unstable feedback controllers in many practical control problems; e. g., see [13,2].
Indeed, the use of unstable controllers can lead to problems with actuator and sensor
failure, sensitivity to plant uncertainties and nonlinearities and implementation prob-
lems. Also, it is well known that issues of robustness and disturbance attenuation
are important in control system design. This has motivated a number researchers
to consider problems of H control via the use of stable feedback controllers; e. g.,
see [13,2,3].

We consider a class of uncertain systems with structured uncertainty described by
Integral Quadratic Constraints (IQCs); e.g., see [7,6]. Indeed, our results build on
the results of [7] which provide necessary and sufficient conditions for the absolute
stabilization of such uncertain systems with a specified level of disturbance attenua-
tion (but with no requirement that the output feedback controller is stable or have a
decentralized structure). The key idea behind our approach is to begin with an un-
certain system of the type considered in [7] and then add an additional uncertainty
to form a new uncertain system. This idea was applied in the paper [4] which con-
sidered a problem of robust H° control via a stable output feedback controller. The
main result of this paper is to extend the results of [4] to allow for stable decentral-
ized output feedback controllers. Indeed, a new uncertain system is constructed so
that the the error introduced by replacing the stable (non-decentralized) controller
by a corresponding block diagonal (decentralized) controller can be treated as an
additional H* norm bounded uncertainty. A similar idea is used in the paper [5] in
case of a decentralized state feedback guaranteed cost control problem. This paper
extends this idea to the case of decentralized output feedback H® control. In this
case, the additional requirement that the controller be stable needs to be imposed
since the controller is dynamic rather than static.

Our main result is obtained applying the results of [7] and [4] to the new un-
certain system. This gives us a procedure for constructing a stable decentralized
output feedback controller solving a problem of absolute stabilization with a spec-
ified level of disturbance attenuation. This is achieved by solving three algebraic
Riccati equations dependent on a set of scaling parameters. The output feedback
controller obtained is of the same order of the plant. Because our approach involves
the addition of new uncertainties, our results provide only sufficient conditions rather
than necessary and sufficient conditions for absolute stabilization with a specified
level of disturbance attenuation. However, because the new uncertainty is explic-
itly constructed, this can give some indication about the degree of conservatism
introduced.

The remainder of the paper proceeds as follows: In Section 2 of the paper, we
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set up the decentralized robust H*® control problem under consideration. Section 3
introduces the IQCs and the notation necessary to convert the problem under con-
sideration into a problem which can be handled using the approach of [7,4]. This
leads to our main result which is a procedure for constructing the required stable
decentralized output feedback controller solving the robust H control problem un-
der consideration. In Section 4, we present an illustrative example involving the
decentralized control of a pair of vehicles.

2. PROBLEM STATEMENT

We consider an output feedback H° control problem for an uncertain system of the
following form:

k
B(t) = Ax(t) + Biw(t) + Bau(t) + Y D&(t);
s=1
z(t) = Cyz(t) + Dioul(t);
Cl(t) = Kle(t) + Glu(t);
Ck(t) = ka(t) + Gku(t);
y(t) = C}T(lf) + D21U)(t) (1)

where z(t) € R” is the state, w(t) € RY is the disturbance input, u(t) € R™ is
the control input, z(t) € RY is the error output, (;(t) € RM, ... (u(t) € R are
the uncertainty outputs, £1(t) € R™, ... & (t) € R™ are the uncertainty inputs and
y(t) € R is the measured output.

The uncertainty in this system is described by a set of equations of the form

&) = 61(t,G0)l)
&) = o2t G()]y)

O+ O+

&(t) = ot () (2)

where the following Integral Quadratic Constraint is satisfied.

Definition 1. (Integral Quadratic Constraint; see Savkin and Petersen [7], Pe-
tersen et al. [6]) An uncertainty of the form (2) is an admissible uncertainty for
the system (1) if the following conditions hold: Given any locally square integrable
control input u(-) and locally square integrable disturbance input w(-), and any cor-
responding solution to the system (1), (2), let (0,¢.) be the interval on which this
solution exists. Then there exist constants d; > 0,...,d; > 0 and a sequence {¢;}$2,
such that t; — t,, t; > 0 and

[le@Pas [Claopad v vs=1 3)
0 0
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Here || - || denotes the standard Euclidean norm and Ls3[0,00) denotes the Hilbert
space of square integrable vector valued functions defined on [0,00). Note that
t; and t, may be equal to infinity. The class of all such admissible uncertainties

EC)=1[&0(),...,&(-)] is denoted E.

