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Stabilization for Singular Bilinear Systems

Guoping Lu, Daniel W. C. Ho and Yufan Zheng

Abstract— This paper considers globally asymptotic stabi-
lization for a class of singular bilinear systems. By the system
matrices a sufficient condition for the globally asymptotic
stabilization is presented and under the condition continuous
static state feedback and dynamic output feedback controllers
are constructed, respectively. By means of LaSalle invariant
principle and the separation principle for singular nonlinear
systems the globally asymptotic stability of the closed loop
systems is verified.

I. INTRODUCTION

Many real-world systems can be adequately approxi-
mated by bilinear models rather than linear models [7],
[8]. Control of bilinear systems (BS) has been a topic of
recurring interest over the past decades since this special
family of nonlinear systems is of considerable interests in
both theory and applications, see for example [1]-[10], etc.
Since singular bilinear system (SBS) is a special singular
nonlinear system and it is also a special bilinear system, it
has been studied in the literature, see [11], [12], [13] for
many years. Stabilization is one of the fundamental issues
for singular nonlinear systems and has been investigated
in [18], [19], [20]. Locally asymptotic stabilization was
presented for general singular nonlinear systems in [19].
Robust stabilization design was obtained for a class of
singular systems with nonlinear perturbation in [18]. In [20],
stability and robust stabilization of nonlinear descriptor (sin-
gular) systems were considered. Lyapunov stability theory
for conventional systems is extended in a natural way to
nonlinear descriptor systems. The authors also discussed the
robust stabilization problem of a class of nonlinear descrip-
tor systems with uncertain perturbations, and proposed a
class of stabilizing state feedback controllers for this class
of uncertain descriptor systems. However, only few efforts
have been made for stabilization problem for SBS so far.
In particular, by our knowledge, the globally asymptotic
stability/stabilization for SBS has not been reported in the
existing literature.

The objective of this paper is to present continuous-
time globally asymptotic stabilization controller designs for
SBS. It should be mentioned that the sufficient conditions
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presented in this paper are dependent of the original system
matrices and independent of the partition (that is, state
transformation) of the original SBS. In this paper, the
static state feedback is constructed by using an extended
Lyapunov stability theory and LaSalle’s Lemma. Based
on this result and motivated by the Luenberger full-order
observers for singular linear system, the full-order dynamic
output feedback is constructed by means of the separation
principle. The developed approach extends the results for
BS in existing literature. In addition, the systems discussed
in [19], [20] contain SBS as a special case while SBS is
different from that in [18]. It is worthwhile to mention that
the approach developed in this paper is different from those
for singular nonlinear systems in [18], [19], [20].

This paper is organized as follows. Section II presents
some assumptions and preliminary results for the SBS.
Section IIl presents sufficient condition for continuous
static state feedback, by which we will further design a
dynamic output feedback controllers. Section IV develops
approaches to construct the full order dynamic output
controller. The linear matrix inequality is adopted in order
to obtain control gains. Section V is the conclusion of the

paper.
Notation:
WT: transpose of matrix W € R™™; |[W]:

Amax(WTW)]2, i.e. the square root of the maximal eigen-
value of WTW; X7 transpose of matrix X ~1; I (or I,.):
identity matrix of appropriate dimension(or r dimension);
lz]| = v/ (zTx), ||zl = max{|z;|,1 < i < n}, where
x=(x1 w2 Zn ) € R™; Throughout this note, for
symmetric matrices X and Y, X >Y(X > Y)if X —-Y is
positive positive definite (semi-definite); X < Y(X <Y)
if X —Y is negative negative definite (semi-definite). In a
formula matrices are assumed to have compatible dimen-
sions if there is not explicit explanation. For convenience,
GAS is short for globally asymptotic stability, globally
asymptotically stable, or globally asymptotic stabilization.

II. PRELIMINARIES
Consider the following SBS
Ei = Az+Y." Bizu; = Az + B(z)u

(1
y = Cz

where z € R", u = [ug,ug, - uy,]T € R™ and y € RP
are the system state, control input and output, respectively.
The derivative matrix £ € R™ "™ is singular, we shall
assume that 0 < rankF = r < n. A, B; € R"*" for
1 < i< mand C € RP*™ are constant matrices, and
B(z) = [Byz Bax -+ Bpx].
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Assumption 2.1:

(1) The pair (E, A) is regular, that is, det(AE — A) is not
identical zero.

