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Abstract

Machine tools, robots and parallel manipulators are useful platforms in manufacturing. For parallel manipulators, developing contour

tracking ability and clarifying the role of force computation are of significance.

This work presents a novel contour tracking control with force computation for hydraulic parallel manipulators. Different trajectories

are used to evaluate the tracking errors on an empirical hydraulic parallel manipulator. The proposed control law and tracking systems

are effective and the force computation is proven highly effective in the frame of the contour tracking system.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ancient humans used tools, whereas modern humans use
machine as tools. Machines designed as manufacturing
tools are called machine tools. Machine tools are in serial
but orthogonal structures. The development of robots has
created a new family of machine tools that are serial and
non-orthogonal structures. Another machine is emerging
and approaching maturity—parallel structured machines
that have parallel and non-orthogonal structures.

Parallel manipulators with physically closed forms
generally have advantages of high stiffness, low inertia,
large loading capacity and compact construction. Parallel
manipulators have been widely utilized in numerous
applications, such as isolation platforms, endoscopes,
vehicle simulators, aircraft simulators, spherical radio
telescopes, and six-axis machine tools. Since parallel
manipulators have high degrees of freedom and are
compact, they are very suited to use as heavy-duty
platforms. Hydraulically driven parallel manipulators are
such heavy-duty platforms.
e front matter r 2007 Elsevier Ltd. All rights reserved.
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The controls of machine tools, robots and parallel
manipulators have distinct features. Machine tools are
capable of tracking continuous paths; however, no force
computation exists for the creation of feeding motion.
Robots have limited ability to tracking continuous paths,
but computed-torque is the standard control in motion
creation—this is true for even the oddest form of serial
robots (Khalil, Gallot, & Boyer, 2005). Parallel manip-
ulators have little continuous path tracking ability;
however, since parallel manipulators are akin to robots,
the torque/force computation is normally executed.
While machine tools and robots have matured in

manufacturing, parallel manipulators are still progressing
(Merlet, Perng, & Daney, 2000)—the ability of parallel
manipulators to perform continuous path tracking is not
yet mature.
Generally, hydraulic machines have high load capacity,

but poor dynamic characteristics and are thus unable to
track trajectories accurately. Numerous studies have been
devoted to improve the accuracy and control performance
of hydraulic systems. Although concepts for computed
force on hydraulic cylinders were proposed by Lischinsky,
Canudas-de-Wit, and Morel (1999), they did not consider
dynamics. Kwon and Babcock (1995), who compensated
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Fig. 1. Construction of hydraulic manipulator.
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for the load and friction effect in tracking control, did not
consider a parallel manipulator and system dynamics.
Zhou (1995), who developed a force-compensation con-
troller for hydraulic robots, did not consider parallel
manipulators. Kosuge et al. (1996) used feedback force
compensation to achieve velocity control, but did not
address continuous path tracking.

On the other hand, for orthogonal machine tools,
tracking continuous spatial trajectories has been successful.
Cross-coupled pre-compensation algorithms (CCPM)
(Chin, Cheng, & Lin, 2004; Chin & Lin, 1997, 1999) have
been developed. However, no tracking-related algorithms
for machine tools compute force. Non-orthogonal parallel
manipulators have simple constructions and are sophisti-
cated in kinematics and computations of dynamics
(Gosselin & Angeles, 1989; Gosselin & Angeles, 1990; Merlet,
1992); this, combined with the problem of singularity in
work space (St-Onge & Gosselin, 2000), generates increas-
ing obstacles for developing comparable continuous con-
tour tracking ability. Lue, Cheng, and Chin (2005)
investigated the problem of contour tracking for non-
orthogonal machines, but did not utilize experimental
implementation. Although there is no lack of powerful
control algorithms for manipulators (Benallegue, 1995;
Gang, 1990; Honegger, 1997; Rolf, 1990; Walker& Wee,
1991), continuous contour tracking control is still lacking
for parallel manipulators (Dasgupta & Mruthyunjaya,
2000). This shortcoming is especially true for heavy-duty
hydraulic parallel manipulators.

Parallel manipulators have been the focus of consider-
able research (Merlet, 2000; www.parallemic.org). This
work investigates a relatively weak and insufficiently
investigated area—continuous path tracking of hydraulic
parallel manipulators. A novel control strategy that
compensates for contours and has a force computation
combined with velocity control is proposed. The force
computation is effective, if not indispensable, for heavy-
duty hydraulic manipulators, and the combination of force
computation and contour control allows the parallel
manipulators to continuously track contours.

