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ÏÎÑÒÐÎÅÍÈÅ ÈÍÒÅÃÐÀËÜÍÎÉ ÌÎÄÅËÈ ÍÀ ÏÐÈÌÅÐÅ
ÄÈÍÀÌÈÊÈ ÂÅÒÐÎÝÍÅÐÃÅÒÈ×ÅÑÊÎÉ ÓÑÒÀÍÎÂÊÈ

Ñ.Â. Ñîëîäóøà, Ä.Î. Ãåðàñèìîâ, Ê.Â. Ñóñëîâ

Äàííàÿ ðàáîòà ïîñâÿùåíà ïðèìåíåíèþ èíòåãðî-ñòåïåííûõ ðÿäîâ Âîëüòåððà ê îïè-

ñàíèþ íåëèíåéíûõ äèíàìè÷åñêèõ ñèñòåì òèïà ≪âõîä � âûõîä≫. Óíèâåðñàëüíîñòü äàí-

íîãî ìàòåìàòè÷åñêîãî àïïàðàòà ïîçâîëÿåò ñîçäàâàòü ïðîãðàììíîå îáåñïå÷åíèå äëÿ

ïðîâåäåíèÿ ýêñïåðèìåíòîâ íà êîìïüþòåðå. Ðàáîòà ïðîäîëæàåò èññëåäîâàíèÿ â îáëàñòè

èäåíòèôèêàöèè ÿäåð Âîëüòåððà, íà÷àòûå â Èíñòèòóòå ñèñòåì ýíåðãåòèêè èì. Ë.À. Ìå-

ëåíòüåâà ÑÎ ÐÀÍ. Â ïåðâîé ÷àñòè ñòàòüè ðàññìàòðèâàåòñÿ íîâûé àëãîðèòì èäåíòè-

ôèêàöèè ïîëèíîìîâ Âîëüòåððà âòîðîé ñòåïåíè äëÿ ñèñòåì, äîïóñêàþùèõ àêòèâíûé

ýêñïåðèìåíò ñ ïîìîùüþ òåñòîâûõ íàáîðîâ âîçìóùàþùèõ âîçäåéñòâèé. Âî âòîðîé ÷à-

ñòè ðàáîòû ïðèâåäåíû ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ äëÿ ≪ýòàëîííîé≫ äèíàìè÷å-

ñêîé ñèñòåìû. Ýòàëîíîì ïîñëóæèëà ìîäåëü âåòðîýíåðãåòè÷åñêîé óñòàíîâêè ñ ãîðèçîí-

òàëüíîé îñüþ âðàùåíèÿ. Ïîñòðîåíû êâàäðàòè÷íûå ïîëèíîìû Âîëüòåððà, îïèñûâàþ-

ùèå íåëèíåéíóþ äèíàìèêó óãëîâîé ñêîðîñòè âðàùåíèÿ ýëåìåíòîâ âåòðîóñòàíîâêè îò

óãëà íàêëîíà ëîïàñòåé è ñêîðîñòè âåòðà. Ïðàêòè÷åñêàÿ èäåíòèôèêàöèÿ ÿäåð Âîëü-

òåððà ïðîèçâîäèëàñü îòíîñèòåëüíî íåêîòîðîãî âûáðàííîãî ñòàöèîíàðíîãî ñîñòîÿíèÿ

ìîäåëèðóåìîé ñèñòåìû.

Êëþ÷åâûå ñëîâà: íåëèíåéíàÿ äèíàìè÷åñêàÿ ñèñòåìà; êâàäðàòè÷íûé ïîëèíîì

Âîëüòåððà; âåòðîýíåðãåòè÷åñêàÿ óñòàíîâêà ñ ãîðèçîíòàëüíîé îñüþ âðàùåíèÿ.

Ââåäåíèå

Â ïðèëîæåíèÿõ íåðåäêî íåëèíåéíûå äèíàìè÷åñêèå ñèñòåìû (îáúåêòû) òèïà ≪âõîä
� âûõîä≫ îïèñûâàþòñÿ ñ ïîìîùüþ àïïàðàòà èíòåãðîñòåïåííûõ ðÿäîâ Âîëüòåððà. Íà-
çîâåì ëèøü íåêîòîðûå íàïðàâëåíèÿ èññëåäîâàíèé, ãäå èñïîëüçóåòñÿ äàííûé ìàòåìà-
òè÷åñêèé àïïàðàò: ìîäåëèðîâàíèå òåõíè÷åñêèõ ñèñòåì [1,2] è ýëåêòðîííûõ óñòðîéñòâ
[3], íåëèíåéíàÿ èäåíòèôèêàöèÿ êàíàëîâ ñâÿçè [4,5] è ñèñòåì âèçóàëèçàöèè [6], àíàëèç
íåñòàöèîíàðíûõ âðåìåííûõ ðÿäîâ [7].

