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Abstract. The sufficient conditions for exponential stability based on the Lyapunov-
Razumikhin approach are obtained for the general class of nonlinear systems with delay and
impulsive effects. These conditions depend on the maximum of how many times pulse ef-
fects may occur during the time delay. For the particular case when the minimum time be-
tween pulse effects is not less than doubled delay time, the results are shown in solving of
complete synchronization problem of two identical electric power systems under impulsive
perturbations where chaos may occur. An example of a parameter set for the power system
model at which chaos is observed is given as well.
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Introduction.

The Razumikhin approach, in addition to the Lyapunov method for the qualitative anal-
ysis of equations with delay, was developed in the works [16, 17]. Another approach to
solving such problems is based on the Lyapunov functionals [19 — 21].

Lyapunov stability theory for differential systems with delay and impulsive effects is
developed in [9, 11, 14, 22 — 24] (see recent reveiews [10, 12] as well). The Lyapunov-
Razumikhin method is widely used while obtaining stability results [22, 23]. Such systems
can be classified as hybrid systems: the dynamics of their solutions in different time points
is determined by different laws of motion, each of which affects the solutions significantly
[14]. For various applications, where impulsive perturbations are considered as destructive,
it is advisable to assume that the time intervals between them are bounded from below,
although they may be unbounded from above. Known conditions for exponential stability
obtained by Lyapunov — Razumikhin method are not applicable for such impulsive
perturbations [8, 26].

Electric power systems can be modeled by differential systems with delay and
impulsive effects [4, 6, 15, 18]. Power systems can be considered as large-scale systems [2],
for the stability study of which approaches based on the Lyapunov matrix function method
may be appropriate [13]. A lot of works [4, 7, 25] dedicated to synchronization of power
systems with chaotic motion in terms of master-slave interaction. Although chaotic
dynamics is typical enough in power systems, the problem of their synchronization can be
solved successfully by methods of Lyapunov stability theory that at first sight seems
counterintuitive. In general, the problem of synchronization of power systems under
impulsive perturbations remains poorly understood.

The structure of this article is as follows. Section 1 represents notations and
assumptions. In Section 2, for general class of systems with delay and impulsive effects we
give main theoretical results, where sufficient conditions for Lyapunov stability are
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established. Exponential estimation for solution of such class of systems is also given. These
results are further used as a framework for synchronization analysis of models of power
system. Section 3 represents a synchronization result for two power systems via system of
algebraic inequalities, while the proof of which a specific form of discontinuous piecewise
exponential Lyapunov function is constructed. It is illustrated in section 4 by numerical
methods. A set of parameters at which a chaotic behavior of the power system occurs is
given in this section too.

1. Notations and assumptions.

Let Ax(¢)=x(t+0)—x(¢t), PC(X,Y) — space of functions X — Y, that are left-
continuous and have at most a countable set of the points of discontinuity of the first kind,
where X <R, Y cR”".

Let ||.|| be Euclidean norm in R"” and for any compact interval Q<R and

pePC(X,R"), X 2Q introduce the norm || @ ||=sup,.q, || @)l .
Definition 1. [3] Function f:R, — R, belongs to Hahn-class, if
1) f(0)=0;
2) f(x)>0 when x>0;
3)forall x, >x20: f(x,)2 f(x).
Definition 2. [22] Function v(t,x) belongs to the class V,, if
1) v(t,x) e C'(ExR"), where E = G (74 Typy) » Where 7, =0;

k=0
2) there exists at least one of limits:

lim s V(1) = V() 3 limse oV(t,X) = (7.3, ke N

Assumption 1. For the function v(t,x) there exists a function a from the Hahn-class
such that a(|| x|)) < v(z,x), V(¢,x) e R, xR".

Assumption 2. For the function v(t,x) there exist functions a, b from the Hahn-class
such that a(||x|)) < v(t,x) <b(|| x|)), V(t,x)eR, xR".