It is assumed that the measured output vector y(t) € R! has been decomposed
into p components as follows

Y1
y=| ¥ (4)
Yp
where y; € RY for i = 1,2,...,p and | = P, li. Also, it is assumed that the

control input vector u(t) € R™ has been decomposed into p components as follows

Uy
U
u=| . (5)
Up
where u; € R™ fori=1,2,...,p and m = Zle m;. Each of the components u; is

regarded as the control input vector corresponding to the measured output vector
component y; although no assumptions are made concerning the structure of the
system matrices A, By and Cs.

For the uncertain system (1), (3), we consider a problem of absolute stabilization
with a specified level of disturbance attenuation. The class of controllers considered
are stable decentralized output feedback controllers of the form

j:ci (t) = Acixci (t) + Bciyi (t)a
ui(t) = Ccixci(t) (6)
for all © = 1,2,...,p where each A, is a Hurwitz matrix. Each local feedback

controller has a transfer function Hy;(s) = Ci(sI — Aei) ! Be;. The control law (6)
is a special case of the general output feedback controller

ic(t) = Acwc(t) + Bey(t);
U(t) = chc(t) (7)

where A, is a Hurwitz matrix and such that controller transfer function matrix
H(s) = Ce(sI — A.)"'B. (8)

has a block-diagonal structure.

Definition 2. The uncertain system (1), (3) is said to be absolutely stabilizable

with disturbance attenuation v via the output feedback controller (7) if there exists
constants ¢; > 0 and ¢ > 0 such that the following conditions hold:
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1. For any initial condition [z(0),z.(0)], any admissible uncertainty inputs £(-)
and any disturbance input w(-) € L]0, 00), then

[x()a ‘rc(')a ’LL(), 51(')1 s 75]6()] € L2[07 OO)
(hence, t, = 0o ) and

k
23+ e + TuC)lIE + D €O

s=1

k
< ex|lz (01 + flze(0)]* + Hw(~)||§+zds]- 9)

2. The following H° norm bound condition is satisfied: If (0) = 0 and x.(0) = 0,

then 2 k
(- c d
J A sup sup || ( )”2 2 Zs:l S < 72.

w(-)€L2[0,00) £(-) €S lw(-)I3

(10)

Here, ||q(+)||2 denotes the Ls[0, 00) norm of a function ¢(-). That is, |q(-)||3 £

Jo~ lla(®)]1? dt.

Assumption 1. The uncertain system (1), (3) will be assumed to satisfy the fol-
lowing conditions throughout the paper:

(i) The pair (A, C1) is observable.
(ii) The pair (A, By) is controllable.

3. THE MAIN RESULTS

The main idea behind our approach is to design a non-decentralized stable out-
put feedback controller with transfer function matrix H(s) using the methodology
described in [4]. Then, a decentralized controller is obtained by taking only the
block-diagonal part of the transfer function matrix H(s). The ignored blocks of
the transfer function matrix H(s) are treated as additional uncertainties which are
added to the uncertainties in the original uncertain system (1), (3).

Consider a stable output feedback controller for the uncertain system (1), (3) of
the form (7) with transfer function matrix H(s) as in (8). Also, suppose H(s) is
partitioned to be compatible with v in (5) and y in (4) as follows:

H11(8) ng(s) Hlp(s)
H(s) = :Hm(s) Hael®) :H%(s) . (11)
Hyi(s) Hpa(s) ... Hpp(s)

We then construct the corresponding stable decentralized output feedback controller

u(s) = H(s)y(s)
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where H11(s) 0 ... 0
~ 0 HQQ(S) ... 0
H(s)= | . L : (12)
0 0 . Hpp(s)

Such a controller could also be described in state space form as in (6).

