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Àííîòàöèÿ

Ðàññìàòðèâàåòñÿ ñèñòåìà äèôôåðåíöèàëüíûõ óðàâíåíèé, ýëåìåíòû ìàò-
ðèöû êîòîðîé ÿâëÿþòñÿ ôóíêöèÿìè îò ñîñòîÿíèÿ ñèñòåìû è âðåìåíè, âîçìó-
ùåííûìè íåîïðåäåëåííûìè ôóíêöèîíàëàìè.

Ñ ïîìîùüþ ñïåêòðàëüíîãî ðàçëîæåíèÿ ìàòðèöû ñèñòåìû è êâàäðàòè÷-
íîé ôóíêöèè Ëÿïóíîâà ñ åäèíè÷íîé ìàòðèöåé ïîëó÷åíû äîñòàòî÷íûå óñëî-
âèÿ ãëîáàëüíîé ýêñïîíåíöèàëüíîé óñòîé÷èâîñòè. Òàêàÿ æå ñèñòåìà ðàññìàò-
ðèâàåòñÿ ïðè íàëè÷èè ñêàëÿðíîãî óïðàâëåíèÿ, â ïðåäïîëîæåíèè, ÷òî âåêòîð
ðàñïðåäåëåíèÿ óïðàâëåíèÿ çàâèñèò îò ñîñòîÿíèÿ ñèñòåìû.

Ïðè óñëîâèè ðàâíîìåðíîé óïðàâëÿåìîñòè ñ ïîìîùüþ ìîäàëüíîãî ïîäõîäà
ñèíòåçèðîâàíî óïðàâëåíèå, ïðè êîòîðîì çàìêíóòàÿ ñèñòåìà ñòàíîâèòñÿ ãëî-
áàëüíî ýêñïîíåíöèàëüíî óñòîé÷èâîé. Àíàëîãè÷íûå ðåçóëüòàòû ïîëó÷åíû äëÿ
äèñêðåòíîé íåëèíåéíîé íåîïðåäåëåííîé ñèñòåìû òàêîé æå ñòðóêòóðû.

Êëþ÷åâûå ñëîâà: íåïðåðûâíûå íåëèíåéíûå íåîïðåäåë¼ííûå äèôôå-
ðåíöèàëüíûå ñèñòåìû, ãëîáàëüíàÿ ýêñïîíåíöèàëüíàÿ óñòîé÷èâîñòü, ñòàáèëè-
çàöèÿ, äèñêðåòíûå íåëèíåéíûå íåîïðåäåë¼ííûå ñèñòåìû
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Abstract

In this paper we consider the system of di�erential equations for which the
elements of object matrix are functions of the system state and time. These
functions are perturbed by uncertain functionals.

Using the spectral decomposition of the object matrix and the Lyapunov
quadratic function with unit matrix we obtain the su�cient conditions of global
exponential stability of the system considered.

The similar system is studied in the case of scalar control, on the assumption
that the distribution vector depends on the state. Using the modal approach in
the condition of the uniform controllability we perform the synthesis of scalar
control which provides the global exponential stability of closed loop system.

Analogous results are obtained for discrete nonlinear uncertain systems with
the same structure.

Keywords: continuous nonlinear di�erential uncertain systems, global
exponential stability, stabilization, discrete nonlinear uncertain systems

1 Ââåäåíèå

Äëÿ èññëåäîâàíèÿ óñòîé÷èâîñòè è ñòàáèëèçàöèè íåëèíåéíûõ ñèñòåì èçâåñòíî
íåñêîëüêî ïîäõîäîâ. Ïåðâûé [1, 2] ïðèìåíèì ê äîñòàòî÷íî ãëàäêèì ñèñòåìàì
è îñíîâàí íà ïîñòðîåíèè íåëèíåéíîãî ïðåîáðàçîâàíèÿ, ïðèâîäÿùåãî ñèñòåìó
ê íåêîòîðîìó êàíîíè÷åñêîìó âèäó. Âòîðîé [3], îñíîâàííûé íà âòîðîì ìåòî-
äå Ëÿïóíîâà è ÷àñòîòíîé òåîðåìå Â.À.ßêóáîâè÷à, íå òðåáóåò ãëàäêîñòè è
ïðèìåíèì ê ñèñòåìàì ñ ðàçðûâíûìè íåëèíåéíîñòÿìè. Â äàííîé ñòàòüå äëÿ
èññëåäîâàíèÿ óñòîé÷èâîñòè è ñòàáèëèçàöèè íåëèíåéíûõ íåîïðåäåë¼ííûõ ñè-
ñòåì ïðåäëîæåí ìîäàëüíûé ïîäõîä, îñíîâàííûé íà ñïåêòðàëüíîì ðàçëîæåíèè
[4] íåëèíåéíîé ìàòðèöû ñèñòåìû.

