
São Carlos, 04/09/20

ARCLab
Laboratório de Controle de Robótica Avancada

Prof. Dr. Thiago Boaventura 
tboaventura@usp.br

Aula #3: Controle por dinâmica inversa

SEM5950 - SEM0586 
Legged Robots

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:tboaventura@usp.br
mailto:tboaventura@usp.br


/ 108ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura 2

Controle 
Dinâmico!

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Conteúdo

Co
nc

lu
sã

o

- Take-home messages 
- Bibliografia

Di
nâ

m
ica

 
in

ve
rs

a- DI em espaço de juntas 
- DI em espaço cartesiano

/ 108

In
tro

du
çã

o- Histórico 
- Princípios e características básicas 
- Circuitos, componentes, e aplicações Re

vis
ão- Controle feedforward 

- Realimentação linearizante 
- Dinâmica de corpos rígidos

ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura 3

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Conteúdo 
Co

nc
lu

sã
o

In
tro

du
çã

o- Histórico 
- Princípios e características básicas 
- Circuitos, componentes, e aplicações

/ 108

Re
vis

ão- Controle feedforward 
- Realimentação linearizante 
- Dinâmica de corpos rígidos

Di
nâ

m
ica

 
In

ve
rs

a

ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura 4

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Re
vis

ão
Di

nâ
m

ica
 

In
ve

rs
a

Co
nc

lu
sã

o

/ 108ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura

Malha aberta vs. Malha fechada

5

Sistema de controle que 
não utiliza realimentação

Sistema de controle que 
utiliza realimentação
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Agindo de maneira 
antecipatória

Visa minimizar 
erros de 

seguimento 
da variável controlada
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Controle 
antecipatório

Alimentação direta

Também chamado de:
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Distúrbios Referência
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Referência

Feedforward
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controlador de malha aberta

Feedforward

exige conhecimento da 
dinâmica do processo

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Conteúdo 
Co

nc
lu

sã
o

In
tro

du
çã

o- Histórico 
- Princípios e características básicas 
- Circuitos, componentes, e aplicações

/ 108

Re
vis

ão- Controle feedforward 
- Realimentação linearizante 
- Dinâmica de corpos rígidos

Di
nâ

m
ica

 
In

ve
rs

a

ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura 15

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Re
vis

ão
Di

nâ
m

ica
 

In
ve

rs
a

Co
nc

lu
sã

o

/ 108ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura

Realimentação linearizante da saída

16

ẋ = f(x) + g(x)u
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1

g(x)
(v � f(x))
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ẋ = v
<latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit>
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ẋ = v
<latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit>

e = xref � x
<latexit sha1_base64="LzWNjtYJ15+1eKr3H44xE5/ZUQg=">AAACDnicbZDLSsNAFIYnXmu9NOrSzWAR3FgSEXQjFN24rGAv0IYymZ60QyeZMDMRS8g7uHerr+BO3PoKvoGP4aTNwrb+MPDxn3PmHH4/5kxpx/m2VlbX1jc2S1vl7Z3dvYq9f9BSIpEUmlRwITs+UcBZBE3NNIdOLIGEPoe2P77N6+1HkIqJ6EFPYvBCMoxYwCjRxurbFcDX+KmfSggyfGbIrjo1Zyq8DG4BVVSo0bd/egNBkxAiTTlRqus6sfZSIjWjHLJyL1EQEzomQ+gajEgIykunh2f4xDgDHAhpXqTx1P07kZJQqUnom86Q6JFarOXmf7VuooMrL2VRnGiI6GxRkHCsBc5TwAMmgWo+MUCoZOZWTEdEEqpNVnNb8r+1EFxlJhp3MYhlaJ3XXKfm3l9U6zdFSCV0hI7RKXLRJaqjO9RATURRgl7QK3qznq1368P6nLWuWMXMIZqT9fULUgab4A==</latexit><latexit sha1_base64="LzWNjtYJ15+1eKr3H44xE5/ZUQg=">AAACDnicbZDLSsNAFIYnXmu9NOrSzWAR3FgSEXQjFN24rGAv0IYymZ60QyeZMDMRS8g7uHerr+BO3PoKvoGP4aTNwrb+MPDxn3PmHH4/5kxpx/m2VlbX1jc2S1vl7Z3dvYq9f9BSIpEUmlRwITs+UcBZBE3NNIdOLIGEPoe2P77N6+1HkIqJ6EFPYvBCMoxYwCjRxurbFcDX+KmfSggyfGbIrjo1Zyq8DG4BVVSo0bd/egNBkxAiTTlRqus6sfZSIjWjHLJyL1EQEzomQ+gajEgIykunh2f4xDgDHAhpXqTx1P07kZJQqUnom86Q6JFarOXmf7VuooMrL2VRnGiI6GxRkHCsBc5TwAMmgWo+MUCoZOZWTEdEEqpNVnNb8r+1EFxlJhp3MYhlaJ3XXKfm3l9U6zdFSCV0hI7RKXLRJaqjO9RATURRgl7QK3qznq1368P6nLWuWMXMIZqT9fULUgab4A==</latexit><latexit sha1_base64="LzWNjtYJ15+1eKr3H44xE5/ZUQg=">AAACDnicbZDLSsNAFIYnXmu9NOrSzWAR3FgSEXQjFN24rGAv0IYymZ60QyeZMDMRS8g7uHerr+BO3PoKvoGP4aTNwrb+MPDxn3PmHH4/5kxpx/m2VlbX1jc2S1vl7Z3dvYq9f9BSIpEUmlRwITs+UcBZBE3NNIdOLIGEPoe2P77N6+1HkIqJ6EFPYvBCMoxYwCjRxurbFcDX+KmfSggyfGbIrjo1Zyq8DG4BVVSo0bd/egNBkxAiTTlRqus6sfZSIjWjHLJyL1EQEzomQ+gajEgIykunh2f4xDgDHAhpXqTx1P07kZJQqUnom86Q6JFarOXmf7VuooMrL2VRnGiI6GxRkHCsBc5TwAMmgWo+MUCoZOZWTEdEEqpNVnNb8r+1EFxlJhp3MYhlaJ3XXKfm3l9U6zdFSCV0hI7RKXLRJaqjO9RATURRgl7QK3qznq1368P6nLWuWMXMIZqT9fULUgab4A==</latexit><latexit sha1_base64="LzWNjtYJ15+1eKr3H44xE5/ZUQg=">AAACDnicbZDLSsNAFIYnXmu9NOrSzWAR3FgSEXQjFN24rGAv0IYymZ60QyeZMDMRS8g7uHerr+BO3PoKvoGP4aTNwrb+MPDxn3PmHH4/5kxpx/m2VlbX1jc2S1vl7Z3dvYq9f9BSIpEUmlRwITs+UcBZBE3NNIdOLIGEPoe2P77N6+1HkIqJ6EFPYvBCMoxYwCjRxurbFcDX+KmfSggyfGbIrjo1Zyq8DG4BVVSo0bd/egNBkxAiTTlRqus6sfZSIjWjHLJyL1EQEzomQ+gajEgIykunh2f4xDgDHAhpXqTx1P07kZJQqUnom86Q6JFarOXmf7VuooMrL2VRnGiI6GxRkHCsBc5TwAMmgWo+MUCoZOZWTEdEEqpNVnNb8r+1EFxlJhp3MYhlaJ3XXKfm3l9U6zdFSCV0hI7RKXLRJaqjO9RATURRgl7QK3qznq1368P6nLWuWMXMIZqT9fULUgab4A==</latexit>

ė+Kpe = 0
<latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit><latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit><latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit><latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit>

