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Èäåíòèôèêàöèÿ

Ñîäåðæàíèå ëåêöèè

ëèíåéíàÿ ïàðàìåòðèçàöèÿ

ðåãðåñèîííûå ìîäåëè

îïòèìèçàöèÿ êàëèáðîâî÷íûõ òðàåêòîðèé

îöåíèâàíèå ïàðàìåòðîâ

ïîñòàíîâêà è àíàëèç ðåçóëüòàòîâ ýêñïåðèìåíòà
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ìîòèâàöèÿ

Çà÷åì íóæíà èäåíòèôèêàöèÿ?

Èñòèííûå çíà÷åíèÿ äèíàìè÷åñêèõ ïàðàìåòðîâ ðîáîòîâ (ìàññû, ìîìåíòû
èíåðöèè, ðàñïðåäåëåíèå ìàññû â çâåíüÿõ è ò.ï.) ìîãóò ñóùåñòâåííî
îòëè÷àòüñÿ îò íîìèíàëüíûõ, çàäàííûõ CAD ìîäåëüþ èëè
ñïåöèôèêàöèÿìè ïðîèçâîäèòèëåé.

ïàðàìåòðû òðåíèÿ ìåíÿþòñÿ â ïðîöåññå ðàáîòû (íàãðåâ, èçíîñ)

äîáàâëåíèå ïîëåçíîé íàãðóçêè ìåíÿåò ïî÷òè âñå äèíàìè÷åñêèå
êîýôôèöèåíòû ìîäåëè

Ïðîöåäóðà

Ðàññìàòðèâàåì îôô-ëàéí èäåíòèôèêàöèþ

ïîëó÷èòü ìîäåëü ñèñòåìû, ïðèãîäíóþ äëÿ èñïîëüçîâàíèÿ ïðè
èäåíòèôèêàöèè

ðàññ÷èòàòü îïòèìàëüíûå êàëèáðîâî÷íûå òðàåêòîðèè

ïðîâåñòè ýêñïåðèìåíò, çàïèñàòü è îòôèëüòðîâàòü èçìåðåíèÿ

âû÷èñëèòü îöåíêè ïàðàìåòðîâ

ïðîâåðèòü äîñòîâåðíîñòü îöåíîê è ïðîâåñòè âàëèäàöèþ ìîäåëè
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
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Èñõîäíûå äèíàìè÷åñêèå ïàðàìåòðû çâåíà

Ðàññìàòðèâàåì àáñîëþòíî óïðóãîå çâåíî è ñî÷ëåíåíèå

c©De Luca

3 ñèñòåìû êîîðäèíàò

1 áàçîâàÿ (èíåðöèàëüíàÿ)

2 êèíåìàòè÷åñêàÿ (DH èëè MDH)

3 áàðèöåíòðè÷åñêàÿ - câÿçàííàÿ ñ öåíòðîì
ìàññû òåëà

Êàæäîå çâåíî õàðàêòåðèçóåòñÿ 10
äèíàìè÷åñêèìè ïàðàìåòðàìè:

ìàññà mi

êîîðäèíàòû öåíòðà ìàññ rci =
[
rxi ryi rzi

]T
ìîìåíòû èíåðöèè

Ici =

 Ici,xx Ici,xy Ici,xz
− Iciyy Ici,yz
− − Ici,zz


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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ïåðåñ÷åò â êèíåìàòè÷åñêèõ ÑÊ

Ïðîáëåìà

Äèíàìèêà ðîáîòà çàâèñèò îò èñõîäíûõ ôèçè÷åñêèõ ïàðàìåòðîâ çâåíüåâ
íåëèíåéíî

Ïîòåíöèàëüíàÿ ýíåðãèÿ

Pi = −migT
0 r0,ci = −migT

0 (ri + rci) = −migT
0 ri − gT

0 (mirci)

Êèíåòè÷åñêàÿ ýíåðãèÿ

Ki =
1
2

mivT
civci +

1
2

ωT
i Iciωi
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Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ïåðåñ÷åò â êèíåìàòè÷åñêèõ ÑÊ

Ïðîáëåìà

Äèíàìèêà ðîáîòà çàâèñèò îò èñõîäíûõ ôèçè÷åñêèõ ïàðàìåòðîâ çâåíüåâ
íåëèíåéíî

Ïîòåíöèàëüíàÿ ýíåðãèÿ

Pi = −migT
0 r0,ci = −migT

0 (ri + rci) = −migT
0 ri − gT

0 (mirci)

