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Abstract

This paper addresses the problem of optimal stabilization for stochastic dynamical systems
characterized by Markov switches and concentration points of jumps, which is a scenario
not adequately covered by classical stability conditions. Unlike traditional approaches
requiring a strictly positive minimal interval between jumps, we allow jump moments to
accumulate at a finite point. Utilizing Lyapunov function methods, we derive sufficient
conditions for exponential stability in the mean square and asymptotic stability in proba-
bility. We provide explicit constructions of Lyapunov functions adapted to scenarios with
jump concentration points and develop conditions under which these functions ensure
system stability. For linear stochastic differential equations, the stabilization problem is
further simplified to solving a system of Riccati-type matrix equations. This work pro-
vides essential theoretical foundations and practical methodologies for stabilizing complex
stochastic systems that feature concentration points, expanding the applicability of optimal
control theory.

Keywords: optimal control; Lyapunov function; system of stochastic differential equations;
Markov switches; concentration point

MSC: 60]25; 93D15; 93E03

1. Introduction

One of the prerequisites for the physical realization of a process is its stability. Hence,
ensuring stability is an essential task known as the stabilization problem.

The stabilization problem for stochastic dynamical systems with random structures
was first solved by L.Ya. Kats in [1]. For stochastic dynamical systems with random structure
and Markov switches that lead to jumps of the phase vector, the problem of optimal stabi-
lization was solved by the authors in [2]. In that work, it was assumed that the moments
of Markov switches are known. This assumption allowed a relatively straightforward
transfer of basic properties from stochastic differential equations (SDEs) with continuous
trajectories to systems with jumps. This global problem includes sub-problems related to
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the Markov property for solution x(t),t > 0, the martingale properties for ||x(¢)|?,t > 0,
and other local characteristics [3-5]. Similar problems for stochastic differential equations
with delays have been studied in [6,7]. Stochastic games [7,8] have become widely used,
in which it is assumed that two players have different objectives, and their strategies
are described by stochastic differential equations. More general approaches to analyzing
random fields and stochastic partial differential equations can be found in [9-13].

The inclusion of an integral term with respect to a Poisson measure also allowed
cases with random moments of finite jumps in the phase vector to be addressed. For such
systems, an explicit control form that stabilizes linear systems to asymptotic stochastic
stability was obtained in [5], along with justification of exact and approximate methods for
control calculation. A system of Riccati-type matrix equations has been derived to find a
general solution to the stabilization problem.

In the works mentioned above, as well as in most studies involving trajectory jumps,
i.e., distance between jumps satisfy the following condition: |ty — t,_1| > J > 0. However,
in catastrophe theory or resonant systems, cases often arise where jumps concentrate at a
point, leading to the relation:

lim t; = teo < 00.
k—o0

In this scenario, as previously indicated in [14], the cumulative effect of jumps can
result in the loss of system stability. Consider the simple example which illustrates problems
with the existence of a concentration point:

dx(t) = —x(t)dt

with jumps defined by
x(ty) = x(t—) (1 +K)
at points
beo=2,a>0
k kl M

One can easily conclude that

Jim [x(6)] = o0

provided that x(0) # 0. This straightforward example highlights the critical role of jump
magnitudes in systems with concentration points.

In Section 2, we introduce the mathematical model for dynamical systems with jumps,
described by a system of stochastic differential equations with Markov parameters and
switches, providing sufficient conditions for the existence and uniqueness of solutions.
Section 3 establishes sufficient conditions for exponential stability of the solution x(t),t > 0
(Theorem 1), which simultaneously define the class of admissible controls. Sufficient
conditions for the existence of solutions to the optimal stabilization problem are established
in Section 4 (Theorem 2). The synthesis of optimal control in explicit form for a linear
system with a quadratic quality functional is presented in Section 5.