We now define a sequence of uncertainty transfer function matrices obtained from
the blocks of the transfer function matrix H (s) which are not included in the transfer
function matrix H (s):

A(s) = [ Hia(s) Hiz(s) ... Hip(s) ]5
As(s) = [ Hoa(s) Has(s) ... Hzl(s) |;
Ap(s) = [ le(s) Hp2(3) Hp(pfl)(s) ] : (13)

Note that because the transfer function matrix H(s) is assumed to be stable, each
of the above transfer function matrices will also be stable. Also, we define

Gi(s) = —Ai(s)Gils);
Ea(s) = —Aa(s)C(s);
gp(s) = _Ap(s)ép(3)5 (14)
h -
where G = [v v5 - 9 ]/201,196+H1w§

G o= [¥ v o oy | =Cioz+ How;

Ep = [ yll yé s y;)—l ]l = Cl,px + pr; (15)
the matrices C1,1,C4,2,...,C1 p—1 are corresponding sub-matrices of the matrix Cs,
and the matrices Hy, Ha, ..., H, are corresponding sub-matrices of the matrix Do;.

Then for the decentralized controller, we can write
~ p ~
u(s) = H(s)y(s) = H(s)y(s) + Y Jii(s) (16)
i=1
where C
J — mi1 Xmy ,
! L 0777,1 Xmi :|

0m1 Xmao

J2 - Img Xmo ;
L O’ﬁlzxmz

g, = | Omexm } (17)

L Impxmp
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Here m; = Z;Zlmj and m; =m—m,; fori=1,2,...,p.

Now it follows from the above construction that if we apply the decentralized
stable output feedback control u(s) = H(s)y(s) to the uncertain system (1), (3), we
obtain the same closed loop system as if we apply the controller u(s) = H(s)y(s) to
the following uncertain system:

@(t) = Ax(t) + Byw(t) + Bau(t) ZD &t ZBQJ@
2(t) = Ciz(t) ZDmJEz ) + Drau(t);

Cl(t) = Klﬂl‘ ZGlJ& —|—G1u(t);

G(t) = Kpa(t)+ Y GrJi&i(t) + Gru(b);

y(t) = Cox(t) + Daw(t). (18)

Also, C1,...(, are defined as in (15), and the additional uncertainty inputs &(t)
are related to the additional uncertainty outputs (;(t)) according to the equations
(13), (14). Now for a given stable output feedback controller transfer function matrix
H(s), we define the positive constants 3; so that

Bi = Ai(s)lI5;

for i =1,2,...,p. Here || - || denotes the H* norm and the A;(s) are defined as
n (13). From these inequalities, we can conclude that the uncertainty inputs &;(t)
satisfy the following IQCs of the form (3):

/Oi(ﬂs\\fs(t)l\Q*Hfs(t)Hz)dt > —d (19)

for all ¢ and for s = 1,2,...,p. Here the d, are any positive constants. Our
main result is obtained by applying the main results of [4] to the uncertain sys-
tem (18), (15), (3), (19). Note that since the equivalence between the use of a sta-
ble decentralized output feedback controller on the uncertain system (1), (3) and
the use of a general stable output feedback controller on the uncertain system
(18), (15), (3), (19) only holds for the specific realization of the additional uncertain-
ties defined by (13), (14), then we will obtain only sufficient condition for absolute
stabilization via a stable decentralized output feedback controller.

In order to construct a stable decentralized output feedback controller for the
uncertain system (18), (15), (3), (19), we must use a slight extension of the results
of [4]. We note that the results of [4] depend on the results of [7] and as in [7], we
consider a corresponding system dependent on a set of scaling parameters 7, ..., 73
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where k = k + p:

Here

Dll

By
By
Bis
Doy

(t) = Az(t)+ Biw(t) + Baul(t);
5( ) = C’ll’(t) + Dll’@(t) + Dlzu(t);
y(t) = Cox(t) + Daw(t).
_ - - Dy
Navie e
VT Kk iD= | vGr |;
VTre+151C11 0
L v/ Th+pBpCip L 0 i
B 1
0 0 0 —==Di2hr
0 0 ... 0 LG J1
Tk+1
0 0 ... 0 TGy
YL 0 0 0
Y
VIR, 0 ... 0 0
L Y
[ v'B1 Bix B |;
[ v Dy VT Dy |
[ Vi1 'Badi VTiir B2y |
[ ’y_lDQl 0 0 O ] .