(2) The pair (E, A) is impulse free, that is, deg(det(A\E —
A)) =rankFE.

By Assumption 2.1 there exist two invertible matrices
My and Ny € R™*" satisfying

I, 0 A 0
MOENO:(O 0>, MOANo=<OO 1_.>’ (2)

where Ay € R™™". If there exists an eigenvalue \g with
a positive real part for det(AE — A) = 0, then A¢ is also
an eigenvalue of Ag. Suppose that control input u = u(x)
is continuous and u(0) = 0. Apply the state transformation
€= (& )" = Ny'az, where & € R™ and & € R
Then SBS (1) is equivalent to

51 = A0§1 +O(H£”)a (3)
0 = &+o(ll),
where
L olllEl)
lgi—o €]l
From the second equation of (3), there exists a positive
constant scalar € with 0 < € < 1 such that HH%H” < € when
||| is sufficiently small, which implies 152l < — < when

. . . 1€l - V1—e2
|I€] is sufficiently small. From this, we obtain

olllel) _ . olliel) <1+ ||52|2)% 4

1m =
lerli—o [[&ll ei—o €]l €112

Hence the original of the first equation of (3) is unstable.
In this case, SBS (1) can not be stabilized via a continuous
state feedback.

We sum up the above discussion and present the result
as follows.

Proposition 2.1: There is no continuous state feedback
u = u(x) with «(0) = 0 such that the closed loop system
is asymptotically stable for SBS (1) if one of the eigenvalues
has a positive real part for the pair (E, A).

In this paper, we only concentrate on continuous stabi-
lization feedback controller designs. To this end, it follows
from Proposition 2.1 that we have to assume that all the
eigenvalues for equation det(AE — A) = 0 satisfy Re(\) <
0. For simplicity, we make an additional assumption for
SBS (1).

Assumption 2.2: The rth order equation det(AE — A) =
0 has r distinct eigenvalues )\, with Re(\y) < 0, k =
1,2,

Assumption 2.2 implies that A has r distinct eigenvalues
M. Hence there exist an invertible S; € R " and block
diagonal matrix A € R"*" satisfying

AOS() = SOA7

A+AT <o0. 4)

Let 5 671
- 0 _
POZMOT<(08> _I_)Nol, 5)

then from (2) and (5) we have

_ I. 0
T _ T r
E*Py = Nj < 0 0)
. ((Sosg)_l 0 )N—l
0 _In—r 0
(6)
_ SoSIY~L 0 _
= NOT<(06)) 0>N01
> 0.
Similarly,
T\—1
PIE =Ny T <(S°S§ ) 8) Ny'=E"Py>0. (7)
In addition, (2)-(5) yield
PEA+ ATPR,

N,T (S()Sgw)il 0 Ay 0
0 0 _Infr 0 Infr
AT 0 (SoST)y~t 0 1
+ ( O In—r) ( 0 *In—r NO

_ T (@ 0 —1
= N (0 —2I,,_, No

where ® = (SpST) "1 Ag + AL (SoST) L.
In addition, we have
® = (SoST)"1So(A + AT)ST(SeST) L <0. (9
Then, PT' A+ AT Py < 0. Thus, (6)-(8) and rank(Py) = n
imply that the following matrix set is not empty. That is,

S = {PeR™": rank(P)=n,

®)

ETP=PTE>0and PTA+ ATP <0} #0
(10
In order to construct a continuous GAS control law for
system (1), we make further assumption as follows.
Assumption 2.3: There exists a P € S such that input
matrix B(-) satisfies

qi PB(qx) # 0, (11)

where g, is an eigenvector from (A\yE — A)gr, = 0, 1 <
kE<r.

In the proof of our main result, the following lemma will
be used, which can be regarded as an extension of the well-
known Lyapunov stability theorem.