2. Task Definition

On the probabilistic basis (0, §, F, P) [3,4,15], consider a controlled stochastic dynami-
cal system of random structure given by a stochastic differential equation (SDE)

dx(t) = a(t, &(t), x(£), u(t))dt + b(t, &(t), x(£), u(t))dw(t), t € RA\K, (1)
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with Markov switches
AX(t) = g(tkflg(tkf)lﬂk/x(tkf))/ tk €eK= {tn ﬂ}/ (2)
and initial conditions
x(0)=xg € R", §(0) =y €Y, o =h € H. (3)

Here, &(t),t > 0 is a Markov chain with a finite number of states Y = {1,2,...,N}
and generator Q = {qi]-}, i,j=1,...,N; {5k > 0} is a Markov chain with values in the
space H and transition probability matrix Pp; x : [0, +00) x Q — R™; u(t) € R™ is the
control; w(t), t > 0, is an m-dimensional standard Wiener process; the processes w, ¢, and 7
are independent [3,4,15].

Define

Fi, = 0(2(5), w(S), ers < ke < )

as the minimal o-algebra with respect to which §(t) for t € [0, ;] and 7, n < k are measurable.
Measurable functionsa : R x Y x R" - R", b : Ry x Y X R" — R" x R" and g :
Ry XY x H x R"™ — R" satisfy the boundedness and global Lipschitz conditions:
Coefficients of stochastic differential equation are measurable maps: a : Ry x Y X
R*" - R", b: R xYXxR" - R"xR", ¢ : Ry xXYXxHXxR" — R" satisfy the
boundedness condition and the global Lipschitz condition

la(t,y, x,u)* + [b(t,y, x,u) [+ (8 y, b, x) P < CL+ |x]?); 4
la(t,y, %1, 1) = a(t,y,x2,u) >+ [b(ty, x0,u) = by, x2,u)] < Ljxg — xf?, 21,22 € R™; (5)
‘g(tk’y/h’xl) _g(tkly/h’x2>|2 S Lk|x1 - x2|21xl/x2 € le E Lk < 0. (6)

k=1

Consider the scenario with a concentration point of jumps, i.e.,

lim t, = t* < .
n—oo

Assume the following conditions are satisfied:

o0
Y v <oo,yk= sup  [g(ti,y, k)| (7)
k=1 xeR™, yeY,heH

and

N 00
1im<1n£+NgZLk> = —oo,N; := inf{kzl: Z’ym<£}. (8)
k=1 =

el0 = m=k

Conditions (4)—(8) in fact are the sufficient conditions of existence and unique for a
strong solution to the Cauchy problem (1)-(3) [16].

Define the transition probability of the Markov chain ((tx), 1k, x(t)) that determines
the solution of the problem (1)—(3) at step k as

Pk((y/hlx)/r X G X C) =

= P((¢(tr1), My, X(tkg1)) €T X G x CU(E(t), 1k, x(t)) = (¥, h, x))-
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Definition 1 ([1]). The discrete Lyapunov operator (lvy)(y, h, x) on a sequence of measurable
scalar functions vi(y,h,x): Y x Hx R™ — R!,k € NU {0}, for the SDE (1) with Markov
switches (2) is defined as

(log) (y, 1, x) =

= / Pi(y, h,x)(du x dz x dl)vg1(u,z,1) — v (y, b, x). )
Y xHxR™

Here, vk (y, h, x), k € Nis a Lyapunov function defined by the following definition.

Definition 2 ([1,2]). A Lyapunov function for the system (1)—(3) is a sequence of nonnegative
non-decreasing functions {vi(y, h,x),k > 0}, satisfying the following conditions:

1. forallk > 0,y € Y,h € H,x € R™ the discrete Lyapunov operator (lvy)(y, h, x) (9) is

defined;
2. vy hx) <vei(yhx) forallk >0,y € Y,h € Hx € R";
ifr = oo
o(r) = inf Jh,x) — ;
v(r) keN,ye\},rhleH,|x|zrvk(y x) e
4. ifr—0

o(r) = sup u(y, h,x) = 0;
keNyeY,heH,|x|<r

and 5(r) and v(r) are continuous and monotonous.

Definition 3 ([17,18]). The stochastic system (1)—(3) is called:
—stable in probability if for Ve; > 0,ex > 0 exist 6 = d(e1,€2) > 0, such that |x| < &
implies

P{supx(t)| > sl} <& (10)

t>0

forally € Y,h € H;
—asymptotically stochastically stable if it is stable in probability and for any e > 0 there exists
0> > 0, such that

1
T—o0 >T

im P{sup|x(t)| > e} =0 (11)
forall |x| < b,y e Y,he Hand T > 0.

