21

2
Encoder
2
2.2
221 (Force/Position Control)
(Intelligent ~ Robot)
(Sensor)
Force Servoing
J.J. Craig M H. Raibert [3] ..1979

(Hybrid Force/Position Control)

Selection Matrix



. .1987 Neville Hogan [4]
Control) Impedance Control

K. Youcef-Toumi ~ Dong L [9]
Inner Velocity Loop
1
(Steady state Force Error)

1988 Mark . Spong

1989 Mark . Spong [7]

State space

Shimoga .

4
L Hybrid Force Control

Direct-drive

(Implicit Force

1987
Robust
Decoupled

Robert J. Anderson [6]
(Hybrid Impedance Control)

2
Integral  Manifold

Andrew A. G.[8]

2. Resolved Acceleration Based Force Control



3. Stiffness Control
4. Impedance Control
Routh-Hurwitz

4
Configuration
2-4 Hybrid Force Control
Environment Stiffness Matrix
Environment Stiffness Underdamped
Gursel Alici ~ Ron . Daniel [9] 1993
(Mathematical Model)
(Force Control System) PUMA 560 Manipulator,
Explicit Dynamic Model Manipulation Systems
Input/output Mechanical, Hardware
Software Propotional Gain ~ Derivative Gain Loop
|dentification
(Simulation) Bode plots 30 Hz

(Hard on Hard Contact Application)
Robotic Drilling

1996 Peilin Song Andrew Goldenberg [10] Hybrid
Control
2
Constraint(C)
(F) Constraint(C)

Constraint(C) (3



Force Exert  Constraint
(Dynamic Equation) Dynamic Effect
Computed Torque
(Kinematics)
( Force Controller)

Consistent Position/Force Controller
Inertia Matrix

1999 R. Maase, V. Zahn [11]
(Hybrid force/position Control) Position Based Neural Force Control (NFC-P)
Advantage Robot Cntrol
Hard Contact Control Polishing Deburring ~ Disassembly
(Real-time)
Neural Network
Inverse Dynamic Mapping

Sensor NFC-P Renders Manipulator
Control  Forceltorque Sensor  Distance Sensor
Force Estimation Function Sensor-less Force Control PC

Interaction Task of Multi Joint Manipulator

Torsten Kroger, Bernd Finkemeyer [12]
2004 Current Robot Force
Control  Scientific Approaches ~ Compliant Motion ( )

Mason's Task Frame Formalism
(Industrial Manipulator)
(Adaptive Force Control) 3 DOF



1996 [13]
2 Natural
Constraint  Artificial Constraint

Resolved Acceleration 2000
[14] Implicit
2 (Stiffness)
Resolved
Acceleration
2.2.2 (Obstacle Avoidance)
20
2 Global Local Method [15]
Global Method C-space (Configuration-space)

Cartesian  Space C-space

Global Method
, Off-line Path Planning Tool

Local Method
Real-time Sensor-

hased , On-line Real-time Collision Avoidance



10

Homayoun Seraji Bruce Bon [15] Real-time
Collision Avoidance 1999
6 7 Real-time
Safety Zone

Real-time

1991 Y. Inoue, . Kitamura Y. Kidawara [16]
Redundant
6 2 Virtual Impedance
On-line
(Force Feedback Control) Off-line
Impedance Joint Compliance (Stiffness)
Pseudo Inverse of Matrix Stiffness 2
' ' Jacobian  Inverse Kinematics

Stiffness Delay Time

1998 Homayoun Seraji  Richard c.[17]
2
Force Tracking Impedance Control
Contact Force
Stiffness Direct Adaptive Control
On-line Force Tracking-eror
2 Indirect  Adaptive strategy Environment
Parameter ~ On-line  Reference Position
Adaptive Control System 2 Reference
Position Impedance Control Systems Schemes  Force Feedback
Robot ~ Force Contact Environment  Stiffness
Location 2 Real-
time  Control 2 Schemes
Real-time Impedance Control Loop Environment  Stiffness



1

Closed-loop System Sampling Rate
Simulation 7 DOF Full Arm Dynamics
Adaptive Environment Stiffness

Impedance Dynamics

Bojan N. ~ Leon Z [18] 1998
4 Redundant Robot
Impedance Redundance
Gradient Optimization Dynamically Pseudo-inverse Matrix
Kinematic Redundancy 2 Local
Global  Optimization Global
Real-time Local
Optimization Local
Gradient Projection Collision
Avoidance, Torque Optimization, Singularity Avoidance ~ Manipulability Optimization
Redundant
Globally stable Impedance Control Law 2
Null Space 2
Tracking
Null Space  Collision Avoidance Minimum  Joint  Torque
Redundancy Gradient Projection
2.3
2-Link Planar Arm
Input/Output Gursel

Alici ~ Ron . Daniel [9] Articulated Robot
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Peilin Song  Andrew Goldenberg [10]
2 Local  Global Collision Avoidance
Homayoun Seraji Bruce Bon [15]
Gradient Projection
CRS Robot

2 ‘ . Jacobian Inverse Kinematics

Inoue, . Kitamura Y. Kidawara [16]
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