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Teleoperation System Overview
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Dynamic Model of Teleoperation Systems

1. Mechanical Model
2. Mechanical and Electrical Analogy
3. Electrical Model
4. Understanding of the behavior of 

Teleoperation Systems



One-DOF Schematic Diagram
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The dynamics of the master arm and slave arm is given by the 
following equationsg q

mmmmmm fxbxm +=+ τ&&&  :Master

ssssss fxbxm −=+ τ&&& :Slave



Definition of Parameters 

mmmmmm fxbxm +=+ τ&&&  :Master

: displacement of master arm

ssssss fxbxm −=+ τ&&& :Slave

x : displacement of master arm
: displacement of slave arm
: mass coefficient of the master arm
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: ass coe c e t o t e aste a
: viscous coefficient of the master arm 
: mass coefficient of the slave arms
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: viscous coefficient of the slave arm 
: force that the operator applies to the master arm m
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: force that the slave arm applies to the environment
: actuator driving forces of master  m
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τ

: actuator driving forces of slavesτ



Dynamics of the Environment

The dynamics of the environment interacting with the 
slave arm is modeled by the following linear system:slave arm is modeled by the following linear system: 

seseses xkxbxmf ++= &&&

where
:  mass coefficient of the environment em
:  damping coefficient of the environment 
:  stiffness coefficient of the environment e

e
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The displacement of the object is represented by      because the 
slave arm is assumed to be rigidly attached with the environments

sx
slave arm is assumed to be rigidly attached with the environments 
or slave arm firmly grasping the environments, in such a way that 
it may not depart from the object, once the slave arm contact the 
environments. 



Dynamics of the Operator

It is also assumed that the dynamics of the operator can be 
approximately represented as a simple spring damper mass systemapproximately represented as a simple spring-damper-mass system 

mopmopmopmop xkxbxmff ++=− &&&

where
:  mass coefficient of the operatoropm
:  damping coefficient of the operator
:  stiffness coefficient of the operatorop

op
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:  force generated by the operator’s musclesop

p

f

The displacement of the operator is represented by      because it 
is assumed that the operator is firmly grasping the master arm 

d t l th t d i th ti
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and operator never releases the master arm during the operation.  



Master/Operator Cooperative System
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Slave/Environment Cooperative System
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Total System
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Let’s Do This

• Simulate dynamics behavior 
• How to make stable simulation ?

“Y. Yokokohji and T. Yoshikawa, “Bilateral Control of
Master-slave Manipulators for Ideal Kinesthetic Coupling-Master-slave Manipulators for Ideal Kinesthetic Coupling-
Formulation and Experiment,” IEEE Trans. Robotics and 
Automation Vol 10 No 5 pp 605 620 1994 ”Automation, Vol. 10, No. 5, pp. 605-620, 1994.



Constitutive Relation

The environment defines a “constitutive relation,” a relation 
b f d i i f i d i ibetween force and position or one of its derivatives.

Examples:Examples:

FSpring FDamper FInertia
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Inertia

x&x x&&



Electrical Analogy

These relations for mechanical systems are directly analogous 
i il l i f l i lto similar relations for electrical systems

VCapacitor VResistor VInductor

i
1/C R

di

L

∫ idt i
dt∫ idt

Force               Voltage  (effort)
Velocity           Current  (flow)



Example 1

Convert an environment defined by the mechanical system

kxxbxmF ++= &&&

to the equivalent electrical circuitto the equivalent electrical circuit.
We can make the substitutions

iFV &↔↔ xiFV ↔↔  ,
giving

∫
tdi
∫++=

t
idtkbi

dt
dimV

0

Th b k d h l i lThe parameters m, b, k correspond to the electrical parameters

kRbLm 1
↔↔↔

C
kRbLm  , , ↔↔↔



Example 1
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Mechanical to Electrical and vice versa

Consider two equations which correspond physical laws:  

massPoint  ,0∑ =F

∑ = loopmechanical,0x&∑ loopmechanical,0x

The analogous electrical laws are

∑ = loop electrical ,0V

g

∑ = nodecircuit ,0i

We MUST equate a point mass with an electrical loop andWe MUST equate a point mass with an electrical loop and 
circuit node with a mechanical loop. In other words, we must 
map series mechanical connections to parallel electrical ones p p
and vice versa.