2. Main stability results.
Consider a hybrid system

%:f(t,xt), t%7; A =1 (x), t=7,, ke N (1)

and initial conditions for it
x(t) = (00 (t)a te [_ra O]’ (2)
where

XGPC([—V,-FOO), RH) ) x[ EPC([_F’ O)s Rn) ) xt(g) :x(t+§) 5 g G[—I", O] 5
/eC(RxPC([-r,0),R"), R")
is Lipschitz function with respect to second argument, 0 <7, <7, <73 <...,7;, = o0, when

k—)OO, [k EC(Rns Rn)n gDOEC([_ra 0): Rn)

Suppose that initial problem (1), (2) has a unique solution. This solution can be also
written more specifically as x(¢; ¢,) .
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Definition 3. The solution x =0 of the system of equations (1) is
1) Lyapunov stable if for any &£>0 there exist a number 6 =0J(¢)>0 such that

SUp,,, Il x(t; 9y) ll< & for any ¢, for which || ¢, ||[_, <6 ;

2) asymptotically Lyapunov stable if it is Lyapunov stable and x(z,¢,) > 0 as ¢t > ©
for any ¢, .
Theorem 1. [22, 24] Suppose that system (1) is such that there exists a function v(t, x)

Sfrom the class V,,, that satisfies Assumption 1 and conditions
D (1, x(1)) | 1)< 0, whenever v(¢+0, x(t+0)) > (i + ¢, x(t+)) ,

¢ e[max{—r', —t—r}, 0], where D~ — left upper Dini derivative, ' >0

v(7; +0, x(7; +0)) <v(7;,x(z;)), i€ N.

Then equilibrium state x =0 of the system (1) is stable.
From the Theorem 1 we can also derive an exponential estimation for the solutions of (1).

Corollary 1. Suppose that system (1) is such that there exists a function v(t,x) from the
class Vy, that satisfies Assumption 1 with a(p)= p™, m >0 and a constant y € R such that:

(d/dt)v(t, x(0)) | < myv (¢, x(¢)) , Whenever v(z, x(1)) > e+, x(t+ () for S e[+, 0)

(Razumikhin condition);
v(rk +0,x(7; +0)) < v(rk,x(z'k)).
Then all the solutions of (1) from the vicinity of zero satisfy an estimation
[ x(0) ||« Me™, 3)
where M >0 depends only on initial conditions, and trivial solution is stable when y <0
with Lyapunov exponent equals y .

Indeed, for the function v of this corollary we can set v, = ve ™" that satisfies all the
conditions of the Theorem 1, except, in general, the Assumption 1. Since the function v, is
bounded by the Theorem 1, the function v for some M'>0 may be estimated as
v(t, x(t)) < Me"", from which we can get an estimation (3).

Define Az, =7;,, -7, 0 = lim Az, . Let y(¢) be a standard Heaviside step function:
k—o

0, if t<0;
@) =q
1, if t=0.

Theorem 2. Suppose that system (1) is such that there exist constants r'>0, [N,
6, <8 such that r' <16, a constant v >0, a function v(t, x) from the class V,, that

satisfies Assumption 1 with a(p)= p", m>0, and a constant y € R such that

SV KDy < (7 =V (E (1)

whenever (Razumikhin condition)
v(t, x(t)) > exp(—m;{ + V(g"-i-EIZZ(Tk —t—g"))]v(t, x(t+ é’)), . <t, L e[-r,0) 4)
k

(7, +0,x(7, +0)) <" 1v(z,, x(7,)).
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Then all the solutions of (1) from the vicinity of zero satisfy an estimation
[l x()||< Me™, (6]

where M >0 depends only on initial conditions, and trivial solution is stable when y <0
with Lyapunov exponent equals y .

Proof. Denote 7, =—r. Since a set

{At;, : A7y, <0, keN}

is finite, the function v, (¢,x) = (¢, x)ev(t_w, te(ry,7,,,], k€N, satisfies the conditions
of corollary 1 starting at some point in time ¢ =¢, .

Indeed, take time moment # for which for all 7, such that 7, ># —7' condition
A7, <6, holds. Check now the conditions of corollary 1.