1
Tk+4p

\/T G1J,

I.R. PETERSEN

Tk+p

Tk
TG,

DioJ, |

(21)

The results of [4,7] involve solving the H* control problem corresponding to the
system (20) and the H* norm bound condition

Here,

ja

1Z0)13
S . SN 1770
yw(-) (")
VTiéi(:) VTiG(+)
\/ﬁ.ﬁkf’) p2(h) = \/E.Cli(')
NaS1Q) VTir1Gi()
\/Tk+.p£p(') i L \/Tk—l-.pgp(')

(22)
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In order to solve this H* problem, we will convert it into a standard H control
problem by removing the Di; term using standard loop shifting ideas; e.g., see
Section 5.5 of [1]. In order to achieve this, we restrict attention to parameters
71 ... 7j, such that D}y, Dy < I:

Assumption 2. The constants 71 >0, ..., 73 > 0 are assumed to be chosen such
that D/11D11 <.

Now define ®=1-DyyDyy >0; ®=1~—Dy;Dj; >0

Also, define transformed inputs and outputs as

W 2 oiw-d :D), [C12z 4+ Dioul ;
2 é (i)_% [01.1' + Dlg’u,} .
Hence, w=d" 2+ 1Dy, [C'llﬂ + D12U] .

Now, using these definitions, it is straightforward to verify that

l@)* = I21* = [l @)1 - 1201

Therefore, the H* norm bound condition (22) will hold if and only if

sup I
@(-)EL1[0,00),0(0)=0,z.(0)=0 |

1>
N>

/ OI2

IS

Also, we can re-write the state equations (20) as

@(t) = Ax(t) + Bii(t) + Bau(t);
2(t) = Chz(t) + Digult);
y(t) = Cox(t) + Dorib(t) + Dasult) (24)
where
A = A+ B D0 'C;
B & Bo?
By 2 Byt B1 D} ® " Dy
¢y 2 ‘T)_%C'l;
Dy = ‘ir%Du;
G, & o+ Do D} @710
Dy 2 Dy &%
Doy 2 Doy Dy @' Dyo;
Ey = DjyDis. (25)
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The main idea behind the result of [4] is to force the controller to be stable by
introducing some extra uncertainty into the origin uncertain system. This is done in
such a way so that the controller must not only achieve absolute stabilization with
disturbance attenuation v when applied to the original uncertain system but also
the controller must achieve internal stability when applied to a “null” system; i.e.,
the controller itself must be stable. In order to define the required new uncertain
system, we consider a state feedback version of the problem of absolute stabilization
with disturbance attenuation (which corresponds to a state feedback version of the
H® problem (24),(23)). The solution to this problem is given in terms of the
existence of solutions to a parameter dependent algebraic Riccati equation. The
Riccati equation under consideration is defined as follows: Let 71 > 0, ..., 7z > 0 and
B1>0,...,8, >0, be given constants and consider the algebraic Riccati equation

(A— BoE7'DI,Ch ) X + X(A — BoET DL, Ch)
-I-X(BlBi — BgEfléé)X
+CI(I — D12 BT DL Cy = 0; (26)

Assumption 3. The uncertain system (24), (3), (19) will be assumed to be such
that £y > 0 for any 71 >0, ..., 73 > 0.

We now present a result relating the Riccati equation (26) to the problem of
absolute stabilization with disturbance attenuation via state feedback. The proof of
this theorem follows along similar lines to the proof of a corresponding result given
in [4].

Lemma 1. Let 8; > 0,...,8, > 0 be given constants and suppose the uncertain
system (24), (3), (19) satisfies Assumptions 1 and 3 and is absolutely stabilizable with
disturbance attenuation 7 via a controller of the form (7) (but which is not necessarily
stable). Then, there exist constants 71 > 0,...,7; > 0 satisfying Assumption 2 and
such that the Riccati equation (26) has a solution X > 0. Furthermore, the uncertain
system (24), (3), (19) is absolutely stabilizable with disturbance attenuation -y via the
state feedback controller

u(t) = Kx(t) (27)

where NP £, o
K =—E] (BX + D1,Ch). (28)