Ïðèìåíåíèå êîíå÷íîãî îòðåçêà ðÿäà Âîëüòåððà [8], äàþùåãî ïðåäñòàâëåíèå îò-
êëèêà y(t) íà âõîäíîå âîçìóùåíèå x(t)

y(t) =
N∑

m=1

t∫
0

...

t∫
0

Km(t, s1, ..., sm)
m∏
i=1

x (si) dsi, t ∈ [0, T ], (1)

äëÿ ìîäåëèðîâàíèÿ íåëèíåéíûõ äèíàìè÷åñêèõ îáúåêòîâ ñàìîé ðàçíîé ïðèðîäû, áàçè-
ðóåòñÿ íà òåîðåìå Ôðåøå [9] è ðàçëè÷íûõ åå îáîáùåíèÿõ � êîíòèíóàëüíûõ àíàëîãàõ
êëàññè÷åñêîé òåîðåìû Âåéåðøòðàññà îá àïïðîêñèìàöèè íåïðåðûâíîé ôóíêöèè ìíî-
ãî÷ëåíîì.

Ïîñòðîèòü èíòåãðàëüíóþ ìîäåëü â âèäå (1) � çíà÷èò âîññòàíîâèòü ìíîãîìåðíûå
ïåðåõîäíûå õàðàêòåðèñòèêè íåëèíåéíîé äèíàìè÷åñêîé ñèñòåìûKm. Ñëîæíîñòü ïðàê-
òè÷åñêîãî ïðèìåíåíèÿ (1) ñîñòîèò â òîì, ÷òî äëÿ îäíîçíà÷íîãî âîññòàíîâëåíèÿ (i+1)-
ìåðíîãî ÿäðà Ki(t, s1, ..., si), i = 1,m, íåîáõîäèìî çàäàíèå îòêëèêîâ yi(t, ω1, ..., ωi) íà
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i-ïàðàìåòðè÷åñêîå ñåìåéñòâî òåñòîâûõ âîçìóùåíèé xω1, ..., ωi
(t). Ýòî îáúÿñíÿåò ïðè-

ñòàëüíîå âíèìàíèå ìíîãèõ àâòîðîâ ê ïðîáëåìå èäåíòèôèêàöèè (ñì., íàïðèìåð, êðè-
òè÷åñêèé îáçîð â [10]).

Íàèáîëåå ðàñïðîñòðàíåí ïîäõîä [11], ãäå ïðåäëîæåíî äëÿ âîññòàíîâëåíèÿ ÿäåð
Âîëüòåððà çàäàâàòü ìíîãîïàðàìåòðè÷åñêîå ñåìåéñòâî òåñòîâûõ ñèãíàëîâ, ñîñòîÿùèõ
èç êîìáèíàöèè δ-ôóíêöèé Äèðàêà. Îäíàêî òàêîé ïîäõîä èìååò îãðàíè÷åííóþ îáëàñòü
ïðèìåíåíèÿ [12].

