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Ïðîáëåìà ïîñòðîåíèÿ îáðàòíîé ñâÿçè, êîòîðàÿ îáåñïå÷èâàåò ñîîòâåòñòâèå

ñèñòåìû óïðàâëåíèÿ çàäàííîé ýòàëîííîé ìîäåëè � îäíà èç âàæíåéøèõ çàäà÷

òåîðèè óïðàâëåíèÿ. Ðàçëè÷íûå ïîñòàíîâêè çàäà÷ ñèíòåçà ñèñòåì óïðàâëåíèÿ

ñ ìîäåëüþ è ïîäõîäû ê èõ ðåøåíèþ äëÿ ðàçëè÷íûõ ñïåöèàëüíûõ ñëó÷àåâ

ìîãóò áûòü íàéäåíû â ìîíîãðàôèÿõ [1�4] è äð. Â äàííîé ñòàòüå ïîëó÷åíî

óäîáíîå êîíñòðóêòèâíîå îïèñàíèå êëàññà âñåõ ñòàáèëèçèðóþùèõ ðåãóëÿòî-

ðîâ, îáåñïå÷èâàþùèõ ñîîòâåòñòâèå ëèíåéíîé ñèñòåìû óïðàâëåíèÿ çàäàííîé

ìîäåëè.

1. Ïîñòàíîâêà çàäà÷è. Ðàññìîòðèì îáúåêò óïðàâëåíèÿ

A(s)y(t) = B(s)u(t) + F (s)ϕ(t), (1)

ãäå s = d
dt , A, B, F � ìàòðè÷íûå ïîëèíîìû ðàçìåðîâ n×n, n×m, n×l ñîîòâåò-

ñòâåííî, y(t) ∈ Rn, u(t) ∈ Rm, ϕ(t) ∈ Rl � âûõîä, óïðàâëÿþùåå âîçäåéñòâèå

è âíåøíèé ñèãíàë ñîîòâåòñòâåííî. Âñþäó äàëåå áóäåò ïðåäïîëàãàòüñÿ, ÷òî

det A 6≡ 0.

Ïðåäïîëîæèì, ÷òî çàäàíà ýòàëîííàÿ ìîäåëü

Am(s)ym(t) = Fm(s)ϕ(t), (2)

ãäå Am � ãóðâèöåâ ìàòðè÷íûé ïîëèíîì ðàçìåðà n × n, Fm � ïðîèçâîëüíûé

ìàòðè÷íûé ïîëèíîì ðàçìåðà n × l. Òðåáóåòñÿ ïîñòðîèòü ñòàáèëèçèðóþùèé

ðåãóëÿòîð

D(s)u(t) = C(s)y(t) + G(s)ϕ(t), (3)

ãäå D, C, G � ìàòðè÷íûå ïîëèíîìû ðàçìåðîâ m×m, m× n, m× l êîòîðûé

îáåñïå÷èâàåò ïðè ëþáîì çàäàþùåì âîçäåéñòâèè ϕ(t) âûïîëíåíèå óñëîâèÿ

|y(t)− ym(t)| → 0 ïðè t → +∞. (4)

Êàê îáû÷íî, ðåãóëÿòîð (3) íàçûâàåòñÿ ñòàáèëèçèðóþùèì, åñëè det D(λ) 6≡ 0

è ìàòðè÷íûé ïîëèíîì

Ξ(λ) =

[
A(λ) −B(λ)

−C(λ) D(λ)

]
(5)
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ãóðâèöåâ � òî åñòü det Ξ(λ) 6= 0 ïðè Reλ ≥ 0. Ðåãóëÿòîð ñ óêàçàííûìè

ñâîéñòâàìè áóäåì íàçûâàòü M-óíèâåðñàëüíûì ( äëÿ ýòàëîííîé ìîäåëè (2)).

Â ÷àñòíîì ñëó÷àå, êîãäà ìîäåëü èìååò âèä y(t) = 0, çàäà÷à ïîñòðîåíèÿ M-

óíèâåðñàëüíîãî ðåãóëÿòîðà íàçûâàåòñÿ çàäà÷åé îá àáñîëþòíîé èíâàðèàíòíî-

ñòè (âïåðâûå äàííàÿ ïðîáëåìà áûëà ïîñòàâëåíà Ã.Â.Ùèïàíîâûì â 1939ã.).