v = ẋref +Kp(xref � x)
<latexit sha1_base64="wW+eQaMApqkRIycRcFtmh8kAvsg="></latexit><latexit sha1_base64="LrcHv2dCo2To1LrKUZI/U8oHHvQ="></latexit><latexit sha1_base64="Ot0wAOjGV5sE9S0vYmTZIitze6o=">AAACJHicbVDLSgMxFM3Ud32NunQTLIWKWGbc6EYouhHcKFgttGXIpJk2NDMZkjulZZgv8D/cu9VfcCcu3Lj2M0zrLGzrgcDJOfeRHD8WXIPjfFqFhcWl5ZXVteL6xubWtr2ze69loiirUymkavhEM8EjVgcOgjVixUjoC/bg9y/H/sOAKc1ldAejmLVD0o14wCkBI3l2eYDPcasjIR1mXqpYkOEjfO3FuDLMr8d4eOjZJafqTIDniZuTEspx49nfZiZNQhYBFUTrpuvE0E6JAk4Fy4qtRLOY0D7psqahEQmZbqeT72S4bJQODqQyJwI8Uf92pCTUehT6pjIk0NOz3lj8z2smEJy1Ux7FCbCI/i4KEoFB4nE2uMMVoyBGhhCquHkrpj2iCAWT4NSW8WyQUujMROPOBjFP7k+qrlN1b91S7SIPaRXtowNUQS46RTV0hW5QHVH0iJ7RC3q1nqw36936+C0tWHnPHpqC9fUDmqOkZw==</latexit><latexit sha1_base64="Ot0wAOjGV5sE9S0vYmTZIitze6o=">AAACJHicbVDLSgMxFM3Ud32NunQTLIWKWGbc6EYouhHcKFgttGXIpJk2NDMZkjulZZgv8D/cu9VfcCcu3Lj2M0zrLGzrgcDJOfeRHD8WXIPjfFqFhcWl5ZXVteL6xubWtr2ze69loiirUymkavhEM8EjVgcOgjVixUjoC/bg9y/H/sOAKc1ldAejmLVD0o14wCkBI3l2eYDPcasjIR1mXqpYkOEjfO3FuDLMr8d4eOjZJafqTIDniZuTEspx49nfZiZNQhYBFUTrpuvE0E6JAk4Fy4qtRLOY0D7psqahEQmZbqeT72S4bJQODqQyJwI8Uf92pCTUehT6pjIk0NOz3lj8z2smEJy1Ux7FCbCI/i4KEoFB4nE2uMMVoyBGhhCquHkrpj2iCAWT4NSW8WyQUujMROPOBjFP7k+qrlN1b91S7SIPaRXtowNUQS46RTV0hW5QHVH0iJ7RC3q1nqw36936+C0tWHnPHpqC9fUDmqOkZw==</latexit><latexit sha1_base64="Ot0wAOjGV5sE9S0vYmTZIitze6o=">AAACJHicbVDLSgMxFM3Ud32NunQTLIWKWGbc6EYouhHcKFgttGXIpJk2NDMZkjulZZgv8D/cu9VfcCcu3Lj2M0zrLGzrgcDJOfeRHD8WXIPjfFqFhcWl5ZXVteL6xubWtr2ze69loiirUymkavhEM8EjVgcOgjVixUjoC/bg9y/H/sOAKc1ldAejmLVD0o14wCkBI3l2eYDPcasjIR1mXqpYkOEjfO3FuDLMr8d4eOjZJafqTIDniZuTEspx49nfZiZNQhYBFUTrpuvE0E6JAk4Fy4qtRLOY0D7psqahEQmZbqeT72S4bJQODqQyJwI8Uf92pCTUehT6pjIk0NOz3lj8z2smEJy1Ux7FCbCI/i4KEoFB4nE2uMMVoyBGhhCquHkrpj2iCAWT4NSW8WyQUujMROPOBjFP7k+qrlN1b91S7SIPaRXtowNUQS46RTV0hW5QHVH0iJ7RC3q1nqw36936+C0tWHnPHpqC9fUDmqOkZw==</latexit><latexit sha1_base64="Ot0wAOjGV5sE9S0vYmTZIitze6o=">AAACJHicbVDLSgMxFM3Ud32NunQTLIWKWGbc6EYouhHcKFgttGXIpJk2NDMZkjulZZgv8D/cu9VfcCcu3Lj2M0zrLGzrgcDJOfeRHD8WXIPjfFqFhcWl5ZXVteL6xubWtr2ze69loiirUymkavhEM8EjVgcOgjVixUjoC/bg9y/H/sOAKc1ldAejmLVD0o14wCkBI3l2eYDPcasjIR1mXqpYkOEjfO3FuDLMr8d4eOjZJafqTIDniZuTEspx49nfZiZNQhYBFUTrpuvE0E6JAk4Fy4qtRLOY0D7psqahEQmZbqeT72S4bJQODqQyJwI8Uf92pCTUehT6pjIk0NOz3lj8z2smEJy1Ux7FCbCI/i4KEoFB4nE2uMMVoyBGhhCquHkrpj2iCAWT4NSW8WyQUujMROPOBjFP7k+qrlN1b91S7SIPaRXtowNUQS46RTV0hW5QHVH0iJ7RC3q1nqw36936+C0tWHnPHpqC9fUDmqOkZw==</latexit><latexit sha1_base64="Ot0wAOjGV5sE9S0vYmTZIitze6o=">AAACJHicbVDLSgMxFM3Ud32NunQTLIWKWGbc6EYouhHcKFgttGXIpJk2NDMZkjulZZgv8D/cu9VfcCcu3Lj2M0zrLGzrgcDJOfeRHD8WXIPjfFqFhcWl5ZXVteL6xubWtr2ze69loiirUymkavhEM8EjVgcOgjVixUjoC/bg9y/H/sOAKc1ldAejmLVD0o14wCkBI3l2eYDPcasjIR1mXqpYkOEjfO3FuDLMr8d4eOjZJafqTIDniZuTEspx49nfZiZNQhYBFUTrpuvE0E6JAk4Fy4qtRLOY0D7psqahEQmZbqeT72S4bJQODqQyJwI8Uf92pCTUehT6pjIk0NOz3lj8z2smEJy1Ux7FCbCI/i4KEoFB4nE2uMMVoyBGhhCquHkrpj2iCAWT4NSW8WyQUujMROPOBjFP7k+qrlN1b91S7SIPaRXtowNUQS46RTV0hW5QHVH0iJ7RC3q1nqw36936+C0tWHnPHpqC9fUDmqOkZw==</latexit>

ẋ = ẋref +Kp(xref � x)
<latexit sha1_base64="p5a9TNDLVI80mOTnd10acUvNCUc=">AAACKnicbVDLSgMxFM3UV31XXboJFqFSLDMi6EYouhHcKFgttGXIpJk2NDMZkjvSMsxH+B/u3eovuBO3LvwMM+0sbOuBwMk595EcLxJcg21/WoWFxaXlleLq2vrG5tZ2aWf3QctYUdagUkjV9IhmgoesARwEa0aKkcAT7NEbXGX+4xNTmsvwHkYR6wSkF3KfUwJGckvVdldCMkzxBc6Zmyjmp7iKb9wIV4b59RgPj9xS2a7ZY+B54uSkjHLcuqUfM5PGAQuBCqJ1y7Ej6CREAaeCpWvtWLOI0AHpsZahIQmY7iTjT6X40Chd7EtlTgh4rP7tSEig9SjwTGVAoK9nvUz8z2vF4J93Eh5GMbCQThb5scAgcZYQ7nLFKIiRIYQqbt6KaZ8oQsHkOLUlmw1SCp2aaJzZIObJw0nNsWvO3Wm5fpmHVET76ABVkIPOUB1do1vUQBQ9o1f0ht6tF+vD+rS+JqUFK+/ZQ1Owvn8BEnmnQw==</latexit><latexit sha1_base64="p5a9TNDLVI80mOTnd10acUvNCUc=">AAACKnicbVDLSgMxFM3UV31XXboJFqFSLDMi6EYouhHcKFgttGXIpJk2NDMZkjvSMsxH+B/u3eovuBO3LvwMM+0sbOuBwMk595EcLxJcg21/WoWFxaXlleLq2vrG5tZ2aWf3QctYUdagUkjV9IhmgoesARwEa0aKkcAT7NEbXGX+4xNTmsvwHkYR6wSkF3KfUwJGckvVdldCMkzxBc6Zmyjmp7iKb9wIV4b59RgPj9xS2a7ZY+B54uSkjHLcuqUfM5PGAQuBCqJ1y7Ej6CREAaeCpWvtWLOI0AHpsZahIQmY7iTjT6X40Chd7EtlTgh4rP7tSEig9SjwTGVAoK9nvUz8z2vF4J93Eh5GMbCQThb5scAgcZYQ7nLFKIiRIYQqbt6KaZ8oQsHkOLUlmw1SCp2aaJzZIObJw0nNsWvO3Wm5fpmHVET76ABVkIPOUB1do1vUQBQ9o1f0ht6tF+vD+rS+JqUFK+/ZQ1Owvn8BEnmnQw==</latexit><latexit sha1_base64="CpAtxk7f2ewzLpxkqXuE+r6e9+g=">AAACKnicbVDLSsQwFL31/bbq0k1wEBRxaN3oRhh0I7hRcFSYKSXNpBpMm5LcygylH+F/uHerv+BO3LrwM0zHLhz1QODknPtITpRJYdDz3pyx8YnJqemZ2bn5hcWlZXdl9dKoXDPeZkoqfR1Rw6VIeRsFSn6daU6TSPKr6O648q/uuTZCpRc4yHiQ0JtUxIJRtFLo7nR7Cot+SQ5JzcJC87gkO+Q0zMhWv77ukv526Da8pjcE+Uv8mjSgxlnoftqZLE94ikxSYzq+l2FQUI2CSV7OdXPDM8ru6A3vWJrShJugGH6qJJtW6ZFYaXtSJEP1Z0dBE2MGSWQrE4q35rdXif95nRzjg6AQaZYjT9n3ojiXBBWpEiI9oTlDObCEMi3sWwm7pZoytDmObKlmo1LSlDYa/3cQf8nlXtP3mv6532gd1SHNwDpswBb4sA8tOIEzaAODB3iCZ3hxHp1X5815/y4dc+qeNRiB8/EFEYmnQA==</latexit><latexit sha1_base64="CpAtxk7f2ewzLpxkqXuE+r6e9+g=">AAACKnicbVDLSsQwFL31/bbq0k1wEBRxaN3oRhh0I7hRcFSYKSXNpBpMm5LcygylH+F/uHerv+BO3LrwM0zHLhz1QODknPtITpRJYdDz3pyx8YnJqemZ2bn5hcWlZXdl9dKoXDPeZkoqfR1Rw6VIeRsFSn6daU6TSPKr6O648q/uuTZCpRc4yHiQ0JtUxIJRtFLo7nR7Cot+SQ5JzcJC87gkO+Q0zMhWv77ukv526Da8pjcE+Uv8mjSgxlnoftqZLE94ikxSYzq+l2FQUI2CSV7OdXPDM8ru6A3vWJrShJugGH6qJJtW6ZFYaXtSJEP1Z0dBE2MGSWQrE4q35rdXif95nRzjg6AQaZYjT9n3ojiXBBWpEiI9oTlDObCEMi3sWwm7pZoytDmObKlmo1LSlDYa/3cQf8nlXtP3mv6532gd1SHNwDpswBb4sA8tOIEzaAODB3iCZ3hxHp1X5815/y4dc+qeNRiB8/EFEYmnQA==</latexit><latexit sha1_base64="CpAtxk7f2ewzLpxkqXuE+r6e9+g=">AAACKnicbVDLSsQwFL31/bbq0k1wEBRxaN3oRhh0I7hRcFSYKSXNpBpMm5LcygylH+F/uHerv+BO3LrwM0zHLhz1QODknPtITpRJYdDz3pyx8YnJqemZ2bn5hcWlZXdl9dKoXDPeZkoqfR1Rw6VIeRsFSn6daU6TSPKr6O648q/uuTZCpRc4yHiQ0JtUxIJRtFLo7nR7Cot+SQ5JzcJC87gkO+Q0zMhWv77ukv526Da8pjcE+Uv8mjSgxlnoftqZLE94ikxSYzq+l2FQUI2CSV7OdXPDM8ru6A3vWJrShJugGH6qJJtW6ZFYaXtSJEP1Z0dBE2MGSWQrE4q35rdXif95nRzjg6AQaZYjT9n3ojiXBBWpEiI9oTlDObCEMi3sWwm7pZoytDmObKlmo1LSlDYa/3cQf8nlXtP3mv6532gd1SHNwDpswBb4sA8tOIEzaAODB3iCZ3hxHp1X5815/y4dc+qeNRiB8/EFEYmnQA==</latexit><latexit sha1_base64="CpAtxk7f2ewzLpxkqXuE+r6e9+g=">AAACKnicbVDLSsQwFL31/bbq0k1wEBRxaN3oRhh0I7hRcFSYKSXNpBpMm5LcygylH+F/uHerv+BO3LrwM0zHLhz1QODknPtITpRJYdDz3pyx8YnJqemZ2bn5hcWlZXdl9dKoXDPeZkoqfR1Rw6VIeRsFSn6daU6TSPKr6O648q/uuTZCpRc4yHiQ0JtUxIJRtFLo7nR7Cot+SQ5JzcJC87gkO+Q0zMhWv77ukv526Da8pjcE+Uv8mjSgxlnoftqZLE94ikxSYzq+l2FQUI2CSV7OdXPDM8ru6A3vWJrShJugGH6qJJtW6ZFYaXtSJEP1Z0dBE2MGSWQrE4q35rdXif95nRzjg6AQaZYjT9n3ojiXBBWpEiI9oTlDObCEMi3sWwm7pZoytDmObKlmo1LSlDYa/3cQf8nlXtP3mv6532gd1SHNwDpswBb4sA8tOIEzaAODB3iCZ3hxHp1X5815/y4dc+qeNRiB8/EFEYmnQA==</latexit><latexit sha1_base64="CpAtxk7f2ewzLpxkqXuE+r6e9+g=">AAACKnicbVDLSsQwFL31/bbq0k1wEBRxaN3oRhh0I7hRcFSYKSXNpBpMm5LcygylH+F/uHerv+BO3LrwM0zHLhz1QODknPtITpRJYdDz3pyx8YnJqemZ2bn5hcWlZXdl9dKoXDPeZkoqfR1Rw6VIeRsFSn6daU6TSPKr6O648q/uuTZCpRc4yHiQ0JtUxIJRtFLo7nR7Cot+SQ5JzcJC87gkO+Q0zMhWv77ukv526Da8pjcE+Uv8mjSgxlnoftqZLE94ikxSYzq+l2FQUI2CSV7OdXPDM8ru6A3vWJrShJugGH6qJJtW6ZFYaXtSJEP1Z0dBE2MGSWQrE4q35rdXif95nRzjg6AQaZYjT9n3ojiXBBWpEiI9oTlDObCEMi3sWwm7pZoytDmObKlmo1LSlDYa/3cQf8nlXtP3mv6532gd1SHNwDpswBb4sA8tOIEzaAODB3iCZ3hxHp1X5815/y4dc+qeNRiB8/EFEYmnQA==</latexit>