Estimate the derivative of the function v, for ¢ €[z, ,7;,):

v(t—z‘k)

d d
E‘ﬁ(f’x(t)) ly= Ev(t,x)e ly<

v(t—z‘k)

<(my-v+ V)ev(t_r")v(t, x())e =myv, (1, x(1)).

Consider now the Razumikhin condition. Take ¢ e[-r',0) and note that the sum

z x(t, —t—={)Azr, (r, <t) contains no more than / nonzero addends. Let the
k

Razumikhin condition of corollary 1 is satisfied for the function v, . We obtain:
v (7, x(1)) > e "y, (t+<, x(1+8));

i) —mpl (=T )
e 2v(tx0)>e (14 ¢ x4 )

,myé’Jrv(Tkz —Tkl +§)v (
1

t+¢, x(t+¢))

v(t, x(t)) >e
for some k;, ky N, k) <k,.Butfor ¢t >¢

—m}/;’+v(z'k2 -7 +)=—myl+v| C+ Dy —t-O)Ar, |>
k:rk<t

>—myS+v| C+6 Y, x(r—t=¢) |,

k: T <t

hence the Razumikhin condition of the proving theorem holds for the function v . Therefore
when the Razumikhin condition of the proving theorem for the function v not holds, the
Razumikhin condition of the corollary 1 for the function v; not holds too.
For the pulse effects we have
v (74 +0, x(7; +0)) = v(7, + 0, x(z; +0)) <

< ews‘v(rk, X(Tk)) < ev(rk{kfl)v(rk, x(rk)) = (rk, x(z’k)).

Due to the continuous dependence of solutions of system (1) on the initial conditions
the same is also true for point in time 7 =0.
The theorem is proved.
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3. Application: chaos synchronization in power systems under impulsive perturba-
tions.

Consider a Single Machine Infinite Bus (SMIB) power system under impulsive
perturbations in terms of rotating angle & in a form:

MO+DO+P,, sin0=P,, t#1,, keN;
. . (6)
O(zy +0)=1(0(7;), 0(z;)), k€N,
where M — inertia moment; D — damping constant; P,,, — maximum generator power,
P, = Asinwt — incoming power of machine, 0 =17, <7, <..<7, <..., I is linear function

of its arguments responsible for impulse perturbations, 4, w are constants.
System (6) can be represented as

X =Xy, Xy =—cx, — fBsinx; + fsinwt, t #7;, keN;
(7
Xy (7 +0) =g + X (7)) + € Xy (7)), k€N,
where x, =0, x, =0, c=D/M, =P /M, f=A4/M.Set x(t) =[x,(t) )] R,

than taking into account outcome y we get the system in vector format
Xx=Ax+ f(x,t), t#1;, keN;
x(7 +0) = Cpy + Cyx(7;), keN; y=Cr,

where

o, o .
o -l S&n= —pBsin(x,)+ fsinwt |’

0 1 0 12
CkO = ; Ck = B C (S R .
Cko Cr1 Cr2

Solutions of this system are considered in a class PC([—r,oo),Rz) .

Definition 4. The pair of matrices (4,C), where 4eR"™, CeR™", m,neN is
called observable, if the rank of a matrix

C
CA

cA?

CAI’!—]
equals n.

Consider further two power systems with identical parameters. The task is to obtain
conditions for synchronization for these two power systems under impulsive perturbations
via feedback controller based on delayed data with lag » > 0. So, consider two systems:
master

X, =Ax, + f(x,,1), t#1;, keN;x,,(t, +0) = C,o +C;x,,(t;), keN; .
V(@) =Cx,,(t—r)

and slave
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X, =Ax, + f(x,, )+ L(ys —y,,), t#7;, keN;

©)
xs(z-k +0) = CkO +Ckxs(7k)5 ke N! ys(t) = st(t_r)5

where state vectors are designated as x,, and x, correspondingly. C=[c; ¢,] eR" is
input gain matrix, where the pair (4,C) is observable. L e R®' — communication vector,
constructed to achieve a synchronization between systems (8) and (9). If synchronization
error between systems (9) and (8) is defined by e=[e, e, ]T =[xg =X Xy —xmz]T,
then its behavior will obey the system