We now suppose that constants 3; > 0,...,8, > 0, 1 > 0,...,7; > 0 have
been found such that Assumption 2 is satisfied and the Riccati equation (26) has
a solution X > 0 and we will use the corresponding state feedback gain matrix K
defined in (28) to define a new uncertain system as follows

k+1 P
#(t) = Ax(t)+ Byw(t) + Bou(t) + Y Duba(t) + Y BaJibi(t);

P
Crx(t) + J€pq1 + Z D12J;&i(t) + Digu(t);
i—1

I
—~

~
~—
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p
Gi(t) = Kiz(t)+ Fiéeer + Z G1Ji&i(t) + Gru(t);
i=1
~ p ~ ~
Gu(t) = Kpa(t) + Fpbepr + Y Grdi&i(t) + Gru(t);
i—1
Gepr(t) = Kppra(t) + Grpau(t);
Cl(t) = Cl,lm(t) + le;
Cg(t) = Cl’Ql'(t) + HQU);
517(15) = C1p1z(t) + Hyw;
y(t) = Cax(t) + Daw(t) (29)
where
. 1 - 1
A = A+ §B2K; By = 532; Dy 1 = By;
~ 1 ~ 1
i = Ci+ §D12K; J=D12; Dio= §D12;
N 1 ~ 1
K, = K1+§G1K; Fy =Gy G1=§G1;
~ o .1
K, = Kk+§GkK; F, = Gi; szin;
~ 1 ~ 1
Kpyi = §K; Gry1 = _§Im><m~ (30)

Also, we extend the IQC (3) to include the additional uncertainty input &gy1:

t; t;
/ ||§s(t)||2dt§/ ICs) 1P dt +ds Vi Vs=1,...,k+1. (31)
0 0

Here dj41 is any positive constant. We consider two special cases of the uncertainty
input &ey1.

Case 1. &py1(t) = Copr(t) = Ka(t) — u(t). In this case, it is clear that this
uncertainty input satisfies the IQC (31). Also, it is straightforward to verify that

with this value of ;11 (¢) the system (29) becomes

k P
B(t) = (A+BaK)x(t) + Biw(t) + Y D&(t) + Y Badii(t);

i=1

z(t) = (C1+ DipK)a(t) + f:Dingi(t);
i=1
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G(t) = (Ki+GiK)z(t) + Y GiJi&(h);

i=1

G(t) = (Kt GuK)a(t) + Y Graii(t);

Cl(t) = Clylx(t) -+ Hl’LU(t);
G(t) = Croz(t) + Hyw(t);
G(t) = Cupa(t) + Hyw(t);
y(t) = Cox(t) + Doyw(t) (32)

where the IQC (3) is satisfied. However, the uncertain system (32), (3), (19) is the
closed loop uncertain system obtained when the state feedback control law (27), (28)
is applied to the uncertain system (18), (15), (3),(19). Thus, according to the con-
struction of K and Lemma 1, this uncertain system will be absolutely stable with
disturbance attenuation 7. It should also be noted that for the system (32), the
control input w(t) (which is the output of the controller) does not affect the system.

Case 2. &1(t) = —Crpa(t) = —2 Ka(t) + 2u(t). In this case, it is clear that this
uncertainty input satisfies the IQC (31). Also, it is straightforward to verify that
with this value of £x41(¢) the system (29) reduces to the original system (18), (15).

In order to obtain our main result, we will follow the approach taken in [4] and ap-
ply the results of [7] to the uncertain system (29), (19), (31). Indeed, if the uncertain
system (29), (19), (31) is absolutely stabilizable with disturbance attenuation v via
an output feedback controller of the form (7) (not necessarily stable) then it follows
from Case 1 above that for the corresponding value of the additional uncertainty,
this is equivalent to the open loop situation illustrated in Figure 1.

w z

PSfrag replacements

U S c -
(Ecg y u2

Fig. 1. Block diagram corresponding to Case 1.

In this block diagram the block (X;) refers to the closed loop uncertain system
defined by (32), (19), (31) and the block C refers to the output feedback controller of
the form (7). Since definition of absolute stabilizability with disturbance attenuation
~ requires the stability of the entire closed loop system, it follows that the output
feedback controller must in fact be stable.
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It follows from Case 2 above that for the corresponding value of additional un-
certainty, when the controller (7) is applied to the uncertain system (29), (19), (31),
this is equivalent to the situation shown in Figure 2.