http://creativecommons.org/licenses/by-nc-nd/4.0/
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http://creativecommons.org/licenses/by-nc-nd/4.0/
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ė+Kpe = 0
<latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit><latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit><latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit><latexit sha1_base64="tKSXL6kQuR7zgtskYs5PA/COz1Y=">AAACEXicbVBLSgNBFOyJvxh/MS7dNAZBEMKMCLoRgm4ENxHMB5IQejovSZOe6aH7jRiGnMK9W72CO3HrCbyBx7AnycIkFjwoqt6P8iMpDLrut5NZWV1b38hu5ra2d3b38vuFmlGx5lDlSird8JkBKUKookAJjUgDC3wJdX94k/r1R9BGqPABRxG0A9YPRU9whlbq5AutrsIExvSU3nUioFfU7eSLbsmdgC4Tb0aKZIZKJ/9jl/A4gBC5ZMY0PTfCdsI0Ci5hnGvFBiLGh6wPTUtDFoBpJ5Pfx/TYKl3aU9pWiHSi/p1IWGDMKPBtZ8BwYBa9VPzPa8bYu2wnIoxihJBPD/ViSVHRNAjaFRo4ypEljGthf6V8wDTjaOOau5LuRqWkGdtovMUglkntrOS5Je/+vFi+noWUJYfkiJwQj1yQMrklFVIlnDyRF/JK3pxn5935cD6nrRlnNnNA5uB8/QIQf5zC</latexit>

⌧ =
1

Kp
<latexit sha1_base64="zsKGpXdxLdbcRUdgFE3d00PuzDI=">AAACE3icbZDLSgMxFIYzXmu9jZedm2ARXJUZEXQjFN0IbirYC7RlyKSZNjSTDMkZoQ59DPdu9RXciVsfwDfwMcy0XdjWHwI//zkn5/CFieAGPO/bWVpeWV1bL2wUN7e2d3bdvf26UammrEaVULoZEsMEl6wGHARrJpqROBSsEQ5u8nrjkWnDlXyAYcI6MelJHnFKwEaBe9gGkuIr3I40oZk/yu6CZBS4Ja/sjYUXjT81JTRVNXB/2l1F05hJoIIY0/K9BDoZ0cCpYKNiOzUsIXRAeqxlrSQxM51sfP0In9ikiyOl7ZOAx+nfiYzExgzj0HbGBPpmvpaH/9VaKUSXnYzLJAUm6WRRlAoMCucocJdrRkEMrSFUc3srpn1iOYAFNrMl/xuUEiZH48+DWDT1s7Lvlf3781LlegqpgI7QMTpFPrpAFXSLqqiGKHpCL+gVvTnPzrvz4XxOWpec6cwBmpHz9Qsy3J6V</latexit><latexit sha1_base64="zsKGpXdxLdbcRUdgFE3d00PuzDI=">AAACE3icbZDLSgMxFIYzXmu9jZedm2ARXJUZEXQjFN0IbirYC7RlyKSZNjSTDMkZoQ59DPdu9RXciVsfwDfwMcy0XdjWHwI//zkn5/CFieAGPO/bWVpeWV1bL2wUN7e2d3bdvf26UammrEaVULoZEsMEl6wGHARrJpqROBSsEQ5u8nrjkWnDlXyAYcI6MelJHnFKwEaBe9gGkuIr3I40oZk/yu6CZBS4Ja/sjYUXjT81JTRVNXB/2l1F05hJoIIY0/K9BDoZ0cCpYKNiOzUsIXRAeqxlrSQxM51sfP0In9ikiyOl7ZOAx+nfiYzExgzj0HbGBPpmvpaH/9VaKUSXnYzLJAUm6WRRlAoMCucocJdrRkEMrSFUc3srpn1iOYAFNrMl/xuUEiZH48+DWDT1s7Lvlf3781LlegqpgI7QMTpFPrpAFXSLqqiGKHpCL+gVvTnPzrvz4XxOWpec6cwBmpHz9Qsy3J6V</latexit><latexit sha1_base64="zsKGpXdxLdbcRUdgFE3d00PuzDI=">AAACE3icbZDLSgMxFIYzXmu9jZedm2ARXJUZEXQjFN0IbirYC7RlyKSZNjSTDMkZoQ59DPdu9RXciVsfwDfwMcy0XdjWHwI//zkn5/CFieAGPO/bWVpeWV1bL2wUN7e2d3bdvf26UammrEaVULoZEsMEl6wGHARrJpqROBSsEQ5u8nrjkWnDlXyAYcI6MelJHnFKwEaBe9gGkuIr3I40oZk/yu6CZBS4Ja/sjYUXjT81JTRVNXB/2l1F05hJoIIY0/K9BDoZ0cCpYKNiOzUsIXRAeqxlrSQxM51sfP0In9ikiyOl7ZOAx+nfiYzExgzj0HbGBPpmvpaH/9VaKUSXnYzLJAUm6WRRlAoMCucocJdrRkEMrSFUc3srpn1iOYAFNrMl/xuUEiZH48+DWDT1s7Lvlf3781LlegqpgI7QMTpFPrpAFXSLqqiGKHpCL+gVvTnPzrvz4XxOWpec6cwBmpHz9Qsy3J6V</latexit><latexit sha1_base64="zsKGpXdxLdbcRUdgFE3d00PuzDI=">AAACE3icbZDLSgMxFIYzXmu9jZedm2ARXJUZEXQjFN0IbirYC7RlyKSZNjSTDMkZoQ59DPdu9RXciVsfwDfwMcy0XdjWHwI//zkn5/CFieAGPO/bWVpeWV1bL2wUN7e2d3bdvf26UammrEaVULoZEsMEl6wGHARrJpqROBSsEQ5u8nrjkWnDlXyAYcI6MelJHnFKwEaBe9gGkuIr3I40oZk/yu6CZBS4Ja/sjYUXjT81JTRVNXB/2l1F05hJoIIY0/K9BDoZ0cCpYKNiOzUsIXRAeqxlrSQxM51sfP0In9ikiyOl7ZOAx+nfiYzExgzj0HbGBPpmvpaH/9VaKUSXnYzLJAUm6WRRlAoMCucocJdrRkEMrSFUc3srpn1iOYAFNrMl/xuUEiZH48+DWDT1s7Lvlf3781LlegqpgI7QMTpFPrpAFXSLqqiGKHpCL+gVvTnPzrvz4XxOWpec6cwBmpHz9Qsy3J6V</latexit>
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ẋ = v
<latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit><latexit sha1_base64="cYSwgAvfmefqMklK2f7bLDnDltU=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdCMU3bisYB+QhjKZTtqhk0yYuSmWkB9w71Z/wZ249S/8Az/DSZuFbT0wcDj3nnvvHD8WXINtf1ultfWNza3ydmVnd2//oHp41NYyUZS1qBRSdX2imeARawEHwbqxYiT0Bev447u83pkwpbmMHmEaMy8kw4gHnBIwktsbSEifMnyDJ/1qza7bM+BV4hSkhgo0+9Uf46ZJyCKggmjtOnYMXkoUcCpYVuklmsWEjsmQuYZGJGTaS2cnZ/jMKAMcSGVeBHim/nWkJNR6GvqmMyQw0su1XPyv5iYQXHspj+IEWETni4JEYJA4/z8ecMUoiKkhhCpubsV0RBShYFJa2JLPBimFzkw0znIQq6R9UXfsuvNwWWvcFiGV0Qk6RefIQVeoge5RE7UQRRK9oFf0Zj1b79aH9TlvLVmF5xgtwPr6Be9Dmro=</latexit>

