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Abstract: This paper presents a new algorithm for the closed-loop H,, composite control of
singularly perturbed bilinear systems with time-varying parameter uncertainties and exogenous
disturbance using the successive Galerkin approximation (SGA). The singularly perturbed
bilinear system is decomposed into two subsystems of a slow-time scale and a fast-time scale via
singular perturbation theory, and then two H., control laws are obtained for each subsystem.
H., control theory guarantees robust closed-loop performance but the resulting problem is
difficult to solve for bilinear systems. In order to overcome the difficulties inherent in the H o,
control problem, the suitable robust H,, feedback control law can be constructed in term of the
approximated solution to a Hamilton-Jacobi-Isaac equation using SGA. The composite control
law consists of H., control laws for each subsystem.

1. INTRODUCTION

The major importance of bilinear systems indeed lies in
their applications to the real world systems, for example:
the basic law of mass action, dynamics of heat exchanger
with controlled flow, DC motor and induction motor
drives, mechanical brake system [1, 2, 3]. These bilinear
systems are linear in control and linear in state but not
jointly linear in state and control. It is important to
understand its real properties or to guarantee the global
stability or to improve the performance by applying the
various control techniques to bilinear system rather than
its linearized system since the linearization of bilinear
system loses its nature property [1, 2, 4, 5].

Singular perturbation theory has been a highly recognized
and rapidly developing area of control system research in
the last thirty years, and control methods to solve the
singularly perturbed systems have received much attention
by many researchers [2, 6, 7]. Recently, an excellent survey
of the applications of the theory and control methods of
singular perturbation and time scales and the importance
features of the singularly perturbed systems have been
reported in [8]. Also very efficient and high accurate
optimal control methods for both continuous time and
discrete time singularly perturbed linear systems are found
in a recent book [9]. In the class of optimal control
[2, 6, 7, 9, 10], design of the control law for the singularly
perturbed system has ill-defined numerical problems. To
avoid these problems, the full order system is decomposed
into reduced slow and fast subsystems, and optimal control
laws are designed for each subsystem. Thus, the near-
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optimal composite control law consists of two optimal sub-
control laws [2, 6, 7, 9, 11].

Recently, robust control is issued and developed by many
researchers for linear systems [12, 13, 14]. But in the class
of bilinear and nonlinear systems, because conditions for
the solvability of the robust H, control design problem
are hard, still there are a lot of problems to be developed.
For bilinear and nonlinear systems, the H,, optimal con-
trol problem is reduced to the solution of the Hamilton-
Jacobi-Isaac (HJI) equation, which is a nonlinear partial
differential equation (PDE) [15, 16]. The solution of a
nonlinear PDE is extremely difficult to solve and so re-
searchers have looked for methods of approximating its
solution. Specially, the practical method named successive
Galerkin approximation (SGA) to improve a stabilizing
feedback control were proposed in [15, 17]. The problem
of improving the closed-loop performance of a stabiliz-
ing H,, control can be reduced to solving a first-order,
linear PDE called the Generalized-Hamilton-Jacobi-Isaac
(GHJI) equation [15]. An interesting fact is that when
the process is iterated, the solution to the GHJI equation
converges uniformly to the solution of the HJI equation
which solves the H,, optimal control problem [15]. In
addition, [17] shows how to find a uniform approximation
to the HJI equation such that the approximate controls
are still stable on a specified set using SGA. However,
the SGA method has the difficulty that the complexity
of computations increases according to order of system.

In this paper, we focus on the class of a H, feedback con-
trol for singularly perturbed bilinear systems with time-
varying parameter uncertainties and exogenous distur-
bance. In order to obtain the closed-loop H., control law
using the SGA method, one must compute n—dimensional
integrals, and the number of computations increases ac-
cording to m. Therefore, the full order system is decom-
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posed into the reduced order subsystems via singular per-
turbation theory, and we define GHJI equations for each
subsystem, and then, we can obtain two sub-control laws
for each subsystem through SGA method. In this case,
n1— and ng—dimensional integrals are computed and the
number of computations are decreased, where n = nj +ns.
Thus, the near-optimal H., composite control law consists
of two optimal H,, sub-control laws.

