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Ìîäåëü èäåíòè�èöèðóåìîãî îáúåêòà

y(t) =

∫ +∞

0
gc (τ)u(t − τ) dτ

Äèñêðåòíîå âðåìÿ tk = kT , T � âûáîðî÷íûé èíòåðâàë:

u(t) = uk , ïðè kT ≤ t ≤ (k + 1)T ,

y [lT ] =

∞
∑

i=1

g [iT ]u[(l − i)T ], ãäå g(t)
def
=

∫ t+T

t

gc (τ) dτ.

Ââîäèì îïåðàòîð îïåðåæåíèÿ Eu(t) = u(t + T ),

y [lT ] =

(

∞
∑

k=1

g [kT ]E−k

)

u[lT ],

y [lT ] = G (E )u[lT ], ãäå G (E )
def
=

∞
∑

k=1

g [kT ]E−k .
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Ìîäåëü èäåíòè�èöèðóåìîãî îáúåêòà

y [lT ] = G (E )u[lT ], ãäå G (E )
def
=

∞
∑

k=1

g [kT ]E−k .

Ïåðåõîäèì ê Z -èçîáðàæåíèÿì:

Y (z) = G (z)U(z), ãäå G (z)
def
=

∞
∑

k=1

g [kT ]z−k .

Îáúåêò íàçûâàåòñÿ óñòîé÷èâûì (ñòðîãî óñòîé÷èâûì), åñëè

∞
∑

k=1

g [kT ] < ∞
(

∞
∑

k=1

kg [kT ] < ∞
)

.

Óòâåðæäåíèå

Åñëè ïåðåäàòî÷íàÿ �óíêöèÿ G (z) äðîáíî-ðàöèîíàëüíàÿ è

àñèìïòîòè÷åñêè óñòîé÷èâà, òî îáúåêò ñòðîãî óñòîé÷èâ.
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Ìîäåëü ïîìåõè

y [lT ] = G (E )u[lT ] + v [lT ],

ãäå v [lT ] � ïîìåõà.

Øóì íàáëþäåíèÿ. Äàò÷èêè-èçìåðèòåëè ñèãíàëîâ ïîäâåðæåíû

âëèÿíèþ øóìà è äðåé�à.

Íåêîíòðîëèðóåìûå âõîäû. Â ñèñòåìå åñòü íå èçìåðÿåìûå âõîäíûå

ñèãíàëû.

v [lT ] =

∞
∑

k=0

h[kT ]e[(l − k)T ],

ãäå e[kT ] � áåëûé øóì, ò.å. ïîñëåäîâàòåëüíîñòü ñëó÷àéíûõ âåëè÷èí:

âçàèìíî íåçàâèñèìûõ,

èìåþùèõ îäèíàêîâîå ðàñïðåäåëåíèå.

y [lT ] = G (E )u[lT ] + H(E )e[lT ].
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Íåïàðàìåòðè÷åñêèå ìåòîäû èäåíòè�èêàöèè

Àíàëèç èìïóëüñíîé ðåàêöèè: âõîä � �óíêöèÿ Õýâèñàéäà,

îöåíèâàåì ïåðåõîäíóþ õàðàêòåðèñòèêó.

Êîððåëÿöèîííûé àíàëèç: âõîä � áåëûé øóì, îöåíèâàåì

èìïóëüñíóþ õàðàêòåðèñòèêó.

Ē y(t)u(t − τ) = Ryu(τ) =
∞
∑

k=1

g(k)Ru(k − τ)

Â ñèëó ýðãîäè÷åñêèõ òåîðåì îöåíèâàåì êîâàðèàöèè ïðè ïîìîùè

êîíå÷íûõ ñóìì.

×àñòîòíûé àíàëèç.

�àðìîíè÷åñêèé àíàëèç Ôóðüå.

Ñïåêòðàëüíûé àíàëèç.

5 / 13



×àñòîòíûé àíàëèç

Âõîä � ãàðìîíè÷åñêèé ñèãíàë ñ ÷àñòîòîé ω è àìïëèòóäîé α.

Îöåíêà ïåðåäàòî÷íîé �óíêöèè (ñì. òåîðåìó î ïðåîáðàçîâàíèè

ïåðèîäîãðàìì):

Ĝ(e jω) =
YN(ω)

UN(ω)
=

YN(ω)√
Nα

.