Ðàáîòû Èíñòèòóòà ñèñòåì ýíåðãåòèêè èì. Ë.À. Ìåëåíòüåâà (ÈÑÝÌ) ÑÎ ÐÀÍ â
îáëàñòè èäåíòèôèêàöèè ÿäåð Âîëüòåððà áûëè íà÷àòû â 90-õ ãîäàõ (ñì. îáçîðíóþ ñòà-
òüþ [13]). Äàííàÿ ìåòîäèêà [10,14] îñíîâàíà íà çàäàíèè ñåìåéñòâà òåñòîâûõ ñèãíàëîâ
â âèäå ñïåöèàëüíûõ ëèíåéíûõ êîìáèíàöèé ôóíêöèé Õåâèñàéäà ñ îòêëîíÿþùèìñÿ àð-
ãóìåíòîì ñ àìïëèòóäàìè αi, i = 1,m. Ïðè ýòîì çàäà÷à èäåíòèôèêàöèè ñâîäèòñÿ ê
ðåøåíèþ ëèíåéíûõ èíòåãðàëüíûõ óðàâíåíèé Âîëüòåððà I ðîäà, äîïóñêàþùèõ ÿâíûå
ôîðìóëû îáðàùåíèÿ. Â [15,16] â òåðìèíàõ àìïëèòóä òåñòîâûõ ñèãíàëîâ óñòàíîâëåíû
íåîáõîäèìûå óñëîâèÿ ðàçðåøèìîñòè ñîîòâåòñòâóþùèõ ìíîãîìåðíûõ èíòåãðàëüíûõ
óðàâíåíèé â îïðåäåëåííîì êëàññå ôóíêöèé. Â òî æå âðåìÿ, çà ñ÷åò èñïîëüçîâàíèÿ
ïîëó÷åííûõ óñëîâèé âîçìîæíî óìåíüøåíèå ÷èñëà òåñòîâûõ ñèãíàëîâ äëÿ ðàçäåëåíèÿ
îòêëèêà ñèñòåìû íà ñîñòàâëÿþùèå.

Öåëü äàííîé ñòàòüè � íà ïðèìåðå ≪ýòàëîííîé≫ äèíàìè÷åñêîé ñèñòåìû ðàññìîò-
ðåòü íîâûé ñïîñîá ïîñòðîåíèÿ èíòåãðàëüíûõ ìîäåëåé â âèäå ïîëèíîìîâ Âîëüòåððà
(1) â íàèáîëåå âàæíîì äëÿ ïðèëîæåíèé ñëó÷àå N = 2.

1. Íîâûé àëãîðèòì èäåíòèôèêàöèè êâàäðàòè÷íîãî
ïîëèíîìà Âîëüòåððà

Îïèøåì îñíîâíóþ èäåþ ïîëó÷åíèÿ ëèíåéíûõ ìíîãîìåðíûõ èíòåãðàëüíûõ óðàâ-
íåíèé Âîëüòåððà I ðîäà, ê ðåøåíèþ êîòîðûõ ñâîäèòñÿ çàäà÷à èäåíòèôèêàöèè ÿäåð
Âîëüòåððà. Ïîëàãàÿ â (1) N = 2, çàïèøåì êâàäðàòè÷íóþ ìîäåëü

yquad(t) =

t∫
0

K1(t, s1)x(s1)ds1 +

t∫
0

t∫
0

K2(t, s1, s2)x(s1)x(s2)ds1ds2, t ∈ [0, T ]. (2)

Çàìåòèì, ÷òî èç ñêàëÿðíîñòè x(t) âûòåêàåò ñèììåòðè÷íîñòü K2(t, s1, s2) â (2) ïî ïåðå-
ìåííûì s1, s2. Åñëè îòêëèê äèíàìè÷åñêîé ñèñòåìû yα(t, ω1, ω2) (äëÿ îïðåäåëåííîñòè
áóäåì ñ÷èòàòü, ÷òî α > 0) íà òåñòîâûå ñèãíàëû

xα
ω1, ω2

(t) = α(e(t)− 2e(t− ω1) + e(t− ω1 − ω2)), t, ω1, ω2 ∈ [0, T ], (3)

òàêîâ, ÷òî ïðè 0 ≤ ω1 + ω2 ≤ t ≤ T âûïîëíÿåòñÿ

1

α2

[
yα(t, ω1, ω2)− α

ω1∫
0

K1(t, s1)ds1 + α

ω1+ω2∫
ω1

K1(t, s1)ds1

]
=

1

α2

[
3yα(t, ω1, 0)−

−3yα(t, 0, ω1 +ω2)+ yα(t, ω1 +ω2,−ω2)− 7α

ω1∫
0

K1(t, s1)ds1 − 5α

ω1+ω2∫
ω1

K1(t, s1)ds1

]
, (4)
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òî â îáîçíà÷åíèÿõ

f2(t, ω1, ω2) =
1

α2

[
yα(t, ω1, ω2)− α

ω1∫
0

K1(t, s1)ds1 + α

ω1+ω2∫
ω1

K1(t, s1)ds1

]
(5)