2. H,, CONTROL FOR SINGULARLY PERTURBED
BILINEAR SYSTEMS WITH PARAMETER
UNCERTAINTIES

The infinite-time H., control problem considers a class
of singularly perturbed bilinear systems with parameter
uncertainties and exogenous disturbances described by the
following differential equations:

&= (Ay + AA)a + Ay + Hw + (By + {aMy})u (1)

ef=Aza+ Ayf + (B + {BMa})u (2)
125
z=||C2pB (3)
Du

a(to)=a  Blto) =p

with respect to the performance criterion:

J = 722—7«) w)dt (4)

where o € R™, and B € R™ are states, u € R™ is a
control input, z € R? is a controlled output, w € RP
is a exogenous disturbance, A;, Ao, Az, A4, Bi, B,
My, My, Cy, Cy, D are constant matrices of appropriate
dimensions, € is a small positive parameter, and ~ is
a positive design parameter. The notation used for the
bilinear term in (1-2) means {aM;} = 3371, aJMlj and

{BM;} = an B;Ms;, and we define that B, = B, +

{aM} and By = By + {8M}. In addition, AA € R™>™
represents the uncertainty in the system and satisfy the
following assumption.

Assumption 1:

AA(t) = E1Q(t) By ()

where F7 and E5 are known real constant matrices with
appropriate dimensions and Q(t) is an unknown matrix
function with Lebesgue measurable elements such that

QMTQR(t) < I. %

For computational simplification, without loss of general-
ity we assume that DT D = I. Therefore, the performance
criterion (4) can be written in the equivalent form:

J = /(aTclTCla + B80T CoB +ulu — VQwTw) dt. (6)
0

By the help of [7], we solve slow and fast optimal control
problems and combine their solutions to form a composite
control:
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Ue =ug +up. (7)

Let us assume that the open-loop system (1-3) is a stan-
dard singularly perturbed system for every wug, that is
namely, the equation:

ﬂs = 71421

has a unique solution.

(ABOZS + EQUS) (8)

The slow time scale problem of order n; can be defined by
eliminating 8 and uy from (1-3) and (6) using (8). Then
the resulting slow time scale problem becomes control of
the following slow subsystem:

g = (Ao + AA)as + Hw + Baus (9)
as(to) = a®

with respect to the performance criterion:

[e.9]

Js = /(aszas + QaZLsus + uzDsus — nywTw> dt (10)
0
where
Ag=A; — AyA M Az
B, =By — A, A7 B,

Co=0CTC, + AT AT CT Oy AT Ay
L,=AYA;TCTCL AT By
D=1+ BT A;TCTCL AT B,.

By the help of [13, 16], the approach adopted in this paper
for solving the robust H., control problem involves solving
a parameter-dependent HJI equation associated with an
H, performance criterion and the uncertainty in the state
function. Given the bilinear system (1-3), any desired -,
and some o and §, we can define the following HJI equation
corresponding to the problem of quadratic stabilization:

oJ:" 1o1: "~
S Aoy — -—2 | ByD'BT —42HHT
Oag @ 4 Ooug < s Ps 77
—2om, BT ) 2% aT(iETE +Cs+6I)a, =0 (11)
149 8045 s 2% 2 2 s s
with the boundary condition:
JX0)=0 (12)
where
A,=Ag— B,D;'LT
Cy=Cy— L,D7'LT.
Moreover, from robust H,, control theory [12], [? ], it

is well known that if J?(as) is a unique positive-definite
solution of (11). Then, the H,, control of the slow time
scale problem is given by

ut=—-D;! (LST BTP >a5 = Gsas (13)

where Psas = 0J7F /0.
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The fast time scale problem of order no is defined by
freezing the slow variable as and shifting the equilibrium
of the fast subsystem to the origin.