é=Ae+ f(x,,t)— f(x,,,t)+LCe(t—r)=(A+ F(t))e(t)+ LCe(t—7), t 7, keN;

(10)
e(r, +0)=Ce(r;), keN,
where
0 0
F()=| —p(sinx, —sinx,,) ol
Xs1 = X1

By the mean value theorem,
sinxg —sinx,,; =cosn (X —X,,1); 7 €[X,%,1] or [X,,1, X, ]-
The function F(¢) can be represented as

F(f= 0 0
(I){—ﬁcosn 0}'

Show further how to choose the feedback controller to achieve synchronization between
systems (8) and (9), that is equivalent to fulfillment the condition | x,,()—x,(¢)||—> 0,
t — oo for any initial conditions if these systems.

The following lemma will be useful.

Lemma 1. Let a,b:[0,1]> R, ¢:[0,1]1>[0,0) are integrable by Lebesgue,

A, 2y > 0. Ifforall s €[0,1] a(s) < Ac(s) and a(s)+b(s) < A,c(s) then for any t €[0,1]

1 1 1
ja(s)ds + jb(s)ds < max{ll,ﬂ,z}_[c(s)ds .
0

0 t

The proof is trivial.
To represent the main result of this section we introduce some notations.
Let a, b are real constants. Denote further

O=lim (7, = 7;);
k—o

Fo =L +alyc; Fyy=Lic, +1+a(Lic, + Lyc, —c)+blycy;

(11)
By = a(Lic, +1) +b(Lyc, —o);
Dy=b>F3 + F +2(2a* — b)Fy o Fsy + bF5y — 2abFy o Fyy — 2aFy, Fy:; (12)
bl +al, )* +(aL, +bLy)* —2a(L, +aL,)(al; +bLy)
: b-a® ’
b,Bzc2 +(¢; —cc )2 +2apfc,|c, —cc
220: 2 1 2 211 21, (13)

b-a®
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2, 2
2 bey +¢5 —2acic,

b-a®

/130:([101 + 1L, )

>

1 _bFloJFFso_anoJF\jDo
40 = .

(14)
b-a*
For ke N define
c c
=k, +c_20k1(L1 +al,y); Fy=F +C—2(ck1(aL1 +bLy) + (e =Ly +aly));
k2 k2
(15)
c
Fy=Fyy +—(cyp = 1)(aL; +bLy);
k2
D=b*F}? + Ff +2(2a* — b)FF, + bFy — 2abF\F, — 2aF, F; (16)
dx
Z=f(t,x,), t#£7 Ax(t)=1.(x), t=1,, keN;
) a7
P :(clLlckz_cz(Llckl_Lz)) o
' crcia (L + Lyey)? v
bF, + Fy—aF, +\D
Ay =—173 = . (18)

b-a*

Theorem 3. Suppose that in the system (10) an inequality 2r <o is satisfied, and
control vector L is selected such that for some a,y €R, b,v eR, the following conditions
are hold

@) b>a”; gk, Aogs Asos Aag) <=V +27;

(b) g(/llsﬂaojeo::llg{/hk}) <-Vv+2y; 2115{(5’(/11’/121{:%1{’/141()} <-v+2y,
where ] ]

L) 5
8y gy gy ) =| Ay + 43 \/_+\/Ze(2 ’ ev_—zy_l ;

(©) (b—a*)e*™’ +(=b(c}, +1)+2abcy (c,y —1) = b2l +2a% ¢,y )e” +(b—a*)ci, >0 ;

(d) (1+b)e*® 21+ 2ac,, +b*c} +bcl,.

Then for all >0 solutions of the system (10) may be exponentially estimated as

le(O)l| < Me™",

where M>0 depends only on the initial conditions.

Proof. Take 6, >0, 2r <6, <. Consider system (10) and its auxiliary function v(e) as

v(e) = ¢ +2aee, +be;.

