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Cable Suspended Parallel Robots

Simple structure Easy assembly capability Large workspace Low mass and volume
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Jacobian Analysis
Dynamics Formulation
Motion Control
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Mechanism Description
CPRA System
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Mechanism Description

« 3 motors and 2 cables

* 4 moving pulleys and 10 fixed pulleys

* Winds and unwinds simultaneously
« Asymmetric design

« Workspace Improvement

 Low maintenance costs
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Modeling assumptions

3 degrees of freedom

Point mass moving platform

Ny =Ny, My =myp, k. =kp, hy = hy

b
>
£
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6xq1 = 0y; = 6x, = 0y, =0
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k:\/x2+y2+z2

h= VT

m=\/(d— )2+ (s —y)* + 22
n=+/r2+ (s —y)2+ 22
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?“393 — (h — ho) O (k — ko) + ?“292

r3fs = (m —mg) + (h — ho) + r16,

rafls = (k — ko) + (h — ho) + (m — mo) + (n — ng)
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Inverse Kinematics

Inverse
Kinematics
1
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by =— (Vo2 + 2+ 2 V(A= o)+ P+ 2+ (A= + (s —y) +
3

a2+ (s —y)2 + 22— ko — ho — mo — no)
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Forward Kinematics

New Variables

o = 133 — 1ol + (kg + ho) k=a—h
3 =r3fly — ri0y + (mo + hg) » m=03—-h
Y =116y + 1oy — 1363 + (no — ho) n=-~y+h
2 2 2 v
a”+ 87—~
2((]5_'_5_'_7) k> +—m n°+h
Geometric Equality
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Forward Kinematics

Forward

Kinematics

a? —2a0h + d*
2d

s +28h — 32
25

s? +20h— 32, a? — 2c0h + d?
e N N A

r =
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Forward Kinematics (Analytical vs. Numerical)

o X d-Xc: Forward Kinematics Verification
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Jacobian Analysis
CPRA System

Velocity Analysis
Jacobian Simulation
Singularity Analysis
Stiffness Analysis

Sensitivity Analysis

15



Jacobian Analysis
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Kinematics Verification by ADAMS Simulation
T T T
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Singularity Analysis

Locations where singularity occurs
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Sensitivity and Stiffness Analysis

z=-2000 mm
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Regardless of the mass of the cables

o . —-J\JX—I—G:Q
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Dynamic Modeling with Considering The Mass of Cables

Velocity analysis of center of the mass of cables

5

:

Velocity flow

Velocity flow
+

Length change

Length change
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Dynamic Modeling with Considering The Mass of Cables

Variable orientation Cable
- Fixed orientation Cable

: 1. 1
Uy = (R +k+m+ Eh)§4 + Ehm X 84

R S .
Vepy = (M + K+ 5m)33 + 5Mws X §3

S TV .
Vepy = (N + 5&)32 + ﬁkwg X So
1 1

Ve,y = —'fl§1 -+ E'ﬁ.‘ujl X §1

2
Uey = (L + 1)8y
Ve, = (k + 1)
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—— Variable orientation Cable
= Fixed orientation Cable
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Dynamic Formulation of the Moving Platform
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X,y and z [mm]
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Dynamic Formulation of the Whole Manipulator

M(X)X + C(X, X)X +G(X)

Result Trajectory for Camera Carrier

Qi=Fg+F=F+1I'r

Q

time [sec]
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Decentralized PD Controller

K, = 10*x diag[1. 1, 2000],

. 10° Tracking Errors Tracking Performance
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Ky =102 xdiag|[1,1,2000]

time(sec)
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Decentralized PD Controller
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Decentralized PD Controller

Cartesian Forces F‘
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Feed Forward Control

K, = 10% x diag[1,1,2000], K, = 10% x diag[1. 1,2000]
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Feed Forward Control

Actuator Force 1

Newtons

time(sec)

Actuator Force 3
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Feed Forward Control

Cartesian Forces Fx
T
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IDC Controller

w10 Tracking Errors
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Newtons

IDC Controller

Actuator Force 2
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IDC Controller

Cartesian Forces Fx
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Partial IDC Controller

K, = 10% x diag[1.1.2000], K, = 102 x diag|L. 1. 2000]
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Partial IDC Controller

MNewtons

MNewtons
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Robust Controller

Tracking Performance
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e, (m)
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K, = 10% x diag[1,1,2000]
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Robust Controller
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Robust Controller

Cartesian Forces Fx
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Motion Control Adams Simulation

Force (newton)
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CPRA System Admas Control Simulation
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Force Control

CPRA System

e Stiffness Control

+ Impedance Control

45



Stiffness Control

K, = diag[1,1,1],

Tracking Performance
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K, = diag|[1,1,1]
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Stiffness Control
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Stiffness Control
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Force vs Position Error
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Stiffness Control (5x)
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Stiffness Control (5x)
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Stiffness Control (5x)
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e, (m)
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Impedance Control

K, = 100 x diag[1,1,1].C,
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Impedance Control
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Impedance Control

Mgey + Cjex + Kjex = F,

Impedance Dynamics
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Zg (m)
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Impedance Control (2)

Mg = 100 X I3x3.Cq = I3x3. Kq = 10 X I3x3
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Impedance Control (2)
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Impedance Control (2)

Mge, + Cyex + Kgex = F,

Impedance Dynamics
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