Ïðè dim y = dim ϕ è ìîäåëè âèäà y(t) = ϕ(t) ñîîòâåòñòâóþùàÿ çàäà÷à íàçû-

âàåòñÿ çàäà÷åé îòñëåæèâàíèÿ. Ïîëíîå êîíñòðóêòèâíîå îïèñàíèå êëàññà óíè-

âåðñàëüíûõ ðåãóëÿòîðîâ â çàäà÷àõ èíâàðèàíòíîñòè è îòñëåæèâàíèÿ áûëî ïî-

ëó÷åíî â ðàáîòàõ [6, 7] è [8] ñîîòâåòñòâåííî.

Ââåäåì ïåðåäàòî÷íûå ôóíêöèè çàìêíóòîé ñèñòåìû (1), (3) Wy, Wu îò ϕ

ê y, u ñîîòâåòñòâåííî. Ëåãêî âèäåòü, ÷òî ñòàáèëèçèðóþùèé ðåãóëÿòîð M-

óíèâåðñàëåí òîãäà è òîëüêî òîãäà, êîãäà Wy ≡ Wm, ãäå

Wm(λ) = Am(λ)−1Fm(λ) (6)

ïåðåäàòî÷íàÿ ôóíêöèÿ ýòàëîííîé ìîäåëè (2). Â ñàìîì äåëå, ïóñòü ϕ(t) =

Re(ϕ0e
iω0t). Òîãäà ôóíêöèÿ ym(t) = Re(Wm(iω0)ϕ0e

iω0t) óäîâëåòâîðÿåò (2), à

ïàðà ôóíêöèé y(t) = Re(Wy(iω0)ϕ0e
iω0t), u(t) = Re(Wu(iω0)ϕ0e

iω0t) � îäíî

èç ðåøåíèé ñèñòåìû óðàâíåíèé (1), (3). Åñëè ðåãóëÿòîð M-óíèâåðñàëåí, òî

èç (4) èìååì Wy(iω0)ϕ0 = Wm(iω)ϕ0 îòêóäà, â ñèëó ïðîèçâîëüíîñòè ω0 ∈
R, ϕ0 ∈ Cl ïîëó÷àåì Wy ≡ Wm. Îáðàòíî, ïðè Wy ≡ Wm äëÿ ëþáîãî ðåøåíèÿ

ñèñòåìû (1), (3) [y(t), u(t)] è ëþáîé ôóíêöèè ym(t), óäîâëåòâîðÿþùåé (2),

èìååì (4) (ðàçíîñòü y(t)−ym(t) íå çàâèñèò îò ϕ(·) è ñòðåìèòñÿ ê íóëþ â ñèëó

óñòîé÷èâîñòè).

2. Îïèñàíèå êëàññà M-óíèâåðñàëüíûõ ðåãóëÿòîðîâ.

Ñëåäóÿ [6�9], áóäåì íàçûâàòü äâà ðåãóëÿòîðà D1u = C1y + G1ϕ, D2u =

C2y + G2ϕ âèäà (3) H-ýêâèâàëåíòíûìè, åñëè ñóùåñòâóþò ãóðâèöåâû ìàòðè÷-

íûå ïîëèíîìû H1, H2 ðàçìåðà m×m, òàêèå ÷òî

H−1
1 C1 = H−1

2 C2, H−1
1 D1 = H−1

2 D2, H−1
1 G1 = H−1

2 G2.

Î÷åâèäíî, ÷òî H-ýêâèâàëåíòíûå ðåãóëÿòîðû îäíîâðåìåííî ñòàáèëèçèðóþùèå

èëè íåò, è ïåðåäàòî÷íûå ôóíêöèè çàìêíóòîé ñèñòåìû äëÿ òàêèõ ðåãóëÿòîðîâ

ñîâïàäàþò. Â ÷àñòíîñòè, äâà H-ýêâèâàëåíòíûõ ðåãóëÿòîðà âñåãäà îäíîâðåìåí-

íî ÿâëÿþòñÿ èëè íå ÿâëÿþòñÿ M-óíèâåðñàëüíûìè.
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Ñëåäóþùèå òåîðåìû äàþò êðèòåðèé ñóùåñòâîâàíèÿ M�óíèâåðñàëüíîãî ðå-

ãóëÿòîðà è îïèñûâàþò âñå ìíîæåñòâî Ì-óíèâåðñàëüíûõ ðåãóëÿòîðîâ â ñèòó-

àöèè, êîãäà âíåøíèé âõîä ϕ(·) èçìåðÿåòñÿ.