Êèíåòè÷åñêàÿ ýíåðãèÿ

Ki =
1
2

mivT
civci +

1
2

ωT
i Iciωi

Ôóíäàìåíòàëüíîå êèíåìàòè÷åñêîå ñîîòíîøåíèå

vci = vi + ωi × rci = vi + S(ωi)rci = vi − S(rci)ωi ⇒
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Ôóíäàìåíòàëüíîå êèíåìàòè÷åñêîå ñîîòíîøåíèå

vci = vi + ωi × rci = vi + S(ωi)rci = vi − S(rci)ωi ⇒

Ki =
1
2

mi(vi − S(rci)ωi)
T(vi − S(rci)ωi) +

1
2

ωT
i Iciωi
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0 (mirci)

Êèíåòè÷åñêàÿ ýíåðãèÿ

Ki =
1
2

mivT
i vi +

1
2

ωT
i

(
Ici + miST(rci)S(rci)

)
ωi − viS(mirci)ωi

Ðåøåíèå

Ïåðåñ÷èòàòü èíåðöèþ çâåíà è êîîðäèíàòû åãî öåíòðà ìàññ â ïðîèçâîëüíîé
êèíåìàòè÷åñêîé ÑÊ (îäèíàêîâàÿ îðèåíòàöèÿ ñ áàðèöåíòðè÷åñêîé ÑÊ), òàê
÷òî âñå ýëåìåíòû èç íîâîãî íàáîðà äèíìè÷åñêèõ ïàðàìåòðîâ áóäóò âõîäèòü â
âûðàæåíèÿ äëÿ êèíåòè÷åñêîé è ïîòåíöèàëüíîé ýíåðãèè ëèíåéíî
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Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ñòàíäàðòíûå ïàðàìåòðû

Ïîòåíöèàëüíàÿ ýíåðãèÿ
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0 (mirci)
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mivT
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ωT
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Â ñîîòâåòñòâèè ñ òåîðåìîé Øòåéíåðà

Ii = Ici + mi

(
||rci||2E− rT

circi

)
=

 Ii,xx Ii,xy Ii,xz
− Iiyy Ii,yz
− − Ii,zz


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Ki =
1
2

mivT
i vi +

1
2

ωT
i Iiωi + mirT

ciS(vi)ωi
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Âåêòîð (ïîñòîÿííûõ) ñòàíäàðòíûõ äèíàìè÷åñêèõ ïàðàìåòðîâ

Òàêæå 10 ïàðàìåòðîâ äëÿ êàæäîãî çâåíà

χi =

 mi
mirci

Ii

 =
(
mi mirci,x mirci,y mirci,z Ii,xx Ii,xy Ii,xz Ii,yy Ii,yz Ii,zz

)T ,

mirci - âåêòîð ïåðâûõ ìîìåíòîâ, Ii - âåêòîð ìîìåíòîâ èíåðöèè îòíîñèòåëüíî
êèíåìàòè÷åñêîé ÑÊ
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ëèíåéíàÿ ïàðàìåòðèçàöèÿ

Óðàâíåíèÿ äâèæåíèÿ ïîëó÷àþòñÿ èç ñîîòíîøåíèé äëÿ êèíåòè÷åñêîé è
ïîòåíöèàëüíîé ýíåðãèè âñëåäñòâèå òîëüêî ëèíåéíûõ ïðåîáðàçîâàíèé

Âñåãäà ìîæíî ïåðåïèñàòü èñõîäíûå óðàâíåíèÿ äâèæåíèÿ â ëèíåéíîé
ðåãðåññèîííîé ôîðìå

M(q)q̈ + C(q, q̇)q̇ + G(q) = ω
(
q(t), q̇(t), q̈(t)

)
χ,

χT =
[
χT

1 χT
2 . . . χT

n
]
∈ R10n - âåêòîð íåèçâåñòíûõ ñòàíäàðòíûõ äèíàìè÷åñêèõ

ïàðàìåòðîâ, ω
(
q(t), q̇(t), q̈(t)

)
- n× 10n ðåãðåññîð (èçìåðÿåìûå ñèãíàëû)

Çàìå÷àíèå

Äëÿ ïîñëåäîâàòåëüíîé êèíåìàòèêè ðåãðåññîð èìååò âåðõíå-òðåóãîëüíóþ
ôîðìó

ω
(
q(t), q̇(t), q̈(t)

)
=


ω1,1 ω1,2 . . . ω1,n

0 ω2,2 . . . ω2,n
... · · ·

. . .
...