By = AsBs + Bouy
By (to) = 8" + Ay ' {As(a®) + Baua(to) }

where 8¢ = 8 — B,. The performance criterion of the fast
time scale problem is given by

(14)

Jp = / (BTCTCay + uTuy)dt.
0

(15)

If J7(B¢) is a unique positive-definite solution of the HJI
equation:
o7: " 10137 - . 0J;
2 oAB8, - 2 g BT S
9B; W= aB; 272 0By

with the boundary condition

+ B} CT CaB8; = 0(16)

J5(0)=0 (17)

then the H., control of the fast time scale problem is given
by

* 1~
uf = 7§B§Pfﬁf = Gfﬂf
where Py = 0.J7/0Bs.

(18)

A realizable composite control requires that the system
states oy and B¢ be expressed in terms of the actual
system states o and (3. Specifically, this can be achieved
by replacing o by o and 3y by 8 — 3, so that

u. = Gya+ Gy B+ A7 (Asa + BoGya)]. (19)

3. Hy, COMPOSITE CONTROL USING SUCCESSIVE
GALERKIN APPROXIMATION

In order to obtain the H,, composite control law wu,
we need to find the solutions, dJ;/0as and 0J}/08;.
In this section, we present the new algorithm to obtain
approximation of these solutions using SGA.

3.1 GHJI equations to Hy, composite control

Assumption 2

Q, and Q¢ are compact sets of R™ and R"2, respectively.
Slow and fast time scale states are bounded on §2 and €2y,
respectively. &

Under Assumption and by the help of [11, 17], we can
define the GHJI equations for singular perturbed bilinear
systems.

Definition 1

If initial control laws, ugo) : R™ x Q, — R™ and
u
JPRM x Qg — R™ and JV : R™ x Qp — R™,
satisfy the following Generalized-Hamilton-Jacobi-Isaacs

: R™ x Qy — R™, are admissible and functions,

equations, written by GHJI(JS(i), ugl)) = 0, namely
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) T .
19J8 Y 1~ aJi Y
e (B.DI BT 2 HH 20 B, B ) &2 —

4 80{5 ( sHs s oLinly 8@5
T .
10J9 1~ |~ aJ¢
=% (B.D BT~ 2HHT-20E ET)si
2 Oag ( s s Mt Oag
@7
2977 Y a +aT(iETE +Cs+6I)as; =0 (20)
8053 stls s 2 o LV2 s s
with boundary condition:
IV (0) =0, (21)
here i-th slow control law is given by
L1 1~p0J8Y
@ — _—p-t| [T —pr=-=s 22
us 2 S ( sa5+ 2 s aas ’ ( )
and GHJI(JJ(Ci),qu)) = 0, namely
N T N .
J" 104570 ET@J}“”
o, “PI T 1Tag PP T,
OK (i-1)
1047 ~ ~,.0J
———L BBl L 1 8TCTCB,=0 (23
598, 259 28, + B¢ C5 Ca2f3f (23)
with boundary condition:
7 (0) =0, (24)
here i-th fast control law is given by
(i-1)
; 1 ~,.0J
ugc):fiBQT L (25)

By

and ¢ is iteration number.
3.2 Galerkin projections of the GHJB equations

In this section, we use Galerkin’s projection method to

derive approximate solutions to the GHJI equations on

the compact set, 2. We find an approximate solution JI(\?)

to the equation GH.JB(J® u() = 0 by letting

N
TP (@) =3 V() (26)
j=1
where the coefficients c¢; are constant in the infinite-time
case. Substituting this expression into the GHJI equation
results in an approximation error:

N
error = GHJI(Z cy)qu, u®). (27)
j=1
The coefficients c; are determined by setting the projection

of the error (27) on the finite basis, {¢;}}, to zero for all
states, x € Q,

N
(GHIB(Y ¢, u?), ¢)a =0, n=1,--- N (28)
j=1
Then (28) becomes N equations with N unknown con-
stants.
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To represent (28) by the matrix equations, we define

O (x) = (91(2), -+, on ()T (29)
and let V®y be the Jacobian ®y. If  : RN — RN is a
vectoer valued function, then we define the notation

(i, 0100 - (N, d1)a

n,®n)o = : . :
(M, dn)a - (N, ON)o
where the inner product is defined as

(o= | flx)g(x)dr
/

(30)
and then

Jn =ch®y (31)