2. Kinematics and dynamics of hydraulic manipulator

The empirical 3-DOF hydraulic parallel machine is
composed of a moving platform supported on a stationary
base by three hydraulic cylinders each having universal
joints on both ends, as shown in Fig. 1. Inverse kinematics
determines the extension lengths of hydraulic cylinders to
create the desired position and orientation of the moving
platform. The purpose of continuous contour tracking
is to control the three cylinders to track not desired discrete
positions and orientations, but desired continuous posi-
tional and orientation trajectories. For heavy duty mani-
pulators, force computation is presumably important, so
dynamic model is established and inverse dynamics is
utilized to derive demand forces for cylinders during the
trajectory tracking. Kinematics of this type of manipula-
tors has been investigated in Tsai (1996) and Tsai and Joshi
(2003). Dynamic formulations can be established by
different mathematical methods, for example, Lagrange
(Geng, Haynes, Lee, & Carroll, 1992), principal virtual
work method (Tsai, 1999, 2000), etc. In this work Newton-
Euler formulation (Dasgupta & Mruthyunjaya, 1998a, b;
Harib & Srinivasan, 2003) is used to derive dynamics. And
the dynamics of hydraulic will be integrated with dynamics
of manipulator.

2.1. Coordinate system

The moving platform of the empirical hydraulic manip-
ulator (Fig. 1) has three DOF and the position and
orientation can be represented by a vector q with position
and orientation variables (Cheng, 2004)

q ¼ ðz; a; bÞT, (1)

where z is Cartesian vector in Z-axis, and a, b are Euler
angles. The link space consists of three-variables

l ¼ ½ l1 l2 l3 �T . (2)

A passive triangular support which may strengthen the
structural weakness but do not hinder the necessary motion
within work space is connected to the center of platform
with a pair of revolute joints. Three robust hydraulic
cylinders serve as the driving links.
In Fig. 1 the origin of coordinates P and W is assumed to

be on the mass center of moving platform and base,
respectively. At initial position, the relation between frame
P and frame W is as follows:

W P ¼ 0 0 z
� �T

(3)

After rotational transformation the relation can be
written as (Dasgupta & Mruthyunjaya, 1998a)

W P ¼ ð 0 0 zP Þ
T
þ W RP

PP: (4)

Fig. 2 illustrates the top view of the hydraulic
manipulator. The connecting points on upper platform
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Fig. 2. Top view of the hydraulic manipulator.

Fig. 3. Force components and length expressions on link i.
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are in moving coordinates:

Pai ¼ ½R � cyi R � syi 0� ; i ¼ 123

and those on the lower platform are in fixed coordinates:

W bi ¼ ½R � cyi R � syi 0� ; yi ¼ pþ
2p
3
ði � 1Þ; i ¼ 123,

where c and s denote cosine and sine function, respectively.
The connecting points of the upper platform described in

fixed coordinates are

W ai ¼ ½
W RP�n½

Pai�; i ¼ 123,

where W RP is the rotational matrix, and

W RP ¼ Rðy;bÞRðx; aÞ ¼

cb sbsa sbca

0 ca �sa

�sb cbsa cbca

2
64

3
75. (5)

2.2. Inverse kinematics

2.2.1. Inverse position kinematics

In Fig. 1, the points ai (i ¼ 1,2,3) on the moving platform
are joint locations which can be referenced to frame W
from frame P as (Dasgupta & Mruthyunjaya, 1998a)

W ai ¼
W xp þ

W RP
Pai ;

W xp ¼ ½0; 0; z�
T (6)

and the link vector Li can be expressed as

W Li ¼
W ai �

W bi , (7)

where bi are joint vectors with respect to center of frame W,
namely the center of fixed platform.

2.2.2. Inverse velocity kinematics

The velocity of ai is determined by taking time
differentiation of Eq. (6):

W _ai ¼
W _xp þ xP �

W RP
Pai ;

W _xp ¼ ½0; 0; _z�
T

and

xP ¼ ½ _a _b 0 �T. ð8Þ
Then, the link velocity is projection of velocity vector ai
on the link vector ni

_li ¼
W _ai �

W ni ¼
W _xp �

W ni þ xP �
W RP

Pai �
W ni

� �
. (9)

The singular position will occur when det(J) ¼ 0, but in
the work space of the exemplary manipulator there is no
singular surface.

2.2.3. Inverse acceleration kinematics

The acceleration of ai is determined by differentiating
Eq. (8) (Dasgupta & Mruthyunjaya, 1998a)

W €ai ¼
W €xp þ aP �

W RP
Pai þ xp � xP �

W RP
Pai

� �
,

W €xp ¼ ½0; 0; €z�
T. ð10Þ

Therefore, the €li can be easily found by differentiating
Eq. (9) with respect to time

€li ¼
W €ai �

W ni � li xi � xi �
W _ni

� �� �
� W ni, (11)

where the limb angular velocity xi and angular accelera-
tion ai are as follows

xi ¼
W ni �

W _ai

� ��
li; ai ¼

W ni �
W €ai � 2_lixi

� ��
li. (12)

2.3. Inverse dynamics

Dynamic equations can be derived by different ap-
proaches: Newton–Euler formulation, Lagrangian formu-
lation, and the principle of virtual work method. In this
paper, Newton–Euler formulation is used (Dasgupta &
Mruthyunjaya, 1998b) (Fig. 3).
Let mp and Ip be mass and inertia moment of platform,

the force fi of link i, i ¼ 1, 2, 3, is determined by summing
reaction forces along axial direction and expressed as
(Dasgupta & Mruthyunjaya, 1998b)

f i ¼ muaiu �
W ni � f a

i �muG � W ni. (13)
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The actuation force of links F can be derived as

F ¼

f 1

..