0 . . . 0 ωn,n

 ,

ãäå ωi,j - 1× 10 âåêòîð-ñòðîêà, ò.å. i-å äèíàìè÷åñêîå óðàâíåíèå çàâèñèò òîëüêî
îò ñòàíäàðòíûõ ïàðàìåòðîâ çâåíüåâ îò i äî n
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Áàçîâûå ïàðàìåòðû

íåêîòîðûå ñòàíäàðòíûå ïàðàìåòðû íå îêàçûâàþò âëèÿíèÿ íà äèíàìèêó
ñèñòåìû - ñîîòâåòñòâóþò íóëåâûì ñòîëáöàì ðåãðåññîðà

íåêîòîðûå ñòàíäàðòíûå ïàðàìåòðû âõîäÿò â ðåãðåññèîííóþ ìîäåëü
òîëüêî â óñòîé÷èâûõ êîìáèíàöèÿõ ñ äðóãèìè - ñîîòâåòñòâóþò
ëèíåéíî-çàâèñèìûì ñòîëáöàì ðåãðåññîðà

ïåðå÷èñëåííûå ïàðàìåòðû íå ìîãóò áûòü èäåíòèôèöèðîâàíû

ìîæíî âûáðàòü nb << n íåçàâèñèìûõ ãðóïï äèíàìè÷åñêèõ ïàðàìåòðîâ -
ñîîòâåòñòâóþò íåçàâèñèìûì ñòîëáöàì ðåãðåññîðà ωB

âûáîð ìîæíî îñóùåñòâèòü íå åäèíñòâåííûì îáðàçîì

âû÷èñëåíèå ìèíèìàëüíîé ïàðàìåòðèçàöèè âàæíî äëÿ:
ýêñïåðèìåíòàëüíîé èäåíòèôèêàöèè äèíàìè÷åñêîé ìîäåëè
ñèíòåçå àäàïòèâíûõ è ðîáàñòíûõ ðåãóëÿòîðîâ â óñëîâèÿõ
ïàðàìåòðè÷åñêîé íåîïðåäåëåííîñòè
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Áàçîâûå ïàðàìåòðû

Óòâåðæäåíèå

Ïîäìíîæåñòâî nb áàçîâûõ ïàðàìåòðîâ (äèíàìè÷åñêèõ êîýôôèöèåíòîâ) χB,
nb ≤ n äîñòàòî÷íî äëÿ âîññòàíîâëåíèÿ óïðàâëÿþùèõ ìîìåíòîâ (îáðàòíàÿ
çàäà÷à äèíàìèêè)

τ(t) = ωB
(
q(t), q̇(t), q̈(t)

)
χB, ∀ t. (1)

Áàçîâûé ðåãðåññîð ωB (·) - ýòî ìàòðèöà, ñîñòàâëåííàÿ èç nb ñòîëáöîâ
èñõîäíîãî ðåãðåññîðà ω (·).

Áàçîâûå ïàðàìåòðû ìîæíî âû÷èñëèòü èç èñõîäíîãî íàáîðà íà îñíîâå
QR-äåêîìïîçèöèè.
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Èäåíòèôèêàöèÿ
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Áàçîâûå ïàðàìåòðû - ïðèìåð

Ïëîñêèé ìàíèïóëÿòîð ñ äâóìÿ âðàùàòåëüíûìè ñòåïåíÿìè ñâîáîäû
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Áàçîâûå ïàðàìåòðû - ïðèìåð

Ïëîñêèé ìàíèïóëÿòîð ñ äâóìÿ âðàùàòåëüíûìè ñòåïåíÿìè ñâîáîäû

Ýâðèñòè÷åñêèé îòáîð
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Áàçîâûå ïàðàìåòðû - ïðèìåð

Ïëîñêèé ìàíèïóëÿòîð ñ äâóìÿ âðàùàòåëüíûìè ñòåïåíÿìè ñâîáîäû

Ñèñòåìàòè÷åñêàÿ ïðîöåäóðà
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Çíà÷èìûå ïàðàìåòðû

Íåêîòîðûå áàçîâûå ïàðàìåòðû ìîãóò íå îêàçûâàòü ñóùåñòâåííîãî âëèÿíèÿ íà
äèíàìèêó ðîáîòà è ìîãóò áûòü èñêëþ÷åíû èç ðàññìîòðåíèÿ â ïðîöåññå
îöåíèâàíèÿ. Ò.î. îñòàíåòñÿ åùå ìåíüøèé íàáîð çíà÷èìûõ

Êàê ýòî ñäåëàòü?