Definition 4 ([17-19]). The system (1)—(3) is called exponentially stable in the mean square if
Vxg € R™, &(0) and 1o, there exist constants o > 0,8 > 0, such that

Elx(t)|* < a|xg|?e P, vt >o0. (12)

In general, these two types of convergences are not related to each other [19], but in
specific cases one type of convergence can be used to infer the other. A remark to Theorem 1
allows us to state that, provided that the Lyapunov function exists, the exponential stability
in the mean square implies it is asymptotically stochastically stable. Thus, Theorem 1
allows us to draw conclusions, not only about the moment convergence of the solution to 0
but also about the probabilistic properties of the solution for large T.
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3. Stability

One common approach to establishing sufficient conditions for exponential stability
involves imposing a constraint on the switching moments of the type

ltke1 — ] > A, A > 0= const, (13)

which excludes the possibility of concentration points of jumps [1,20,21]. Clearly, in the
case considered here, condition (13) is not fulfilled. Therefore, it is essential to identify
conditions under which the solution to the system (1)—(3) is exponentially stable in the
mean square.

Theorem 1. Suppose that, for the system (1)—(3), there exist Lyapunov functions vi(x,y,h), k > 0,
and strictly increasing on [0, 00), positive and continuous functions c, f and z, c(0) = f(0) =
z(0) = 0, such that, under the condition,

FUx®)P) < op(x(1),y,h) < z(1x(H)]?) (14)

holds, along with the inequality

loe(x(t),y, h) < —c(jx(t) ), (15)
fort € [ty, tye1), k >0, and
kN7+n—1
Y. E{oj(x &), m)} < xalo(x(te=), E(te—), i), (16)
j=kNt

for some integer Nt > 0, n = 1,2,..., Nr, where xj : Ry — Ry is a non-decreasing function
satisfying xi(s) < s. Assume also that
c(x)

inf —<% > 0.
xe(0,00) Z(x)

Then, the system (1)—(3) is exponentially stable in the mean square.

Proof of Theorem 1. On the interval [t;, t;, 1),k > 0, consider the weak infinitesimal oper-
ator acting on the Lyapunov function vy (x, y, h). From (15), we have

_clx®D)

o ) < —e(Ix()]) = = T ey ) <~y )

where the scalar « > 0 is defined as

c(x)

f— i f
C 7 e 2(x)

By Dynkin’s formula [4], for any t € [tg, t; Jrl), and some k > 0,
tit1

k-1 !
E 2/lv]-(x(s),y,h)ds—i-/lvg(x(s),y,h)ds =

=
=0 tr

k-1
= ZO E{0j1(x(tjy1—), S(tip1 =), n(tjs1—))} —oj(x(t), &), n(t;))+
=
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+Evp(x(tp), S(tp), n(tg)) — og(x, v, h) =
E{vp(x(tp), ¢(tg), m(tp)) } — vo(x0,y,h)+

[NLT] 1 (k+1)Np—1
Y. E{oj(x(tj—-),&(t—),n(tj—))} —oj(x(t;),&(t;), n(t))+
k=0  j=kNr
k
+ [Z] E{vj(x(tj—),¢(tj—),n(tj—))} — vj(x(t), E(t;), ()
j= NLT Nt
Using (16), it follows that
E{op(x(tp), ¢(tp), n(tp)) } — volxo,y,h) <
<E Z / loj(x q(tj))ds—l—/lv;(x(s),é‘(ti),n(tg))ds <
=0 ¢ b
Toq bt t
< BT [ oyx(s) 60D n(e)ds + [ oplx(s), 6t n(tp)s | =
j=0 b tr
t
- —sz{/Uk(x(s)/‘f(fk)rﬂ(tk))ds}
0
The last inequality implies that
SB{o(x (1), 1)) < —ay / E{ox(x(s), (1) 1) s = —aE{oi(x,,h)},

which, by the Gronwall-Bellman lemma, implies

E{vp(x(t),y,h)} < vc(xo,y, h)e™*, t € [0, 1.