2 Íåïðåðûâíûå ñèñòåìû

2.1 Óñòîé÷èâîñòü íåëèíåéíûõ íåîïðåäåë¼ííûõ íåïðåðûâíûõ ñè-

ñòåì

Ðàññìîòðèì ñèñòåìó
ẋ = (A(x) + F (·))x, t ≥ t0, (1)
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ãäå x ∈ Rn, A(x) ∈ Rn×n�íåïðåðûâíàÿ ìàòðè÷íàÿ ôóíêöèÿ. Ïðåäïîëàãàåòñÿ,
÷òî ñîáñòâåííûå ÷èñëà λi(x) ìàòðèöû A(x) óäîâëåòâîðÿþò óñëîâèÿì

λi(x) 6= λj(x) ïðè i 6= j, λi(x) = λ1(x) + δi(x)(i ∈ 2, n)

µ2(x) < −2(1 + λ1(x)),
(2)

ãäå µ(x) = max
i∈2,n
|δi(x)|.

Â ñèñòåìå (1) F (·) ∈ Rn×n � íåîïðåäåë¼ííàÿ ìàòðèöà, ýëåìåíòû êîòîðîé
ÿâëÿþòñÿ íåóïðåæäàþùèìè ôóíêöèîíàëàìè ïðîèçâîëüíîé ïðèðîäû, íàïðè-

ìåð, ôóíêöèÿìè îò x(t−τ),
t∫
0

|x(λ)|2dλ. Ïðåäïîëàãàåòñÿ, ÷òî äëÿ ñèñòåìû (1)

ñïðàâåäëèâà òåîðåìà ñóùåñòâîâàíèÿ ðåøåíèÿ è ïðîäîëæèìîñòè íà (t0,+∞)
ëþáîãî ðåøåíèÿ, îñòàþùåãîñÿ â îãðàíè÷åííîé îáëàñòè. Êðîìå òîãî, ïðåäïî-
ëàãàåòñÿ ñóùåñòâîâàíèå ïîëîæèòåëüíîãî ϕ, ïðè êîòîðîì âûïîëíåíî íåðàâåí-
ñòâî

F (·) + F T (·) ≤ ϕI, (3)

ãäå I � åäèíè÷íàÿ ìàòðèöà.

Äëÿ èññëåäîâàíèÿ óñòîé÷èâîñòè ñèñòåìû (1) ðàññìîòðèì ñïåêòðàëüíîå
ðàçëîæåíèå ìàòðèöû A(x, t)

A(x) =
n∑

i=1

λi(x)di(x)g
T
i (x), (4)

ãäå di(x)�ñîáñòâåííûå âåêòîðû ìàòðèöû A(x), à gi(x)�ñîáñòâåííûå âåêòîðû
ìàòðèöû AT (x). Ïðè ýòîì

(di(x), gj(x)) =

{
1, i = j

0, i 6= j.
(5)

Âîçüì¼ì ôóíêöèþ Ëÿïóíîâà

V (x) = xT Ix. (6)

Î÷åâèäíî, ÷òî å¼ ïðîèçâîäíàÿ â ñèëó ñèñòåìû (1) èìååò ñëåäóþùèé âèä

V̇ = xTL(x)x+ xT (F (·) + F T (·))x, (7)

ãäå L(x) = AT (x) + A(x). Ðàññìîòðèì ìàòðèöó

Q(x) = P (x)L(x)P (x), (8)
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ãäå

P (x) =
n∑

i=1

di(x)d
T
i (x). (9)

Ìàòðèöà P (x) íåîñîáàÿ ââèäó ëèíåéíîé íåçàâèñèìîñòè âåêòîðîâ di(x). Äåé-
ñòâèòåëüíî, åñëè áû ñóùåñòâîâàë òàêîé âåêòîð m(x) 6= 0, ÷òî P (x)m(x) = 0,

