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Outline	

•  Control		
– Natural	(passive)	systems		
– Computed	torque	control	(decoupling)	
– Force	(Compliance)	Control	
– New	trends	in	robo?cs		



Control	

•  Dynamics	equa?on	of	mo?on:		

	
•  How	to	choose	τ		s.t.	robot	do	what	we	want?	
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Task Oriented Control

With	op-mal	choice	
of	τ	:	d	=	5	m		

Without	op-mal		τ	:	
d	=	4	m		

Video:		
throwing	a	ball	with	
2-link	robot		
(using	compliant	
actuators)	
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Natural	(passive)	systems	

•  Simple	2nd	order	system:		
–  Lagrange	formula-on		
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•  Dissipa?ve	systems	
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2nd	order	system	

3

Dissipative Systems
k

mx x x x Friction mx bx kx�� �� �  0

�� �x
b
m
x

k
m
x� �  0

2 n
b
m

Z 

x

t
Oscillatory
damped

x

t
Critically
damped

x

t
Over
damped

Higher b/m

n2Z�

2d order systems 
mx bx kx�� �� �  0
�� �x

b
m
x

k
m
x� �  0

b
m
n2Z

Z n
2

Natural damping ratio
Critically 
damped
when
b/m=2Zn

[
Zn
n

b
m

 
2

b
km

 
2

Critically damped system: [ n b km  1 2  ( )

Time Response
�� �x x xn n n� �  2 02[ Z Z

Z n
k
m

 ; [ n
b
km

 
2

Natural
frequency

Natural
damping
ratio

x t ce tn nt
n n( ) cos( ) � ��[ Z Z [ I1 2

Z
damped
Natural
frequency

x(t)

t

2

1 2

S
Z [n n�

21 nnZZ [� 

k
mx x x x b

x

mx bx kx�� �� �  0
m  2 0.
b  4 8.
k  8 0.what is the  “damped Natural frequency”

Z Z [ �n n1 2

Z n
k
m

  2 ;  [ n
b
km

  
2

0 6.

Z  �  2 1 0 36 1 6. .

Example

1-dof Robot Control
m f

x0 xd

mx f��  

V(x)

x0 xd
x

Potential Field

V x x x
V x x x

d

d

( ) ,
( ) ,

! z

  

0
0

V x k x xp d( ) ( ) �
1
2

2 ;  f V x
V
x

 ��  �( )
w
w

mx
x

k x xp d�� [ ( ) ] � �
w
w

1
2

2 ;  mx k x xp d�� ( )� �  0

Position gain

� � � �1
2

T

goal p g gV k x x x x � �

System
d K K
dt x x

f
w w§ · �  ¨ ¸w w© ¹�

goalV
f

X
w

   �
w

Passive Systems (Stability)

� �
0goalKd K

dt x x

Vw �w§ · �  ¨ ¸w w© ¹� Stable

Conservative Forces

3

Dissipative Systems
k

mx x x x Friction mx bx kx�� �� �  0

�� �x
b
m
x

k
m
x� �  0

2 n
b
m

Z 

x

t
Oscillatory
damped

x

t
Critically
damped

x

t
Over
damped

Higher b/m

n2Z�

2d order systems 
mx bx kx�� �� �  0
�� �x

b
m
x

k
m
x� �  0

b
m
n2Z

Z n
2

Natural damping ratio
Critically 
damped
when
b/m=2Zn

[
Zn
n

b
m

 
2

b
km

 
2

Critically damped system: [ n b km  1 2  ( )

Time Response
�� �x x xn n n� �  2 02[ Z Z

Z n
k
m

 ; [ n
b
km

 
2

Natural
frequency

Natural
damping
ratio

x t ce tn nt
n n( ) cos( ) � ��[ Z Z [ I1 2

Z
damped
Natural
frequency

x(t)

t

2

1 2

S
Z [n n�

21 nnZZ [� 

k
mx x x x b

x

mx bx kx�� �� �  0
m  2 0.
b  4 8.
k  8 0.what is the  “damped Natural frequency”

Z Z [ �n n1 2

Z n
k
m

  2 ;  [ n
b
km

  
2

0 6.

Z  �  2 1 0 36 1 6. .

Example

1-dof Robot Control
m f

x0 xd

mx f��  

V(x)

x0 xd
x

Potential Field

V x x x
V x x x

d

d

( ) ,
( ) ,

! z

  

0
0

V x k x xp d( ) ( ) �
1
2

2 ;  f V x
V
x

 ��  �( )
w
w

mx
x

k x xp d�� [ ( ) ] � �
w
w

1
2

2 ;  mx k x xp d�� ( )� �  0

Position gain

� � � �1
2

T

goal p g gV k x x x x � �

System
d K K
dt x x

f
w w§ · �  ¨ ¸w w© ¹�

goalV
f

X
w

   �
w

Passive Systems (Stability)

� �
0goalKd K

dt x x

Vw �w§ · �  ¨ ¸w w© ¹� Stable

Conservative Forces

3

Dissipative Systems
k

mx x x x Friction mx bx kx�� �� �  0

�� �x
b
m
x

k
m
x� �  0

2 n
b
m

Z 

x

t
Oscillatory
damped

x

t
Critically
damped

x

t
Over
damped

Higher b/m

n2Z�

2d order systems 
mx bx kx�� �� �  0
�� �x

b
m
x

k
m
x� �  0

b
m
n2Z

Z n
2

Natural damping ratio
Critically 
damped
when
b/m=2Zn

[
Zn
n

b
m

 
2

b
km

 
2

Critically damped system: [ n b km  1 2  ( )

Time Response
�� �x x xn n n� �  2 02[ Z Z

Z n
k
m

 ; [ n
b
km

 
2

Natural
frequency

Natural
damping
ratio

x t ce tn nt
n n( ) cos( ) � ��[ Z Z [ I1 2

Z
damped
Natural
frequency

x(t)

t

2

1 2

S
Z [n n�

21 nnZZ [� 

k
mx x x x b

x

mx bx kx�� �� �  0
m  2 0.
b  4 8.
k  8 0.what is the  “damped Natural frequency”

Z Z [ �n n1 2

Z n
k
m

  2 ;  [ n
b
km

  
2

0 6.