v = ẋref +Kpe+Ki

Z
e
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ë+Kpė+Kie = 0
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Cyberdyne Inc.

Corpos não se 
deformam!
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⌧1, ✓̈1

⌧2, ✓̈2

⌧3, ✓̈3

q = [✓1, ... , ✓n]

M(q)q̈+ h(q, q̇)� ⌧ = 0
<latexit sha1_base64="as4wNEi/t3NxmGqCLJ9HKgVAqxE="></latexit><latexit sha1_base64="ejYmh5/OOuyHtj2nZQk4RDtTItA="></latexit><latexit sha1_base64="ejYmh5/OOuyHtj2nZQk4RDtTItA="></latexit><latexit sha1_base64="imVqleFzzB4ZXCJP5yhIigMGEWk="></latexit>

Dinâmica direta (p/ simulação)

q̈ = M(q)�1(⌧ � h(q, q̇))
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“Dinâmica inversa” (p/ controle)

⌧ = M(q)q̈d + h(q, q̇)
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“
”computed-torque control

Calculam um comando (torque) 
usando um conhecimento prévio 
do sistema expresso através de 

um modelo dinâmico

Classe de controladores não-lineares 
baseados em realimentação linearizante

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Re
vis

ão
Di

nâ
m

ica
 

in
ve

rs
a

Co
nc

lu
sã

o

/ 108ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura

Controle por torque calculado

25

“
”computed-torque control

2) Controle feedforward não-linear

1) Dinâmica inversa

Classe de controladores não-lineares 
baseados em realimentação linearizante
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q̈ = M(q)�1(⌧ � h(q, q̇))
<latexit sha1_base64="i5hjf8Ow0LXuBE+SXkKGDrbJ/5E="></latexit><latexit sha1_base64="+cu5gWUNZwFlTnY7tpperIFI5ls="></latexit><latexit sha1_base64="+cu5gWUNZwFlTnY7tpperIFI5ls="></latexit><latexit sha1_base64="Q9X18jaPC9rIsoSub31xbj7n57g="></latexit>

ẋ = f(x) + g(x)u
<latexit sha1_base64="bFkm+WwhzDGz22mQsyyc/rNZhc4=">AAACFXicbVDLSgMxFM3UV62vquDGTbAIFaHMiKAboejGZQX7gHYomTTThmYmQ3JHWsZ+h3u3+gvuxK1r/8DPMNPOwlYPhBzOuS+OFwmuwba/rNzS8srqWn69sLG5tb1T3N1raBkryupUCqlaHtFM8JDVgYNgrUgxEniCNb3hTeo3H5jSXIb3MI6YG5B+yH1OCRipWzzo9CQkowm+wn55dIJPcd98cbdYsiv2FPgvcTJSQhlq3eK3GUTjgIVABdG67dgRuAlRwKlgk0In1iwidEj6rG1oSAKm3WR6/wQfG6WHfanMCwFP1d8dCQm0HgeeqQwIDPSil4r/ee0Y/Es34WEUAwvpbJEfCwwSp2HgHleMghgbQqji5lZMB0QRCiayuS3pbJBS6ImJxlkM4i9pnFUcu+LcnZeq11lIeXSIjlAZOegCVdEtqqE6ougRPaMX9Go9WW/Wu/UxK81ZWc8+moP1+QOxJ54i</latexit><latexit sha1_base64="bFkm+WwhzDGz22mQsyyc/rNZhc4=">AAACFXicbVDLSgMxFM3UV62vquDGTbAIFaHMiKAboejGZQX7gHYomTTThmYmQ3JHWsZ+h3u3+gvuxK1r/8DPMNPOwlYPhBzOuS+OFwmuwba/rNzS8srqWn69sLG5tb1T3N1raBkryupUCqlaHtFM8JDVgYNgrUgxEniCNb3hTeo3H5jSXIb3MI6YG5B+yH1OCRipWzzo9CQkowm+wn55dIJPcd98cbdYsiv2FPgvcTJSQhlq3eK3GUTjgIVABdG67dgRuAlRwKlgk0In1iwidEj6rG1oSAKm3WR6/wQfG6WHfanMCwFP1d8dCQm0HgeeqQwIDPSil4r/ee0Y/Es34WEUAwvpbJEfCwwSp2HgHleMghgbQqji5lZMB0QRCiayuS3pbJBS6ImJxlkM4i9pnFUcu+LcnZeq11lIeXSIjlAZOegCVdEtqqE6ougRPaMX9Go9WW/Wu/UxK81ZWc8+moP1+QOxJ54i</latexit><latexit sha1_base64="bFkm+WwhzDGz22mQsyyc/rNZhc4=">AAACFXicbVDLSgMxFM3UV62vquDGTbAIFaHMiKAboejGZQX7gHYomTTThmYmQ3JHWsZ+h3u3+gvuxK1r/8DPMNPOwlYPhBzOuS+OFwmuwba/rNzS8srqWn69sLG5tb1T3N1raBkryupUCqlaHtFM8JDVgYNgrUgxEniCNb3hTeo3H5jSXIb3MI6YG5B+yH1OCRipWzzo9CQkowm+wn55dIJPcd98cbdYsiv2FPgvcTJSQhlq3eK3GUTjgIVABdG67dgRuAlRwKlgk0In1iwidEj6rG1oSAKm3WR6/wQfG6WHfanMCwFP1d8dCQm0HgeeqQwIDPSil4r/ee0Y/Es34WEUAwvpbJEfCwwSp2HgHleMghgbQqji5lZMB0QRCiayuS3pbJBS6ImJxlkM4i9pnFUcu+LcnZeq11lIeXSIjlAZOegCVdEtqqE6ougRPaMX9Go9WW/Wu/UxK81ZWc8+moP1+QOxJ54i</latexit><latexit sha1_base64="bFkm+WwhzDGz22mQsyyc/rNZhc4=">AAACFXicbVDLSgMxFM3UV62vquDGTbAIFaHMiKAboejGZQX7gHYomTTThmYmQ3JHWsZ+h3u3+gvuxK1r/8DPMNPOwlYPhBzOuS+OFwmuwba/rNzS8srqWn69sLG5tb1T3N1raBkryupUCqlaHtFM8JDVgYNgrUgxEniCNb3hTeo3H5jSXIb3MI6YG5B+yH1OCRipWzzo9CQkowm+wn55dIJPcd98cbdYsiv2FPgvcTJSQhlq3eK3GUTjgIVABdG67dgRuAlRwKlgk0In1iwidEj6rG1oSAKm3WR6/wQfG6WHfanMCwFP1d8dCQm0HgeeqQwIDPSil4r/ee0Y/Es34WEUAwvpbJEfCwwSp2HgHleMghgbQqji5lZMB0QRCiayuS3pbJBS6ImJxlkM4i9pnFUcu+LcnZeq11lIeXSIjlAZOegCVdEtqqE6ougRPaMX9Go9WW/Wu/UxK81ZWc8+moP1+QOxJ54i</latexit>

q̈ = f(q, q̇) +G(q)⌧
<latexit sha1_base64="eRjv+aMDUWMXV4A45rxhLfCd80Y="></latexit><latexit sha1_base64="aN1MAOo+P+LwFD7PkUJ/IqJK0Zs="></latexit><latexit sha1_base64="aN1MAOo+P+LwFD7PkUJ/IqJK0Zs="></latexit><latexit sha1_base64="6JSgue/kXtgOITSmNhdzgrl8I5E="></latexit>