When condition (a) of this theorem is satisfied, function v belongs to the class V;, and it
fulfills the conditions of the assumption A. We will require the fulfilling by this function the
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conditions of Theorem 2 for &<, m=2, I=1, specified r and »'=2r. Denote

At =1, — 1, . These conditions can be represented as:

e <Q2y-vyv(e@)), t#t,, keN, (19)
dt |
whenever
v(e(r))> e(vfzy)gv(e(t +{)), ¢ e[-2r,0), for 7, —t/e[-2r,0);
(20)
v(e(t))> e TGNy (o1 1. 0)), ¢ e[-2r,0), for 7, —t €[~27,0)
and
v(7, +0,e(7, +0))SeV51v(z'k,e(z'k)), keN. (21)
respectively.

Further for definiteness we set 7, €[t —7,t).
Denote
ay = Licys ayp = Licy 1 ay = Lyep; ap = Lo, —c,
so A+LC = [al-j ]i,j=1,2 .

Then derivative of the function v along the system (10) may be formulated as

d
Ev(e(t))|(10)=2( —apfcosn+ay, +aay )612 +2(a, +

+a(a;, +a,,) +b(a,, — fcosn))ee, +2(aa;, + ba,, )e% +
+2 (c1 (e(t=r)—e (1) +cy(ey(t—r)—e, (t))) (el (L +aly)+ey(al, + bLz)).

By Newton — Leibnitz,
t
egt)=et—-r)+ _[ (62 )+ Lice(s—r)+Licye,(s— r))ds;
t-r
t
e(t)=et—r)+ J. (—ﬁ cosnie () —ce, (s)+ Lycie (s —r)+ Lycyey (s — r))ds +

t—r

+zl[t—r,t) (74) (Cklel (74) +(cpa —Dey (74 )) ,
k=1

where I (s) is an indicator function.
Therefore for 7, €[t—r,t) derivative if the function v along the system (10) may be
written as

d
—v(e(®) lhoy=1o + 10 +1s,
dt
where
Iy=2(ay, +a(ay, — feosn))e +
+2(ay, +alay| + ay )+ b(ay, — fcosn))ee, +2(aa;, +bay, )ef;
Lo=—2(e)(L; +aL,)+e,(al, +bL,))x
t

x [ (=Becosne;(s)+ (¢ —ccy)ey(s) +

t-r
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+(Licy + Lycy )ce (s —r)+crey (s — r)))ds;

1s=-2c, (el(l,1 +al,)+e,(al, +bL2))(cklel(rk)+(ck2 —l)ez(rk)).

Note, that in the case 7, ¢[f—r,f) in the expression for derivative of the function
function v there will be no addend /.

Consider I . It can be represented as

g=—zq@m4+a»+exua+m%»(5iq<d)+%z

ez(r,:r)} =81+61.(1,0),
Cr2 Ck2

where

-1
SI==2¢, (e (L; +ay) +ey(al, +bL2))[ie1 (6)+ %2 2) (f)j;
k2 k2

01, (zy,t) =2¢,(e (L) + ay) + ey (aly + DLy )) x
t
XJ‘ (_ Beosn(c, —1) e/(s)+ e — (e —1) e, (s)+
. Cr2 Cr2
k
4 Licicyy + Lyey (o = 1) e(s—r)+ Licyeyy + Lycy (¢ =)

Cr2 Ck2

e (s— r)]ds.

Define I =1,+61, 1.(7;, t)=1,,+01.(7;, t) . We can estimate
d
—v(e())|yo) Smaxly+1,, sup {{+1.(t+&,0)}¢. (22)
dt sel-r0]

The quadratic forms may be estimated as

((Ly +aL,)e +(aly +bL,)e, )2 < v(e®));
(_,302 cosne; + (¢ —ccy)e, )2 < Ayov(e(?));

(L, + Lye, ) (crey +c3e,) < Aggv(e(t));

