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Abstract

The problem of asymptotic stabilization for a class of differential
inclusions is considered. The problem of choosing the Lyapunov func-
tions from the parametric class of polynomials for differential inclusions
is reduced to that of searching saddle points of a suitable function.
A numerical algorithm is used for this purpose. All the results thus
obtained can be extended to cover the discrete systems described by
difference inclusions.
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1 Introduction

The conditions under which control systems are stable are in essence the
real conditions of normal operation of systems. For this reason, in designing
control systems it is important to know how to solve the problem of stabi-
lization constructively. It is well known [1, 2], that the method of Lyapunov
functions is one of the most efficient methods for analyzing the stability of
nonlinear dynamic systems.

We consider dynamic systems described by the differential inclusion [3]

(1) & € Fy(x),
x(to) = o,
Fy(z)={y: y= Az, Ac B},
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where € R" and B, is the convex hule of real (n x n)-matrices Ay, ..., Aq,
ie.

q q
By = co(Ay, ..., Ay) = {A C A=Y MNA, A >0, 30, = 1}
v=1 v

In parallel with (1) we examine a more general type of differential inclusion

(2) & € F(x),
x(ty) = xo,
F(z)={y: y= Az, A€ B},

where B is a compactum (in general, nonconvex) in the n2-dimensional space
of real (n x m)-matrices A. The stabilization problem for differential in-
clusions of type (1) and (2), to which many practically important control
systems can be reduced, consists of choosing a Lyapunov function V().

For example, we consider the controlled object with varying control
region [4]

&= f(z,u), x € R", ueU(z),
x(tg) = xo.
This gives us a differential inclusion of type
i € Q(z),
x(t()) = 2o,

Q) ={f(z,u), ue Ulz)}:

denoting by Q(z) the set of all vektors f(x,u) obtained as w runs over the
control region U(x). The Lyapunov functions V(z) used below are chosen
from the class of convex R"-valued functions.

Definition 1. An absolutely continuous vector function x(t) satisfying the
condition #(t) € Fy(x(t)) (¢(t) € F(x(t))) almost everywhere on a consid-
ered interval of time [tg,t] is called a solution of the inclusion (1) (2).

Note that any solution z(t) of inclusion (1) ((2)) can be continued on the
whole semi-infinite axis [tg, 00).

Definition 2. The zero solution z = 0 of the differential inclusion (1) ((2))
is called asymptotically stable if:
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a) for any € > 0 there exists d(¢) > 0 such that for each solution z(t) of
the inclusion (1) ((2)) the inequality ||z(t)|| < € holds for all £ > g, if
only [|z(to)|| < d(e)

b) there exists A > 0 such that for any solution of the inclusion (1) ((2))
with ||zo]| < A, the limiting relation lim; . z(¢) = 0 holds.

The rest of the paper is organized as follows. In Section 2, we consider
some basic results about the asymptotic stability of differential inclusions.
In Section 3, we discuss a constructive algorithm for solving stabilization
problem. In Section 4, we give a constructive solution of a stabilization
problem.

2 Mathematical preliminaries

First let us discuss some basic results about the asymptotic stability of
systems (1) and (2) (Theorems 1, 2 and 3).

Theorem 1. For the zero solution © = 0 of the differential inclusion (2)
to be asymptotically stable it is necessary and sufficient that there exists a
strictly convex, homogeneous (of second order) Lyapunov function V(z) of
a quasiquadratic form, namely

whose derivative along solutions of the inclusion (2) satisfies the inequality

oV (x) 2
3 W = m < — 0.
(3) (z) yegé) oy Y|, v >

Note that for inclusion (2) the role of the usual derivative is played by the

function W (z) = max,ecp(y) a‘giy(f), where

oV (x) . _
b = Jim 'V(z+hy) —V(z))

is a derivative of the convex function V(z) in the point x € R" in the
direction y € F(z) [5, 6].
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Theorem 2. The zero solution x = 0 of the differential inclusion (2) is
asymptotically stable if and only if there exists a Lyapunov function in the
class of homogeneous forms of order 2p:

m

Vap(l) =Y _(l, )%,

i=1
where l; € R™, i =1,...,m are constant vectors
(4) rank L=n<m, L= (l1,...,1m)
such that for its derivative

Wino(l, ) =2 L, )P~ (1,
»(, ) Py?&’;)“ )P (1, y)}

along solutions of inclusion (2) for some integer p > 1 the inequality
Wi p(l,z) < —v||z][*, v >0

is satisfied.

Here the bracket (-,-) denotes the Euclidean scalar product.

Theorem 3. The zero solution x = 0 of the differential inclusion (2)
15 asymptotically stable if and only if there exists a piecewise-quadratic
Lyapunov function

— 2T noos_
Vm(l?x) - lgiﬁ(llax) ’ lZ € R y 1= 1’ ey M,

whose derivative

OV ()
Wn(l,x) = max —————=
a) yeF(z) Oy

along solutions of inclusion (2) satisfies inequality (3), and the vectors I;
satisfy condition (4).

