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Abstract—This paper considers nonlinear continuous—discrete (hybrid) systems containing two
subsystems of differential and difference equations, respectively, and one-dimensional (scalar)
or multidimensional (vector) control. The transition from a nonlinear hybrid system with a
constant sampling step A > 0 to an equivalent, in a natural sense, nonlinear discrete dynamic
system is presented. Sufficient conditions are established, first, for reducing the first approx-
imation systems of nonlinear discrete systems to the Brunovsky canonical form and, second,
for stabilizing such systems and nonlinear hybrid systems with control of different dimensions.
Algorithms for constructing stabilizing control laws for nonlinear hybrid systems are developed.
Numerical examples are provided to illustrate the effectiveness of this approach to stabilizing
nonlinear hybrid dynamic systems.
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1. INTRODUCTION

Stabilization of dynamic systems is one of the most important problems in control theory, which
is due to the demands of control practice and open (unsolved) scientific issues in this area [1-4].
The solution of this problem will ensure stable operating modes of dynamic systems and contribute
to solution of control problems for these systems.

Hybrid dynamic systems serve as mathematical models of real mechanical, technical, technolog-
ical, and other processes of a heterogeneous nature that cannot be described only by differential
equations. For example, control of aircraft and electric trains can be modeled only using a discrete
thrust regulator [5, 6]. Therefore, the main feature of such hybrid (continuous—discrete) dynamic
control systems is their adequacy to modeled objects [7], which, as a rule, have nonlinear operation
processes. Hence, the corresponding hybrid dynamic systems are nonlinear continuous—discrete
systems.

Among hybrid systems, there is a large class of systems stabilized by switching at appropriate
time instants [8]. However, the issues of stabilizing real dynamic control systems are inseparably
connected with their controllability issues.

Methods for stabilizing controlled dynamic systems have been created and developed for over
150 years [4]. Much experience has been gained in stabilization of continuous systems and dis-
crete systems; for example, see [9-16]. There are R&D results in the field of stabilizing linear
hybrid [3, 7, 17] and nonlinear hybrid systems described by differential equations with different
nonlinearities and a discrete state- or output-feedback controller [18-22]. However, the issues of
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stabilizing nonlinear hybrid systems with operation processes described by differential and dif-
ference equations and states containing both continuous and discrete components have not been
sufficiently studied so far.

This paper presents a general approach to stabilizing such nonlinear continuous—discrete (hybrid)
systems with one-dimensional (scalar) or multidimensional (vector) control and a constant sampling
step. The approach is based on the transition from a given nonlinear hybrid system to an equivalent,
in the natural sense, nonlinear discrete dynamic system.

The novelty of this study is as follows:

1) The concept of the Brunovsky canonical form is introduced for the first approximation system
of a nonlinear discrete dynamic system with scalar control.

2) Sufficient conditions are established for reducing the first approximation system of an equiv-
alent nonlinear discrete system with scalar (vector) control to the Brunovsky canonical form (i.e.,
to a set of independent subsystems each having the Brunovsky canonical form).

3) Algorithms for reducing the first approximation systems of equivalent nonlinear discrete
systems (with both scalar and vector control) to the Brunovski canonical form are developed and
demonstrated by examples.

4) Sufficient conditions for stabilizing the first approximation systems of equivalent nonlinear
discrete dynamic control systems (both with scalar and vector control) are established.

5) Sufficient conditions for stabilizing nonlinear hybrid dynamic control systems with control of
different dimensions are established.

6) Algorithms for constructing stabilizing control laws for nonlinear hybrid systems with control
of different dimensions are developed and demonstrated by examples.

2. PROBLEM STATEMENT

Consider a nonlinear continuous—discrete control system of the form

a'(t) = fx(t),y(tr), te <t <tpp (1)
y(tk—i-l) :g(x(tk-i-l)vy(tk)au(tk))v k =0,1,2,...

with initial conditions

z(to) = zo, y(to) = Yo, (2)

where x € R™ and y € R™ are the state vectors of system (1) characterizing the behavior of its
continuous and discrete parts, respectively; v € R? is the control vector (input) of system (1); the
time instants t; define a uniform grid on R with a constant step h > 0, i.e., ty11 —tp = h > 0,
kE=0,1,2,... and t; = kh; the functions f(z,y) and g(z,y,u) are continuously differentiable in
the aggregate of variables.