2
[_ﬂc_zcos ne +(Cl —c—2(0k1 +C)J62J < ﬂgkv(e(t));
C

9%) k2

5 2
Hcf[‘l - C_Z(Llckl _Lz)jel +[¢102L1 _CC_Z(Llckl —Lz)]ezl < Agv(e(?)),

Cr2 k2

where A, Ay, A3, Aop» Ay are defined in (13) and (17).
Further by Razumikhin condition (20) we get

t

I (—ﬂ0200577el (8)+(¢c; —ccy)e, (s))ds < J' ,Mqov(e(s))ds <

t-r r
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)

t
< e T efayas <25 — NPRTED):
t-r

t

J' (Llc1 +L,c, )(cle1 (s - V)+C262 (s —r)) ds < f]f 1//13()\/(e(s))dss

t—r t=2r

(g—y)r

t—r v
2y (t—5)+v(t—s—8, y (7, —s)) e -1 G-»r
< | Jo TSR ) 25 e JAsov(e());

—-2r
! C C

—p —=—cosne, 1——2 CrptC)les) |as <
J[ﬂ2 (s)+[c ( +>j ()Jd<

Cr2 Ck2
Yoyl
¢ 4

< [ Jagv(e(s)ds < j\/e’27“’”*”(”’51"“k’s%kv(e(t))dss 2ev_—27_1 Ayev(e(0));

t—r

2

‘ c c
.[ [(CIZLI —G C_z(Llckl _Lz))el (s=r) J{Clchl 2Ly _Lz)Jez(S—”)JdS <

—r k2 Cr2

-r

< [ v(els)ds < ] Je I ) el <

t-2r t-2r
< 26[27—)_1 egﬂ} T (e(?).
v—-2y

14
2 7) —1| /(v—2y) become an

Note that when define for v -2y =0 as r, the function e[
entire function of all its arguments, thus there is no need to consider the case v—2y =0

specifically.
Thus, the following estimates hold:

\4
—y|r

Y 2 _
L. (t.0)|=11,0 1< 421y \//12_0+me(2 yj ev_—zylv(e(t));

( (23)
1, (t—r0) <4y | g + ﬂg,{e{?y}' -]
v=2y

Estimate now the expression / by the function v . By taking into account the constants
introduced in (11) we obtain characteristic equation for the regular bundle of forms
I—2v(e(t)) as

2F -2afcosn—A F,—-bfcosn—al
F,-bfBcosn—adl 2F,—-bA

=0.
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The discriminant of this quadratic equation is defined by (12). The upper estimation of
quadratic form is determined by bigger root of this equation and can be represented as

< Agovie(t)), (24)

where A, is defined by the expression (14).

Similarly, we can obtain
I < Agv(e(t)), (25)

with A, defined by the expression (18).
Due to lemma 1, by using obtained estimates (23) — (25), from the estimate (22) it
follows that

)

d (g—y} e/
E"(e(f))km)S max 4| Ao +44/ Ao | Ao ++/A30€ o2, v(e(?));

(z_,)r

Ay + 420 | g + A0 e( j 2—2;1 v(e(1));

Eprr

sV ler —1
Agge + A | N Ao A e( ] 2, v(e(?)) ¢-
The condition (19) leads to inequalities

G
/140+4\/_\/_ \/_e( j—2_1<—v+27/;
e

&=

Sup{/14k}+4m\/7 \/76( j 62—2_1<—v+2y;
v
( ) (g—y)rl

sup /14k+4\/f\/_ Ay et A 2_ <-v+2y,
v=—2zy

that coincide with condition (b) of this theorem.
The condition (21) holds for all k<N, except for those belonging to at most a finite
set, if the following condition is satisfied:

e(z, +0)) < v(e(,)), keN.
This leads to the inequality

2 2 Vo, 2 2
e +2a(cy e +Cpney)e +b(cpie +cpp6) <e (e +2aee, +bey).
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Combining by all o, the conditions, that guarantee the holding of this inequality

between quadratic forms, we get the conditions (c) and (d) of the theorem.
The theorem is proved.

4. Numerical simulations.

[lustrate these results by using numerical methods.

Fig. 1 shows synchronization region estimation (8) and (9) (grey color) in a space of
control parameters L;, L, for given parameters of the initial system ¢, =1; ¢, =1; ¢=3;
0=3; r=0,1; ¢;,=-0,5, ¢, =1, keN, f=1. Exponential estimations for the error

are also given.
Note that presented on fig. 1 level lines may be not smooth since the condition (b) of the
theorem can be presented via max function that is not smooth.