òî P (x)m(x) =
n∑

i=1

di(x)γi(x), ãäå γi(x) = dTi (x)m(x), ÷òî ïðîòèâîðå÷èò ëèíåé-

íîé íåçàâèñèìîñòè âåêòîðîâ di(x). Â ñèëó (8),(9) èìååò ìåñòî ïðåäñòàâëåíèå

Q(x) =
n∑

i=1

di(x)d
T
i (x)

[ n∑
j=1

λj(x)gj(x)d
T
j (x)+

n∑
k=1

λk(x)dk(x)g
T
k (x)

] n∑
r=1

dr(x)d
T
r (x).

Ââèäó ñâîéñòâà (5) ñïðàâåäëèâî ðàâåíñòâî

Q(x) =M(x)P (x) + P (x)M(x), (10)

ãäå M(x) =
n∑

i=1

λi(x)di(x)d
T
i (x). Ââèäó óñëîâèÿ (2)

M(x) = λ1(x)d1(x)d
T
1 (x) +

n∑
i=2

(λ1(x) + δi(x))di(x)d
T
i (x).

Ïîýòîìó

M(x) = λ1(x)P (x) +
n∑

i=2

δi(x)di(x)d
T
i (x),

è ââèäó (10) Q(x) ïðèíèìàåò ñëåäóþùèé âèä

Q(x) = 2λ1(x)P
2(x) +

n∑
i=2

δi(x)di(x)d
T
i (x)P (x) + P (x)

n∑
i=2

δi(x)di(x)d
T
i (x).

Ïîñêîëüêó äëÿ ëþáûõ ìàòðèö S1, S2 ñîîòâåòñòâóþùèõ ðàçìåðíîñòåé ñïðà-
âåäëèâî íåðàâåíñòâî

ST
1 S2 + ST

2 S1 ≤ ST
1 S1 + ST

2 S2,

òî äëÿ Q(x) ïîëó÷àåì îöåíêó

Q(x) ≤ 2λ1(x)P
2(x) + (

n∑
i=2

δi(x)di(x)d
T
i (x))

2 + P 2(x).
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Îòñþäà ñëåäóåò ñîîòíîøåíèå

Q(x) ≤ (2λ1(x) + µ2(x) + 1)P 2(x).

Óìíîæèâ ýòî íåðàâåíñòâî ñëåâà è ñïðàâà íà P−1(x), ïîëó÷àåì îöåíêó

L(x) ≤ (2λ1(x) + µ2(x) + 1)I,

èç êîòîðîé ââèäó (3), (7) ñëåäóåò íåðàâåíñòâî

V̇ ≤ (2λ1(x) + µ2(x) + ϕ)I.

Ïîëîæèâ
λ1(x) < −0.5(µ2(x) + 1 + ϕ), (11)

ïðèõîäèì ê îöåíêå V̇ < −V , èç êîòîðîé ñëåäóåò ãëîáàëüíàÿ ýêñïîíåíöèàëü-
íàÿ óñòîé÷èâîñòü. Ñôîðìóëèðóåì ðåçóëüòàò.

Òåîðåìà 1 Åñëè âûïîëíåíû óñëîâèÿ (2), (3), (11), òî ñèñòåìà (1) ãëîáàëüíî
ýêñïîíåíöèàëüíî óñòîé÷èâà.

2.2 Ñòàáèëèçàöèÿ íåëèíåéíûõ íåïðåðûâíûõ íåîïðåäåë¼ííûõ ñè-

ñòåì

Ðàññìîòðèì ñèñòåìó

ẋ = (A(x) + F (·))x+ b(x)u, t ≥ t0, (12)

ãäå b(x) ∈ Rn×1 � íåïðåðûâíûé âåêòîð, A(x) è F (·) òàêèå æå êàê â ñèñòåìå
(1), à óïðàâëåíèå u èìååò âèä

u = sT (x)x. (13)

Ñòàâèòñÿ çàäà÷à îïðåäåëåíèÿ âåêòîðà s(x) ∈ Rn, ïðè êîòîðîì çàìêíóòàÿ
ñèñòåìà (12),(13) ñòàíîâèòñÿ ãëîáàëüíî ýêñïîíåíöèàëüíî óñòîé÷èâîé. Ïðåä-
ïîëàãàåòñÿ, ÷òî ïàðà (A(x), b(x)) ðàâíîìåðíî óïðàâëÿåìà, ò.å. ñïðàâåäëèâî
ñîîòíîøåíèå

det(b(x), A(x)b(x), . . . , An−1(x)b(x)) 6= 0 (14)