This estimate and (14) imply exponential stability in the mean square of the system
(1)—(3). Indeed, based on the estimate of E{vi(x,y, 1)}, the event lim;_, |x(t)] = 0 is
equivalent to limy, > ;00 E{v(x(t),y, 1)} = 0, proving the theorem. [

Remark 1. Since the inequality (15) holds, the solution of (1)-(3) is asymptotically stable in
probability [14].

4. Stabilization

The problem of optimal stabilization for the system (1)—(3) consists of determining a
control u(t, x(t)), such that the trivial solution x(t) = 0 of the system becomes asymptoti-
cally stable in probability.

It is assumed that the control u is based on the full feedback principle and is continuous
intfort > 0,x € R, forall fixed {(t) = y € Y and , = h € H. Specifically, in the case of
continuous dynamics (1) and (2), the control is defined by the relation

u(t) = u(t, x(t-)),

and the left-hand side boundary is considered precisely due to the presence of jumps (2).
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The set of admissible controls consists of those controls for which the system is
exponentially stable [1,22], namely

u= {u(t) = u(t,x(t=))| E|x(t)] < |xole ™", a(u) > o}.

In the previous section, we established sufficient conditions under which exponential
stability in the mean square is equivalent to asymptotic stability in probability. Therefore,
if these conditions are met, every admissible control will be optimal with respect to the
stabilization problem, resulting in an infinite set of such controls. The optimal control
must then be selected based on the best quality of the transient process, expressed through
minimizing the quality functional

Iu(y, h, xo) =
= 3 [T B x(0), 1()/(0) = 10 = b x(0) = o)t W)
k=0 "k

where W(t, x,u) > 0 is a measurable function defined for t > 0,x € R™, u € R".
The functional (17) can by calculated as follows:

A.  Compute the trajectory x(t) of the SDE (1) for a given control u(t,y,h, x), e.g., using
the Euler-Maruyama method [23].

B.  Putx(t),&(t),and u(t) = u(t, x(t)) into the functional (17).

C. Estimate the value of (17) through statistical simulation (Monte Carlo method).

D.  The choice of the functional W(t, x, u), determining the functional estimate I,, and
the quality of the process x(f) as a strong solution of the SDE (1), must satisfy the
following criteria:

(a) Minimization conditions of (17) must ensure that the strong solution x(t) of
the SDE (1) converges to zero rapidly on average, with high probability;

(b)  The integral’s value should reasonably estimate the computational cost for
generating the control u(t);

(c) The value of the quality functional should adequately reflect the computa-
tional effort required to determine the control u(t);

(d)  The chosen functional W(t, x, u) must permit explicit or constructive solutions
to the stabilization problem.

Definition 5. A control u®(t) satisfying
Lo(y, h,xo) = minI,(y, h, xo),

where the minimum is taken over all controls continuous in variables t and x for each {(0) =y € Y,
and 19 = h € H is called optimal with respect to the optimal stabilization of the strong solution
x € R™ of the system (1)—(3).

Theorem 2. Let, for the system (1)~(3), v°(ty, y, h, x) exists, and the r-vector function u®(t,y, h, x) €
R" exists, such that:

1. The sequence of functions v} (y, h, x) = 0°(t,y, h, x) is a Lyapunov functional, satisfying the
conditions of Theorem 1;
2. The sequence of r-dimensional control functions

ud(y,h,x) = u®(t,y,h,x) € R

is measurable in all arguments, where 0 < ty <ty 1,k > 0;
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3. The sequence of functions appearing in the criterion (17) by x € R™ is positive definite, i.e., for
Vt € [tkr tk+1),k >0,
W(t, x,ud(y,h,x)) > 0;

4. The sequence of infinitesimal operators (10}) |u2, calculated at u) = u°(y, h, x), satisfies the
condition for Vt € [ty, tyy1)

(109) \ug = —W(tx,ud);
5. The expression (1v) + W(t, x, u) reaches its minimum at u = u°,k > 0, i..,
(o)) |u2 +W(t,x,ud) =

= u1€nﬂ£r{(lvk) |, +W(tx,u)}=0. (18)

6.  The series
d tet1
2/ E{W(t, x(t), u(t))/x(t) Yt < oo
k=0"1k

converges.