ñïðàâåäëèâî êëþ÷åâîå ðàâåíñòâî

f2(t, ω1, ω2) = 3f2(t, ω1, 0)− 3f2(t, 0, ω1 + ω2) + f2(t, ω1 + ω2,−ω2). (6)

Óñëîâèå (6) ÿâëÿåòñÿ íåîáõîäèìûì äëÿ ñóùåñòâîâàíèÿ ðåøåíèÿ óðàâíåíèÿ

ω1∫
0

ω1∫
0

K2(t, s1, s2)ds1ds2 − 2

ω1∫
0

ω1+ω2∫
ω1

K2(t, s1, s2)ds1ds2+

+

ω1+ω2∫
ω1

ω1+ω2∫
ω1

K2(t, s1, s2)ds1ds2 = f2(t, ω1, ω2) (7)

â êëàññå íåïðåðûâíûõ íà Ω3 = {t, s1, s2/0 ≤ s1, s2 ≤ t ≤ T} ôóíêöèé, ñèììåòðè÷íûõ
ïî âòîðîìó è òðåòüåìó àðãóìåíòó [17].

Ïîäñòàâëÿÿ (3) â (2), ïðèõîäèì ê èíòåãðàëüíîìó óðàâíåíèþ

α

ω1∫
0

K1(t, s1)ds1 − α

ω1+ω2∫
ω1

K1(t, s1)ds1 + α2

ω1∫
0

ω1∫
0

K2(t, s1, s2)ds1ds2−

−2α2

ω1∫
0

ω1+ω2∫
ω1

K2(t, s1, s2)ds1ds2 + α2

ω1+ω2∫
ω1

ω1+ω2∫
ω1

K2(t, s1, s2)ds1ds2 = yα(t, ω1, ω2). (8)

Çàìå÷àíèå 1. Â ñëó÷àå, êîãäà äèíàìè÷åñêàÿ ñèñòåìà ñòàöèîíàðíà, ò.å. ÿäðà Âîëü-
òåððà Km â (1) çàâèñÿò ëèøü îò ðàçíîñòè t − si, i = 1,m, äëÿ îäíîçíà÷íîãî âîññòà-
íîâëåíèÿ K̂1, K̂2 â ìîäåëè

ŷquad(t) =

t∫
0

K̂1(s1)x(t− s1)ds1 +

t∫
0

t∫
0

K̂2(s1, s2)x(t− s1)x(t− s2)ds1ds2 (9)

äîñòàòî÷íî óðàâíåíèé

1

α2

[
ŷα(t, ω1)− α

t∫
t−ω1

K̂1(s1)ds1

]
=

1

α2

[
ŷα(t− ω1,−ω1) + α

t∫
t−ω1

K̂1(s1)ds1

]
,

α

t∫
t−ω1

K̂1(s1)ds1 + α2

t∫
t−ω1

t∫
t−ω1

K̂2(s1, s2)ds1ds2 = ŷα(t, ω1).
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Ïðè ýòîì â î÷åâèäíûõ îáîçíà÷åíèÿõ ñïðàâåäëèâî óñëîâèå [14]: f̂2(t, ω1) = f̂2(t −
ω1,−ω1), íåîáõîäèìîå äëÿ ðàçðåøèìîñòè

t∫
t−ω1

t∫
t−ω1

K̂2(s1, s2)ds1ds2 = f̂2(t, ω1)

â êëàññå íåïðåðûâíûõ íà Ω2 = {s1, s2/0 ≤ s1, s2 ≤ T} ñèììåòðè÷íûõ ôóíêöèé.

Çàìå÷àíèå 2. Â ðàáîòå [18] îïèñàí àëãîðèòì âîññòàíîâëåíèÿ ÿäåð K1, K2, îñíîâàí-
íûé íà ñâåäåíèè èñõîäíîé çàäà÷è ê ðåøåíèþ ñèñòåìû, ñîñòîÿùåé èç äâóõ óðàâíåíèé
òèïà (8) ñ îòêëèêàìè yα(t, ω1, ω2) è y−α(t, ω1, ω2) ñîîòâåòñòâåííî. Ïîä÷åðêíåì çíà-
÷èìîñòü óñëîâèÿ (6) ïðè ïîñòðîåíèè èíòåãðàëüíîé ìîäåëè â âèäå (2). Òåì ñàìûì,
èíòåãðàëüíûõ óðàâíåíèé (4), (8) äîñòàòî÷íî äëÿ îäíîçíà÷íîé èäåíòèôèêàöèè ÿäåð
K1, K2.