Òà æå îöåíêà, ïîëó÷åííàÿ êîâàðèàöèîííûì ìåòîäîì:

|Ĝ(e jω)| = 2

α

√

I 2c (N) + I 2s (N), arg Ĝ (e jω) = arctg
Is(N)

Ic(N)
,

ãäå Ic(N) = 1
N

∑N
k=1 y(t) cosωt, Is(N) = 1

N

∑N
k=1 y(t) sinωt

v(t) íå èìååò ñîñòàâëÿþùèõ ñ ÷àñòîòîé ω ⇒ ìàò. îæèäàíèå

îøèáêè ñòðåìèòñÿ ê íóëþ,

v(t) ñòàöèîíàðíûé,
∑ |τRv (τ)| < ∞ ⇒ äèñïåðñèÿ îøèáêè

ñòðåìèòñÿ ê íóëþ.
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�àðìîíè÷åñêèé àíàëèç Ôóðüå

y(t) = G (E )u(t) + v(t),

ãäå u(t) � èçâåñòíûé âõîä, v(y) � ñòàöèîíàðíûé ñ.ï.

Ýìïèðè÷åñêàÿ îöåíêà ÏÔ:

ˆ̂
GN(e

jω) =
YN(ω)

UN(ω)

Òåîðåìà

Ïóñòü G (E ) ñòðîãî óñòîé÷èâà, u(t) è v(t) íåçàâèñèìû, |u(t)| < C ,

E v(t) = 0,
∑

τRv (τ) < ∞, òîãäà

E
ˆ̂
GN(e

jω) = G (e jω) +
ρ1(N)

UN(ω)
,

E [
ˆ̂
GN(e

jω)− G (e jω)][
ˆ̂
G (e−jξ)− G (e−jξ)] =

{

Φv (ω)+ρ2(N)
|UN(ω)|2

, ïðè ξ = ω,
ρ2(N)

UN (ω)UN (−ξ) , ïðè ξ 6= ω,

ãäå |ρ1(N)| ≤ C1/
√
N , |ρ2(N)| ≤ C2/N.
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�àðìîíè÷åñêèé àíàëèç Ôóðüå

Ïîñòðîåíèå ìîäåëè âîçìóùåíèÿ:

v(t) = H(E )e(t),

ãäå e(t) � áåëûé øóì.

Òåîðåìà

Ïóñòü H(E ) ñòðîãî óñòîé÷èâà, e(t) îáëàäàåò äèñïåðñèåé λ è êîíå÷íûì

÷åòâåðòûì ìîìåíòîì, òîãäà

E |VN(ω)|2 = Φv (ω) + ρ3(N),

E [|VN(ω)|2 − Φv(ω)][|VN (ξ)|2 − Φv (ξ)] =

{

[Φv (ω)]
2 + ρ4(N), ïðè ξ = ω,

ρ4(N), ïðè ξ 6= ω,

ãäå |ρ3(N)| ≤ C3/N, |ρ4(N)| ≤ C4/N.
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�àðìîíè÷åñêèé àíàëèç Ôóðüå

Îáñóæäåíèå

Äëÿ ïîñòðîåíèÿ �õîðîøèõ� îöåíîê, òðåáóåòñÿ, ÷òîáû ìàòåìàòè÷åñêîå

îæèäàíèå îöåíêè áûëî áëèçêî îöåíèâàåìîé âåëè÷èíå, à äèñïåðñèÿ

áûëà äîñòàòî÷íî ìàëà.

Îöåíèòü çíà÷åíèå ÀÔ×Õ íà ÷àñòîòå ω âîçìîæíî, òîëüêî åñëè îíà

ïðèñóòñòâóåò â âõîäíîì ñèãíàëå.

Ïåðèîäè÷åñêîå âõîäíîå âîçäåéñòâèå u(t).
Ïóñòü N = sN0, ãäå N0 � ïåðèîä ñèãíàëà, òîãäà

|UN(ω)| ∼ N · const ïðè ω =
2πk

N0
, k = 1,N0,

è áëèçêî ê 0 â äðóãèõ òî÷êàõ.
Îöåíêà íåñìåùåíà, äèñïåðñèÿ ñòðåìèòñÿ ê 0, îöåíêè ðàçíûõ

÷àñòîò íåêîððåëèðîâàíû. �Õîðîøàÿ� îöåíêà ïîñòðîåíà!