Z  �  2 1 0 36 1 6. .

Example

1-dof Robot Control
m f

x0 xd

mx f��  

V(x)

x0 xd
x

Potential Field

V x x x
V x x x

d

d

( ) ,
( ) ,

! z

  

0
0

V x k x xp d( ) ( ) �
1
2

2 ;  f V x
V
x

 ��  �( )
w
w

mx
x

k x xp d�� [ ( ) ] � �
w
w

1
2

2 ;  mx k x xp d�� ( )� �  0

Position gain

� � � �1
2

T

goal p g gV k x x x x � �

System
d K K
dt x x

f
w w§ · �  ¨ ¸w w© ¹�

goalV
f

X
w

   �
w

Passive Systems (Stability)

� �
0goalKd K

dt x x

Vw �w§ · �  ¨ ¸w w© ¹� Stable

Conservative Forces

Higher	ω	:	faster	response		
	
Higher	ζ:	slower	response	
	
op-mal	choice	(no	overshoot)	:	ζ	=	1		



2nd	order	systems	are	Prac?cal	
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like	a	2nd	order	system	
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like	a	dissipa-ve	system		
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How	to	deal	with	non-linearity?	
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Effect	of	disturbance	?	
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General	Case:	
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Rule	of	thumb:		
V	≈	0	:	usually	we	do	not	
es-mate	V		
M,	G:	good	es-mate			



•  Gravity	Compensa?on	:	τ	=	Ĝ	(θ)	
•  ->	the	robot	is	free	in	the	air			



Prac-cal	issues	for	choosing	Controller	Gains	
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Rule	of	thumb:		
ω	=	(3	to	10	Hz)*2π	
ζ	=	1	

Tacoma	Narrows	Bridge	(1940)	



New	Trends	in	Robo-cs		
(Force	Control)	

•  Human-robot-interac?on	(HRI)	->		
•  Light-weight	robots	(force	controlled)		
•  Examples	are	WAM,	Kuka	iiwa,	…	



•  even	if	you	have	torque	control	(closed-loop),	we	
have	to	handle	impact	(open-loop)	

•  Variable	S?ffness	Actuators	(VSA)	->		
•  Inherent	(passive)	compliance	->	op?mal	control	

ETH	robot:		
StarlETH	



Task	Oriented	Control	
(Opera?onal	Space	Control)	

•  Human	do	not	use	Joint	Space	Control	
•  Task	space	control	is	more	intui?ve		
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Taken	from	O.	Kha?b	(Introduc?on	to	Robo?cs	course)		
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Unknown	Surface	following		
•  Compliance Controller
•  Soft in Z (contact direction) 
•  Stiff in X,Y, and rotations
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Compliance	Control	

•  1-DOF	compliance	control	

haps://www.youtube.com/watch?v=WS1gSRcJbJQ	
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Example	Applica?ons	

•  Compliance	Control	

Introduction to Robotics, H. Harry Asada 1

 
Chapter 9 

Force and Compliance Controls 
 

A class of simple tasks may need only trajectory control where the robot end-effecter is 
moved merely along a prescribed time trajectory. However, a number of complex tasks, including 
assembly of parts, manipulation of tools, and walking on a terrain, entail the control of physical 
interactions and mechanical contacts with the environment. Achieving a task goal often requires 
the robot to comply with the environment, react to the force acting on the end-effecter, or adapt 
its motion to uncertainties of the environment. Strategies are needed for performing those tasks.  

Force and compliance controls are fundamental task strategies for performing a class of 
tasks entailing the accommodation of mechanical interactions in the face of environmental 
uncertainties. In this chapter we will first present hybrid position/force control: a basic principle 
of strategic task planning for dealing with geometric constraints imposed by the task environment. 
An alternative approach to accommodating interactions will also be presented based on 
compliance or stiffness control. Characteristics of task compliances and force feedback laws will 
be analyzed and applied to various tasks.  

 
  

9.1 Hybrid Position/Force Control 
   
9.1.1 Principle 

To begin with let us consider a daily task. Figure 9.1.1 illustrates a robot drawing a line 
with a pencil on a sheet of paper. Although we humans can perform this type of task without 
considering any detail of hand control, the robot needs specific control commands and an 
effective control strategy. To draw a letter, “A”, for example, we first conceive a trajectory of the 
pencil tip, and command the hand to follow the conceived trajectory. At the same time we 
accommodate the pressure with which the pencil is contacting the sheet of paper. Let o-xyz be a 
coordinate system with the z-axis perpendicular to the sheet of paper. Along the x and y axes, we 
provide positional commands to the hand control system. Along the z-axis, on the other hand, we 
specify a force to apply. In other words, controlled variables are different between the horizontal 
and vertical directions. The controlled variable of the former is x and y coordinates, i.e. a position, 
while the latter controlled variable is a force in the z direction. Namely, two types of control loops 
are combined in the hand control system, as illustrated in Figure 9.1.2. 
 
 

Fz 
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z

x

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.1.1 Robot drawing a line with a pencil on a sheet of paper 
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