Òåîðåìà 1 Äëÿ ñóùåñòâîâàíèÿ M-óíèâåðñàëüíîãî ðåãóëÿòîðà (3) íåîáõî-

äèìî è äîñòàòî÷íî, ÷òîáû ñóùåñòâîâàë õîòÿ áû îäèí ñòàáèëèçèðóþùèé

ðåãóëÿòîð è ïðè íåêîòîðîé ìàòðè÷íîé ðàöèîíàëüíîé ôóíêöèè X(λ), àíà-

ëèòè÷íîé ïðè Reλ ≥ 0, áûëî âûïîëíåíî ðàâåíñòâî

B(λ)X(λ) = A(λ)Wm(λ)− F (λ). (7)

Òåîðåìà 2 Ïðåäïîëîæèì, ÷òî C0, D0 � ìàòðè÷íûå ïîëèíîìû ðàçìåðîâ m×
n, m×m ñîîòâåòñòâåííî, òàêèå ÷òî ìàòðè÷íûé ïîëèíîì

Ξ0(λ) =

[
A(λ) −B(λ)

−C0(λ) D0(λ)

]
ÿâëÿåòñÿ ãóðâèöåâûì. Ïóñòü r(λ) � ìàòðè÷íûé ïîëèíîì ðàçìåðà m × n,

ρ(λ) � ñêàëÿðíûé ãóðâèöåâ ïîëèíîì, òàêèå ÷òî det(rB + ρD0) 6≡ 0, è X(λ)

� ðàöèîíàëüíàÿ ìàòðèöà óêàçàííîãî â òåîðåìå 1 âèäà. Òîãäà ðåãóëÿòîð (3),

äëÿ êîòîðîãî

C = rA + ρC0, D = rB + ρD0, G = −rF − ρC0Wm + ρD0X, (8)

ÿâëÿåòñÿ M-óíèâåðñàëüíûì, ïðè÷åì äëÿ ýòîãî ðåãóëÿòîðà Wu = X. Ëþáîé

M-óíèâåðñàëüíûé ðåãóëÿòîð äëÿ ìîäåëè (2) H-ýêâèâàëåíòåí (ïðè ïîäõîäÿ-

ùèõ r, ρ,X âûøåóêàçàííîãî âèäà) ðåãóëÿòîðó (8).

Äîêàçàòåëüñòâî òåîðåì 1 è 2. Íåîáõîäèìîñòü â òåîðåìå 1 äîêàçàíà âûøå. Â

ñèëó ëåììû 3 (è çàìå÷àíèÿ ê íåé) èç [7] ëþáîé ñòàáèëèçèðóþùèé ðåãóëÿòîð

H-ýêâèâàëåíòåí íåêîòîðîìó ðåãóëÿòîðó âèäà (3), äëÿ êîòîðîãî C = rA+ρC0,

D = rB +ρD0 (ãäå ïîëèíîìû r,ρ îáëàäàþò ïåðå÷èñëåííûìè â ôîðìóëèðîâêå

òåîðåìû 2 ñâîéñòâàìè). Äëÿ ðåãóëÿòîðà óêàçàííîãî âèäà èìååì[
Wy

Wu

]
= Ξ−1

0

[
F

1
ρ(G + rF )

]
.