ïðîâåðêà ñòàòèñòè÷åñêèõ ãèïîòåç (F-ñòàòèñòèêà)

"âðó÷íóþ"íà îñíîâå äèñïåðñèé ïîëó÷åííûõ îöåíîê

Âàæíî ñîõðàíèòü ñðåäè çíà÷èìûõ ïàðàìåòðû, êîòîðûå ïðîÿâëÿþò ñåáÿ â
ñïåöèôè÷åñêèõ ðåæèìàõ ðàáîòû ðîáîòà
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Äèíàìè÷åñêàÿ ìîäåëü ðîáîòà

Äèíàìèêà ðîáîòà ïîñëåäîâàòåëüíîé êèíåìàòèêè ñ n ñòåïåíÿìè ñâîáîäû ñ
àáñîëþòíî óïðóãèìè çâåíüìè è ñî÷ëåíåíèÿìè ñ ó÷åòîì äèíàìèêè ïðèâîäîâ è
ñèë òðåíèÿ

τl = M(q)q̈ + C(q, q̇)q̇ + G(q) + τfl, (2)

τ = Iaq̈ + τl + τfm, (3)

q, q̇, q̈ ∈ Rn - îáîáùåííûå êîîðäèíàòû, ñêîðîñòè è óñêîðåíèÿ
τ, τl ∈ Rn - ìîìåíòû â ñî÷ëåíåíèÿõ è íà ïðèâîäàõ
Ia - äèàãîíàëüíàÿ ìàòðèöà èíåðöèè ðîòîðîâ ïðèâîäîâ
τfl, τfl ∈ Rn - ìîìåíòû ñèë òðåíèÿ â ñî÷ëåíåíèÿõ è ïðèâîäàõ
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Îáîáùåííûå ñèëû/ìîìåíòû

τfl = Fvlq̇ + Fclsign(q̇) + offl, (4)

τfm = Fvmq̇ + Fcmsign(q̇) + offm. (5)

Fvm, Fcm, Fvl, Fcl - n× n äèàãîíàëüíûå ïîñòîÿííûå ìàòðèöû êîýôôèöèåíòîâ
ñóõîãî è âÿçêîãî òðåíèÿ â ïðèâîäàõ è ñî÷ëåíåíèÿõ ñîîòâåòñòâåííî; offm,
offl ∈ Rn ñäâèãè â ìîìåíòàõ.

Ìîìåíòû ïðèâîäîâ ìîãóò áûòü ðàññ÷èòàíû ïî èçìåðåíèÿì òîêîâ (íà
äîñòàòî÷íî ìåäëåííûõ äâèæåíèÿõ)

τj = gjij,

gj - êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè, ij - òîê ïðèâîäà.
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ðåãðåññèîííàÿ ìîäåëü

τ(t) = ω
(
q(t), q̇(t), q̈(t)

)
χ, ∀ t. (6)

Çäåñü
χj = [XXj, XYj, XZj, YYj, YZj, ZZj, MXj, MYj, MZj, Mj,

Iaj, Fvl,j, Fcl,j, offlj, Fvm,j, Fcm,j, offmj]
T

XXj, XYj, XZj, YYj, YZj, ZZj - ìîìåíòû èíåðöèè, MXj, MYj,MZj - ïåðâûå
ìîìåíòû, Mj - ìàññà j-ãî çâåíà, j = 1, . . . , n.
Ñóììàðíî èìååì ns = 17 · n ñòàíäàðòíûõ äèíàìè÷åñêèõ ïàðàìåòðîâ.
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Èäåíòèôèêàöèîííàÿ äèíàìè÷åñêàÿ ìîäåëü

Èç-çà øóìîâ â èçìåðåíèÿõ, ïîëó÷åííûå èçìåðåíèÿ äëÿ ìîìåíòîâ áóäóò
îòëè÷àòüñÿ îò äåéñòâèòåëüíûõ çíà÷åíèé