Assume that without control (u = 0),

In other words, system (1) with u = 0 has the trivial equilibrium x = 0, y = 0.
System (1), (2) with a chosen control law v = u(tg), k = 0,1,2,..., operates in accordance with
the following standard scheme:
1) Initial conditions zy = (xg,yo) are specified.
2) The solution = = ¢(t) of the Cauchy problem 2’ = f(
vectors x1 = po(t1) and y1 = g(x1, Yo, up), where ug = u
3) The solution = = ¢1(t) of the Cauchy problem 2’ = f(
vectors x9 = p1(t2) and yo = g(x2,y1,u1), where u; = u

Yo), x(to) = g, is found, and the
0), are constructed.

Y1), x(t1) = x1, is found, and the
1), are constructed. And so on.

)
)
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866 AKMANOVA

Hence, the solution of system (1) with the initial point zg = (xg,yp) and a chosen control law
u=u(ty), k=0,1,2,..., is the function

(po(t),v0), to<t<ty

1), ti<t<t
0) = lh®) = { (o LS ps @)

The components of the solution (4) have the following features: the function z(t) is continuous for
all t > 0, continuously differentiable on any interval (¢x,tx41), but not necessarily differentiable at
time instants ¢ = ti, where £k =0,1,2,...; the function y(¢) is piecewise constant and changes its
values at time instants t = ¢, k=0,1,2,....

The main problem of this paper is to establish sufficient conditions for stabilizing systems (1)
and to design stabilizing control laws for such systems. The solution of this problem is based on
the transition from the nonlinear hybrid system (1) to an equivalent nonlinear discrete dynamic
System.

3. TRANSITION TO THE DISCRETE SYSTEM.
CONTROLLABILITY AND STABILIZABILITY OF SYSTEMS

Due to the relations (3), the functions f(z,y) and g(x,y,u) can be represented as
f(xa y) = Alx + Bly + a(x, y)a g(xv Y, U) = A2x + BQy + Cu + b(xa Y, U’)v

where A1 = f,(0, 0), By = f,(0, 0), A2 = g,(0, 0, 0), B2 = ¢,,(0, 0, 0), and C' = g,,(0, 0, 0) are ma-
trices of compatible dimensions and the smooth nonlinearities a(z,y) and b(x,y,u) satisfy the
relations

a(z,y) = o(|[zl| + llyll) as [lz] + |ly]| = 0,
b(x,y,u) = ofl|z[ + [lyl + [[ul) as |z +[ly + [[u] = 0.

By denoting x(t;) = zk, y(tx) = yk, and u(ty) = ug, we write system (1) as the equivalent hybrid
system

()

2'(t) = Aix(t) + Biyk + a(z(t),yk) ,  th <t <tps1
Yk+1 = A2xk+l + Bka + Cuk + b(xk-i-lv Yk, uk)v k= 07 1> 27 s

Let det A1 # 0; by applying the shift operator along the trajectories of system 2’ = f(x,y) over the
time from ¢t =0 to t = h > 0 (see [23]), we perform the transition from system (5) to a discrete
system of the form

Tpy1 = eAthg, + A1—1(6A1h — I)Biyk + e(zk, yi; h) (©)
Y1 = AgeMNay + (A2 AT (e — T) By + Ba)yy + Cug + 02k, Yo, wis ),
where
ti+h
E(xka Y3 h) = e(tk+h)Al / €_SAla'(p(Sv Tk, yk)v yk)dsa
ty
x = p(t,xk, yx) is the solution of the Cauchy problem
t' = Az + Bryp + a(z,yp),  x(ty) = op;
O(wh, Y, us h) = Ase(wr, yrs h) + b(Tpg1, Yr, us)- (7)
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Note that the case of a singular matrix A; can also be considered, but it will lead to substantially
more complicated formulas.

The discrete system (6) can be written in the compact form

Zk+1 :A(h)zk—l-Buk—i-f(Zk,uk,h), k=0,1,2,..., (8)

E _ 10 _ |e(@k, ykih)
2 = |}]k ‘| 5 B = [C] 3 g(zkaukvh) - [5(xkaykauk;h) ] 5

where

A(h) is a block matrix of order (n +m) :

€A1h Al_l(eAlh _ I)Bl

A(h) =
( ) A2€A1h A2A1—1(€A1h — I)Bl + BQ

. 9)

System (6) with u = 0 (equivalently, system (8)) has the trivial equilibrium.
Based on [23] and condition (7), it can be established that

e(z,y;h) = ollzll +llyl) as |zl +[lyl =0,
0(z,y,u; h) = o([[zll + llyll + llull) —as =l + lyll + lul = 0.