Îòñþäà ïîëó÷àåì, ÷òî òàêîé ðåãóëÿòîð M-óíèâåðñàëåí òîãäà è òîëüêî òîãäà,

êîãäà G = −rF−ρC0Wm+ρD0Wu, ïðè÷åì BWu = AWm−F . Òàêèì îáðàçîì,

M-óíèâåðñàëüíû òå è òîëüêî òå ðåãóëÿòîðû, êîòîðûå H-ýêâèâàëåíòíû îäíîìó

èç ðåãóëÿòîðîâ âèäà (8). �
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Ñëåäñòâèå 1 Äëÿ òîãî, ÷òîáû ñóùåñòâîâàë M-óíèâåðñàëüíûé ðåãóëÿòîð

ïðè ëþáîé ïåðåäàòî÷íîé ôóíêöèè ýòàëîííîé ìîäåëè (2) Wm = A−1
m Fm, íåîá-

õîäèìî, ÷òîáû îáúåêò óäîâëåòâîðÿë ñëåäóþùåìó óñëîâèþ "îáîáùåííîé ìè-

íèìàëüíîôàçîâîñòè":

rk B(λ) = n = dim y ïðè Reλ ≥ 0. (9)

(â ÷àñòíîñòè, m = dim u ≥ n = dim y).

Äîêàçàòåëüñòâî. Ïóñòü äëÿ îáúåêòà (1) ñóùåñòâóåò M-óíèâåðñàëüíûé ðåãó-

ëÿòîð (3). Ïðåäïîëîæèì, ÷òî λ0 ∈ C, z0 ∈ Cn óäîâëåòâîðÿþò óñëîâèÿì

Reλ0 ≥ 0 è z∗0B(λ0) = 0. Òîãäà èç ðàçðåøèìîñòè óðàâíåíèÿ (7) ïîëó÷àåì,

÷òî ìîäåëü äîëæíà óäîâëåòâîðÿòü óñëîâèþ z∗0A(λ0)Wm(λ0) = z∗0F (λ0). �

Åñëè m = n, òî óñëîâèå (9) îçíà÷àåò ãóðâèöåâîñòü ìàòðè÷íîãî ïîëèíîìà

B(λ), òî åñòü îáû÷íóþ ìèíèìàëüíîôàçîâîñòü îáúåêòà. Ïðè íàðóøåíèè (9)

M-óíèâåðñàëüíûé ðåãóëÿòîð ìîæåò ñóùåñòâîâàòü òîëüêî äëÿ íåêîòîðûõ ïå-

ðåäàòî÷íûõ ôóíêöèé Wm, êîýôôèöèåíòû êîòîðûõ îáðàçóþò â ïðîñòðàíñòâå

âñåâîçìîæíûõ êîýôôèöèåíòîâ ìíîæåñòâî íóëåâîé ìåðû.

Ñëåäóþùàÿ òåîðåìà ïîêàçûâàåò, ÷òî óñëîâèå (9) è äîñòàòî÷íî äëÿ ñóùå-

ñòâîâàíèÿ M-óíèâåðñàëüíîãî ðåãóëÿòîðà äëÿ ýòàëîííîé ìîäåëè (2), åñëè èìå-

åòñÿ âîçìîæíîñòü èçìåðÿòü âíåøíèé ñèãíàë ϕ(t). Çàìåòèì, ÷òî (9) âëå÷åò ñó-

ùåñòâîâàíèå òàêîãî (m−n)×m-ìàòðè÷íîãî ïîëèíîìà B+(λ), ÷òî ìàòðè÷íûé

ïîëèíîì

S(λ) =

[
B+(λ)

B(λ)

]
(10)

ÿâëÿåòñÿ ãóðâèöåâûì (ïðè m = n êîìïîíåíòà B+ â (10) îòñóòñòâóåò).

Òåîðåìà 3 Ïðåäïîëîæèì, ÷òî âûïîëíåíî óñëîâèå (9) è B+(λ) âûáèðàåò-

ñÿ òàê, ÷òî (10) � ãóðâèöåâ ìàòðè÷íûé ïîëèíîì. Òîãäà ñóùåñòâóåò M-

óíèâåðñàëüíûé ðåãóëÿòîð. Ïóñòü r(λ) =
[

r1(λ)
r2(λ)

]
, ãäå r1, r2 � n×n-ìàòðè÷íûé

è (m−n)×n-ìàòðè÷íûé ïîëèíîìû ñîîòâåòñòâåííî, det r1 6≡ 0. Ïóñòü ρ �

ñêàëÿðíûé ãóðâèöåâ ïîëèíîì è G2 � ìàòðè÷íûé ïîëèíîì ðàçìåðà (m−n)×l.