Then, the control u) = u®(ty,y,h,x),k > 0 stabilizes the solution of the problem (1)—(3).
Moreover, the following equality holds:

vo(y, h,xp) =

= 3 [ B x(0), 1) () bt =
k=0""k

= min i /tk+1 E{W(t,x(t),u(t))|x(tx) ydt = Lo(y, h, xo).

ueR" k=0 ty

Proof of Theorem 2. The proof follows exactly the argument provided for Theorem 2
in[5]. O

Since {(tx) is a Markov process with a finite number of states, then transition probabil-
ity can be defined as follows:

Plw:g(t+A) =y; | ¢(t) =y yi #yj} = —qij(H) At +o(At), i, j=1,N. (19)

According to this assumption, we obtain an equation that must be satisfied by the
optimal Lyapunov functions v{(y, 1, x) and the optimal control u?(t, x)Vt € [ty, ti11).
Following [14,24], the weak infinitesimal operator (WIO) (9) has the form

our(y, h, x
(195) (. ) = 2 4 (0,0, ) a0

3 SpOT (3, 1) - Vou(y, B x) bt y, ) +

+Z / i(t, ) pij(t,z/ x)dz — v;(t, x)]qi;, (20)
]#I]Rm
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T 2 m
: _ a‘Uk avk 2 _ 9 Uk sy
where (-,-) is a scalar product, Vo, = (E""’ axm) , Ve, = [axiaxj i'=1'k >0,“T

denotes transposition, Sp is a trace of the matrix, and p;;(t,z/x) is a conditional probabil-
ity density
P{x(7) € [z,z +dz]/x(T —0) = x} = p;j(7,2/x)dz + 0(dz)

assuming ¢(7 —0) = y;, {(1) = y;-
Using (20), we derive the first equation for v° by substituting the averaged infinitesimal
operator (lvg) lu+ [1] into the left-hand side of (18). The resulting equation at the points

(te Yjs i, X) is:

T
802 avg 1 T 8202
5 + (( o ca(t,y,x,u) | + ESP b' (tyi,x)- 52 bty x) | |+

T 0 0
+) [/ o (Y h %) pi(t 2/ x)dz — o (yi I, x)} qij (t)dt-+

+W(t x,u)=0. (21)

For defining optimal control u)(t,y,h,x) we differentiate (21) with respect to the

variable u:
3\ /aa aw\ T
(5) - Ga)+ (50)
where g—z —m X r-matrix of Jacobi, stacked with elements {3”7’;, n=1m,s = ﬂ}, ( a—l;‘/) =
(aW I k> 0.

m ey E
Thus, according to Theorem 2, the problem of optimal stabilization reduces to solving

=0, (22)

—,,0
u—uk

a complex system of the nonlinear Equation (18), involving partial derivatives, to find the
unknown Lyapunov functions v?k = vg(y, h,x), where i = 1,land k > 0.

It is important to note that this nonlinear system is derived by eliminating the control
ug = u®(t,y, h, x) from Equations (21) and (22).

Given the inherent difficulty of solving such a nonlinear system directly, we will
subsequently focus on linear stochastic systems, for which more tractable solution schemes
can be constructed.

5. Stabilization of Linear Systems

Consider a linear case:
dx(t) = [A(t—,¢(t=))x(t—) + B(t—,¢(t—))u(t—)ldt+
+o(t—,&(t—))x(t—)dw(t), t € Ry \K, (23)

with Markov switching given by

Ax(t) = g(te—,&(tr=), M, x(tr—)), t € K= {ty, 0} (24)

t=t;
where lim t, = 400, and initial conditions are
n——+oo
x(0) =xp e R", ¢(0)=yeY,ngp=heH (25)

Here, A, B,o are piecewise continuous integrable matrix functions of appropri-
ate dimensions.
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We assume that the jump conditions for the state vector x € R™ at a switching instant
t = t*, corresponding to the change in the structure of the system due to the transition
§(t'—) = yito {(t*) = y; # y;, are linear and expressed as

N
x() = Kyx (=) + ) &Qsx(t"—), (26)
s=1

where ;s := {5(w) — are independent random variables satisfying E¢s = 0, EC? =1, K;jand
Qs are given (m x m)-matrices.