Lemma 2.1: (LaSalle’s Lemma) Consider an n-th order
nonlinear system

k=1,2,r

2= f(2) 12)

where f(-) : R® — R"™ is smooth vector field in R™. If
there exists a Lyapunov function V(z) such that the non-
linear system (12) satisfies V' (z) < 0, then any trajectory
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of system (12) tends to the largest positive invariant set
included in set M = {z € R" |V (z) = 0} when t — +o0.

III. STATIC STATE FEEDBACK

We now present a sufficient condition of GAS for SBS
(1) by means of continuous state feedback. It should be
mentioned that the following theorem is independent to the
partition (or state transformation) of the original SBS (1).
In addition, the proof of the following theorem presents a
design of continuous state feedback controller.

Theorem 3.1: If Assumptions 2.1-2.3 hold, then there
exists a continuous static state feedback control which
globally asymptotically stabilizes SBS (1).

Proof: Assumption 2.1 implies that there exist two non-
singular matrices M, N € R"™*"™ such that the following
standard decomposition holds.

MEN = diag{I,,0}, MAN = diag{A1,I,_,}, (13)

where A; € R"™". Suppose that matrix P € S satisfies
Assumption 2.3 and then constructing the following con-
tinuous state feedback controller

u=u(z) = —c ' (z)BT (z) Pz (14)
where
c(z) = (co+1)[1+]|BY(x)Pz|],
Co = [Zg—l (0 In_T)MBkN ([n,0_r> ‘|

5)
Now we show that controller (14) globally asymptotically
stabilizes system (1).

Choose the following Lyapunov function candidate
V =2TPTEz, (16)

then V is semi-positive definite. From the definition of
matrix P in (10), the derivative of V" along the closed loop
system of (1) and (14) yields

V = 2T(PTA+ ATP)z

—c Hz)zT PTB(2)B” (z) Px (17)

< 0.

In order to show GAS for the closed loop system, decom-
pose SBS (1) into the following form.

z1 = Alzl—i—(lr O)MB(NZ)U,

(18)

0 = 2+(0 I,,)MB(Nz)u

z
! ,ze€R™, z1€R", 20 €e R 7.

2
We first show' GAS of substate z;. To this end, from
inequality (17), V' = 0 implies that v = 0, that is,

where N~ g = 2 =

51 =A1z, 2INTPTB(N2)=0, 2 =0 (19

We now show that any solution z; = z(t) satisfying
(19) implies z; = 0. If z; = z1(¢) satisfies (19), then for
any initial condition z;(0), we have z; = e41*2(0). In
addition, from (A E — A)qi, = 0 there exists £, € C” such
that

a=n(%). 0L -aa=o o

(20) implies that there exist ap € C, 1 < k < r, such that

21(0) =) axdedy. @1)
k=1
That is,
21(t) = ez (0) = > ape e (22)
k=1

Then (20) and (22) imply

Z s T
Nz=N ( 01> = kzﬂakeAktN (%) = ];ake)""t%

(23)
Substituting (23) into 27 NTPTB(Nz) = 0 yields
T T r
(Sicaeiar) " PTB (T, axe o)
= ajqf PTBT(q,)e* " +a(t) =0,
24)
where
Oé(t) = G,Tq?PB (E};;é akekktqk> e)\Tt

T
+a, (ZZ; ake)"“tqk> PB(g,)eM?

T

+ (ZZ; ake/\ktqk) PB (Z;;i ake)‘ktqk> )

(25)

Since Ag, 1 < k < r are distinct eigenvalues, the exponen-

tial term e?*? cannot be linearly represented by the terms

eMtert with k < r and [ < 7 in the function a(t) of (25).

Thus 2T NT PB(Nz) = 0 implies that a2q! PB(g,) = 0 in

(24). Since ¢! PB(q,) # 0 by Assumption 2.3. We obtain
a, = 0. With a,- = 0, the solution (22) is rewritten as

r—1
2(t) = ez (0) = > areM gy (26)

k=1
We continue to substitute the solution (26) into
2TNTPB(Nz) = 0 to obtain a,_; = 0 by using

the procedure for obtaining a, = 0. Further, a;, = 0 for all
k=7r—2,r—3,---,1 can be obtained by consecutively
using this procedure.