In this block diagram the block (X) refers to the uncertain system defined by
(18),(15), (3),(19) and the block C refers to the output feedback controller of the
form (7). From this, we can conclude that the output feedback controller (7) solves
the problem of absolute stabilizability with disturbance attenuation ~.

W 4

PSfrag replacements

(3 L C |
Y

()
C

Fig. 2. Block diagram corresponding to Case 2.

Combining the conclusions from both cases, we can conclude that the output
feedback controller of the form (7) obtained by applying results of [7] to the un-
certain system (29),(19),(31) is in fact a stable output feedback controller which
solves the problem absolute stabilizability with disturbance attenuation v for the
uncertain system (18), (15), (3), (19). This leads us to the following result which is
stated in terms of a pair of algebraic Riccati equations. The Riccati equations under
consideration are defined as follows: Let 71 > 0, ..., 7 > 0 be given constants where
k =k + 1. Consider the algebraic Riccati equations

(A— BoE'D,C ' X + X(A — BoEy ' D,Ch)
+X (BB — ByEy'BY)X
+C1(I — D12 Ey ' D),)C = 0; (33)

(A—BiDy By Co)Y +Y (A
+Y (C1Cy — CLE; 1 Cy)Y

— B1DYy Ey Gy
+B,(I — Dy Ey'Dgy)B; =0 (34)
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where
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At By (Lxg — Do) G
By + By D}, (Iqxq - 1311]:/7/11)71 D
Cy + Doy D, (Iqxq - lu711lu)/11>71 Cy;
Doy DYy (ijq — 131115'11) - Dis;
B (Iﬁxﬁ - D/uDu)_§ ; Doy = Doy (Iﬁxﬁ - DIHDM)_% ;
Iixg — unbil)i% Ch; Dip = (ijq - DnD'll)i% Dis;
DiyDyg; Ey = DQlD/QﬁBl = [ 7By B1,1 Bl,Q ] ;
{ VA 'Di ... VA ‘D } ;
| VA 'Bodi .. R Bady |
[7y'Dar 0 0 0 ]; (35)

i Cl 1 [ Dl%
VLK, VT1G1

Cl = ‘/%k-i-lf(k-‘rl ;D12 = \/ﬁélwl»l )
Vrt201C1 1 0
L V/Fript15pC1p . 0 -
(36)
0 0 0 —2—J —~—DpJi ... L—Di2Jp T
0 0 ... 0 %kile %k%Gle MGICJP
V20 ... 0 0 0 0
Vg o o0 o 0 o
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Assumption 4. The constants 7, > 0, ..., 7; > 0 are assumed to be chosen such
that

(i) El > 0.
(ii) Eq > 0.
(iii) Dy, Dy < 1.

Theorem 1. Let 8; > 0,...,8, > 0 be given constants and suppose that the
uncertain system (18), (15), (3), (19) satisfies Assumptions 1 and 3 and that there
exist constants 71 > 0,...,7; > 0 such that Assumption 2 is satisfied and the Riccati
equation (26) has a solution X > 0. Furthermore, suppose there exist constants
71 > 0,...,7; > 0 such that Assumption 4 is satisfied and the Riccati equations
(33) and (34) have solutions X > 0 and Y > 0 such that the spectral radius of
their product satisfies p(XY) < 1. Then the uncertain system (18), (15), (3), (19) is
absolutely stabilizable with disturbance attenuation -y via a stable linear controller
of the form (7) where

A. = A.—B.DyC.

A, = A+ ByC.— B.Cy+ (By — B.Ds1) B} X

B. = (I-YX)"{(YCy+ BiDy)Ey!

C. = —E7YByX + D},C)). (38)

Proof. It follows via a similar argument to the proof of Theorem 4.1 of [7] that
the uncertain system (29), (19), (31) is absolutely stabilizable with disturbance at-
tenuation « via a controller of the form (7) if and only if there exist constants
71 > 0,...,7; > 0 such that the controller (7) solves the H* control problem de-
fined by the system

i(t) = Az(t) + Bii(t) + Bau(t);
5(t) = Cia(t) + Diyo(t) + Disult);
y(t) = Coa(t) + Dayb(t) (39)
and the H°° norm bound condition
()€ La[0,00),2(0)=0,z.(0)=0 |[@(-)[I3