Note that Equation (26) can replace the general jump conditions under the following
circumstances [21]:

If jumps are deterministic, then Qs = 0 and Expression (26) reduces to

X(t*) = Ki]-x(t*—);

Continuous changes in the phase vector correspond to Qs = 0 and K;; = [—the
identity matrix of size (m x m).
The quality of the transient process is evaluated through the quadratic functional

L(y, h,xg) := (27)

= 3 [M BT @M + T ODEu) 13030}t
k=0""k

where M(t) > 0 and D(t) > 0 are symmetric matrices of dimensions (m x m) and (r x r),
respectively.
The optimal Lyapunov functions are assumed in the quadratic form:

vg(y, h,x) = xTG(t, y,h)x, (28)

where G(t,y, h) is a positive-definite symmetric matrix of dimension (m x m).

Throughout this section, we assume that &(t) is a Markov chain with a finite state
space Y = {y1,Y2,...,1;}, and 1, k > 0 is a Markov chain with states /i in a metric space
H and transition probabilities Py (h, G) at step k. We introduce the following notations:

Ai(t) == A(tyi), Bi(t) == B(tyi), oi(t) == o(t,y;),

Gir(t) == G(t,yi, hi), vir == 0(yi, g, x).

Substituting the functional (28) into Equations (21) and (22), we derive equations for
determining the optimal Lyapunov function v (y, k, x) and optimal control u}(t, x) for
Vt € [ty, try1). Using WIO form (20), we find that:

dGi(t)
dt

xT () x(t) + 2[Ai(£)x(t) + Bi(H)u(t)|Gir(£)x(£) +

+Sp(xT (1) (1) Gy (£)oi (1) x(£))+
N !
+xT(t) ; KigGik(t)Kij + ZE}Q;‘FGik(f)Qs — Gi(t) |qijx(t)+
i 5=
+xT (1) My (H)x(£) + 1" () Dy (H)u(t) = 0, (29)

2xT(£)Gir (£) By (t) + 2u” (1) Dy (£) = 0. (30)



Mathematics 2025, 13, 2307

11 of 14

Using (30), we can derive optimal control for {(t) = y; and 7y = hy, k > 0:
e (t,x) = =Dy (DB (1) Gy (£)x(b). (31)
Given the matrix equality
26T ()G (D Ai(1)x = xT () (Gie (1) Ai (1) + AT (HGi(1))x(8),

eliminating 1 from (29) and setting to zero a quadratic form, a system of matrix Riccati-
type differential equations for determining the matrices Gy (t), wherei =1,2,...,1,k > 0,
corresponding to the interval [y, tx, 1), are obtained:

dGé*’i(t) + Gir(D)Ai(t) = Bi(t) Dy (1)B] (1) Gir (1) +
+5p(of (1 Gik()os (1)) +
+jN; K Gir (DK + Sio QI Gk ()Qs — Gie(t) | g1 + Mi(t) = 0, (32)
lim Gy(t) = 0,i = TN,k > 0. (33)

Theorem 3. Suppose the system of matrix Equations (32) and (33) has positive-definite solutions
of the order (m x m):
Gik(t) > 0,Go(t) >0, ..., Gy(t) > 0.

Then, the control defined by (31) provides a solution to the optimal stabilization problem for
the linear stochastic system (23)—(25) with jump conditions (26) and optimality criterion (27).

Remark 2. Sufficient conditions of resolvability of Ricatti-type Equations (32) and (33) given in
the work [25].

6. Model Example

For comparison results, consider example from [14]. For this example, define the linear
autonomous stochastic differential equation

dx(t) = (a(§())x(t) + b(&(1))u(t))dt + o(5(t))x(t)dw(t), t > 0,

with perturbations
x(t) = x(te—) +e M (x(h—) A1),

where breakpoints f; are defined as
hh=2-— %,k >1
with concentration point te = limy_,,, = 2. Also define the non-random initial condition
x(0) =10,8(0) =yo € Y, 70 = 1.
In this autonomous case, the system (32) has the next form [5]:
GiyA; + Al Gy — BiD'BI Gy + o Gypoi+
N 1

+3) KlgGisz‘j + Y QI GiQs — Gik|9ij + My = 0,i =1,N,k > 0.
j#i s=0
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The three cases of the parameters are considered as in [14].
Case 1. Unstable system for b = 0:

- ifd=1la=10=03b=1;

- fd=2a=-050c=21bb=1
Case 2. Stable system for b = 0:

- if¢=lLa=-10=03b=1

- f=2a=050=2b=1;

Case 3. Unstable system with values of parameters from Case 2 and impulse action
x(t) = x(te=) + e (x (=) A 1).
The results of synthesis of the optimal control (31) are visualized in Figure 1.