Òîãäà ðåãóëÿòîð (3), äëÿ êîòîðîãî âûïîëíåíû ñîîòíîøåíèÿ

D = rB+ρ

[
0

B+

]
=

[
0 r1

ρIm−n r2

]
S, C = rA+ρ

[
In

0

]
, G =

[
−r1F − ρWm

G2

]
(11)
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ÿâëÿåòñÿ M-óíèâåðñàëüíûì äëÿ ýòàëîííîé ìîäåëè (2). Ëþáîé M-óíèâåð-

ñàëüíûé ðåãóëÿòîð H-ýêâèâàëåíòåí ðåãóëÿòîðó âèäà (11) ïðè ïîäõîäÿùèõ

r, ρ, G2 óêàçàííîãî âèäà.

Äîêàçàòåëüñòâî. Ëåãêî âèäåòü, ÷òî ìàòðè÷íûå ïîëèíîìû

C0 =

[
In

0

]
, D0 =

[
0

B+

]
(ðàçìåðîâ m × n, m ×m ñîîòâåòñòâåííî) óäîâëåòâîðÿþò óñëîâèÿì òåîðåìû

2. Â ñèëó ãóðâèöåâîñòè ìàòðè÷íîãî ïîëèíîìà (10) äëÿ ëþáîãî ìàòðè÷íîãî

ïîëèíîìà P (λ) ðàçìåðà (m−n)× l íàéäåòñÿ òàêàÿ àíàëèòè÷íàÿ ïðè Reλ ≥ 0

ôóíêöèÿ X(λ), ÷òî âûïîëíåíî (7) è B+X = P . Òàêèì îáðàçîì, â âèäå D0X,

ãäå X � íåêîòîðîå ðåøåíèå (7), ïðåäñòàâèìû ìàòðè÷íûå ïîëèíîìû âèäà [ 0
P ]

è òîëüêî îíè (çäåñü P îáîçíà÷àåò ïðîèçâîëüíûé (m − n) × l - ìàòðè÷íûé

ïîëèíîì). Â ñèëó òåîðåìû 1 ïîëó÷àåì, ÷òî ðåãóëÿòîð M-óíèâåðñàëåí òîãäà è

òîëüêî òîãäà, êîãäà îí H-ýêâèâàëåíòåí îäíîìó èç ðåãóëÿòîðîâ âèäà (11).�

Â ñëó÷àå, êîãäà m = n è îáúåêò (1) ìèíèìàëüíîôàçîâûé (ìàòðè÷íûé

ïîëèíîì B ãóðâèöåâ), ïàðàìåòðèçàöèÿ èç òåîðåìû 3 ïðèíèìàåò áîëåå ïðîñòîé

âèä.

Òåîðåìà 4 Ïðåäïîëîæèì, ÷òî m = n è B(λ) � ãóðâèöåâ ìàòðè÷íûé ïîëè-

íîì. Ïóñòü r(λ) � ìàòðè÷íûé ïîëèíîì ðàçìåðà n× n, det r 6≡ 0, ïóñòü ρ �

ñêàëÿðíûé ãóðâèöåâ ïîëèíîì. Òîãäà ðåãóëÿòîð (3), äëÿ êîòîðîãî âûïîëíåíî

D = rB, C = rA− ρIn, G = −rF − ρWm (12)

ÿâëÿåòñÿ M-óíèâåðñàëüíûì. Ëþáîé M-óíèâåðñàëüíûé ðåãóëÿòîð H-ýêâèâà-

ëåíòåí ðåãóëÿòîðó âèäà (12) ïðè ïîäõîäÿùèõ r, ρ óêàçàííîãî âèäà.