ïðè âñåõ x ∈ Rn. Ïðåäïîëàãàåòñÿ, ÷òî ñóùåñòâóþò ðàçëè÷íûå íå ïðèíàäëå-
æàùèå ñïåêòðó ìàòðèöû A(x) îòðèöàòåëüíûå ÷èñëà λ1, . . . , λn, óäîâëåòâîðÿ-
þùèå íåðàâåíñòâó

λ1 < −0.5(µ2 + 1 + ϕ), (15)
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ãäå µ = max
i∈2,n
|λ1− λi|. Îïðåäåëèì s(x) èç ñèñòåìû àëãåáðàè÷åñêèõ óðàâíåíèé

sT (x)(A(x)− λkI)−1b(x) = −1, k ∈ 1, n (16)

Ðàçðåøèìîñòü ýòîé ñèñòåìû îáåñïå÷èâàåòñÿ ïðåäïîëîæåíèåì (15) [3]. Óáå-
äèìñÿ, ÷òî λk ÿâëÿåòñÿ ñîáñòâåííûì ÷èñëîì ìàòðèöû A(x) + b(x)sT (x), òî
åñòü èìååò ìåñòî ðàâåíñòâî

det(A(x) + b(x)sT (x)− λkI) = 0. (17)

Ðàññìîòðèì òîæäåñòâî

A(x)− λkI + b(x)sT (x) =M(x)(A(x)− λkI),

ãäå M(x) = b(x)sT (x)(A(x) − λkI)
−1 + I. Ïîñêîëüêó ïî ïðåäïîëîæåíèþ

det(A(x) − λkI) 6= 0, òî äîñòàòî÷íî óáåäèòüñÿ â ñïðàâåäëèâîñòè ðàâåíñòâà
detM(x) = 0. Ïîñêîëüêó M(x)b(x) = 0, òî detM(x) = 0 è ðàâåíñòâî (17)
äîêàçàíî. Íà îñíîâàíèè òåîðåìû 1 çàìêíóòàÿ ñèñòåìà (12), (13) ãëîáàëüíî
ýêñïîíåíöèàëüíî óñòîé÷èâà. Ñôîðìóëèðóåì ðåçóëüòàò.

Òåîðåìà 2 Ïóñòü âûïîëíåíû óñëîâèÿ (4),(14), è ñïåêòð ìàòðèöû A(x) îò-
äåëèì îò ÷èñåë λ1, . . . , λn, óäîâëåòâîðÿþùèõ íåðàâåíñòâó (15). Åñëè âåêòîð

s(x) îïðåäåë¼í èç ñèñòåìû (16), òî çàìêíóòàÿ ñèñòåìà (12),(13) ãëîáàëüíî
ýêñïîíåíöèàëüíî óñòîé÷èâà.

3 Äèñêðåòíûå ñèñòåìû

3.1 Óñòîé÷èâîñòü íåëèíåéíûõ äèñêðåòíûõ íåîïðåäåë¼ííûõ ñè-

ñòåì

Ðàññìîòðèì ñèñòåìó

xk+1 = (A(xk)xk + Fk), k ≥ k0, (18)

ãäå A(xk) ∈ Rn×n, Fk ∈ Rn×n � íåîïðåäåë¼ííîå âîçìóùåíèå.

Ïðåäïîëàãàåòñÿ, ÷òî ñîáñòâåííûå ÷èñëà λj(xk) ìàòðèöû A(xk) ïðè âñåõ xk ∈
Rn îáëàäàþò ñâîéñòâîì

λi(xk) = λ1(xk) + δi(xk), i ∈ 2, n, |λi(xk)|i∈1,n < 1

δj(xk) 6= δi(xk) ïðè i 6= j, sup
xk

|δi(xk)| = δ. (19)
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Îïðåäåëåíèå 1 Ñèñòåìà (18) ãëîáàëüíî ýêñïîíåíöèàëüíî óñòîé÷èâà, åñëè
å¼ ðåøåíèå ïðè âñåõ k > 0 óäîâëåòâîðÿåò îöåíêå

|xk|2 < qk|x0|2, ãäå 0 < q < 1. (20)

Äëÿ èññëåäîâàíèÿ óñòîé÷èâîñòè ñèñòåìû (18) ðàññìîòðèì ôóíêöèþ Ëÿïóíî-
âà

Vk = xTk Ixk.