Then the function &(z,u, h) in system (8) satisfies the condition
§(z,u,h) = o(|[z] +[lull) as [|z[] + [lul| = 0. (10)

For a chosen control law u = u(t;), k = 0,1,2,. .., the hybrid system (1) and the discrete system (6)
are equivalent in the following sense [8]:

o If (x(t),yx) is the solution of system (1), (zx,yx) will be the solution of system (6), where
xp = z(tg).

o If (z),y) is the solution of system (6), (z(t),yr) will be the solution of system (1), where x(t)
is the solution of the Cauchy problem o’ = f(z, yx), x(tx) = x.
Therefore, systems (1) and (8) are equivalent as well.

Following [24-26], we introduce several notions.

Definition 1. The hybrid system (1) is said to be controllable for h = hy > 0 if for any vectors
20 (1) e Rt there exists a control law u = u(ty), k=0,1,...,1—1 (l€N), such that z(¢;) =
2N t; = to + Lhg, for the solution z = z(t) of system (1) with the initial condition z(tg) = 2(©).

Definition 2. The discrete system (8) is said to be controllable for h = hg > 0 if for any states
20 2(1) ¢ Rrtm there exists a control law wy, k = 0,1,...,0 — 1 (l€N), such that z = EON
21 = z(t;) = z(to + Lhg), for the solution zx, k =0,1,...,1, of system (8) with the initial condition
ZO = Z(O)

For some h > 0, the equilibrium of systems (1) and (8) may be unstable.

Definition 3. The hybrid system (1) is said to be stabilizable for h = hy > 0 if there exists a
piecewise constant function u = ¢(t) € RY, t), <t < tgs1, k=0,1,2,..., such that system (1) with
the control law u = ¢(t) has the asymptotically stable solution z = 0, y = 0 for h = hy > 0.

Definition 4. The discrete system (8) is said to be stabilizable for h = hy > 0 if there exists a
control law uy = ®(zx), k = 0,1,2,..., such that system (8) has the asymptotically stable solution
z =0 for h = hg > 0.

Direct comparison of Definitions 1 and 2 yields the following result.
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868 AKMANOVA
Theorem 1. The hybrid system (1) is controllable for h = hg > 0 if and only if the discrete
system (8) is controllable for h = hy > 0.

The proof of this theorem, as well as those of other important results of the paper, is postponed to
the Appendix.

The linear discrete system
Zh+1 = A(h)zk —|—Buk, k= 0,1,2,... , (11)

is the first approximation system of the nonlinear discrete system (8).
Now we proceed to the issues of stabilizing system (1) considering its control peculiarities.

4. STABILIZATION OF THE HYBRID SYSTEM (1) WITH SCALAR CONTROL

Let u€ R! in system (1); then the first approximation system of the corresponding discrete
system (8) takes the form

Zk41 = A(h)zk -+ buk, k= 0, 1, 2, RN (12)

where z € R"™ A(h) is the matrix (9), b is a matrix of dimensions (n +m) x 1, and u € R'.

Assume that for h = hy > 0, system (12) satisfies the complete reachability condition, i.e.,
rank [b, A(ho)b, A%(ho)b, ..., A" Y (ho)b] = n + m. (13)

which implies the controllability of system (12) for h = hg > 0.

Note that condition (13) can be relaxed, e.g., by imposing the complete controllability condition
on system (12) for h = hy > 0; for details, see [11, pp. 268-269].

We have the following result.

Theorem 2. Assume that the linear discrete system (12) satisfies condition (13). Then there
exists a transformation

2y = Sz, up = azp + ug, (14)
where det S # 0 and « is a matriz of dimensions 1 X (n + m), reducing this system to

Zl:-i—l,l = ZZ,2
Z/:+1,2 = 32,3

: (15)

* %
zk—l—l,n—i—m—l - zk,n—i—m
Zl:—l—l,n—i-m :ult:’

where z,’gl denotes the ith component of the vector zj.
System (15) will be called the Brunovsky canonical form of system (12) for h = hg > 0.