Çíà÷èòåëüíûé èíòåðåñ ïðåäñòàâëÿåò âîïðîñ î ñóùåñòâîâàíèè M-óíèâåð-

ñàëüíîãî ðåãóëÿòîðà â òîì ñëó÷àå, êîãäà âíåøíèé ñèãíàë ϕ(t) èçìåðåíèþ

íåäîñòóïåí, ò.å. â (3) äîëæíî áûòü G ≡ 0. Íåîáõîäèìîå, íî, âîîáùå ãîâîðÿ, íå

äîñòàòî÷íîå óñëîâèå ðàçðåøèìîñòè çàäà÷è â ýòèõ óñëîâèÿõ äàåò ñëåäóþùàÿ

ëåììà.

Ëåììà 1 Ïóñòü äëÿ ýòàëîííîé ìîäåëè (2) ñóùåñòâóåò M-óíèâåðñàëüíûé

ðåãóëÿòîð (3) ñ G ≡ 0. Òîãäà ïåðåäàòî÷íàÿ ôóíêöèÿ ìîäåëè ïðåäñòàâèìà â
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âèäå Wm(λ) = Z(λ)F (λ), ãäå Z(λ) � àíàëèòè÷íàÿ ïðè Reλ ≥ 0 ðàöèîíàëüíàÿ

ìàòðèöà ðàçìåðà n × n è det Z 6≡ 0. Â ÷àñòíîñòè, ðàíãè ìàòðèö Wm, F

íàä ïîëåì ñêàëÿðíûõ ðàöèîíàëüíûõ ôóíêöèé ñîâïàäàþò.

Äëÿ äîêàçàòåëüñòâà äîñòàòî÷íî âçÿòü ïðîèçâîëüíûé M-óíèâåðñàëüíûé ðåãó-

ëÿòîð Du = Cy è âîñïîëüçîâàòüñÿ òîæäåñòâàìè

Wm = [In, 0]
[

A −B
−C D

]−1 [
In
0

]
F,

[
A −B
−C D

]−1 [
In
0

]
=

[
(A−BD−1C)−1

D−1C(A−BD−1C)−1

]
Ïîñêîëüêó ðåãóëÿòîð ÿâëÿåòñÿ ñòàáèëèçèðóþùèì, òî ìàòðèöà

Z(λ) = [In, 0]
[

A −B
−C D

]−1 [
In
0

]
= (A−BD−1C)−1

óäîâëåòâîðÿåò óñëîâèÿì ëåììû.�

Â ÷àñòíîñòè, ëåììà 1 ïîêàçûâàåò, ÷òî äîñòè÷ü àáñîëþòíîé èíâàðèàíòíî-

ñòè (ñëó÷àé Wm ≡ 0) áåç èçìåðåíèÿ âíåøíåãî âîçäåéñòâèÿ íåâîçìîæíî, çà

èñêëþ÷åíèåì òðèâèàëüíîé ñèòóàöèè, êîãäà F ≡ 0. Äàííûé ôàêò õîðîøî èç-

âåñòåí è áûë ïîäêðåïëåí ìíîãî÷èñëåííûìè ïðàêòè÷åñêèìè ïðèìåðàìè (ñì.

íàïðèìåð îáçîð [10]), äðóãîå åãî äîêàçàòåëüñòâî ìîæåò áûòü íàéäåíî â [6].

Ñëåäóþùàÿ òåîðåìà ïîêàçûâàåò, ÷òî â ðàñïðîñòðàíåííîì ñëó÷àå "îáîáùåííî-

ìèíèìàëüíîôàçîâîãî" îáúåêòà (óäîâëåòâîðÿþùåãî (9)), ýòî íåîáõîäèìîå óñëî-

âèå ñòàíîâèòñÿ è äîñòàòî÷íûì.