Ïðîäåìîíñòðèðóåì ýòó òåõíèêó íà òåñòîâîì ïðèìåðå.

Ïðèìåð 1. Ïóñòü îòêëèê íåêîòîðîé ìàòåìàòè÷åñêîé ñèñòåìû íà ñèãíàëàõ (3) èìååò
ñëåäóþùèé âèä:

yet(t, s1, s2 − s1) = αt
(
2s1 − s2

)
+

α2

2
t2
(
2s1 − s2

)2
+

α3

3!
t3
(
2s31 − s32

)
+ (10)

+
α4

3
t4
(
4s41 − 5s31s2 + 6s21s

2
2 − 5s1s

3
2 + s42

)
+

α5

5!
t5
(
2s51 − s52

)
,

ãäå s1 = ω1, s2 = ω1 + ω2. Òîãäà

yet(t, ω1, 0) = αtω1 +
α2

2
t2ω2

1 +
α3

3!
t3ω3

1 +
α4

3
t4ω4

1 +
α5

5!
t5ω5

1, (11)

yet(t, 0, ω1) = −αtω1 +
α2

2
t2ω2

1 −
α3

3!
t3ω3

1 +
α4

3
t4ω4

1 −
α5

5!
t5ω5

1. (12)

Ïîëàãàÿ â (4) ω2 = 0 è ó÷èòûâàÿ (11), (12), ïðèõîäèì ê èíòåãðàëüíîìó óðàâíåíèþ
Âîëüòåððà I ðîäà

ω1∫
0

K1(t, s1)ds1 = tω1 +
α2

3!
t3ω3

1 +
α4

5!
t5ω5

1,

äèôôåðåíöèðóÿ êîòîðîå ïî ω1, ïîëó÷àåì

K1(t, s1) = t+
α2

2!
t3s21 +

α4

4!
t5s41, 0 ≤ s1 ≤ t ≤ T. (13)

Ó÷èòûâàÿ (13), èç (5) èìååì

f2(t, s1, s2 − s1) =
α2

2
t2
(
2s1 − s2

)2
+

α4

3
t4
(
4s41 − 5s31s2 + 6s21s

2
2 − 5s1s

3
2 + s42

)
è, ñîãëàñóÿñü ñ ÿâíîé ôîðìóëîé îáðàùåíèÿ (7) [17]:

K2(t, s1, s2) = −1

4

∂2f2(t, s1, s2)

∂s1∂s2
,
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íàõîäèì

K2(t, s1, s2) =
1

2
t2 +

α2

4
t4
(
5s21 − 8s1s2 + 5s22

)
, 0 ≤ s1 ≤ s2 ≤ t ≤ T.

Èòàê, êâàäðàòè÷íàÿ ìîäåëü ïîëíîñòüþ èäåíòèôèöèðîâàíà. Ëåãêî ïðîâåðèòü, ÷òî
äëÿ âõîäîâ xα

ω1, ω2
(t) îòêëèêè (2) è (10), yαquad(t, ω1, ω2) è yαet(t, ω1, ω2) ñîîòâåòñòâåííî,

òîæäåñòâåííî ñîâïàäàþò.

2. Ýòàëîííàÿ äèíàìè÷åñêàÿ ñèñòåìà

Ñîâðåìåííûå ýíåðãåòè÷åñêèå îáúåêòû õàðàêòåðèçóþòñÿ ñëîæíîñòüþ òåõíîëîãè-
÷åñêèõ ñõåì è ðàçíîîáðàçèåì ïðîöåññîâ, ïðîòåêàþùèõ â èõ ýëåìåíòàõ. Ñîçäàíèå áåç-
îïàñíûõ ðåæèìîâ ýêñïëóàòàöèè îáîðóäîâàíèÿ, ðàçðàáîòêà è ïðèìåíåíèå ýôôåêòèâ-
íûõ ìåòîäîâ ïðîãíîçèðîâàíèÿ äèíàìè÷åñêèõ íàãðóçîê âî âðåìÿ íåøòàòíûõ ñèòóàöèé
� îäíè èç êëþ÷åâûõ çàäà÷ ïåðñïåêòèâíûõ ýíåðãåòè÷åñêèõ òåõíîëîãèé. Â ñâÿçè ñ ýòèì
àêòóàëüíû èññëåäîâàíèÿ â îáëàñòè ìàòåìàòè÷åñêîãî îïèñàíèÿ äèíàìèêè ýíåðãåòè÷å-
ñêèõ ñèñòåì.