G(q) = M(q)�1
<latexit sha1_base64="APb7qfqeJbSmYrGN4AGjnUSN2F0=">AAACGHicbVDLSgMxFL1TX7W+qq7ETWgRKmKZcaMboehCN0IF+4C2lkyaqaGZyZhkhDIU/8OVG7f6C+7ErTv/wM8w03ZhWw+EHM65N/fmuCFnStv2t5Wam19YXEovZ1ZW19Y3sptbVSUiSWiFCC5k3cWKchbQimaa03ooKfZdTmtu7zzxaw9UKiaCG90PacvH3YB5jGBtpHZ2p+ljfed68UXhfh+doitz3caHzmDQzubtoj0EmiXOmORLuebBMwCU29mfZkeQyKeBJhwr1XDsULdiLDUjnA4yzUjREJMe7tKGoQH2qWrFwy8M0J5ROsgT0pxAo6H6tyPGvlJ93zWVycJq2kvE/7xGpL2TVsyCMNI0IKNBXsSRFijJA3WYpETzviGYSGZ2ReQOS0y0SW1iSvK2FoKrJBpnOohZUj0qOnbRuXbypTMYIQ27kIMCOHAMJbiEMlSAwCO8wCu8WU/Wu/VhfY5KU9a4ZxsmYH39AmtVoQY=</latexit><latexit sha1_base64="AykU8pkxzafP44d5zNzSVb7Bg00=">AAACGHicbVDLSgMxFM3UV62vUVfiJrQIFbHMuNGNUHShG6GCfUBbSybNtKGZyZhkhGEY/AlX7t3qL7gTt+76B36GmbYL23og5HDOvbk3xwkYlcqyhkZmYXFpeSW7mltb39jcMrd3apKHApMq5oyLhoMkYdQnVUUVI41AEOQ5jNSdwWXq1x+JkJT7dyoKSNtDPZ+6FCOlpY651/KQ6jtufFV8OITn8EZf9/GxnSQds2CVrBHgPLEnpFDOt46eh+Wo0jF/Wl2OQ4/4CjMkZdO2AtWOkVAUM5LkWqEkAcID1CNNTX3kEdmOR19I4IFWutDlQh9fwZH6tyNGnpSR5+jKdGE566Xif14zVO5ZO6Z+ECri4/EgN2RQcZjmAbtUEKxYpAnCgupdIe4jgbDSqU1NSd9WnDOZRmPPBjFPaicl2yrZt3ahfAHGyIJ9kAdFYINTUAbXoAKqAIMn8ArewLvxYnwYn8bXuDRjTHp2wRSM71+WQ6KM</latexit><latexit sha1_base64="AykU8pkxzafP44d5zNzSVb7Bg00=">AAACGHicbVDLSgMxFM3UV62vUVfiJrQIFbHMuNGNUHShG6GCfUBbSybNtKGZyZhkhGEY/AlX7t3qL7gTt+76B36GmbYL23og5HDOvbk3xwkYlcqyhkZmYXFpeSW7mltb39jcMrd3apKHApMq5oyLhoMkYdQnVUUVI41AEOQ5jNSdwWXq1x+JkJT7dyoKSNtDPZ+6FCOlpY651/KQ6jtufFV8OITn8EZf9/GxnSQds2CVrBHgPLEnpFDOt46eh+Wo0jF/Wl2OQ4/4CjMkZdO2AtWOkVAUM5LkWqEkAcID1CNNTX3kEdmOR19I4IFWutDlQh9fwZH6tyNGnpSR5+jKdGE566Xif14zVO5ZO6Z+ECri4/EgN2RQcZjmAbtUEKxYpAnCgupdIe4jgbDSqU1NSd9WnDOZRmPPBjFPaicl2yrZt3ahfAHGyIJ9kAdFYINTUAbXoAKqAIMn8ArewLvxYnwYn8bXuDRjTHp2wRSM71+WQ6KM</latexit><latexit sha1_base64="XxQvfQHAZe0lXs3yZWqn4LH/uog=">AAACGHicbVDLSgMxFM3UV62vUVfiJliEurBM3OhGKLrQjVDBPqAdSybNtKGZyZhkhDIM/od7t/oL7sStO//AzzDTdmFbD4Qczrk39+Z4EWdKO863lVtYXFpeya8W1tY3Nrfs7Z26ErEktEYEF7LpYUU5C2lNM81pM5IUBx6nDW9wmfmNRyoVE+GdHkbUDXAvZD4jWBupY++1A6z7np9clR6O4Dm8Mdd9cozStGMXnbIzApwnaEKKYIJqx/5pdwWJAxpqwrFSLeRE2k2w1IxwmhbasaIRJgPcoy1DQxxQ5SajL6Tw0Chd6AtpTqjhSP3bkeBAqWHgmcpsYTXrZeJ/XivW/pmbsDCKNQ3JeJAfc6gFzPKAXSYp0XxoCCaSmV0h6WOJiTapTU3J3tZCcJVFg2aDmCf1kzJyyugWFSsXk5DyYB8cgBJA4BRUwDWoghog4Am8gFfwZj1b79aH9TkuzVmTnl0wBevrFzcQn30=</latexit>

⌧ ID = G(q)�1(v � f(q, q̇))
<latexit sha1_base64="nsqMxggcAIIdLGKeojaxRW83dqw="></latexit><latexit sha1_base64="LIUrWn+6A9NUUkDKHPFC7R+b3hU="></latexit><latexit sha1_base64="LIUrWn+6A9NUUkDKHPFC7R+b3hU="></latexit><latexit sha1_base64="brYC/6hrHg4bIDsXO5xHXv5dahs="></latexit>

f(q, q̇) = �M(q)�1h(q, q̇)
<latexit sha1_base64="gtU2aLDjc6J3PmX9OzZwhqPrAP4="></latexit><latexit sha1_base64="z5e+9NvL6SsnVCLtX1LLFKT4vXU="></latexit><latexit sha1_base64="z5e+9NvL6SsnVCLtX1LLFKT4vXU="></latexit><latexit sha1_base64="N9AEJHuEavxECgN3tHQvZFq5LYo="></latexit>
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q̈ = f(q, q̇) +G(q)⌧
<latexit sha1_base64="eRjv+aMDUWMXV4A45rxhLfCd80Y="></latexit><latexit sha1_base64="aN1MAOo+P+LwFD7PkUJ/IqJK0Zs="></latexit><latexit sha1_base64="aN1MAOo+P+LwFD7PkUJ/IqJK0Zs="></latexit><latexit sha1_base64="6JSgue/kXtgOITSmNhdzgrl8I5E="></latexit>

⌧ ID = G(q)�1(v � f(q, q̇))
<latexit sha1_base64="nsqMxggcAIIdLGKeojaxRW83dqw="></latexit><latexit sha1_base64="LIUrWn+6A9NUUkDKHPFC7R+b3hU="></latexit><latexit sha1_base64="LIUrWn+6A9NUUkDKHPFC7R+b3hU="></latexit><latexit sha1_base64="brYC/6hrHg4bIDsXO5xHXv5dahs="></latexit>