Î÷åâèäíî, ÷òî â ñèëó ñèñòåìû (18)

Vk+1 − Vk = xTk (A
T
kAk − I + F T

k Ak + AT
kFk + F T

k Fk)xk,

ãäå Ak = A(xk). Ïîñêîëüêó

F T
k Ak + AT

kFk ≤ AT
kAk + F T

k Fk,

òî
Vk+1 − Vk ≤ xTkMkxk, (21)

ãäå
Mk = Lk + 2F T

k Fk, Lk = 2AT
kAk − I. (22)

Ïðåäïîëîæèì, ÷òî âîçìóùåíèå Fk óäîâëåòâîðÿåò îöåíêå

2FkF
T
k < κI,κ > 0. (23)

Òîãäà èç (21),(22),(23) ñëåäóåò íåðàâåíñòâî

Vk+1 ≤ xTk (Lk + (κ + 1)I)xk.

Ïîýòîìó Vk+1 < qVk, åñëè
Lk < −νI, (24)

ãäå ν = κ + 1− q. Ñïåêòðàëüíîå ðàçëîæåíèå ìàòðèöû Ak èìååò ñëåäóþùèé
âèä

A(xk) =
n∑

j=1

λj(xk)dj(xk)g
∗
j (xk), (25)

ãäå

d∗i (xk)gj(xk) =

{
1, i = j

0, i 6= j.
(26)

Â äàëüíåéøåì äëÿ êðàòêîñòè àðãóìåíò xk áóäåì îïóñêàòü. Ââèäó (19),(25)
ñïðàâåäëèâî ðàâåíñòâî

Ak = λ1

n∑
i=1

dig
∗
i +

n∑
i=1

δidig
∗
i , ãäå δ1 = 0.
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Ïîýòîìó ñîãëàñíî (22) èìååò ìåñòî ïðåäñòàâëåíèå

Lk = 2(λ1

n∑
i=1

gid
∗
i +

n∑
i=1

δigid
∗
i )(λ1

n∑
i=1

dig
∗
i +

n∑
i=1

δidig
∗
i )− I. (27)

Ðàññìîòðèì ìàòðèöû Pk =
n∑

i=1

di(xk)d
∗
i (xk) è Qk = P ∗kLkPk. Ââèäó (27) ìàò-

ðèöà Qk èìååò ñëåäóþùèé âèä

Qk = 2
n∑
l=1

dld
∗
l [λ1

n∑
i=1

gid
∗
i +

n∑
i=1

δigid
∗
i ][λ1

n∑
j=1

djg
∗
j +

n∑
j=1

δjdjg
∗
j ]

n∑
r=1

drd
∗
r − P 2

k .

Ñîãëàñíî ñâîéñòâó (26)

Qk = 2[|λ1|2P 2
k + λ1

n∑
l=1

δldld
∗
lPk + λ1Pk

n∑
j=1

δjdjd
∗
j +

n∑
l=1

δldld
∗
l

n∑
j=1

δjdjd
∗
j ]− P 2

k .

Îòñþäà ñëåäóåò ïðåäñòàâëåíèå

Lk = 2[|λ1|2I + Z1 + Z2 + Z3]− I, (28)

ãäå

Z1 = λ1P
−1
k

n∑
l=1

δldld
∗
l , Z2 = λ1

n∑
j=1

δjdjd
∗
jP
−1
k , Z3 = P−1k

n∑
l=1

δldld
∗
l

n∑
j=1

δjdjd
∗
jP
−1
k .

Îáîçíà÷èì ÷åðåç ||M || ñïåêòðàëüíóþ íîðìó ìàòðèöû M . Òîãäà â ñèëó (19)
ñïðàâåäëèâû îöåíêè ||Z1|| ≤ |λ1|δ, ||Z2|| ≤ |λ1|δ, ||Z3|| ≤ δ2 è, ñëåäîâàòåëüíî,
ââèäó (28)

Lk ≤ 2(|λ1|2 + 2|λ1|δ + δ2 − 1)I.