Example 2

Convert the following mechanical system to an equivalent electrical 
k

k

1x 2x
network:

M1

k

F
M2

b

1) point mass = electrical loop



Example 2

2) A force generator is connected to the first mass. Thus we insert ) g
a voltage source in the first loop:

Vf

3) M1, M2 correspond to inductors. Each inductor should have a ) , p
current which corresponds to the correct velocity therefore:

1L 2L

Vf

1



Example 2

4) b,k, are connected to both masses. The velocity/position which 
d i h i f i h diff b h ’determines their forces is the difference between the two masses’ 
velocities. They thus correspond to resistance and capacitance 
connected into the common branch of the two loops sinceconnected into the common branch of the two loops since 

1212 iixx −→− &&

1L 2L

RVf R

C

where R=b, and C=1/K



Example 3: Contact

• Discontinuous contact is harder to model, but more 
i i l b i i h d iimportant since contact always begins with and impact 
between the robot and environment. Consider a robot which 
is predominantly an inertia Contact with a rigid wall couldis predominantly an inertia. Contact with a rigid wall could 
be modeled by a switch:

1i 0Contact  :open 1 =→ i
Robot 0motion  free :closed 1 ≠→ i



Example 3: Contact

or for a non-rigid environment:or, for a non rigid environment: 

EL

Robot
1i ER

C

Environment

EC

The switch can be controlled by the position: ( )∫
t

dttiThe switch can be controlled by the position: ( )∫ dtti
0 1



Electrical Conversion

opZ mZ

Contact point
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Circuit port



Two-port Network
Operator Master Slave Environment
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Teleoperation system have two-contact point
Thus, two-circuit port
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Correspondence btw. Mech. Elec.

velocity of the master arm ↔ current 
mx& mI

velocity of the slave arm 

operator’s force ↔
↔ current 
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Two-port Mapping

The relationship between efforts and flows is commonly described 
in terms of an immittance matrix (P)in terms of an immittance matrix (P). 
Immittance mapping : y = Pu
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All of the immittane mapping satisfy the following condition
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Hybrid Parameter Interpretation
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Dynamic Model of Haptic Interfaces

1. Mechanical Model
2. Electrical Model
3. Discrete Model with ZOH



Haptic Interaction System Overview

3D Graphics Processor

60Hz

Virtual Environment
M d lor Model

Haptics Processor
Mechanism

1000 Hz

Power Converter



Mechanical and Electrical Model
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Mechanical Model
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Discrete Model with ZOH
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Kinematics of Teleoperation

1. Joint rate control
2. Resolved rate control
3. Master slave control
4. Generalized master slave



Joint Rate Control

1θ& 2θ& 3θ&1θ 2θ 3θ

knobsknobs

Control Panel

Ad tAdvantage
Cheap (usually no computer or sensors are required)

Disadvantage
Human must do inverse kinematics in their hand ! 



Resolved Rate Control

( )1F Robot Joint( )tx& ( )tθ&
Computer

( )θ1−
M

F J Robot Joint
Control

( ) ( )

Joystick

Cartesian rate
θ

Cartesian rate
command



Resolved Rate Control  (cont.)

• Advantage
– Modest computation requirements
– Can be adapted to task (ex. Change ref. frame or 

ref. PT) 

• Disadvantage
– Cognitive load:g

• operator must differentiate desired trajectory
• rate control of orientation is difficult

– Watch out for singularities
• system may demand infinite joint rates from robot



Master/Slave Control (Homeo morphie)

Master SlaveHand Grip Gripperp Gripper

DH T blDH Table

DefinitionsDefinitions
• Indexing: provision of an arbitrary offset between master and 

slave configurations
• Scaling: ability to multiply position commands by an arbitrary 

constant



Master/Slave Control (cont.)

• Advantage
– Simple architecture (eg. 6 analog controller)
– Good operator interface (1:1 motion and force 

control) 

.
• Disadvantage

– Master and slave must be same designg
– Master and slave must be in same configuration



Master/Slave Control (cont.)

Consider a M/S system which is moved by       at the master ixΔ
resulting in slave motion oxΔ

λ

( )MMJ θ1− ( )0θθ +MSJ

Pλ

( )MMJ θ

ixΔ oxΔMθΔ dθΔ

If             and            then1=Pλ 00 =θ

( ) ( )JJ θθθθ ( ) ( )SSMMSM JJ θθθθ ==   ,

and

( ) ( ) iiMMSSo xxJJx Δ=Δ=Δ − θθ 1



Master/Slave Control (cont.)

Index

oMSoif θθθθ +=≠    ,0 

( ) ( ) IJJ − θθθ 1( ) ( ) IJJ MMoMS ≠+ − θθθ 1

Scale

MPSPif θλθλ =≠    ,1 

( ) ( ) PMMMPS JJ λθθλ ≠−1

θθ

Controller must make sure that 

MS θθ =
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