Â êà÷åñòâå ýòàëîííîé äèíàìè÷åñêîé ñèñòåìû ðàññìîòðèì ìàòåìàòè÷åñêóþ ìîäåëü
âåòðîýíåðãåòè÷åñêîé óñòàíîâêè ñ ãîðèçîíòàëüíîé îñüþ âðàùåíèÿ, ïðåäñòàâëåííóþ ñ
ïîìîùüþ ìåòîäèê [19�21] â ñëåäóþùåì âèäå:

Z(t) =
ωT (t)R

V (t)
, z(t) =

(
1

Z(t) + 0.08b(t)
− 0.035

b3(t) + 1

)−1

, (14)

Cp(t) = 0.22

(
116

z(t)
− 0.4b(t) + 5

)
exp

(
−12.5

z(t)

)
, (15)

MT (t) =
ρSCp(t)V

3(t)

2ωT (t)
,

dωT

dt
=

MT (t)−MC(t)

J
, ωT (0) = ωT0 , (16)

ãäå ωT (ðàä/ñ) � óãëîâàÿ ñêîðîñòü âðàùåíèÿ ýëåìåíòîâ âåòðîóñòàíîâêè, ωT0 (ðàä/ñ) �
íåêîòîðîå ñòàöèîíàðíîå çíà÷åíèå óãëîâîé ñêîðîñòè âðàùåíèÿ,MT (H·ì) � êðóòÿùèé
ìîìåíò, ñîçäàííûé àýðîäèíàìè÷åñêîé ñèëîé, MC (H·ì) � ìîìåíò ñîïðîòèâëåíèÿ íà-
ãðóçêè, J (êã·ì2) � ìîìåíò èíåðöèè äâèæóùèõñÿ ÷àñòåé âåòðîâîé òóðáèíû, ρ (êã/ì2)
� ïëîòíîñòü âîçäóõà, S (ì2) � îìåòàåìàÿ ïëîùàäü, R (ì) � ðàäèóñ âåòðîêîëåñà, b
(ãðàä) � óãîë íàêëîíà ëîïàñòåé ïî íîðìàëè îò íàïðàâëåíèÿ âåòðà, V (ì/ñ) � ñêîðîñòü
âåòðà; áåçðàçìåðíûå âåëè÷èíû: Cp � êîýôôèöèåíò èñïîëüçîâàíèÿ ýíåðãèè âåòðà, Z
� áûñòðîõîäíîñòü, z � òåêóùåå çíà÷åíèå áûñòðîõîäíîñòè.

×èñëåííîå ðåøåíèå ñèñòåìû (14) � (16) âûïîëíåíî ñ ïîìîùüþ ìåòîäà Ðóíãå �
Êóòòà ÷åòâåðòîãî ïîðÿäêà. Îòêëèêè ∆ωT (t) = ωT (t) − ωT0 íà òåñòîâûå âîçäåéñòâèÿ
∆b(t) = b(t)−b0 âèäà (3) è V (t) = V0 (∆V (t) = V (t)−V0 è b(t) = b0) äëÿ t ∈ [0, 20] (c) íà
ðàâíîìåðíîé ñåòêå ñ øàãîì h = 1 (c) èñïîëüçîâàëèñü äëÿ ïîñòðîåíèÿ êâàäðàòè÷íûõ
ïîëèíîìîâ Âîëüòåððà

∆ω1
T (t) =

t∫
0

K1
1(t, s1)∆b(s1)ds1 +

t∫
0

t∫
0

K1
2(t, s1, s2)∆b(s1)∆b(s2)ds1ds2, (17)
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∆ω2
T (t) =

t∫
0

K2
1(t, s1)∆V (s1)ds1 +

t∫
0

t∫
0

K2
2(t, s1, s2)∆V (s1)∆V (s2)ds1ds2 (18)

ñîîòâåòñòâåííî. Òàêîé âûáîð øàãà ñâÿçàí ñ ýêñïåðèìåíòàëüíûìè äàííûìè, ïîëó÷åí-
íûìè ïðè ðåøåíèè (14) � (16).