τ(t) = ωB
(
q(t), q̇(t), q̈(t)

)
χB + ε(t), (7)

Äîïóùåíèå

Ìîäåëü (7) ñïðàâåäëèâà, åñëè ìû ðàññìàòðèâàåì øóì â èçìåðåíèÿõ ε(t) êàê
àääèòèâíûé

Àãðåãèðîâàííàÿ ôîðìà

Ñîáèðàåì èçìåðåíèÿ, ñîáðàííûå âäîëü âñåé êàëèáðîâî÷íîé òðàåêòîðèè

Υ = ΩBχB + E, (8)

ãäå Υ è E - âåêòîð àãðåãèðîâàííûõ èçìåðåíèé ðàçìåðíîñòè [r× 1] ïðè r = n · ne
è ne - ÷èñëî ñýìïëîâ èçìåðåíèé; ΩB - ìàòðèöà íàáëþäåíèé, ïîëó÷åííàÿ
"âåðòèêàëüíûì ñîñòàâëåíåì"áëîêîâ ωB

(
q(tk), q̇(tk), q̈(tk)

)
äëÿ k = 1, . . . , ne.
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Èäåíòèôèêàöèîííàÿ äèíàìè÷åñêàÿ ìîäåëü
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Èäåíòèôèêàöèÿ
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Èç-çà øóìîâ â èçìåðåíèÿõ, ïîëó÷åííûå èçìåðåíèÿ äëÿ ìîìåíòîâ áóäóò
îòëè÷àòüñÿ îò äåéñòâèòåëüíûõ çíà÷åíèé

τ(t) = ωB
(
q(t), q̇(t), q̈(t)

)
χB + ε(t), (7)

Äîïóùåíèå
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ïàðàìåòðèçàöèÿ òðàåêòîðèé

Êàê âûáðàòü îïòèìàëüíûå êàëèáðîâî÷íûå òðàåêòîðèè q∗i (·) äëÿ ëó÷øåé
ñõîäèìîñòè îöåíîê ïàðàìåòðîâ (óñëîâèå íåèñ÷åçàþùåãî âîçáóæäåíèÿ)?

Ôóðüå-ïàðàìåòðèçàöèÿ

Ðàññìîòðèì ñåìåéñòâî òðàåêòîðèé, ãäå äâèæåíèå i-ãî çâåíà (i = 1, . . . , n)
îïèñûâàåòñÿ êàê

q?i (t) = qi,0 +

nf

∑
k=1

[
ai,k sin (k ·w0t) + bi,k cos (k ·w0t)

]
. (9)

qi,0 - íà÷àëüíûé ñäâèã, w0 - áàçâîàÿ ÷àñòîòà, ai,k è bi,k - ïîñòîÿííûå
êîýôôèöèåíòû, nf - ÷èñëî ãàðìîíèê.

Òðåáîâàíèÿ

Ïîðÿäîê nf ïîëèíîìà è áàçîâàíèÿ ÷àñòîòà w0 âûáèðàþòñÿ òàê, ÷òî:

âîçáóæäàþòñÿ âûñîêî÷àñòîòíûå äâèæåíìèÿ (w0 ↑, nf ↑)
ïîêðûâàåòñÿ áîëüøàÿ ÷àñòü ðàáî÷åãî (êîíôèãóðàöèîííîãî) ïðîñòðàíñòâà
(w0 ↓)
èçáåãàåòñÿ âîçáóæäåíèå íåæåëàòåëüíûõ ÷àñòîò â ìåõàíèçìàõ nf ·w0 < wr,
ãäå wr - íàèìåíüøàÿ ðåçîíàíñíàÿ ÷àñòîòà ïî çâåíüÿì
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ïàðàìåòðèçàöèÿ òðàåêòîðèé
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∑
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Òðåáîâàíèÿ

Ïîðÿäîê nf ïîëèíîìà è áàçîâàíèÿ ÷àñòîòà w0 âûáèðàþòñÿ òàê, ÷òî:

âîçáóæäàþòñÿ âûñîêî÷àñòîòíûå äâèæåíìèÿ (w0 ↑, nf ↑)
ïîêðûâàåòñÿ áîëüøàÿ ÷àñòü ðàáî÷åãî (êîíôèãóðàöèîííîãî) ïðîñòðàíñòâà
(w0 ↓)
èçáåãàåòñÿ âîçáóæäåíèå íåæåëàòåëüíûõ ÷àñòîò â ìåõàíèçìàõ nf ·w0 < wr,
ãäå wr - íàèìåíüøàÿ ðåçîíàíñíàÿ ÷àñòîòà ïî çâåíüÿì
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Êðèòåðèé îïòèìèçàöèè

Êëàññè÷åñêèé êðèòåðèé

Ìèíèìèçàöèÿ ÷èñëà îáñóñëîâëåííîñòè ìàòðèöû íàáëþäåíèé ΩB(·)

cond (ΩB)→ min

(ðàâíîìåðíîå ðàñïðåäåëåíèå "âîçáóæäåíèÿ"ïî âñåì ïàðàìåòðàì)
Ïðè ýòîì äîëæíî ãàðàíòèðîâàòüñÿ rank(ΩB) = nb - ìàòðèöà ïîëíîãî ðàíãà ïî
ñòîáöàì

Íåäîñòàòêè

Ó÷èòûâàåòñÿ òîëüêî "÷àñòîòíîå áîãàòñòâî"ñèãíàëà, ïðè ýòîì ìîãóò
ïîëó÷àòüñÿ ïëîõèå ñîîòíîøåíèÿ ñèãíàë øóì ïî ïëîõî íàãðóæåííûì çâåíüÿì
(ìàëûå àìïëèòóäû)
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Êðèòåðèé îïòèìèçàöèè

Ìóëüòè-êðèòåðèàëüíàÿ îïòèìèçàöèÿ

min
qi,0 ,ai,k ,bi,k ,γ

γ s.t.



F (qi,0, ai,k, bi,k, t)− γ ·Ψ ≤ Λ,[
q̇?i (0), q̈?i (0)

]
= [0, 0],

q?i (t) ∈ (qi,min, qi,max),
q̇?i (t) ∈ (q̇i,min, q̇i,max),
τ?

i (t) ∈ (τi,min, τi,max),
dxy(t) ≥ 0.3,
z(t) ≥ −0.2,

(10)

i = 1 . . . n, k = 1 . . . nf ,

ãäå Λ =
[
gΩb ; kτ6 · τ6,max; kτ7 · τ7,max

]
- öåëåâàÿ ìàòðè÷íàÿ ôóíêöèÿ, γ -

êîýôôèöèåíò äîñòèæèìîñòè, Ψ = |Λ| - âåñîâàÿ ìàòðèöà,

F (·) =
[
cond (ΩB) ;

(
τ6,max − |τ?

6 (t)|
)
;
(
τ7,max − |τ?

7 (t)|
)]
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Îïòèìèçàöèîííûå îãðàíè÷åíèÿ

îãðàíè÷åíèÿ ïî êîîðäèíàòàì è ñêîðîñòÿì çâåíüåâ

ãåîìåòðè÷åñêèå îãðàíè÷åíèÿ äëÿ èçáåæàíèÿ ñòîëêíîâåíèé

îãðàíè÷åíèÿ íà óïðàâëÿþùèå ìîìåíòû

äîï. îãðàíè÷åíèÿ, íàïðèìåð, íóëåâûå ñîêðîñòè è óñêîðåíèÿ â íà÷àëå è
êîíöå äåíòèôèêàöèîííîãî ýêñïåðèìåíòà
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ïîñòàíîâêà çàäà÷è

Öåëü

Íàéòè îöåíêè χ̂B áàçîâûõ ïàðàìåòðîâ χB òàêèå, ÷òî îòêëîíåíèå ìåæäó
èçìåðåííûìè τm è âû÷èñëåííûìè τc ìîìåíòàìè íà ïðèâîäàõ áóäåò
ìèíèìàëüíûì

χ̂B : ‖∆Υ‖2 → min,

Ãäå ∆Υ = Υm − Υc(χB) = Υf −ΩBf χ̂B.
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Ôèëüòðàöèÿ èçìåðåíèé

Èçìåðåíèÿ τ(·) è q(·) íóæíî ïðåäâàðèòåëüíî ïðîïóñòèòü ÷åðåç ïîëîñîâîé
ôèëüòð

Υf = ΩBf χB + Ef , (11)

f îáîçíà÷àåò îòôèëüòðîâàííûå èçìåðåíèÿ

Υf =
[
τf (t1); τf (t2); . . . τf (tne )

]
,

ΩBf =


ωB
(
q̂f (t1), ˆ̇qf (t1), ˆ̈qf (t1)

)
...