Here,

() 0]
V7 (:) VT16()

B() = | VAmgn©) |; 20 = | VEFIGn()
V261 () V261 ()

| ) | | At
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and the matrix coefficients Bl, é’l, ZU)H, 1312, Doy are defined by (35), (36), (37).
Furthermore, it follows from standard loop shifting arguments in H°° control theory
(e.g., see Sections 4.5.1 and 5.5.1 in [1] and Section 17.2 in [15]) that the H* control
problem (39), (40) has a solution if and only if the Riccati equations (33) and (34)
have solutions X > 0 and Y > 0 and such that the spectral radius of their product
satisfies p(XY) < 1. Furthermore in this case, a controller of the form (7) which
solves the H® control problem (39), (40) is defined by the equations (38).

We can now conclude that if the conditions of the theorem are satisfied, then the
controller (7),(38) is absolutely stabilizing with disturbance attenuation ~y for the
uncertain system (29), (19), (31). Then, using the arguments given above, it follows
that the controller (7), (38) is stable and is absolutely stabilizing with disturbance
attenuation v for the uncertain system (18), (15), (3), (19). O

We now recall the construction of the uncertain system (18), (15), (3), (19) was
such that if a stable controller of the form (7) with transfer function matrix (8) is
absolutely stabilizing with disturbance attenuation v and if this controller is such
that the transfer function matrices defined by (13) satisfy the bounds (19), then the
corresponding stable decentralized controller defined by (12) is absolutely stabilizing
with disturbance attenuation . This leads to the following theorem which is the
main result of this paper.

Theorem 2. Let 3; >0,...,08, > 0 be given constants and suppose that the un-
certain system (1), (3), satisfies Assumptions 1 and 3 and that there exist constants
71 > 0,...,7; > 0 such that Assumption 2 is satisfied and the Riccati equation (26)
has a solution X > 0. Furthermore, suppose there exist constants 71 > 0,...,7; > 0
such that Assumption 4 is satisfied and the Riccati equations (33) and (34) have
solutions X > 0 and Y > 0 such that the spectral radius of their product satis-
fies p(XY) < 1. Also, suppose that the stable linear controller defined by (7), (38)
with transfer function matrix (8) is such that the transfer function matrices defined
by (13) satisfy the bounds (19). Then the corresponding stable decentralized con-
troller defined by (12) is absolutely stabilizing with disturbance attenuation ~y for
the uncertain system (1), (3).

Proof. If the conditions of the theorem are satisfied then it follows from Theo-
rem 1 that the uncertain system (18),(15),(3), (19) is absolutely stabilizable with
disturbance attenuation « via the stable linear controller of the form (7), (38). Fur-
thermore, if the controller transfer function matrix H(s) (8) is such that the transfer
function matrices defined by (13) satisfy the bounds (19), then it follows that the
corresponding uncertainty inputs defined in (14) satisfy the IQCs (19). Furthermore,
as noted above in the construction of the uncertain system (18), (15), (3), (19), the
closed loop system obtained by applying the decentralized controller u(s) = H(s)y(s)
defined by (12) to the uncertain system (1), (3) is identical to the closed loop ob-
tained by applying the controller (7) to the uncertain system (18),(15),(3),(19)
when uncertainty inputs defined in (14) are applied. Hence, it follows that the
decentralized controller defined by (7), (38),(8),(12) is absolutely stabilizing with
disturbance attenuation ~ for the uncertain system (1),(3). This completes the
proof of the theorem. O
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4. ILLUSTRATIVE EXAMPLE