Äëÿ îáåñïå÷åíèÿ ëó÷øåé òî÷íîñòè àìïëèòóäà ïðîáíûõ ñèãíàëîâ, èñïîëüçóåìûõ
ïðè íàõîæäåíèè ÿäåð Âîëüòåððà â (17), (18), áûëà ñîãëàñîâàíà ñ âåëè÷èíîé äåé-
ñòâóþùèõ âîçìóùåíèé. Çàìåòèì, ÷òî ìîäåëü, ïîñòðîåííóþ òîëüêî ïî îäíîé ãðóïïå
ïðîáíûõ ñèãíàëîâ, íåëüçÿ ðàññìàòðèâàòü êàê ≪âñåðåæèìíóþ≫, ò.å. îäèíàêîâî ïðè-
ãîäíóþ äëÿ ðàñ÷åòîâ âî âñåì äèàïàçîíå äîïóñòèìûõ èçìåíåíèé âõîäíûõ âîçäåéñòâèé.
Ïðàêòè÷åñêàÿ èäåíòèôèêàöèÿ ÿäåð ïðîâîäèëàñü îòíîñèòåëüíî íåêîòîðîãî âûáðàííî-
ãî ñòàöèîíàðíîãî ñîñòîÿíèÿ ìîäåëèðóåìîé ñèñòåìû. Ñ öåëüþ ïîâûøåíèÿ òî÷íîñòè
ìîäåëèðîâàíèÿ áûëè ââåäåíû îïîðíûå íà÷àëüíûå ðåæèìû, äëÿ êîòîðûõ âûïîëíåíî
ïîñòðîåíèå èíòåãðàëüíûõ ìîäåëåé. Ïðè ýòîì âñå îòêëîíåíèÿ âõîäíûõ è âûõîäíûõ
ïàðàìåòðîâ, ïðèíèìàåìûå â êà÷åñòâå âîçäåéñòâóþùèõ ñèãíàëîâ è ðåàêöèé íà íèõ,
âû÷èñëÿëèñü îòíîñèòåëüíî èçáðàííîãî îïîðíîãî ðåæèìà. Ðàáîòà ïðîäîëæàåò èññëå-
äîâàíèÿ, íà÷àòûå â [22]. Ðåçóëüòàòàì èññëåäîâàíèÿ ìîäåëåé âèäà (17), (18) ïîñâÿùåí
ñëåäóþùèé ðàçäåë.

3. Âû÷èñëèòåëüíûé ýêñïåðèìåíò

Òàê êàê àïðèîðè èíôîðìàöèÿ î òîì, ÿâëÿåòñÿ ëè ìîäåëèðóåìàÿ äèíàìè÷åñêàÿ
ñèñòåìà ñòàöèîíàðíîé èëè íåò, âîîáùå ãîâîðÿ, íåèçâåñòíà, ïðîâåäåì àïîñòåðèîð-
íûé àíàëèç. Äëÿ ýòîãî ðàññìîòðèì äâóìåðíûé îòêëèê ñèñòåìû íà ïðîáíûå ñèãíà-
ëû xω1(t) = e(t) − e(t − ω1). Åñëè îêàæåòñÿ, ÷òî K ′

1t ≡ −K ′
1ω1

, òî ýòî îçíà÷àåò, ÷òî
K1(t, ω1) ≡ K1(t− ω1) è, ñëåäîâàòåëüíî, ñèñòåìà ñòàöèîíàðíà.

Íà ðèñ. 1 ïðèâåäåíû ãðàôèêè ε = |K1′
1t|−|K1′

1ω1
| ïðè t = ω1. Ãðàôèê ε1 ïîëó÷åí â

ñëó÷àå, êîãäà ÿäðà Âîëüòåððà èç (17) ïîñòðîåíû äëÿ V0 = 8 (ì/ñ), à ε2 � äëÿ V0 = 10
(ì/ñ) ïðè ∆b = 10 (ãðàä). Íà ðèñ. 2 ïðèâåäåíû ãðàôèêè ε = |K2′