q̈ = v
<latexit sha1_base64="HxnFvDIxnIEdEpxatkeaW6oDc10=">AAACFHicbVC7SsRAFL1ZX+s7KlZaDC6C1ZLYaCMs2lgquA/YhGUymejgJBNnbhaWsL9hb6s/YGEntvZ2ln6Gye4Wunpg4HDOvXMPJ0ilMOg4H1ZlZnZufqG6uLS8srq2bm9stozKNONNpqTSnYAaLkXCmyhQ8k6qOY0DydvB7Vnpt/tcG6GSKxyk3I/pdSIiwSgWUs/e9mKKN0GUe2GoML8bkhPSH/bsmlN3RiB/iTshtcbu8+UnAFz07C8vVCyLeYJMUmO6rpOin1ONgkk+XPIyw1PKbuk17xY0oTE3fj6KPyT7hRKSSOniJUhG6s+NnMbGDOKgmCzDmmmvFP/zuhlGx34ukjRDnrDxoSiTBBUpuyCh0JyhHBSEMi2KrITdUE0ZFo39ulL+jUpJU1bjThfxl7QO665Tdy/dWuMUxqjCDuzBAbhwBA04hwtoAoMcHuARnqx768V6td7GoxVrsrMFv2C9fwP9MaG0</latexit><latexit sha1_base64="Jf8d04GQ7XEiUDKYsXsleR5GZaE=">AAACFHicbVDLSsNAFJ3UV62vqrhSZLAIrkriRjdC0Y3LFuwDmlAmk0k7dJKJMzeFErr0F9y71R/owp24de8fCP6ESduFrR4YOJxz79zDcSPBNZjmp5FbWl5ZXcuvFzY2t7Z3irt7DS1jRVmdSiFVyyWaCR6yOnAQrBUpRgJXsKbbv8n85oApzWV4B8OIOQHphtznlEAqdYoHdkCg5/qJ7XkSkvsRvsKDUadYMsvmBPgvsWakVDka174fjsfVTvHL9iSNAxYCFUTrtmVG4CREAaeCjQp2rFlEaJ90WTulIQmYdpJJ/BE+TRUP+1KlLwQ8UX9vJCTQehi46WQWVi96mfif147Bv3QSHkYxsJBOD/mxwCBx1gX2uGIUxDAlhCqeZsW0RxShkDY2dyX7G6QUOqvGWiziL2mcly2zbNWsUuUaTZFHh+gEnSELXaAKukVVVEcUJegJPaMX49F4Nd6M9+lozpjt7KM5GB8/+jqjGg==</latexit><latexit sha1_base64="Jf8d04GQ7XEiUDKYsXsleR5GZaE=">AAACFHicbVDLSsNAFJ3UV62vqrhSZLAIrkriRjdC0Y3LFuwDmlAmk0k7dJKJMzeFErr0F9y71R/owp24de8fCP6ESduFrR4YOJxz79zDcSPBNZjmp5FbWl5ZXcuvFzY2t7Z3irt7DS1jRVmdSiFVyyWaCR6yOnAQrBUpRgJXsKbbv8n85oApzWV4B8OIOQHphtznlEAqdYoHdkCg5/qJ7XkSkvsRvsKDUadYMsvmBPgvsWakVDka174fjsfVTvHL9iSNAxYCFUTrtmVG4CREAaeCjQp2rFlEaJ90WTulIQmYdpJJ/BE+TRUP+1KlLwQ8UX9vJCTQehi46WQWVi96mfif147Bv3QSHkYxsJBOD/mxwCBx1gX2uGIUxDAlhCqeZsW0RxShkDY2dyX7G6QUOqvGWiziL2mcly2zbNWsUuUaTZFHh+gEnSELXaAKukVVVEcUJegJPaMX49F4Nd6M9+lozpjt7KM5GB8/+jqjGg==</latexit><latexit sha1_base64="9QkLyNGY3VRmRPRbs1tE5p5JJds=">AAACFHicbVDLSsNAFJ3UV62vqLhyM1gEVyVxoxuh6MZlBfuAJpTJZNIOnWTizE2hhPyGe7f6C+7ErXv/wM8wabOwrQcGDufcO/dwvFhwDZb1bVTW1jc2t6rbtZ3dvf0D8/Coo2WiKGtTKaTqeUQzwSPWBg6C9WLFSOgJ1vXGd4XfnTCluYweYRozNyTDiAecEsilgXnihARGXpA6vi8hfcrwDZ5kA7NuNawZ8CqxS1JHJVoD88fxJU1CFgEVROu+bcXgpkQBp4JlNSfRLCZ0TIasn9OIhEy76Sx+hs9zxceBVPmLAM/UvxspCbWehl4+WYTVy14h/uf1Ewiu3ZRHcQIsovNDQSIwSFx0gX2uGAUxzQmhiudZMR0RRSjkjS1cKf4GKYUuqrGXi1glncuGbTXsB7vevC1LqqJTdIYukI2uUBPdoxZqI4pS9IJe0ZvxbLwbH8bnfLRilDvHaAHG1y+7SZ9v</latexit>

ë+Kdė+Kpe = 0
<latexit sha1_base64="TWU8TavDpdvIGvQGjpWPmpVTstc=">AAACKnicbVC7SgNBFL3r+23U0mYwCoIQdm20EYI2gk0Eo0ISwuzsXR2c3Vlm7gphyUf4H9ba6i/YBVsLf8De2cTC14GBc899zT1hpqQl3x94Y+MTk1PTM7Nz8wuLS8uVldVzq3MjsCm00uYy5BaVTLFJkhReZgZ5Eiq8CG+OyvzFLRordXpGvQw7Cb9KZSwFJyd1KzvthNN1GBftKNJUYJ/tsJNuxNrfoowhO2B+v1up+jV/CPaXBF+kWt/8eHgCgEa38u7GiDzBlITi1rYCP6NOwQ1JobA/184tZlzc8CtsOZryBG2nGB7VZ1tOiVisjXspsaH6vaPgibW9JHSV5Qn2d64U/8u1cor3O4VMs5wwFaNFca4YaVY6xCJpUJDqOcKFke6vTFxzwwU5H39sKWeT1sqW1gS/jfhLzndrgV8LToNq/RBGmIF12IBtCGAP6nAMDWiCgDt4hCd49u69F2/gvY5Kx7yvnjX4Ae/tEw1sqWs=</latexit><latexit sha1_base64="8Yn7epgBcrYA/Fe5pWcgeb8vTUY=">AAACKnicbVDLSsNAFJ34fht16WawCoJQEje6EYpuBDcVrBXaUiaTGzt0kgkzN0IJ/Qj/w7VuFf/AXXHrwh/QtZO2C18HBs499zX3BKkUBj1v4ExMTk3PzM7NLywuLa+sumvrl0ZlmkONK6n0VcAMSJFADQVKuEo1sDiQUA+6J0W+fgPaCJVcYC+FVsyuExEJztBKbXevGTPsBFHeDEOFOfTpHj1rh7T5LUop0CPq9dtuySt7Q9C/xB+TUmX74/75ZvGz2nbf7RiexZAgl8yYhu+l2MqZRsEl9BeamYGU8S67hoalCYvBtPLhUX26Y5WQRkrblyAdqt87chYb04sDW1mcYH7nCvG/XCPD6LCViyTNEBI+WhRlkqKihUM0FBo4yp4ljGth/0p5h2nG0fr4Y0sxG5WSprDG/23EX3K5X/a9sn/ulyrHZIQ5skm2yC7xyQGpkFNSJTXCyS15II/kyblzXpyB8zoqnXDGPRvkB5y3LyaIquU=</latexit><latexit sha1_base64="8Yn7epgBcrYA/Fe5pWcgeb8vTUY=">AAACKnicbVDLSsNAFJ34fht16WawCoJQEje6EYpuBDcVrBXaUiaTGzt0kgkzN0IJ/Qj/w7VuFf/AXXHrwh/QtZO2C18HBs499zX3BKkUBj1v4ExMTk3PzM7NLywuLa+sumvrl0ZlmkONK6n0VcAMSJFADQVKuEo1sDiQUA+6J0W+fgPaCJVcYC+FVsyuExEJztBKbXevGTPsBFHeDEOFOfTpHj1rh7T5LUop0CPq9dtuySt7Q9C/xB+TUmX74/75ZvGz2nbf7RiexZAgl8yYhu+l2MqZRsEl9BeamYGU8S67hoalCYvBtPLhUX26Y5WQRkrblyAdqt87chYb04sDW1mcYH7nCvG/XCPD6LCViyTNEBI+WhRlkqKihUM0FBo4yp4ljGth/0p5h2nG0fr4Y0sxG5WSprDG/23EX3K5X/a9sn/ulyrHZIQ5skm2yC7xyQGpkFNSJTXCyS15II/kyblzXpyB8zoqnXDGPRvkB5y3LyaIquU=</latexit><latexit sha1_base64="UiHf23GnBAByvTAvRAOHd+VCoa0=">AAACKnicbVC7SgNBFJ31GeMramkzGARBCLs22ghBG8EmgnlAEsLs7N1kcHZnmbkrhCUf4X/Y2+ov2AVbCz/D2SRFEj0wcO65r7nHT6Qw6LpjZ2V1bX1js7BV3N7Z3dsvHRw2jEo1hzpXUumWzwxIEUMdBUpoJRpY5Eto+k+3eb75DNoIFT/iMIFuxPqxCAVnaKVe6bwTMRz4YdYJAoUZjOg5ve8FtDMXJRToNXVHvVLZrbgT0L/Em5EymaHWK/3YMTyNIEYumTFtz02wmzGNgksYFTupgYTxJ9aHtqUxi8B0s8lRI3pqlYCGStsXI52o8x0Zi4wZRr6tzE8wy7lc/C/XTjG86mYiTlKEmE8XhamkqGjuEA2EBo5yaAnjWti/Uj5gmnG0Pi5syWejUtLk1njLRvwljYuK51a8B69cvZmZVCDH5IScEY9ckiq5IzVSJ5y8kDfyTj6cV+fTGTtf09IVZ9ZzRBbgfP8CBTKmnA==</latexit>