Ïîýòîìó îöåíêà (24) áóäåò âûïîëíåíà ïðè óñëîâèè

2(|λ1|2 + 2|λ1|δ + δ2) < q − κ + 1. (29)

Åñëè κ < 1 + q, òî íåðàâåíñòâî (29) âûïîëíÿåòñÿ ïðè äîñòàòî÷íî ìàëûõ |λ1|
è δ. Ñôîðìóëèðóåì ðåçóëüòàò.

Òåîðåìà 3 Åñëè ñïåêòð ìàòðèöû A(xk) îáëàäàåò ñâîéñòâàìè (19),(29),
âîçìóùåíèå Fk óäîâëåòâîðÿåò îöåíêå (23), ãäå κ < 1 + q, òî ñèñòåìà (18)
ãëîáàëüíî ýêñïîíåíöèàëüíî óñòîé÷èâà.
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3.2 Ñòàáèëèçàöèÿ íåëèíåéíûõ äèñêðåòíûõ íåîïðåäåë¼ííûõ ñè-

ñòåì

Ðàññìîòðèì ñèñòåìó

xk+1 = (A(xk)xk + Fk) + b(xk)uk (30)

uk = sT (xk)xk, (31)

ãäå A(xk) ∈ Rn×n, b(xk) ∈ Rn×1, s(xk) ∈ Rn×1, à íåîïðåäåë¼ííàÿ ìàòðèöà
Fk óäîâëåòâîðÿåò óñëîâèþ (23). Ìàòðèöû A(xk) è b(xk) èçâåñòíû. Òðåáóåòñÿ
ïîñòðîèòü âåêòîð s(xk), ïðè êîòîðîì çàìêíóòàÿ ñèñòåìà (30),(31) ãëîáàëüíî
ýêñïîíåíöèàëüíî óñòîé÷èâà. Ïðåäïîëàãàåòñÿ, ÷òî ñïåêòð ìàòðèö A(xk) ïðè
âñåõ xk íå ïåðåñåêàåòñÿ ñ îòðåçêîì [−1, 1], è ïàðà (A(xk), b(xk)) ðàâíîìåðíî
óïðàâëÿåìà, òî åñòü

det(b(xk), A(xk)b(xk), . . . , A
n−1(xk)b(xk)) 6= 0.

ïðè âñåõ xk. Âûáåðåì âåùåñòâåííûå λi (i ∈ 1, n), óäîâëåòâîðÿþùèå óñëîâèÿì
(19) è îïðåäåëèì s(xk) èç ñèñòåìû

sT (xk)(A(xk)− λiI)−1b(xk) = −1, i ∈ 1, n. (32)

Òîãäà ñîãëàñíî äîêàçàííîìó â ðàçäåëå 3.1 ÷èñëà λi áóäóò ñîáñòâåííûìè ÷èñëà-
ìè ìàòðèöû A(xk)+b(xk)s

T (xk), è â ñèëó òåîðåìû 3 ïðèõîäèì ê ñëåäóþùåìó
ðåçóëüòàòó.

Òåîðåìà 4 Ïðåäïîëîæèì, ÷òî ñïåêòð ìàòðèöû A(xk) íå ïåðåñåêàåòñÿ ñ

îòðåçêîì [−1, 1], ïàðà (A(xk), b(xk)) ðàâíîìåðíî óïðàâëÿåìà, è âåêòîð s(xk)
îïðåäåë¼í ñèñòåìîé (32). Òîãäà ñèñòåìà (30),(31) ãëîáàëüíî ýêñïîíåíöèàëü-
íî óñòîé÷èâà.

4 Çàêëþ÷åíèå

Èçëîæåííûå â ñòàòüå ðåçóëüòàòû ñîäåðæàò äîñòàòî÷íûå ìîäàëüíûå óñëîâèÿ
ãëîáàëüíîé ýêñïîíåíöèàëüíîé óñòîé÷èâîñòè íåëèíåéíûõ íåïðåðûâíûõ è äèñ-
êðåòíûõ íåîïðåäåë¼ííûõ ñèñòåì è ÿâíûé âèä ñòàáèëèçèðóþùåãî óïðàâëåíèÿ
äëÿ ýòèõ ñèñòåì.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ(ãðàíò 17.01.00102à).
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