(a) Case 1 (b) Case 2 (©) Case 3

3000 4000
60

Solution, x(t)
Solution, x(t)
2
—
Solution, x(t)

1000 2000
—

Aol
f ] AN W
| v "J A M \l\.‘ .‘iu\’}'ﬁy\\ﬂ('m‘fw‘ W "rl‘,, |
J y ,,J v»,\\!\(/ \

' Wh i o) LA
Wt Y N il ‘N"\/\r-\\

0 1 2 3 s s 6 0 1 2 3 s s 6 0 1 2 3 4 5 6
Time, t Time, t Time, t

Figure 1. Examples of solution trajectories estimated by the Euler-Maruyama method (previously
shown in [14]): (a) Case 1—unstable, (b) Case 2—stable, and (c¢) Case 3—unstable with an ex-
treme growth at t = 2. Uncontrolled (red lines) and controlled (green lines) solutions with control
given by (31). Blue marks indicate moments of impulse actions. Optimal control stabilizes the
system’s trajectory.

As we can see, the optimal control stabilizes the unstable system in Case 1 and makes
the decay of stable solutions faster in Cases 2 and 3.

7. Discussion

Optimal control theory relies on several fundamental methods, one of the most promi-
nent being the Lyapunov function method. This method, along with its various modifica-
tions, is extensively employed to address practical problems in numerous mathematical
models, including stochastic differential equations. In this study, particular emphasis is
placed on applying Lyapunov functions to stochastic differential equations with Markov
switches, specifically addressing scenarios involving concentration points. This approach
could be extended by incorporating additional assumptions about the switching mecha-
nism, such as semi-Markov processes, where state durations do not necessarily follow an
exponential distribution.

The paper also considers a model example based on a similar example from [14].
As can be seen from the simulation results, unstable systems can be stabilized; however,
this is not possible in all cases, as illustrated in Case 3 of the model example. Thus, it
remains an important issue to study the conditions for unconditional boundedness of
solutions of the system (1)—(3).

Future research in this field will explore broader characteristics of the switching process
¢(t) and validate the theoretical results derived here through practical applications. Fur-
thermore, the computational complexity of the algorithms proposed in Theorems 2 and 3
remains an area requiring further investigation, particularly in comparison to heuristic
algorithms for optimal control estimation. Hence, subsequent research will include com-
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parative analyses between the algorithms developed in this paper and heuristic methods.
Further studies will primarily focus on linear systems, exploring necessary and sufficient
conditions for stability and the existence of optimal controls.

8. Conclusions

In this paper, we have established sufficient conditions for ensuring stability in stochas-
tic differential equations characterized by jump concentration points. Unlike most classical
assumptions, which impose a strict minimal interval between jumps (i.e., [ty — tx_1| > A),
our study deliberately omits this condition, thus allowing for jump concentration scenarios.

The stability analysis performed leverages a sequence of Lyapunov functions
vk(y, h, x),k > 0, whose properties guarantee the stability of the solutions to Equations (1)-(3).
Under assumption (7), these Lyapunov functions can explicitly be constructed as

ok(y, h, x) = divo(y, h, x),

where constants dy =1+ Z};:l Ym < co. Additionally, assumption (7) significantly relaxes
the previously stringent condition (8) used in earlier studies [16]. Thus, the derived stability
conditions for stochastic differential equations with jump concentration points combine
conditions from systems without jumps (¢ = 0) and constraints on jump magnitudes.

In the special case of linear stochastic differential equations, the stability conditions
simplify to the existence of positive-definite solutions to Riccati-type matrix equations,
similar to the classical cases. These conditions, derived from Equation (32), are sufficient
but do not fully characterize all stable systems, as demonstrated by the examples in [5].

Future research directions will focus specifically on linear systems, aiming to define
both necessary and sufficient stability conditions and determine the existence of optimal
control solutions.
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