Theorem 3. Assume that for h = hg > 0, system (12) satisfies condition (13). Then it is stabi-
lizable for h = hg > 0.

From the proof of Theorem 3 (see the Appendix) and equalities (14) we arrive at the following
fact.

Corollary 1. A control law u, = S*z,, k= 0,1,2,..., where S* = pS — «, uy = pz}, stabilizes
the linear discrete system (12), and all eigenvalues of the matriz (A(ho) + bS*) are smaller than 1
by their magnitude.
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Theorem 4. If the first approximation system (12) of the corresponding nonlinear discrete sys-
tem (8) satisfies condition (13), the corresponding hybrid system (1) will be stabilizable for
h=hg > 0.

Ezample 1. Tt is required to construct a stabilizing control law for a hybrid system of the form

2'(t) = —x(t) + yr1 + a(@®t),ye), e <t <tpp
Yk1,1 = (1) + Yr2 — up + b1 (x(tpt1), Yr, ur) (16)
Ye+12 = — (k1) + Y1 + 0.5ug + b2 (x(tht1), Yps ur),  k=0,1,2,...,

where x € R', y€ R%, ue R', a(z,y), bi(z,y,u), and ba(x,y,u) are smooth nonlinearities in accor-

dance with system (5), by reducing the corresponding discrete first approximation system to the
Brunovsky canonical form.

For a nonlinear discrete system equivalent to (16), the first approximation system is a discrete
system of the form (12) with the matrices

e 1—eh 0 0
Ah)y= e 1—-eh 1|, b=|-1
—eh e 0 0.5
It can be proved that this discrete system with all h: 0 < h # In4 is controllable.
0.5 05 0
Letting ho = (n2 yields A(hg) = | 0.5 0.5 1 |; note that the solution = =0, y =0 of sys-
—-0.5 0.5 0

tem (16) with u =0 is stable (but not asymptotically stable). We compile the matrix F'(hg) =
[b, A(ho)b, A% (ho)b] :

0 —-0.5 —0.25 6 —4 —6
F(ho)=|-1 0 —075|; then F'(ho)=| 2 -2 —4 |,
0.5 —0.5 025 8 4 8
f(ho) ~8 4 8
f(ho) =[-8 4 8], S=|f(ho)A(ho) | =|-6 2 4
£ (ho)A? (ho) -4 02

Then z;; = Sz, which corresponds to the system

21 = —8Tk + 4Yk1 + 8yk,2
Zpo = —6xk + 2y 1 + dyk2

zzﬁ = —4x) + 2yi 2.
Consequently,
Zpp11 = —8%kt1 + AWkt1,1 + 8Ykt1,2 = 62k + 2yk1 + dyk2 = 2p 5
Zpy12 = —0Tkt1 + 2yp11 +4Ayk12 = —4ak + 2yk2 = 2 3
Zpr13 = —Akt1 + 2Uk12 = —3Tk — Yk uk = U

Thus, for hg = In2, the Brunovsky canonical form of the discrete first approximation system cor-
responding to system (16) is given by

ZI:-i-l,l = 32,2

ZZ+1,2 = 32,3

ZI:+1,3 =uy,

where u} = —3z) — yp1 + ug. As is easily verified, u} = azy, + ug, where a = f(hg)A3(ho).

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



870 AKMANOVA

Let us find a stabilizing control law for system (16).

We have uy, = S*z, S* = pS — «a, uj = pz;, where p = [p1 p2 p3, p1, p2, and p3 are the coef-
ficients of the characteristic equation of the last system of equations:

AY = p3A? — paX —p1 = 0.

Since the choice of these coefficients is arbitrary, we assign them so that the roots A1, Ao, and A3

of the characteristic equation lie inside the unit circle.
Taking A1 23 = % yields A% — %)\2 + %)\ — % =0, and p= [% —% %], a=[-3 —1 0]; hence,
1

S*=[5 0 1], and uy, = %xk + k2 is the desired control law.