Hence z; = 0 is the unique solution from the equations
in (19). It follows that z; = 0 is the unique solution for
V = 0. In addition, from the definition of matrix P in
(10), there exists P; € R"™*" with P; > 0 such that V' =
2T ET Px = 2{ P, z,. With this result, GAS of substate z;
is established by applying Lemma 2.1.
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We next show that substate z5 is GAS. From the second
equation of (18), we have

m I
lz2]] < H(O In_, )M, BLN ( 6) 21U

m 0
+ H(O Inr)MZk_1BkN(I )zzukﬂ.
(27)
In addition, it follows from control input (14) and its
parameters (15) that the bound of the control input can be
given as follows.

lull = Jlu(@)]] < (14 co) ™" (28)
Noticing bound (28), then in inequality (27),
m 0
H(O IH—T)MZkzl BkN <I ) Z2oUl
m 0
< 5o neomma ([0 )l
1
0 \|[|”
Jlulll[ 22l
< co(1+ o)™zl
(29)

Similarly, we have

‘ (0 In—r)MEZL:l BkN <IOT> 21Uk
< (co+1)7t

272

] [E20E

(30)
Thus, inequality (27) together with (29) and (30) implies

Jeall < [zmj

k=1

. [ka_l (0 In_r)MBkN<Ig)

272
] [z, GD)

(0 I,_.)MBiN <10>

which also implies GAS of 2z, from the above result on
substate z;. Therefore the closed loop system of (1) and
(14) is GAS. This completes the proof.

Remark 3.1: The result in this section extends the main
result in [9] for nonsingular single input BS into multi-input
SBS.

I'V. DYNAMIC OUTPUT FEEDBACK

In this section, we present the results on GAS of SBS
(1) via continuous dynamic output feedback controllers.

The following theorem presents the design of an nth
order continuous dynamic output feedback controller to
stabilize SBS (1).

Theorem 4.1: Under Assumptions 2.1, 2.2 and 2.3, if
there exist two matrices Q € R™*™ and R € RP*" such
that the following matrix inequalities are solvable.

ETQ=QTE > O,
(32)
ATQ+QTA4+CTR+RTC+1 < 0

then system (1) is GAS via an nth order continuous dynamic
output feedback.

Proof: Without loss of generality, assume that solution )
from matrix inequalities (32) is nonsingular. Using nonsin-
gular matrices M, N in (13), that is, M EN = diag{[,, 0},
it is easy to show that ETQ = QTE > 0 implies that
matrix () can be represented in the following form.

QMT(Ql 0 )Nl,

Qs Qu 53

where Q; € R™" with Q; > 0, Q3 € R )" and

Q4 € R=7)x(n=7) Partition (33) implies that there exists
a sufficient small scalar ¢ > 0 such that

I, 0 _
.= MT Ql + € T N 1
Q < Q?) Q4 + EIn—r
is nonsingular and also satisfies inequalities (32) at the same
time.

If R and nonsingular matrix () are solutions of inequal-
ities (32), choosing L = Q=T RT, then

QTA+LC)+(A+LO)'Q < —1. (34)

It follows from [17] that the pair (E, A + LC) is regular
and impulse free. Thus there exist two nonsingular matrices
My, Ny € R™™ such that the following standard decom-
position holds.
MyEN, = diag{[,.,0},
(35)
M (A+ LC)N,

diag{Acl» Infr}7

where A.; € R™*".

Supposing that matrix P € S satisfying Assumption 2.3,
then we construct the continuous dynamic output feedback
controller based on the Luenberger-like observer as follows.

E#

Il
N
=
+
o)
—~
=
<
—
=
~
|
h
—~~
<
|
Q
=2
~

(36)

where matrices M, N € R"*" are defined by decomposi-
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tion (13), and

w@) = [e|Q '(@)B@)Pa|+1]",
Q) = (AL IBEPR|P+1)1
+4B7(2)PPTB(&),
¢ > max{l, cg,cq,
8 [0 (P + QT Bel?] * ]
[ 0 273
cy = Z;’;l (0 InT)MBkN<I> ] ,
[ 0 273
c1 = Z?:l (O In—r)MlBkNl (I_>
] (37)

Let error state ¢ = x — &, then the dynamics on error
state e can be described as follows.