L

AR L\

LR\ E\
AANREENY
AR

AN AN 7
Fig. 1
A chaos in the system (7) is really possible.

The possibility of a chaos in (7) without impulsive effects was established in paper [1]
via numerical methods for the parameters ¢=0,5; f=1; w=1; f=2,43; ¢, =0,
¢1=0,¢,=1,keN.

é 6

S]]

~3

a b
Fig 2

Dynamics of solutions of the system (7) with nontrivial pulse effects in some special

cases can be chaotic as well. Indeed, when interval between impulsive perturbations are

constant and synchronized with external periodic impact, by taking ¢=0,5; f=1; w=1;

f=3,65; 6=1,570796; c¢;(, =0, ¢;; =0, 05~(—1)k+1, ¢»,=1, k€ N, we obtain an attractor

that is similar to those in a work [1] (see Fig. 2, a). The origins of the chaos may be also

129



traced: while decreasing of parameter f Hopf bifurcations are occurred, after each of
which period of the solutions is doubling (see solution with doubled period for f =3,55 on
Fig. 2, b, and with quadruplicate period for f =3,449 on Fig. 3, a).

0 0

Fig. 3
Bifurcation values of parameter f are: f(l) =3,58; f(z) =3,47; f(3) =3,449; f(4) =
=3,4453 etc., where f) — bifurcation value of parameter that corresponds to bifurcation

that switch between system with stable 2"~ -periodic solutions and system with stable 2'-
periodic. By Feigenbaum universality [5] it may be suggested that beginning with
f*=~3,44 (up to 0,01) and lower the chaos in the system is observed. Fig. 3, b illustrates

that for f =3,42 it can be observed chaotic behavior without any stable periodic
trajectories.

Conclusion.

Although in general case a condition 4 when represented by continuous functions can be
interpreted as "hierarchy of Razumikhin conditions", that would lead to consideration of
multiple cases in applications, but they are well comparable.

The established synchronization conditions and Lyapunov exponent estimations can be
used to counter impulsive perturbations of electric power systems where chaos may appear
(see also [4, 25]).

If r is considered as a small parameter that can be appropriate for various power
systems controllers, the results obtained in Section 4 require the only restriction for the
intervals between pulse effects: they should not have zero as a limit point. When » — 0 the
stability conditions become closer and closer to those for both nondelay system (10) with
r=0 and for the same system with » =0 and with all phase variables that were delayed
mapped by inverse pulse mapping.

The author is grateful to prof. A.A. Martynyuk for his help in preparing this work.

PE3IOME. Otpumano JOCTaTHI YMOBH E€KCIOHEHIIabHOI CTIHKOCTI Ha OCHOBI Meroay JlsmyHoBa-
PasymixiHa Juis 3arajJbpHOTO KJIacy HEJIHIMHMX CHCTEM i3 3aIli3HeHHSIM Ta iMITyJbcHOMW aiero. L{i ymMoBu 3a-
JIeKaTh BiJi MAKCUMAJILHOT KUIBKOCTI aKTiB IMITYJIBCHOI [i1, III0 MOXKYTh BIIOYTHUCH NMPOTATOM 4acy 3ari3HeH-
PO3B’s13aHO 3a/1a4y MMOBHOI CHHXPOHI3allii IBOX IICHTHYHUX EIEKTPOCHEPTETUYHNX CHCTEM MPH IMITYIbCHUX
30ypeHHSIX, B SIKUX MOXE€ BUHHKHYTH Xaoc. KpiM TOro, HaBeleHO MpHUKIIa] HAOOpy mapamerpiB AJsi MOJIEIi
EHEeProCUCTEMH, 32 SIKOTO MOYKE BUHUKHYTH XaoC.

KIKOYOBI CJIOBA: eneprocuctema, cucTemu 3 iMIyIbCHOIO €0, eKCHOHEHIialbHA CTil-
KiCTh, CHHXPOHI3allis Xaocy, 0ipypkaris Xomnda.
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