The class of convex functions V,,(l,z) is obtained by approximating the
level surfaces of the strictly convex function V' (z) by centrally symmetrical
convex polyhedrons. The vectors [; for ¢ = 1,...,m, in Theorem 3 determine
the normals to the faces of polyhedrons and the surfaces of polyhedrons are
the level surfaces of the function V;,(l, z).
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Remark 1. The vectors assigning the Lyapunov function V;,,(I,z) in The-
orem 3 can be used as vectors [;, ¢ = 1,...,m for the Lyapunov function
Vi p(l,z) in Theorem 2.

The parameters determining the class of Lyapunov functions V,, (I, z), and
Vinp(l, x) are the components of the vectors [;, i = 1, ...,m and the numbers
m and p.

The following proposition reduces the problem of asymptotic stability
in the general case of inclusion (2) to the case of a convex compactum co(B).

Proposition 1. The zero solution x = 0 of the differential inclusion (2)
is asymptotically stable if and only if the zero solution of the differential
inclusion

(5) T € Fe(x),
.’E(to) = Zo,
Fox)={y:y= Az, A€ co(B)}

1s asymptotically stable.

Proof. Sufficiency of the proposition follows from the inclusion
F(z) C Fe(x).

Necessity follows from the equivalence of the closure of the solutions set
of differential inclusion (2) and the solutions set of differential inclusion
(5) [5, 6]. u

A convex compactum co(B) can be approximated by convex polyhedrons
B,. We obtain the following assertion.

Proposition 2. For the zero solution x = 0 of the differential inclusion (2)
to be asymptotically stable it is necessary and sufficient that there exists a
number ¢ > 1 and a differential inclusion (1) whose zero solution x = 0 is
asymptotically stable and

(6) Fe(z) C Fy(z).

Proof. Let ¢ > 1 be a number such that F.(z) C Fy(z). Let the zero
solution z = 0 of (1) be an asymptotically stable solution. The asymtotic
stability of the zero solution of the differential inclusion (5) follows from
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condition (6). By Proposition 1 the zero solution of inclusion (2) is asymp-
totically stable, too.

Let the zero solution x = 0 of the inclusion & € F(z) be asymptotically
stable. It follows from the results of [2, 6] that there exists some e¢ > 0 such
that the zero solution of the differential inclusion

T € Fe(x),
x(to) = o,
F(x)={y: y=Ax, A€ B},

where B, is a compactum and B C B, is asymptotically stable. This implies
that the zero solution of the inclusion

&€ Fee(x),
.CU(t[)) = 2o,
Foe(z)={y: y= Az, A€ co(B.)}

is asymptotically stable (by Proposition 1). Then there must be some ¢ > 1
such that

co(B) C co(Ay,...,Ay), As € co(Be), s=1,...,q.
By definition
co(Aq, ..., Ag) Cco(Be), As € co(Be), s=1,...,q.

This means that there is some ¢ > 1 such that the solution x = 0 of (1) is
asymptotically stable and condition (6) holds. ]

Remark 2. The sets of linear nonstationary systems
T = A(t)a:, A(t) = (aij(t))?;jzl,
Qij < al](t) < ﬁl]’ Za] = 1> ey Ty

can be reduced to (1), where oy, (;; are constans.

It is important to solve constructively the problem of stabilization of the
zero solution for differential inclusion (1).



A CONSTRUCTIVE METHOD FOR SOLVING ... 57

3 A constructive algorithm for solving
stabilization problems
Now we consider the problem of constructive derivation of Lyapunov func-

tion for system (1) in a bounded region G, x € G C R", 0 € G. The
Lyapunov function in Theorem 2 has the form

Vinp(lha) =3 (S Hay) ", p>1
i=1  j=1
or equivalently
N(p)
Vp(z,z) = Z zripr(z) = (2,9(2)),
r=1

where the ¥, (z), r =1,..., N(p) are standard monomials of degree 2p
Y(x) = xlfl’” gl

z € G, € RN®) are coefficients of monomials and N (p) = 07211-05-2;;—1 is the
number of monomials. The derivative W),(z, z) of the function V,(z, z) along
solutions of the differential inclusion (1) has the form

() ! I(z)
Wy(z,z) = max) (z, * y> = I/{leaé(; A <z, 85 A,,x) ,

yeFy(z ox

where A = (Ar,...,0)7, © = {A: X9\ = 1, Aj > 0} and 2% =
(%ﬁ) is a (N(p) x n)-matrix for r =1,...,N(p) and i = 1, ..., n.
Let

ov(x
gl/(x) = nglf )Al/mv V= 17---7(]

be a vector function. Let

X = ((zH)7, ..., (z9) )7,

where ¥ = (2, ...,2)", v=1,...,q and let

q
Tp(z, X) == Z(z,g,,), z:=0.
v=1
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Then we have
Proposition 3. The inequality

Wy(z,2) < —4||z||*, v >0, 2€G,
has a solution zZ € G, if and only if
(7) Wy(Z,2) <Wp(Z,2) < Wy(z, 1)
holds for all z € G, v € G,z # 0.
Proof. Necessity: Wy(Z,z) < —~||z||* and

Wy(Z,2) <0=Wy,(2,2) = Wy(z, ).