v = q̈ref +Kpe+Kdė
<latexit sha1_base64="vVeaq3Go4xEvFB5s5MPh32hHBKA="></latexit><latexit sha1_base64="R2YXMd45lTn9Q3FUTIqaymvYRVY="></latexit><latexit sha1_base64="R2YXMd45lTn9Q3FUTIqaymvYRVY="></latexit><latexit sha1_base64="r4Iu7bx+ATO1/qtfqjMkX7S2fsQ=">AAACL3icbVDLSgMxFM3UV31XXboJFkEQyowb3QhFN4KbCrYKbRkymTsampmMyZ1CGeY3/A/3bvUXxI241L8w03bh60LI4Zx7cnNPkEph0HVfncrM7Nz8QnVxaXlldW29trHZMSrTHNpcSaWvA2ZAigTaKFDCdaqBxYGEq2BwWupXQ9BGqOQSRyn0Y3aTiEhwhpbya24vZngbRPmQHtNeGCrM7wo/1xAVdJ+e+ymF8R1aUSGFwq/V3YY7LvoXeFNQJ9Nq+bUP6+RZDAlyyYzpem6K/ZxpFFxCsdTLDKSMD9gNdC1MWAymn483K+iuZUIaKW1PgnTMfnfkLDZmFAe2s9zD/NZK8j+tm2F01M9FkmYICZ8MijJJUdEyJhoKDRzlyALGtbB/pfyWacbRhvljSvk2KiVNGY33O4i/oHPQ8NyGd+HVmyfTkKpkm+yQPeKRQ9IkZ6RF2oSTe/JInsiz8+C8OG/O+6S14kw9W+RHOZ9fV4So3A==</latexit>
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⌧ ID = G(q)�1(v � f(q, q̇))
<latexit sha1_base64="nsqMxggcAIIdLGKeojaxRW83dqw="></latexit><latexit sha1_base64="LIUrWn+6A9NUUkDKHPFC7R+b3hU="></latexit><latexit sha1_base64="LIUrWn+6A9NUUkDKHPFC7R+b3hU="></latexit><latexit sha1_base64="brYC/6hrHg4bIDsXO5xHXv5dahs="></latexit>

v = q̈ref +Kpe+Kdė
<latexit sha1_base64="vVeaq3Go4xEvFB5s5MPh32hHBKA="></latexit><latexit sha1_base64="R2YXMd45lTn9Q3FUTIqaymvYRVY="></latexit><latexit sha1_base64="R2YXMd45lTn9Q3FUTIqaymvYRVY="></latexit><latexit sha1_base64="r4Iu7bx+ATO1/qtfqjMkX7S2fsQ=">AAACL3icbVDLSgMxFM3UV31XXboJFkEQyowb3QhFN4KbCrYKbRkymTsampmMyZ1CGeY3/A/3bvUXxI241L8w03bh60LI4Zx7cnNPkEph0HVfncrM7Nz8QnVxaXlldW29trHZMSrTHNpcSaWvA2ZAigTaKFDCdaqBxYGEq2BwWupXQ9BGqOQSRyn0Y3aTiEhwhpbya24vZngbRPmQHtNeGCrM7wo/1xAVdJ+e+ymF8R1aUSGFwq/V3YY7LvoXeFNQJ9Nq+bUP6+RZDAlyyYzpem6K/ZxpFFxCsdTLDKSMD9gNdC1MWAymn483K+iuZUIaKW1PgnTMfnfkLDZmFAe2s9zD/NZK8j+tm2F01M9FkmYICZ8MijJJUdEyJhoKDRzlyALGtbB/pfyWacbRhvljSvk2KiVNGY33O4i/oHPQ8NyGd+HVmyfTkKpkm+yQPeKRQ9IkZ6RF2oSTe/JInsiz8+C8OG/O+6S14kw9W+RHOZ9fV4So3A==</latexit>

G(q) = M(q)�1
<latexit sha1_base64="APb7qfqeJbSmYrGN4AGjnUSN2F0=">AAACGHicbVDLSgMxFL1TX7W+qq7ETWgRKmKZcaMboehCN0IF+4C2lkyaqaGZyZhkhDIU/8OVG7f6C+7ErTv/wM8w03ZhWw+EHM65N/fmuCFnStv2t5Wam19YXEovZ1ZW19Y3sptbVSUiSWiFCC5k3cWKchbQimaa03ooKfZdTmtu7zzxaw9UKiaCG90PacvH3YB5jGBtpHZ2p+ljfed68UXhfh+doitz3caHzmDQzubtoj0EmiXOmORLuebBMwCU29mfZkeQyKeBJhwr1XDsULdiLDUjnA4yzUjREJMe7tKGoQH2qWrFwy8M0J5ROsgT0pxAo6H6tyPGvlJ93zWVycJq2kvE/7xGpL2TVsyCMNI0IKNBXsSRFijJA3WYpETzviGYSGZ2ReQOS0y0SW1iSvK2FoKrJBpnOohZUj0qOnbRuXbypTMYIQ27kIMCOHAMJbiEMlSAwCO8wCu8WU/Wu/VhfY5KU9a4ZxsmYH39AmtVoQY=</latexit><latexit sha1_base64="AykU8pkxzafP44d5zNzSVb7Bg00=">AAACGHicbVDLSgMxFM3UV62vUVfiJrQIFbHMuNGNUHShG6GCfUBbSybNtKGZyZhkhGEY/AlX7t3qL7gTt+76B36GmbYL23og5HDOvbk3xwkYlcqyhkZmYXFpeSW7mltb39jcMrd3apKHApMq5oyLhoMkYdQnVUUVI41AEOQ5jNSdwWXq1x+JkJT7dyoKSNtDPZ+6FCOlpY651/KQ6jtufFV8OITn8EZf9/GxnSQds2CVrBHgPLEnpFDOt46eh+Wo0jF/Wl2OQ4/4CjMkZdO2AtWOkVAUM5LkWqEkAcID1CNNTX3kEdmOR19I4IFWutDlQh9fwZH6tyNGnpSR5+jKdGE566Xif14zVO5ZO6Z+ECri4/EgN2RQcZjmAbtUEKxYpAnCgupdIe4jgbDSqU1NSd9WnDOZRmPPBjFPaicl2yrZt3ahfAHGyIJ9kAdFYINTUAbXoAKqAIMn8ArewLvxYnwYn8bXuDRjTHp2wRSM71+WQ6KM</latexit><latexit sha1_base64="AykU8pkxzafP44d5zNzSVb7Bg00=">AAACGHicbVDLSgMxFM3UV62vUVfiJrQIFbHMuNGNUHShG6GCfUBbSybNtKGZyZhkhGEY/AlX7t3qL7gTt+76B36GmbYL23og5HDOvbk3xwkYlcqyhkZmYXFpeSW7mltb39jcMrd3apKHApMq5oyLhoMkYdQnVUUVI41AEOQ5jNSdwWXq1x+JkJT7dyoKSNtDPZ+6FCOlpY651/KQ6jtufFV8OITn8EZf9/GxnSQds2CVrBHgPLEnpFDOt46eh+Wo0jF/Wl2OQ4/4CjMkZdO2AtWOkVAUM5LkWqEkAcID1CNNTX3kEdmOR19I4IFWutDlQh9fwZH6tyNGnpSR5+jKdGE566Xif14zVO5ZO6Z+ECri4/EgN2RQcZjmAbtUEKxYpAnCgupdIe4jgbDSqU1NSd9WnDOZRmPPBjFPaicl2yrZt3ahfAHGyIJ9kAdFYINTUAbXoAKqAIMn8ArewLvxYnwYn8bXuDRjTHp2wRSM71+WQ6KM</latexit><latexit sha1_base64="XxQvfQHAZe0lXs3yZWqn4LH/uog=">AAACGHicbVDLSgMxFM3UV62vUVfiJliEurBM3OhGKLrQjVDBPqAdSybNtKGZyZhkhDIM/od7t/oL7sStO//AzzDTdmFbD4Qczrk39+Z4EWdKO863lVtYXFpeya8W1tY3Nrfs7Z26ErEktEYEF7LpYUU5C2lNM81pM5IUBx6nDW9wmfmNRyoVE+GdHkbUDXAvZD4jWBupY++1A6z7np9clR6O4Dm8Mdd9cozStGMXnbIzApwnaEKKYIJqx/5pdwWJAxpqwrFSLeRE2k2w1IxwmhbasaIRJgPcoy1DQxxQ5SajL6Tw0Chd6AtpTqjhSP3bkeBAqWHgmcpsYTXrZeJ/XivW/pmbsDCKNQ3JeJAfc6gFzPKAXSYp0XxoCCaSmV0h6WOJiTapTU3J3tZCcJVFg2aDmCf1kzJyyugWFSsXk5DyYB8cgBJA4BRUwDWoghog4Am8gFfwZj1b79aH9TkuzVmTnl0wBevrFzcQn30=</latexit>

f(q, q̇) = �M(q)�1h(q, q̇)
<latexit sha1_base64="gtU2aLDjc6J3PmX9OzZwhqPrAP4="></latexit><latexit sha1_base64="z5e+9NvL6SsnVCLtX1LLFKT4vXU="></latexit><latexit sha1_base64="z5e+9NvL6SsnVCLtX1LLFKT4vXU="></latexit><latexit sha1_base64="N9AEJHuEavxECgN3tHQvZFq5LYo="></latexit>

⌧ ID = M(q)
�
q̈ref +Kpe+Kdė+M(q)�1h(q, q̇)

�
<latexit sha1_base64="0dlpeLldJZ0GhvwNBlgMcU6I+RY="></latexit><latexit sha1_base64="L5OI8eMYL73ayVnxhLDv/tKO0tY="></latexit><latexit sha1_base64="L5OI8eMYL73ayVnxhLDv/tKO0tY="></latexit><latexit sha1_base64="jr6BfTPLi0R26x8Z1S6vT/jjCD0="></latexit>