ωB
(
q̂f (tne ), ˆ̇qf (tne ), ˆ̈qf (tne )

)
 .

Äîïóùåíèÿ

Ñèãíàë Ef èìååò íóåâîå ñðåäíåå, ïîñëåäîâàòåëüíî íåêîððåëèðîâàí è
ãåäåðîñêåäàñòè÷åí, ò.å. èìååò áëî÷íî-äèàãîíàëüíóþ ìàòðèöó êîâàðèàöèè

R = diag
(

σ2
1 Ine · · · σ2

j Ine · · · σ2
nIne

)
, (12)

ãäå Ine - [ne × ne] åäèíè÷íàÿ ìàòðèöà è σ2
j - âàðèàöèÿ îøèáêè îöåíèâàíèÿ,

âû÷èñëåííàÿ äëÿ j-é ïîäñèñòåìû â (11).
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Àëãîðèòì îöåíèâàíèÿ

Âçâåøåííûé ÌÍÊ

Ïîçâîëÿåò ïîëó÷èòü îïòèìàëüíûå ïî âàðèàöèè îöåíêè χ̂B

χ̂B =
(

ΩT
Bf R−1ΩBf

)−1
ΩT

Bf R−1Υf . (13)

Ïðîâåðêà êà÷åñòâà îöåíîê

ìàòðèöà êîâàðèàöèè Σ =
(

ΩT
Bf R−1ΩBf

)−1
îïèñûâàåò ïàðàìåòðè÷åñêóþ

íåîïðåäåëåííîñòü â χ̂B â öåëîì (äîñòîâåðíîñòü îöåíîê)

ÑÊÎ i-ãî ýëåìåíòà â χ̂B

%σ̄χ̂i
B
=

100 · σ̄χ̂i
B∣∣χ̂i

B

∣∣ , (14)

ìîæåò èñïîëüçîâàòü êàê ñåðòèôèêàò äëÿ ïðîâåðêè îòäåëüíûõ îöåíîê, σ̄2
χ̂i

B
- i-é äèàãîíàëüíûé êîýôôèöèåíò â Σ.
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Èäåíòèôèêàöèÿ
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Îïèñàíèå êîìïëåêñà

Èäåíòèôèêàöèÿ äèíàìè÷åñêîé ìîäåëè èçáûòî÷íîãî ìàíèïóëÿòîðà
ïîñëåäîâàòåëüíîé êèíåìàòèêè KUKA LWR 4+

c©Êîëþáèí Ñ.À., 2017 ÒÌØ 23 / 29



Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Èäåíòèôèöèðóåìûå ìîäåëè

Ìîäåëü 1 � òîëüêî äèíàìèêà çâåíüåâ áåç ó÷åòà ïðèâîäîâ (τ = τl)

Ìîäåëü 2 � ïîëíàÿ äèíàìèêà çâåíüåâ è ïðèâîäîâ, ò.å. èçìåðÿþòñÿ
ìîìåíòû â ñî÷ëåíåíèÿõ è â ïðèâîäàõ

Ìîäåëü 3 � äèíàìèêà òîëüêî ïðèâîäîâ, èñïîëüçóåòñÿ ðàçíîñòü ìîìåíòîâ â
ïðèâîäàõ è â ñî÷ëåíåíèÿõ.

Äëÿ ìîäåëè 2

èñõîäíûé ñòàíäàðòíûõ äèíàìè÷åñêèõ ïàðàìåòðîâ 136

èñêëþ÷èëè 18 íåèäåíòèôèöèðóåìûõ ïàðàìåòðîâ, ïåðåãðóïïèðîâàëè 16

îñòàëîñü 102 áàçîâûõ ïàðàìåòðà (äèíàìè÷åñêèå ìíîæèòåëè)

49 çíà÷èìûõ äèíàìè÷åñêèõ ïàðàìåòðîâ
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Êàëèáðîâî÷íûå òðàåêòîðèè

íåîïòèìèçèðîâàííàÿ òðàåêòîðèÿ - äâèæåíèå ìåæäó ïðîèçâîëüíûìè
òî÷êàìè ñ òðàïåöèâèäíûì ïðîôèëåì ñêîðîñòè