Indeed, for hy = In2, substituting this control law into the discrete system (12) corresponding
to system (16) gives the matrix (A(hg) + bS*), for which all eigenvalues are equal to & (smaller
than 1 by their magnitude). Based on the proof of Theorem 4 (see the Appendix), we conclude
that system (16) is stabilizable for hg = In2 by the control law uy = %xk + Yk,2-

Consider an important special case of system (1) in which n = m = ¢ = 1. In this case, system (1)
contains scalar equations and is equivalent to the hybrid system

{ o/ (t) = arz(t) + by + a(@(t), yr), e <t <tpp a7
Yk41 = Q2Tk41 + boyp + cup + b(Tpq1, ypsur), k=0,1,2,...,

where a; = f;(0,0), by = £,(0,0), a2 = ¢,,(0,0,0), b2 = g,,(0,0,0), and ¢ = g;,(0,0,0) are numbers,
and the smooth nonlinearities a(x,y) and b(z,y,u) satisfy the relations
a(@,y) = o(lz| +[yl) as |z|+ [yl =0,
b(z,y,u) = o[z + [y| + [u]) as |z[+ |y[+ |u] = 0.
The nonlinear discrete system equivalent to system (17) has the first approximation system (12)
with
€a1h b_]'(ealh _ 1)

A(h) = - - l 0 ] . (18)
age‘“h E(e‘“h — 1) + b2
ai
Then the following result is true.

Theorem 5. If the hybrid system (1) contains scalar equations, and a; # 0, by # 0, and ¢ # 0 in
the equivalent system (17), system (1) will be stabilizable for any h > 0.

In this case, the stabilizing control law is found by the algorithm demonstrated in Example 1.

5. STABILIZATION OF SYSTEM (1) WITH VECTOR CONTROL

Let n > 1, m > 1, and ¢ > 1 in the hybrid system (1), i.e., the discrete system (11) serves as
the first approximation system for the equivalent discrete system (8). Assume that system (11)
satisfies the complete reachability condition for h = hg > 0 :

rank [B, A(ho)B, A*(hg)B, ..., A" Y(hg)B] = n + m. (19)
Theorem 6. If system (11) satisfies condition (19), there will exist a transformation
zp = Sz, up; = azp +ugy, detS#0, I=1,...,q, (20)

reducing system (11) to a set of q independent subsystems, each having the Brunovsky canonical
form.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



STABILIZATION OF NONLINEAR CONTINUOUS-DISCRETE DYNAMIC SYSTEMS 871

By the proof of this theorem (see the Appendix), the original system (11) decomposes into
g independent subsystems of the form (15) whose dimensions are sy, ..., sq, with s;+so+...+5, =
n 4+ m. Then we have the following result.

Theorem 7. If the linear discrete system (11) satisfies condition (19), it will be stabilizable for
h = hg > 0.

The proof of Theorem 7 (see the Appendix) and equalities (20) lead to another fact.
Corollary 2. The stabilizing control law for the discrete system (11) has the form

U = S*Zk,

where g = sfzg, 8| = pS| — u, U = Pzyy, Si 18 part of the matriz S corresponding to the lth sub-
system (I =1,...,q), p is a vector of dimension s;, zj; is the vector containing s; components of
the vector zj, corresponding to the lth subsystem, and sf are the rows of the matriz S*. In addition,
all eigenvalues of the matriz (A(ho) + BS™) are smaller than 1 by their magnitude.

Theorem 8. If the linear discrete system (11) satisfies condition (19), the corresponding nonlin-
ear hybrid system (1) will be stabilizable for h = hy > 0.

Ezample 2. 1t is required to construct a stabilizing control law for a hybrid system of the form

x'(t) = —2$(t) + kaJ — 2yk72 + a(x(t), yk), tk <t < tk+1
Ykt1,1 = —Tht1 + Uk 1 — Uk2 + b1 (Tpt1, Yk, k)
Ykt12 = Thl — Y1 + Yk2 + U1 + 2up 2 + b2 (1, Y, ug), k=0,1,2,...,

where z € R', y€ R%, u€ R?, a(x,y), bi(z,y,u), and by(x,y,u) are smooth nonlinearities in accor-
dance with system (5), by reducing the corresponding discrete first approximation system to a set
of independent subsystems written in the Brunovsky canonical form.