We get

n

q n o n
=0 Y55 Yk, [T <0

v=1 n=1 i=1 j=1
where A4, = (aj,), p,i=1,...,n. Hence there exists v > 0 such that
W(z,x) +y(@?+ ...+ 22)P <0, z#0.

The proof is complete. [ ]

In other words the pair (Z,Z) is a saddle point of the function Wj(z,x).
Thus constructing the Lyapunov function V,(z,x) reduces to a problem of
mathematical programming.
For finding the saddle points (2, Z) of function W,(z,x) (i.e. for finding
vector Z) we use the following algorithm:
a) find saddle points (37, X) of the function T)(z, X),

b) put zZ = Zp.
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For solving (a) we use a gradient method:
ITy(z, X)

8 vo_ P\

(8) & D

(9) z= _an(aZZVX) = Zgu(fu)7
v=1

= AZ(IL‘V)Z,

where v =1,...,q. The

are (N(p) x n)-matrices.
Difference approximation for (8) and (9) gives a numerical procedure of
finding a vector z

2V(t+1) = 2(r) + hAT 2(7),
A1 +1)=2(1) = h Y gu(2¥(7)),
v=1
z(0) € G, 2(0) € G,
v=1,..,q,

i.e., a procedure of finding the Lyapunov function of Theorem 2.
All the above results can be simply extended to the difference inclusions

(10) a(k + 1) € Fy(x(k)),
k=0,1,..,

where F,(0) = {0}. The function Fj(z) is defined as in (1).

We introduce the Lyapunov function V(z, x) from the class of homoge-
neous forms of order 2p and formulate the stabilization criterion of system
(10) in a constructive form as follows.

Let 2 := 0. The function

W(z,z) = max V(z,y)—V(z, )
yEFy(x)

is a difference derivative of the Lyapunov function along solutions of the
difference inclusion (10).
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Proposition 4. The inequality
W(z,z)<0, z€G, z€qG,
has a solution zZ € G, if and only if the inequalities
Wz x)<W(Z,z) <W(z)

are fulfilled for all z € G, and x € G, x # 0.

4 Implementation of the constructive algorithm

We consider nonlinear nonstationary systems of the type

M
(11) i=Ax+ > bo(on,t),

r=1

Or = (Crvl')v ¢r(0,t) = 0, r= 1, ...,]\47

where b" € R"™, ¢" € R"™ are constant vectors. The nonlinear functions
#(o,t) = (¢(0r, 1)), satisfy the conditions
0< ¢T(O-T)O-7‘ < kro}%a
0<k.-<oo, r=1,..,M.

It is well known [7] that the system (11) is equivalent to the differential
inclusion

(12) & € Fy(x),

Fy(z) ={y: y:Ax+ZbT/\T(cr,x), 0< N <kp, 7=1,...., M}.

r=1

Evidently (12) is a special case of (1) if

M
Ay =A+Y hy,b"(")",
r=1

g=2M v=1,...q, r=1,..., M,

where h,, =0or h,. =k, v=1,...,qand r=1,...., M.
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Example 1. Consider a second order system

(13) :i'l = X9
(14) By = =271 — 12 — P(71,1)

. 0 1 . : :
where the matrix A = (_ 5 _ 1) of the linear portion of the system is of

Hurwitz type and ¢(z1,t) is a nonlinear function belonging to the class of
functions that satisfy the inequalities

0 < ¢(z1,t) < ka?,

where 0 < k < co. We derive the Lyapunov function complying with the
inequalities (z # 0)

(15) Vi(z) >0,
(16) (?;’ (Ax)) <0,
(17) (‘?;, (Az + (0, 1)T1<;x1)) <0,

at k = 3.73. We construct the Lyapunov function from the class of the
quadratic forms:

Vo(x) = 23 + 0.303x122 + 0.25123.

In the class of fourth order forms, we construct the Lyapunov function
satisfying the inequalities (15) — (17) for k£ = 6.40, namely

Vi(z) = o1 + 0.267x3z2 + 0.5592323 + 0.15971 23 + 0.04623.

We use the conditions of absolute stability (15) — (17) for the system (13)
— (14), which follow from Theorems 2 and 3 (see [7]). The functions V5 (z)
and Vj(z) were construct on a grid.
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