To illustrate the results of this paper with a numerical example, we consider the
problem of controlling a pair of vehicles. This example is modified from the example
considered in [12]. As in [12], the dynamics of the ith vehicle can be described as

di = vi—1—v;
U = a; +wi;
a; = hi(vi,a;) + ug;
"
2z = )
E1U;
« = |
3 al k)
u = d; + eawa;
! | Vi +E3W3;

for i = 1,2. Here ds represents the distance between the two vehicles and d; repre-
sents the position of the first vehicle. Also, v; is the velocity of the ith vehicle, a; is
the acceleration of the ith vehicle, u; is the control input for the ith vehicle and y;
is the measured output for the ith vehicle. Furthermore, the wy;, ws;, ws; represent
disturbance inputs and the z; are controlled outputs in the H>° control problem to
be considered. The parameters €1, €3, €3 are treated as design parameters in H>
control problem. Moreover, the functions h;(v;, a;) represent uncertain nonlineari-
ties which will be bounded as shown below. Note that in [12], the case of multiple
vehicles is considered whereas in our example we only consider two vehicles. How-
ever, [12] considers the state feedback case whereas we consider the output feedback
case.
In order to obtain an uncertain system of the form (1), we let

d; W15
Ti= | Vi |5 Wi= | W
a; w3
and consider the state equations
j?l | o [ Ao 0 [ X1 + BlO 0 w1 + Do 0 §1
Ty | | A1 Ao | | 22 0 B (0 0 Do &2
B20 0 (751 .
Lo b ]l ]
[ 2 ] _ [ Cio 0 ][ = + Dy 0 up |
| 22 | | 0 Cio | | 72 0 D129 ug |’
[ ¢ ] _ [ Ko 0 T
| G2 ] | 0 Ko xg |’
e _ [ C 0 T D219 0 w1y
| Y2 | | 0 Cao x9 0 Do1g wa




118 I.R. PETERSEN

where
[0 -1 0 0 1 0 0 0 O
AOZ 0 0 1 ;A1: 0 0 0 7Bl(): 1 0 0 3
| 00 0 0 0 0 0 0 0
[0 0
1 0 0 0
Dy = 0 |; Bo=10|[; 010:|:0 0 O]’ D12O:|:6 ]3
1 1 !
_Jo 107 [100] [0 e 0
Ko = _001}’020[010}’17210[00 53]'

The uncertain nonlinearity is such that h(£) = [h1(v1,a1) ha(ve,as)]’ satisfies the
bound

h(¢)'h(¢) < &*C¢

Bode Diagram

From: In(1) From: In(2) From: In(3) From: In(4)
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10 10 10 10
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Fig. 3. Magnitude bode plots of the non-decentralized controller (8). The decentralized
controller (12) corresponds to the block diagonal part of this controller. In taking the
block diagonal part, we group inputs 1 and 2 as well as grouping inputs 3 and 4.

where o > 0 is a given constant. Letting & = h(¢) and integrating, we obtain an IQC
of the form (3). Thus, we have defined an uncertain system of the form (1), (3). We
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then apply our approach to this uncertain system to obtain a decentralized output
feedback controller. Indeed, choosing the parameter values 71 = 5 = 73 = 74 = 1,
711:712:4,713:0.5,%4:3,%5:2,51:3.5,,32:2.1,51252263:0.2,
v =05, a = 0.1, it was found that the Riccati equations (26), (33), (34), had suitable
stabilizing solutions such that the conditions (19) are satisfied. Then, according
to Theorem 2, the corresponding stable decentralized controller defined by (12)
is absolutely stabilizing with disturbance attenuation v for the uncertain system
(1), (3). Magnitude bode plots of the non-decentralized controller (8) are shown in
Figure 3. The decentralized controller (12) corresponds to the block diagonal part
of this controller.

5. CONCLUSIONS

In this paper we have presented a new approach to robust H* control via a stable
decentralized output feedback controller. The key idea of our approach is to treat
the off-diagonal blocks in the controller transfer function matrix as uncertainties so
that they can be neglected to yield a decentralized output feedback controller. One
advantage of this approach is that it enables the coupling between the subsystems
to be exploited by the controller.

In order for this approach to work, it is necessary that the controller be a stable
output feedback controller. This has been achieved by adding additional uncertain-
ties to the system to force the controller to be stable.

A number of possible areas for future research are motivated by the results of this
paper. These include an an investigation of the nonlinear constrained optimization
problem which needs to be solved in order to find values of the parameters scaling
parameters which are used in our solution. Also, it would be of interest to see if our
solution to the robust decentralized control problem could be reformulated in terms
of LMIs.
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