ðåçóëüòàò îïòèìèçàöèè ñ èñïîëüçîâàíèåì êëàññè÷åñêîãî êðèòåðèÿ
cond (ΩB)→ min (àëãîðèòì 1)

ðåçóëüòàò ìóëüòè-êðèòåðèàëüíîé îïòèìèçàöèè ñ gΩb = 35, kτ6 = kτ7 = 0.9
(àëãîðèòì 2).
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Êàëèáðîâî÷íûå òðàåêòîðèè

Òàáëèöà: Õàðàêòåðèñòèêè êàëèáðîâî÷íûõ òðàåêòîðèé

Òðàåêòîðèÿ Îãðàíè÷åíèÿ ×èñëî
îáóñëîâ-
ëåííîñòè

Ñðåäíèé ìîìåíò
|τ1|, . . . |τ7|

Íåîïò. yes 84.21 [3.05, 45.09, 6.78, 18.58, 2.17, 2.28, 1.04]
Àëãîðèòì 1 yes 34.01 [3.12, 41.71, 9.30, 13.24, 2.12, 1.56, 0.92]
Àëãîðèòì 2 yes 37.23 [4.63, 42.26, 10.23, 14.05, 1.56, 1.64, 1.64]
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Êàëèáðîâî÷íûå òðàåêòîðèè

Ðèñ.: Òðàåêòîðèÿ â äåêàðòîâîì ïðîñòðàíñòâå
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Èäåíòèôèêàöèÿ

Ìîäåëèðîâàíèå
Îïòèìèçàöèÿ òðàåêòîðèé
Îöåíèâàíèå ïàðàìåòðîâ
Ýêñïåðèìåíò

Êàëèáðîâî÷íûå òðàåêòîðèè

Ðèñ.: Ñêîðîñòè è ìîìåíòû â ñî÷ëåíåíèÿõ
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Îöåíêè ïàðàìåòðîâ

Òàáëèöà: Îöåíêè çíà÷èìûõ ïàðàìåòðîâ äëÿ ìîäåëè 2

Ïàð. χ̂B %σ̄
χ̂i

B
Ïàð. χ̂B %σ̄

χ̂i
B

Ïàð. χ̂B %σ̄
χ̂i

B
Ia1 3.14 1.68 Fvm1 16.68 0.84 Fcm1 15.04 1.02
Ia2 2.58 5.42 Fvm2 19.09 1.29 Fcm2 16.48 1.43
offm2 2.09 6.91 Ia3 2.14 1.85 Fvm3 7.87 1.14
Fcm3 8.77 1.12 Ia4 1.97 4.20 Fvm4 11.63 1.61
Fcm4 9.96 2.11 Ia5 0.67 8.37 Fvm5 5.39 1.87
Fcm5 5.58 1.47 Ia6 0.38 6.51 Fvm6 3.64 1.63
Fcm6 4.41 1.41 Ia7 0.42 3.18 Fvm7 2.03 1.78
Fcm7 4.16 1.62 offm7 -0.54 7.31 Fcl1 0.79 2.70
offl1 0.28 7.33 Fcl2 0.41 2.24 offl2 -0.87 1.37
Fcl3 0.22 2.85 Fcl4 0.17 4.63 offl4 0.26 2.97
Fcl5 0.35 2.47 offl5 0.10 8.12 Fcl7 0.34 6.05
offl7 0.29 6.96 XX2R 1.36 0.93 ZZ2R 1.40 1.01
MY2R 3.46 0.06 XX4R 0.44 0.58 ZZ4R 0.45 0.73
MY4R -1.37 0.08 MY5R 0.04 1.89 MY6R 0.03 3.23
XX8 0.09 2.65 YY8 0.07 3.85 YZ8 0.03 5.03
ZZ8 0.02 12.70 MY8 -0.22 0.55 MZ8 0.48 0.34
M8 3.34 0.09
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Âàëèäàöèÿ ìîäåëè
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Ðèñ.: Òåñò ïî ìîìåíòàì â ñî÷ëåíåíèÿõ: èçìåðåííûå(ñèíèé), âû÷èñëåííûå
(êðàñíûé), íåâÿçêà (÷åðíûé)
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Ñïàñèáî çà âíèìàíèå!

E-mail: s.kolyubin@corp.ifmo.ru
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