For this system, the corresponding discrete system (11) has the matrices

e 2h 1 _e2h g2 _ 0 0
Ah)=| —e2h e?h -1 1-e? |, B=]1 —1
6_2h —6_2h 6_2h 1 2

Then we obtain

0 0 0 3(e?—1) 0 (e72" —1)(9e=2" —3)
[B,A(h)B,A*(R)B] = | 1 —1 0 3(1—e2") 0 (e2" —1)(3—9e72") |,
1 2 0 32 0 e (9% —6)

and rank [B, A(h)B, A%(h)B] = 3 for any h > 0. Hence, the corresponding linear discrete system (11)
is controllable for any h > 0.

Let hg = In3, and let b; and by be the columns of the matrix B. Then

1/9 8/9 —8/9
Ag=A(hg) = | —=1/9 —8/9 8/9
1/9 —1/9 1/9

From the column sequence (by, by, Agby, Agba, AZb1, A2bs) we compile the matrix Fy of order 3 and
rank 3. Note that the matrix Agb; is a zero column, so the columns Agby, and A%bl are excluded
from consideration.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



872 AKMANOVA

We have Agby = [~8/3 8/3 1/3]T; therefore, s1 = 1, so = 2, and Fy = [by, by, Agbs), i.e

0 0 -8/3 17/24  2/3 1/3
Fo=1|1 -1 8/3 |, Fyt=|-7/24 —-1/3 1/3 |,
1 2 1/3 -3/8 0 0

k =1,2, since rank B = 2.

=1, hence, f is the first row of the matrix F{;° !

k
k

= Z =51+ s9 = 3, hence, fy is the third row of the matrix F0
f 1

17/24  2/3 1/3

S = fo |, ie,S=| —-3/8 0 0
f2Ao —~1/24 —1/3 1/3
LT 2
2F = —x -
k1~ 94 k 3yk,1 3yk,2
* 3
2 = SZk, then 22’2 = —gxk
1 1 1
2;273: _ﬁxk_ 39k,1+§yk,27 k2071>27"'7
Zhpy11 = Uk 1, Where up ;= f1AG 2, +up1 = frdoz, +ug1 = oq %k T U1
* * * * * 2
Zh412 = %3 213 = Ukg, Where up o = foAQ* 2 4+ up2 = -k + gkl — gYk2 T k2.

72 9
Thus, for hg = In3, the set of the Brunovsky canonical forms for the linear discrete system
corresponding to the original system has the form
ZZ+1,1 = Uz,l
ZZ+1,2 = 22,3
ZZ+1,3 = UZ,T

Now we find a stabilizing control law for the corresponding linear discrete system for hy = In3.

* * _ * % : _ * _ * _ :
1) Upy = PZpy; where p =p1, 2z, = Zp 1, since st =1, zp4 1 =Dz 4, and then A = p. Letting
1o 1 1 702 1
A= g ylelds p=3, a1 = fido =[5 0 0], S1 = f1, and, hence, s] =pS1 —a1 =[5 § 3l
. 7 2 1, ..
1= 812k, L€, U1 = 55Tk + §Yk1 T g¥k,2;
Uk § 36 9 9

2) uj o = pzjy, where p = p1 p2l, 2o = [22’2 zzﬁ]T, since sp =2, 2513 = P12} 9 + P22} 3, and
then A2 —pgA —P1 = 0.
Letting A1 2 = % yields A2 — %)\ + % =0, and p = [—%

I;

~3/8 0 0
—~1/24 —1/3 1/3

wino

ag = foA3 =[5/72 2/9 —2/9], S»=

. 1 4 4
sy =pSy —ap = [—1/18 —4/9 4/9], ie., up2 = g%k ~ gkl + gYk.2:

Thus, the stabilizing control law has the form

7 n 2 + 1
36 Tk gykl gykz
Uk 1 4
_Exk - 9yk,1 + §yk,2
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This law also stabilizes the original nonlinear hybrid system because
1/9 8/9 —-8/9

Ay + BS* = |5/36 —2/9 5/9 |,
7/36 —7/9 10/9

G | 7/36 2/9 1/9
T -1/18 —4/9 4/9 |°

and the matrix (Ag + BS*) has the eigenvalues \j 23 = %, e, [Ap3 < 1.

6. CONCLUSIONS

This paper has established a general sufficient condition for stabilizing nonlinear continuous—
discrete systems of the form (1) with both one-dimensional (scalar) and multidimensional (vector)
control. This condition is based on the complete reachability of the first approximation systems of
the corresponding equivalent nonlinear discrete dynamic systems.