7CN)T-

(0)

where ¢y = (¢1, 62,

Given an initial control u

S
to its cost J(?\; = cT(O)<I>5N where cgj)\), is the solution of

Galerkin approximation of GHIB equation (20), i.e

we compute an approximation

a®c® 4+ =0 (32)

where

al?) = (V®,y Agre, Don), + (VO Boul®, @on ),
b = (aT Chas, Bsn)a,
+(2aTLaul® + u®" D, ®x ), .
Here we can compute the updated control law that is based
on the approximated solution, J S(jv_l).

u) =D (LZas -~ SBT V@ZNci’;v”) (33)

Then we can obtain the approximation:

JW =cTWe (34)
here cg, is the solution of
alcy +b) =0 (35)
where

all) = (Vo ,y Ao, Pon)a, — 1<V<I>SN(]§SD—1J§T

—y2HHT — 20F, E] )V@mc“ Y ®.n)a.

bl = (aT(Cy + 2—E2TE2 +61)a,, Pon)a,
g

1, 7o ~ ~
+len Ve (B.D B]

—2HHT - 20E, ET)V®T 'Y, @00,
and 7 is iteration number.

Similarly, given an initial control ugco) we can compute an

approximation to the cost J @ 12, = c?](\;)q) ¢N where cgf])\, is

the solution of Galerkin approxnnatlon of GHJB equation
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for the fast-time case. The following lemma states the
existence of unique solutions, cgljz, and c?])v of Galerkin
approximation.

Lemma 1

Suppose that {¢s;} and {¢;;}{ are linearly independent
respectively, then a, and ay are invertible. Furthermore,
existence of the unique solutions is guaranteed.

The proof of this lemma can be drawn from (Randal W.
Beard, 1995, [17]).

3.8 The new algorithm to Hs, composite control

The following algorithm presents that the H., composite
control can be designed by two closed-loop control laws
of fast- and slow-subsystem using the SGA method for
singularly perturbed bilinear systems.

Algorithm

Initial Step
Compute

al® = (Vo x Agas, By, + (VN Bu®, @, x)a,

b(o < TCoas, SN>Q

+20TLau® + u® Doul®, o n)q.
= (VOrnA1fy, ®yn)a, + (VOrnBoul, @y ),
T
b(o) (BFCT oy, Dpnda, + (W u @pn)a,

Find cg(l)\)[ and c;% satisfying the following linear equations:

(0)

0
A0+ 0, e

-0, iy + b = 0.

Set i = 1.
Iterative Step

Improved controllers are given by

-D 1 <l/ — 715 F(l))OL = G(l)()é
s s 2 s s s s Sy
7 15 i i

=1

where P a, = V@SNCSNU and P l)ﬁf = Voiyery

Compute
, 1 = 5
al!) = (V. v Asos, @av)a, — 5(VOun(B.D; ' BY

—y 2HHT fQUElET)Vq)SNc(Z Y ).

b{) = (a” (C, + Q—EzT Ez +0I)as, ®un)o,
ag
1 i— >3 R
+{ciN Ve (B.D; BY
v 2HH" — 20E, ET)Vo el ", ®on)a,
agf) =(VO;NAsfBs, Prn)a;

1 -~ .
_§<vq)fNBQBqu)?NCE‘N1)’ Drn)a;

= </3,?C'2TC2/5’f7 Qrn)a,
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1, 7u_ ;
+7(en NV B BIVeT el Y @y )a,

Find cg, and c sz satisfying the following linear equations:

OO,

agi)cg, + bgi) =0, FCiyt b(z) 0.