Òåîðåìà 5 Ïóñòü îáúåêò óïðàâëåíèÿ (1) óäîâëåòâîðÿåò óñëîâèþ (9). Äëÿ

ñóùåñòâîâàíèÿ M-óíèâåðñàëüíîãî ðåãóëÿòîðà (3) ñ G ≡ 0 íåîáõîäèìî è äî-

ñòàòî÷íî, ÷òîáû ïåðåäàòî÷íàÿ ôóíêöèÿ ìîäåëè áûëà ïðåäñòàâèìà â âè-

äå Wm(λ) = Z(λ)F (λ), ãäå ðàöèîíàëüíàÿ ìàòðèöà Z(λ) àíàëèòè÷íà ïðè

Reλ ≥ 0 è det Z 6≡ 0. Ïóñòü ìàòðèöà B+(λ) âûáðàíà òàê, ÷òî (10) �

ãóðâèöåâ ìàòðè÷íûé ïîëèíîì. Ïðåäñòàâèì îäíó èç ìàòðèö Z(λ) ñ óêàçàí-

íûìè ñâîéñòâàìè â âèäå Z(λ) = −ρ−1(λ)r1(λ), ãäå r1 � ìàòðè÷íûé ïîëèíîì,

à ρ(λ) � ñêàëÿðíûé ãóðâèöåâ ïîëèíîì. Ïóñòü r2 � ïðîèçâîëüíûé ìàòðè÷íûé

ïîëèíîì ðàçìåðà (m− n)× n. Òîãäà ðåãóëÿòîð D(s)u(t) = C(s)y(t), ãäå

D =

[
0 r1

ρIm−n r2

]
S, C =

[
r1

r2

]
A− ρ

[
In

0

]
, (13)

ÿâëÿåòñÿ M-óíèâåðñàëüíûì. Ëþáîé M-óíèâåðñàëüíûé ðåãóëÿòîð (3) ñ G ≡ 0

H-ýêâèâàëåíòåí îäíîìó èç ðåãóëÿòîðîâ âèäà (13) ïðè ïîäõîäÿùåì âûáîðå r1,

ρ (òî åñòü ìàòðèöû Z) è r2.
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Äîêàçàòåëüñòâî. Ïðè óêàçàííîì âûáîðå r1, r2, ρ ðåãóëÿòîð âèäà (13) ëåæèò

â ñåìåéñòâå ðåãóëÿòîðîâ (11) (äëÿ äîêàçàòåëüñòâà äîñòàòî÷íî âçÿòü G2 ≡ 0

è âîñïîëüçîâàòüñÿ òåì, ÷òî ρWm = ρZF = −r1F ), ñëåäîâàòåëüíî, ÿâëÿåò-

ñÿ M-óíèâåðñàëüíûì. Îáðàòíî, ïóñòü ðåãóëÿòîð (3) ñ G ≡ 0 ÿâëÿåòñÿ M-

óíèâåðñàëüíûì. Òîãäà îí H-ýêâèâàëåíòåí îäíîìó èç ðåãóëÿòîðîâ âèäà (11).

Ðåãóëÿòîð (11) íå èçìåðÿåò âíåøíåå âîçäåéñòâèå òîëüêî â òîì ñëó÷àå, åñ-

ëè Z = −ρ−1r1F è G2 ≡ 0. Ïîñêîëüêó ñêàëÿðíûé ïîëèíîì ρ ãóðâèöåâ è

det r1 6≡ 0, òî ìàòðèöà Z = −ρ−1r1 äîëæíà óäîâëåòâîðÿòü óêàçàííûì â ôîð-

ìóëèðîâêå òåîðåìû óñëîâèÿì.�

Çàìå÷àíèå.Ïîëüçóÿñü ïðèâåäåííûìè ïàðàìåòðèçàöèÿìè, ìîæíî îïèñàòü

êëàññ ôèçè÷åñêè ðåàëèçóåìûõ (â ðàçëè÷íûõ ñìûñëàõ, ñì. [2, 11]) Ì-óíèâåð-

ñàëüíûõ ðåãóëÿòîðîâ ïî àíàëîãèè ñ òåì, êàê ýòî ñäåëàíî äëÿ çàäà÷è îòñëå-

æèâàíèÿ â [8]. Â ÷àñòíîñòè, ìîæíî ïîêàçàòü, ÷òî åñëè îáúåêò óïðàâëåíèÿ

óäîâëåòâîðÿåò ìàëîîãðàíè÷èòåëüíûì äîïîëíèòåëüíûì ïðåäïîëîæåíèÿì, òî

ðåàëèçóåìûå Ì-óíèâåðñàëüíûå ðåãóëÿòîðû ñóùåñòâóþò.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ÐÔÔÈ, ãðàíòû 05-01-00238, 05-01-00869.
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