1t| − |K2′
1ω1

| ïðè
t = ω1. Ãðàôèê ε1 ïîëó÷åí â ñëó÷àå, êîãäà ÿäðà Âîëüòåððà èç (18) ïîñòðîåíû äëÿ
b0 = 10 (ãðàä), ε2 � äëÿ b0 = 20 (ãðàä), ε3 � äëÿ b0 = 0 (ãðàä) ïðè ∆V = 5 (ì/ñ).
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Ðèñ. 1. Ïîãðåøíîñòü ε äëÿ ÿäåð èç (17) Ðèñ. 2. Ïîãðåøíîñòü ε äëÿ ÿäåð èç (18)
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Î÷åâèäíî (ñì. ðèñ. 1, 2), ÷òî èçó÷àåìàÿ äèíàìè÷åñêàÿ ñèñòåìà â èññëåäóåìîì äèà-
ïàçîíå âõîäíûõ ïàðàìåòðîâ ÿâëÿåòñÿ íåñòàöèîíàðíîé. Ïîýòîìó ïðèìåíåíèå ìîäåëè
âèäà (2) äëÿ îïèñàíèÿ íåëèíåéíîé äèíàìèêè â ñêàëÿðíîì ñëó÷àå ÿâëÿåòñÿ ïðèîðèòåò-
íûì â ñðàâíåíèè ñ èñïîëüçîâàíèåì óïðîùåííîé ìîäåëè âèäà (9). Òàêèì îáðàçîì, ïðè-
ìåíåíèå äàííîãî àëãîðèòìà, ïîçâîëÿþùåãî âûÿâèòü îñîáåííîñòè äèíàìèêè óñòðîéñòâ
äàííîãî êëàññà, ÿâëÿåòñÿ îáîñíîâàííûì.

Çàêëþ÷åíèå

Â äàííîé ñòàòüå ðàññìîòðåí íîâûé ñïîñîá ïîñòðîåíèÿ êâàäðàòè÷íîãî ïîëèíîìà
Âîëüòåððà äëÿ îïèñàíèÿ íåñòàöèîíàðíîé äèíàìè÷åñêîé ñèñòåìû òèïà ≪âõîä-âûõîä≫.
Îñíîâíàÿ èäåÿ ñîñòîèò â ìîäèôèêàöèè ìåòîäà ðàçäåëåíèÿ îòêëèêà èíòåãðàëüíîé ìî-
äåëè íà ñîñòàâëÿþùèå, êîòîðàÿ îñíîâàíà íà èñïîëüçîâàíèè íåîáõîäèìûõ óñëîâèé
ðàçðåøèìîñòè ñîîòâåòñòâóþùèõ ìíîãîìåðíûõ èíòåãðàëüíûõ óðàâíåíèé Âîëüòåððà I
ðîäà. Ïðèâåäåíû ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ äëÿ ≪ýòàëîííîé≫ ìîäåëè âåòðî-
ýíåðãåòè÷åñêîé óñòàíîâêè ñ ãîðèçîíòàëüíîé îñüþ âðàùåíèÿ, èëëþñòðèðóþùèå íåñòà-
öèîíàðíîñòü èññëåäóåìîãî äèíàìè÷åñêîãî îáúåêòà. Äàëüíåéøåå ðàçâèòèå ðàáîòû ñâÿ-
çàíî ñ èñïîëüçîâàíèåì êóáè÷íîãî ïîëèíîìà Âîëüòåððà.

Ðàáîòà ïðîâîäèëàñü ïðè ÷àñòè÷íîé ôèíàíñîâîé ïîääåðæêå ãðàíòà ÐÔÔÈ, ïðî-

åêò � 15-01-01425à.
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This study addresses the application of Volterra integral-power series to describe the

nonlinear dynamic "input�output" systems. The universality of this mathematical tool

makes it possible to create a software for computer experiments. This study is a continuation

of the research on the identi�cation of the Volterra kernels, which was started at the Energy

Systems Institute, Siberian Branch of the Russian Academy of Sciences. The �rst part of

the paper presents a new algorithm for the identi�cation of the second-degree Volterra

polynomials for the systems which can be used for an experiment based on the test sets of

disturbances. In the second part the numerical calculation results for a "reference" dynamic

system are given. The reference system is represented by a model of a horizontal-axis

wind turbine. Quadratic Volterra polynomials are constructed. They describe the nonlinear

dynamics of the angular velocity of the wind turbine components, depending on a blade

lean angle and wind speed. The Volterra kernels were practically identi�ed with respect to

some chosen stationary state of the simulated system.

Keywords: nonlinear dynamic system; quadratic Volterra polynomial; horizontal � axis

wind turbine.
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