Seti=14+1.
Final Step

The H., composite control law is

Ue :Gsa+Gf [ﬂ—FAZl(AgOé—FEQGSOZ)} &

4. A NUMERICAL EXAMPLE

Consider a fourth-order example representing the physical
model of induction motor drives (Figalli et al., 1984, [3])
with parameter uncertainties and exogenous disturbance.
The states variables are given by o = [z1 22]T = [¢as zi)qS]T
and 3 = [z3 x4]T = [igs iqs)’, and the control variable
is given by u = [u1 ug uz)? = [vgs vgs ws|T, where Pgs
and ¢4, are projections of the stator flux, i4s and i, are
projections of stator current, v4s and vy, are projections
of the supply voltages, and w; is a slip angular frequency.
The problem matrices of a bilinear system represented in
(1-3) have the following values:

[ o 32157 _[~0312 0
A= —321.57 0 ] , A2 = { 0 —312] ’
A [ 98.87 27059 4, — |44.93 257

87 |-27059 98.87| 72T | —2.57 —44.93)°
10 o 873 0 87.8
Bi=lo1 7.3} » B2 = [ 0 87.3 53} !
(00 0 001
Mu = _00—1]’ Mz = [000]’
(000 001
M21_010:|3M22|:000:|7

H=[1100", C, =1, C,=1,, D=1Is.

In this paper, we choose that ¢ = 0.01. We assume
that the parameter uncertain matrices, F1 = [1 1 0 0]7,
E; = [21 18 0 0] and Q(t) = sin(167t), and the ex-
ogenous disturbance, w = 0.5sin(74nt) — 0.4 cos(83t).
The simulation results are presented with initial states,
[a(to) B(to)] = [—0.07 0.04 15 47], in the figures 1-4, where
every upper plots are the state trajectories obtained from
full-order SGA method and lower plots are the state trajec-
tories obtained from proposed algorithm. In the figure 5, a
dashed line, (——), is the trajectory of performance criterion
obtained from full-order SGA method and a sold line, (—
), is the trajectory of performance criterion obtained from
proposed algorithm. The figures show that the proposed
algorithm is more robust than the full-order SGA method,
because errors of the full-order SGA method are bigger
than those of the proposed algorithm. In this simulation,
for the full-order SGA method, 7-dimensional basis and
computed 4-dimensional integrals for 7x (1+7+49) = 399
times. But, in the proposed algorithm, we can use only 3-
dimensional basis and computed 2-dimensional integrals
for 3 x (1+3+9) = 39 times for each subsystem, re-
spectively. Therefore, we can say that the computational

210

complexity is greatly reduced without loss of performance.

Full-order SGA

008 - L L s L i . L | A
L1 003 .l 015 0.2 025 03 033 04 045 o35

Time [sec]

Reduced—order SGA

L L L L | |
0 005 01 015 02 0nas 03 035 04 045 o5

Time [sec]
Fig. 1. Trajectories of x;
full—oder SGA
oS T T
0.04
5 ||rnT
é ‘I I"\‘ i
= .01 -h “ll'nl \f
v l‘.." afi
Ay ""\f‘ f Ill 1 'Wup\f\’”ﬁuq\;"'\,ll ',."..“vf\ﬂ\f‘mﬁ 'n'kl'r" N\ Uﬂ’“m ﬁ'.'ﬁ',l VA
001 > . y
[l [N} 0z 0. _l 1} -1 |I i r.J b o T u.:t [} 'J 1
Time [zec]
reduced—oder SGA
0 r T T T T T T T T
003 -
2 b Py
$ 1™
= 0o \‘A'.I "
J\/\
o} AN NN AN NN
=,

4 0.5 o6 T 0g 09 1
Time [sec]

0.1 02 03 li

Fig. 2. Trajectories of x4

5. CONCLUSIONS

In order to overcome the difficulties inherent in the ro-
bust H., control problem for singularly perturbed bi-
linear systems with time-varying parameter uncertainties
and exogenous disturbance, we have presented the closed-
loop H,, composite control scheme and a new algorithm
using the SGA. In this paper, the suitable robust H,
composite control law has been designed by H,, control
laws of slow and fast subsystems. Each control law has
been constructed in term of approximated solution to each
Hamilton-Jacobi-Isaac equation. The advantages of pro-
posed algorithm are as follows: (i) all of the computations
can be performed off-line, (ii) the resulting control law is in
feedback form, (iii) the algorithm guarantees uniformly the
H,, performance, (iv) computational complexities can be
greatly reduced. Through the presented simulation results,
it should be noted that the proposed algorithm are more
effective than the full order SGA method.
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Full-order SGA
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