Âõîäíîå âîçäåéñòâèå � ðåàëèçàöèÿ ñ.ï.:

îöåíêà íåñìåùåíà, äèñïåðñèÿ ñòðåìèòñÿ ê îòíîøåíèþ

�ñèãíàë/øóì�, îöåíêèè ðàçíûõ ÷àñòîò íåêîððåëèðîâàíû.
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Ñïåêòðàëüíûé àíàëèç

Ïðåäïîëîæèì, ÷òî â äèàïàçîíå ÷àñòîò [ω −∆ω, ω +∆ω] ÀÔ×Õ
ïðèìåðíî ïîñòîÿííû.

Ââåäåì îöåíêó:

ĜN(e
jω) =

∑ω+∆ω
ξ=ω−∆ω α(ξ)

ˆ̂
GN(e

jξ)
∑ω+∆ω

ξ=ω−∆ω α(ξ)
, ãäå α(ω) =

|UN(ω)|2
Φv (ω)

,

α(ω) âûáèðàåòñÿ èç ñîîáðàæåíèé ìèíèìóìà äèñïåðñèè.

Èëè ñ èñïîëüçîâàíèåì ÷àñòîòíîãî îêíà Wγ(ω) è ïðåäïîëîæåíèåì

Φv(ω) ≈ const íà [ω −∆ω, ω +∆ω]:

ĜN(e
jω) =

∑2π
ξ=0 Wγ(ξ − ω)|UN(ξ)|2 ˆ̂GN(e

jξ)
∑2π

ξ=0Wγ(ξ − ω)|UN(ξ)|2
,
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Ñïåêòðàëüíûé àíàëèç

ĜN(e
jω) =

∑2π
ξ=0Wγ(ξ − ω)YN(ω)ŪN(ω)
∑2π

ξ=0Wγ(ξ − ω)|UN(ξ)|2
def
=

Φ̂N
yu(ω)

Φ̂N
u (ω)

.

Ïðèìåðû ÷àñòîòíûõ îêîí:

2πWγ(ω) wγ(t)

Áàðòëåòò

1
γ

(

sin γω/2
sinω/2

)2
1− |t|

γ

×àñòîòíîå îêíî ìîæíî íàëàãàòü âî âðåìåííîé îáëàñòè:

Φ̂N
u (ω) =

+∞
∑

τ=−∞

wγ(τ)R̂
N
u (τ)e−jωτ ,

ãäå

wγ(τ) =

∫ π

−π
Wγ(ω)e

jωτdω, R̂N
u (τ) =

1

N

N
∑

t=1

u(t)u(t − τ).
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Îöåíêà ñïåêòðà âîçìóùåíèÿ

Ââåäåì îöåíêó íåâÿçêè

v̂(t) = y(t)− Ĝ (E )u(t),

òîãäà

Φ̂N
v (ω) =

π
∑

ξ=−π

Wγ(ξ − ω)|YN(ξ)− ĜN(e
jω)UN(ξ)|2,

ïðåäïîëàãàÿ, ÷òî âíóòðè ÷àñòîòíîãî îêíà ĜN(e
jξ) = const, ïîëó÷àåì

Φ̂N
v (ω) = Φ̂N

y (ω)

[

1−
|Φ̂N

yu(ω)|2

Φ̂N
y (ω)Φ̂

N
u (ω)

]

,

ïåðåäàòî÷íàÿ �óíêöèÿ H(z) âîññòàíàâëèâàåòñÿ ïî ñïåêòðó ïðè

ïîìîùè ïðîöåäóðû ñïåêòðàëüíîé �àêòîðèçàöèè

Φ̂N
v (ω) ≈ H(e−jω)H(e jω)λ.
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Àëãîðèòì ñïåêòðàëüíîé èäåíòè�èêàöèè

1

Îöåíèâàåì ïåðåõîäíóþ õàðàêòåðèñòèêó, ÷òîáû ïðèáëèçèòåëüíî

íàéòè äèàïàçîí ÷àñòîò.

2

�îòîâèì âõîäíîå âîçäåéñòâèå, ñîîòâåòñòâóþùåå äèàïàçîíó.

3

Ïðîâîäèì ýêñïåðèìåíò.

4

Ñòðîèì ñïåêòðàëüíûå îöåíêè: Φ̂N
u (ω), Φ̂

N
y (ω), Φ̂

N
yu(ω). Âûáèðàåì

ïîäõîäÿùåå ÷àñòîòíîå îêíî: íà ãðà�èêàõ îöåíêè À×Õ äîëæåí

áûòü äîñòàòî÷íî ãëàäîê, íî γ ≪ N.

5

Âîññòàíàâëèâàåì ïåðåäàòî÷íûå �óíêöèè G (z) è H(z).
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