Eé=(A+ LC)e + B(e)u(z). (38)
Consider the Lyapunov function candidate
V =2TETPz + eTET Qe, (39)

the derivative of V" along the trajectory of x(t) and e(t) for
the closed loop system of (1) and (38) yields

V = 2T(PTA+ ATP)x + 227 PTB(z)u(&)
+eT [QT(A+ LC) + (A+ LC)TQ] e
+2eTQTB(e)u(s)

< 22T PTB(z)u(z) — |le||? + 2T QTB(e)u(2).
(40)
Using the linearity of B(-), we have

V< 2iTPTB(2)u(d) + 2¢7 (P + Q)" B(e)u(%)
+2eT PTB(2)u(z) + 22T PTB(e)u(z) — |le]|*.
41

In inequality (41), by means of the constraint of (37) on
u = u(t), we get

2¢T(P + Q)TB(e)u(s)

= 237" e (P+ Q)T Byeu

1
2

< 250 [P+ QT B’} Ju@)l @)
< 2 [S 1(P+ QT Bl u(@)lfe]?
< Lel.

Similarly, we have
2T PTB(2)u(2)

IA

illel® + 4u” (2)BT (2) PPTB(&)u(z),
(43)
22T PTB(e)u(2)

< gllel® + 4flu(@)|* 5L, 1 BE P,

Hence it follows from (42) and (43) that (41) implies
. 1
V < 2T PTB(2)u() + u” (2)Qd)u(d) — Z||e||2. (44)

Substituting the control input in (36) into the above (44)
yields

: 1
V < —p(@)i" PTB(#)Q " (#)BT (2)Pi — leell2 <0.

. (45)
Thus V = 0 implies
e=z(t)—2(t)=0, TPTB(z)=0, (46)
and consequently
u=u(®)=0, z'P'B(z)=0, Ei=Axz. (47)

In addition, let Nl_le == 01 ), where § € R", §; €

P
R, 92 € R™ ", and using the same state transformation
as that in the proof of Theorem 3.1, that is, N “lp=z=
zl , then there exists a positive-definite matrix Q1 €
2
R"™*" such that matrix Lyapunov function (39) becomes

V = 2] Piz1 + 67 Qq61, (48)

which is positive-definite function with respect to substates
z1 and e;. Using the similar approach to the proof of
Theorem 3.1, we have that equation (47) yields to z; = 0
and §; = 0. It follows from Lemma 2.1 that we obtain

Jm z1(t) = lim 81(t) = 0. (49)

Finally, by means of the state transformation x = N (? )
2

and e = N 21) the slow system for the closed loop
2
system of (1) and (38) can be rewritten in the following
form.
z2 = —(0 I,_,)MB(Nz— Nid)u(Nz— Ni6),
(52 == —(O In,T)MlB(Nl(S)’U,(NZ—Nl(S)

(50

Similarly to (27), (29) and (30) in the proof of Theorem 3.1,

it follows from the control input bound |[u(%)|| < ¢! that
the second equation of (50) implies

1

2] 3

619

2] < e lEkm—l

(0 To) MuBiNy ({) )

81l + e Ferl|z -
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That is,
1d2]] < (¢ —e1)~!
273
[[01]]-
(52)

P

(0 I,_,)M;BpN; (IOT)

which implies that d2(t) is GAS, and so is e = e(t).

Using GAS of state e(t), we have that z5(t) is GAS by
the first equation of (50), and so is = Nz(t). Therefore,
the proof is completed.

V. CONCLUSION

This paper addresses GAS for MIMO SBS. Sufficient
condition for the global asymptotic stabilization via contin-
uous static state feedback is presented. Under an additional
matrix inequality assumption, the full-order and reduced
order dynamic output feedback controllers are constructed,
respectively, for global asymptotic stabilization for the sys-
tem. How to extend the existing global stabilization results
to more general class of SBS by means of discontinuous
controllers is under our investigation.
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