⌧ ID = M(q)q̈ref + h(q, q̇) +M(q) (Kpe+Kdė)
<latexit sha1_base64="ASrPv9a8JDGEf3EydqcBbk07/dQ="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="UlFocPmCon9efQFeqEQZMi5g8yA="></latexit>
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⌧ ID = M(q)q̈ref + h(q, q̇) +M(q) (Kpe+Kdė)
<latexit sha1_base64="ASrPv9a8JDGEf3EydqcBbk07/dQ="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="UlFocPmCon9efQFeqEQZMi5g8yA="></latexit>
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⌧ ID = M(q)q̈ref + h(q, q̇) +M(q) (Kpe+Kdė)
<latexit sha1_base64="ASrPv9a8JDGEf3EydqcBbk07/dQ="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="UlFocPmCon9efQFeqEQZMi5g8yA="></latexit>

desacopla dinamicamente o sistema

lineariza a dinâmica do robô

ganhos de malha fechada dependentes da posição
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Re
vis

ão
Di

nâ
m

ica
 

in
ve

rs
a

Co
nc

lu
sã

o

/ 108ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura

Controle por torque calculado

31

2) Controle feedforward não-linear

1) Dinâmica inversa
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⌧ ID = M(q)q̈ref + h(q, q̇) +M(q) (Kpe+Kdė)
<latexit sha1_base64="ASrPv9a8JDGEf3EydqcBbk07/dQ="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="MeMlH3Tz1xyi/sAbKACape1adZk="></latexit><latexit sha1_base64="UlFocPmCon9efQFeqEQZMi5g8yA="></latexit>

Simplificação da dinâmica inversa:

⌧ ff = M(q)q̈ref + h(q, q̇)
<latexit sha1_base64="J4q0gOugr4/2qhvzzjIA7f6rV/M="></latexit><latexit sha1_base64="BCgxqNPoTt62v2/te/vjRrvnv04="></latexit><latexit sha1_base64="BCgxqNPoTt62v2/te/vjRrvnv04="></latexit><latexit sha1_base64="qUZ6BYQ24pDuWrXWdZroEkmJt2g="></latexit>

⌧ fb = Kpe+Kdė
<latexit sha1_base64="EO32HXppjyS2fBaNZmLSb9en5Hw="></latexit><latexit sha1_base64="if+nUpdfW/UtrrwfNMfRyq2IIeI="></latexit><latexit sha1_base64="if+nUpdfW/UtrrwfNMfRyq2IIeI="></latexit><latexit sha1_base64="pk/u7oA+Jy9LKnjhElPCGoChNrw="></latexit>

⌧ = ⌧ ff + ⌧ fb
<latexit sha1_base64="YvgHNAMRnL+hVdtCmqkejBz/9QI=">AAACP3icbVC7SgNBFL3r2/iKWtoMRkEQwq6NNkLQxlLBPCAJy+zsrA7O7iwzd4Ww5Hf8BGvtbRX8Aq3ExsLO2SSFiR4Y5nDOvXPvnCCVwqDrvjpT0zOzc/MLi6Wl5ZXVtfL6RsOoTDNeZ0oq3Qqo4VIkvI4CJW+lmtM4kLwZ3JwWfvOWayNUcom9lHdjepWISDCKVvLLtU6gZGh6sb1IB2lGjsmk5OdR1Cf7/+lB3y9X3Ko7APlLvBGp1Ha+7h8A4Nwvv3dCxbKYJ8gkNabtuSl2c6pRMMn7pU5meErZDb3ibUsTGnPTzQc/7ZNdq4QkUtqeBMlA/d2R09gUG9rKmOK1mfQK8T+vnWF01M1FkmbIEzYcFGWSoCJFbCQUmjOUPUso08LuStg11ZShDXdsSvE2KiVNEY03GcRf0jioem7Vu/AqtRMYYgG2YBv2wINDqMEZnEMdGNzBEzzDi/PovDkfzuewdMoZ9WzCGJzvH2GYs/g=</latexit><latexit sha1_base64="Lfq+MITFOBvwF2QA5fagcjuyFpA=">AAACP3icbVDLSgMxFM34rK2PUZduglUQhDLjRjdC0Y3LCvYBbSmZNNOGZiZDcqdQhv6On+Be3LpV8At0JW4U3Jlpu7CPAyGHc+7NvTleJLgGx3mzlpZXVtfWMxvZ3ObW9o69u1fRMlaUlakUUtU8opngISsDB8FqkWIk8ASrer3r1K/2mdJchncwiFgzIJ2Q+5wSMFLLLjY8Kdp6EJgLN4DE+BLPSq3E94f4dJHuDVt23ik4I+B54k5Ivnj0/fDUz/2UWvZHoy1pHLAQqCBa110ngmZCFHAq2DDbiDWLCO2RDqsbGpKA6WYy+ukQHxuljX2pzAkBj9T/HQkJdLqhqQwIdPWsl4qLvHoM/kUz4WEUAwvpeJAfCwwSp7HhNleMghgYQqjiZldMu0QRCibcqSnp2yCl0Gk07mwQ86RyVnCdgnvr5otXaIwMOkCH6AS56BwV0Q0qoTKi6B49oxf0aj1a79an9TUuXbImPftoCtbvH3q0tXI=</latexit><latexit sha1_base64="Lfq+MITFOBvwF2QA5fagcjuyFpA=">AAACP3icbVDLSgMxFM34rK2PUZduglUQhDLjRjdC0Y3LCvYBbSmZNNOGZiZDcqdQhv6On+Be3LpV8At0JW4U3Jlpu7CPAyGHc+7NvTleJLgGx3mzlpZXVtfWMxvZ3ObW9o69u1fRMlaUlakUUtU8opngISsDB8FqkWIk8ASrer3r1K/2mdJchncwiFgzIJ2Q+5wSMFLLLjY8Kdp6EJgLN4DE+BLPSq3E94f4dJHuDVt23ik4I+B54k5Ivnj0/fDUz/2UWvZHoy1pHLAQqCBa110ngmZCFHAq2DDbiDWLCO2RDqsbGpKA6WYy+ukQHxuljX2pzAkBj9T/HQkJdLqhqQwIdPWsl4qLvHoM/kUz4WEUAwvpeJAfCwwSp7HhNleMghgYQqjiZldMu0QRCibcqSnp2yCl0Gk07mwQ86RyVnCdgnvr5otXaIwMOkCH6AS56BwV0Q0qoTKi6B49oxf0aj1a79an9TUuXbImPftoCtbvH3q0tXI=</latexit><latexit sha1_base64="09brJLdd3GOVyM0tYCMds7oQClk=">AAACP3icbVDLSgMxFM3UV62vUZdugkUQhDLjRjdC0Y3LCvYBbSmZNNOGZpIhuSOUob/jf7h3q+AX6ErcujPTzsI+DoQczrk39+YEseAGPO/DKaytb2xuFbdLO7t7+wfu4VHDqERTVqdKKN0KiGGCS1YHDoK1Ys1IFAjWDEZ3md98YtpwJR9hHLNuRAaSh5wSsFLPrXYCJfpmHNkLd4Ak+AYvSr00DCf4YpUeTHpu2at4U+Bl4uekjHLUeu5Xp69oEjEJVBBj2r4XQzclGjgVbFLqJIbFhI7IgLUtlSRipptOfzrBZ1bp41BpeyTgqfq/IyWRyTa0lRGBoVn0MnGV104gvO6mXMYJMElng8JEYFA4iw33uWYUxNgSQjW3u2I6JJpQsOHOTcneBqWEyaLxF4NYJo3Liu9V/Ae/XL3NQyqiE3SKzpGPrlAV3aMaqiOKntErekPvzovz6Xw7P7PSgpP3HKM5OL9/WV6xKQ==</latexit>

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Re
vis

ão
Di

nâ
m

ica
 

in
ve

rs
a

Co
nc

lu
sã

o

/ 108ARCLab SEM5950/0586 — Prof. Dr. Thiago Boaventura

Controle feedforward não-linear

33

⌧ ff = M(q)q̈ref + h(q, q̇)
<latexit sha1_base64="J4q0gOugr4/2qhvzzjIA7f6rV/M="></latexit><latexit sha1_base64="BCgxqNPoTt62v2/te/vjRrvnv04="></latexit><latexit sha1_base64="BCgxqNPoTt62v2/te/vjRrvnv04="></latexit><latexit sha1_base64="qUZ6BYQ24pDuWrXWdZroEkmJt2g="></latexit>

⌧ fb = Kpe+Kdė
<latexit sha1_base64="EO32HXppjyS2fBaNZmLSb9en5Hw="></latexit><latexit sha1_base64="if+nUpdfW/UtrrwfNMfRyq2IIeI="></latexit><latexit sha1_base64="if+nUpdfW/UtrrwfNMfRyq2IIeI="></latexit><latexit sha1_base64="pk/u7oA+Jy9LKnjhElPCGoChNrw="></latexit>

⌧ = ⌧ ff + ⌧ fb
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⌧ ff = M(q)q̈ref + h(q, q̇)
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⌧ fb = Kpe+Kdė
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seguimento de trajetória

rejeição de perturbações 
define impedância
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Reference'

Actual'

⌧ = ⌧ ff + ⌧ fb
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2) Controle feedforward não-linear

1) Dinâmica inversa
torque calculado

⌧ = ⌧ ff + ⌧ fb
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Feedforward: responsável pelo seguimento 
nominal de referência

Feedback: responsável pela rejeição de 
distúrbios e por determinar impedância mecânica
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