A general approach to stabilizing the nonlinear hybrid systems (1) with control of different
dimensions has been presented, and stabilizing control laws for such systems have been designed.
The approach can be used to ensure stable operation modes for real technical, mechanical, and
other control systems with a heterogeneous structure as well as to construct admissible and optimal
control laws for such systems.

APPENDIX

Proof of Theorem 1. The desired result follows from the equivalence of systems (1) and (8),
which considers the relation of their solutions, and from the definitions of controllable systems.

The proof of Theorem 1 is complete.

Proof of Theorem 2. Since the linear discrete system (12) satisfies condition (13), the matrix
F(ho) = [b, Alho)b, A%(ho)b, ..., A" ™ ()|

is nonsingular, i.e., there exists the inverse F~1(hg).

Let the vector f(hg) € R™*™ be composed of the elements of the last row of the matrix F~1(ho)
[27]. In view of the definition of an inverse, we obtain

F(ho)b = F(ho) Alho)b = .. = F(o) A" (hy)b = 0, (A1)
f(ho) A" (ho)b = 1. (A.2)
Letting
251 = f(ho)zk
2o = f(ho)A(ho) 2k,
25 = [(ho)A?(ho)z, (A.3)
G em = F(h) AT (o),
f(ho)
f(ho)A(ho)
yields z; = Sz, where S = f(ho)A2(ho) , and det S # 0 since the discrete system (12)

£ (o) A™Hm 1 (hg)

satisfies condition (13).
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For h = hg > 0, system (12) takes the form
Zk41 = A(ho)zk + buk, k= 0, 1, 2, e
due to (A.1) and (A.2), from equalities (A.3) it follows that

Z]:+1,1 = f(hO)Zk—i-l = Z]:,g
ZZ+1,2 = f(ho)A(ho)2k+1 = Zz,a
: (A.4)
ZZ—i-l,n—l—m—l = f(hO)An+m_2(h0)Zk+l = Zz,n—i-m
Zhtnam = (o) A" (ho)zp 1 = oz + up,

where a = f(ho) A" (hyg).

Therefore, system (A.4) is given by (15) with u} = oz, + uy and is equivalent to the discrete
system (12) for h = hg > 0.

The proof of Theorem 2 is complete.

Proof of Theorem 3. As the discrete system (12) satisfies condition (13), by Theorem 2 it can
be represented in the form (15).

Let uj, = pz, where p = [p1 p2 ... Dntm]; then system (15) takes the form

* Ak
k41,1 = “k,2
* ok
“k+1,2 = “k,3

(A.5)
Zl:—l—l,n—i-m—l = Zl:,n—i-m
Zz—i-l,n-l—m = plzl:,l +p2zl:,2 +...+ pn-l‘mzlz,n—i-m'
In addition, let zj , =A0=1, zk2—zk+11 A, 253 =Zhi12 = Zhio1 =\2, s P m = Antm=1
and 23 g 4 = A"Fm Then system (A.5) is reduced to the equation
)\n-I—m o pn+m)\n+m—1 o pn+m_l/\n+m—2 - = p2)\ —pp = 0. (AG)

Equation (A.6) is characteristic for the matrix of system (A.5). Since the choice of the coefficients
of equation (A.6) is arbitrary, we assign them so that |\;| < 1,7 =1,...,n+ m. Then system (15)
with the control law uj = pz; has the asymptotically stable solution z; = 0. Hence, the discrete
system (12) represented in the form (15) is stabilizable for h = hg > 0, and the proof of Theorem 3
is complete.

Proof of Theorem 4. The desired result is immediate from Corollary 1, the relation (10),
and the sufficient condition for the asymptotic stability of the trivial equilibrium of the nonlinear
continuous—discrete system (1) obtained in [23]. The proof of Theorem 4 is complete.

Proof of Theorem 5. It can shown that if a; # 0, by # 0, and ¢ # 0 in the nonlinear hybrid sys-
tem (17), the corresponding discrete system (12) with the matrices (18) will satisfy condition (13).
In this case, the desired result is true based on Theorem 4. The proof of Theorem 5 is complete.

Proof of Theorem 6. Without losing generality, we suppose that rank B = ¢, ¢ > 1. Let by,..., b,
be the columns of the matrix B, Ag = A(hg), and the discrete system (11) satisfy condition (19).

From the column sequence (see [27])
(b1,bo, ..., bg, Agb1, Agba, ..., Agby, A3b1, A3ba, ... ABbg, ..., AT by, ... AT hy)
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we compile the matrix Fy = F'(hg) of the same order and rank (n +m) :
Fo = [by, Aoby, Agb, ..., A~ 'by, by, Agbg, Adbs, . ..,

AT
A b, .,bquObqugbq""’Aéq_lbq]' o

For each column by, the matrix (A.7) should include all columns by, Agby, Adby, . .. ,A(s)k_lbk, where
sg=1,...,n+m, k=1,...,q, with each column A}b; (j =0,1,...,n+m — 1) being included if
it forms a linearly independent system with all preceding columns in this matrix. Otherwise, the
columns A)by, Aé“bk, .. ,Ag+m_1bk are excluded from consideration.

Since rank Fy = n + m, there exists the inverse Fo_l. Let fr (k=1,...,q) denote the row of the

k
matrix FO_1 numbered by > s;. According to the definition of an inverse, we obtain the conditions

7=1
FAb M0 =0, (kK #4)V (j # si), (A8)
FrAZ by, = 1. (A.9)
Let
Zp1 = f12k

22 = f1Aozk

* o s1—1
zk,sl = fle Zk
* _
Zk,51+1 - fQZk

X Al
Phys14+2 = f2Aoz (4.10)

* _ so—1
Zk,sl-‘rSQ - f2A0 2k

% o sq—1
Zk,sl—l—SQ—i—...—l—sq - quO 2k

f1
f14o
flA(s)l_l
f2
f2Ao

where s1 + s3 + ... + 54 = n + m. Then 2 = Sz, where S = , S is a matrix of

f2A82_1

Jq

o3
order (n +m) with det S # 0 because the discrete system (11) satisfies condition (19).
Then 2z}, = Sz41; for h = hg > 0, the discrete system (11) takes the form

Zk+1 = Agzi + Buy.
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Considering (A.8)—(A.10), we obtain

Zpy11 = f1lozk + fiBug = fiAoz, = P

A2 A2,
Zhi12 = [1AGzE + frAoBu, = f1Ajzr = 2 5

s s1—1 s
Zhi1s, = 1A 2k + 1Ay Bug = il zk + k1 = up 4

* _ %
Zit1,41 = J2A0z + faBur = 2 o 4o

* _ 82 sg—1 _ 82 %
k41,5140 foAg? 2k + [2A)* T Bug = f2Ag*zk + uke = Up, o

* o Sq sq—1 o Sq %
“k+1,51452+..+sq faAo'ze + fqAy"  Buk = fody 2k + upg = U q -

Thus, for h = hg > 0, the transformation (20) reduces the discrete system (11) to a set of ¢ inde-
pendent subsystems in the Brunovsky canonical form:

* Lk
Zk+1,1 = k2
* Ak
Zk+1,2 = “k,3

* %
Rltl,s1 — Uk

25 =2z
k+1,s1+1 = “k,s1+2 (A 11)

*

* J—
Zhtl,s1+s2 — Uk2

z =z
k+1,51+s2+...4+5¢—1 7 “k,s1+s2+...4+5q

* %
Zk—i—l,n—i—m - U’k,q .

The dimensions of these subsystems (the number of equations figuring in them) are s1,s2,..., 54,
respectively. In addition, uy ; = a2k + ugy (I=1,...,q) are the components of the control vector,
and oy = f1A]'. The discrete system (11) is equivalent to system (A.11) for h = hy > 0.

The proof of Theorem 6 is complete.

Proof of Theorem 7. By the proof of Theorem 3, each of the ¢ subsystems in (A.11) has an
asymptotically stable solution z* = 0 under appropriate control laws. In this case, system (A.11)
has the asymptotically stable trivial solution. Hence, the equivalent system (11) is stabilizable for
h = hyg > 0.

The proof of Theorem 7 is complete.

Proof of Theorem 8. It follows from Theorem 7 that the discrete system (11) is stabilizable for
h = hy > 0 and, according to Corollary 2, all eigenvalues of the matrix (Ay + BS™) are smaller than
1 by their magnitude. Then the desired result is immediate from the relation (10) and the sufficient
condition for the asymptotic stability of the trivial equilibrium of the nonlinear continuous—discrete
system (1) obtained in [23].

The proof of Theorem 8 is complete.
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