.

f 3

0
BB@

1
CCA ¼

muða1u � GÞ � n1

..

.

muða3u � GÞ � n3

0
BB@

1
CCA� JTC, (14)

where

C ¼

mp
W €xP �mpG �

P3
i¼1

Fn
i

� �
z

�IPaP þ IPxP � xP �
P3
i¼1

W RP
Pai � F n

i �
P3
i¼1

Mi

� �
x;y

2
66664

3
77775,

(15)

J�T ¼

W n1;z � � � W n3;z

W RP
Pa1 �

W n1

� �
x;y
� � � W RP

Pa3 �
W n3

� �
x;y

" #
.

(16)

The Jacobians are established in a preceding study
(Cheng, 2004)

J ¼

qL1

qZ

qL1

qa
qL1

qb
qL2

qZ

qL2

qa
qL2

qb
qL3

qZ

qL3

qa
qL3

qb

2
66666664

3
77777775
¼

J11 J12 J13

J21 J22 J23

J31 J32 J33

2
64

3
75.

With

Ji1 ¼ ð
W aiz �

W bizÞ=Li

Ji2 ¼ ½ð
W aix �

W bixÞ � R � syi � ca � sb

þ ðW aiy �
W biyÞ � R � syi � ð�saÞ þ ðW aiz �

W bizÞ � R � syi � ca � cb�=Li,

Ji3 ¼ ½ð
W aix �

W bixÞ � R � ðcyi � ð�sbÞ þ syi � sa � cbÞ

þ ðW aiz �
W bizÞ � R � ðcyi � ð�cbÞ þ syi � sa � ð�sbÞÞ�=Li ,

where i ¼ 1–3.
There are efficient modeling algorithms (Ibrahim, Khalil,

& Guegan, 2004; Khalil & Guegan, 2004) which may give
efficient close-form solutions to the parallel manipulators,
but Eqs. (1)–(14) are used in the force computation and
controller design in this study for the sake of consistence
with former studies.

2.4. Forward kinematics

Forward kinematics is to find the Cartesian coordinate
vector of platform from links information. Solutions are
not unique. Raghavan (1993) had solved the forward
kinematics with multi-possible solutions, but only one
solution is consistent with actual position of platform. A
Newton–Raphson method based numerically iterative
method for forward kinematics was used by Chin and
Peng (2005a) which was followed in this work.
For solving the problem, a closed-loop function FLi(q) is
defined as (Sirouspour & Salcudean, 2001)

FLðqÞ ¼
X3
i¼1

LiðqÞ
2
� l2i

� �
¼ 0, (17)

where i denotes link number and Li(q) is link length
function, which determines the link length by inverse
kinematics with coordinate vector q.
The desired vector q(n) can be easily computed as (Chin

& Peng, 2005a)

qðnÞ ¼ qðn�1Þ þ J � FLðqÞjq¼qðnÞ
� FLðqÞjq¼qðn�1Þ

� �
. (18)

2.5. Forward dynamics

Forward dynamics equations, which were usually used
for simulating motion process of manipulator, derive the
position, velocity, and acceleration from information of
link force. The manipulator link force can be found by
(Sirouspour & Salcudean, 2001)

F ¼MðqaÞ€qþNðqa; _qaÞ þ GðqaÞ; (19)

where M is inertia mass matrix, N is vector of centrifugal/
Coriolis force, and G is vector of gravitational force.
In this work simulation is performed by an algorithm

similar to that in Sirouspour and Salcudean (2001). Fig. 4
describes the simulation algorithm.

2.6. Dynamics of hydraulic cylinder

The links of manipulator are hydraulic cylinders. Some
control schemes for improving hydraulic tracking were
seen in the literature, for instance, PID controller (Liu &
Daley, 2000) or the adaptive control of hydraulic cylinder
(Siciliano & Villani, 1996). The load force is a factor that
influences the performance adversely (Merrit, 1967).
Therefore, computed force is indispensable for hydraulic
manipulator to cope with the force effect (Fig. 5).
The load flow QL supplied by valve is a function of spool

displacement xv and load pressure PL (Merrit, 1967)

QL ¼
ðQ1 þQ2Þ

2
¼ Kvxv � KpPL, (20)

where Kv and Kp are valve coefficients, and PL ¼

P1 � P2.
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The load flow in cylinder is the load flow supplied by
valve, thus

QL ¼ Ap _xp þ ClPL ¼ Kvxv � KpPL, (21)

where xp is piston displacement, Ap is area of piston, V is
total volume of cylinder chamber, and Cl is leakage
coefficient. The actuating piston force FL is approximately
ApPL, so that piston velocity can be obtained from (21) as

_xp ¼
Kv

Ap

xv �
ðCl þ KpÞ

Ap

FL

Ap

. (22)

3. Control laws

A force control law is now proposed to form the core for
manipulator control. The force control begins with the
control of valve spool displacement. Spool displacement is
proportional to input voltage uv and, using Eq. (26), the
valve control input can be expressed in terms of _xp and FL

uv ¼
xv

kiv

¼
Ap

kivKv

_xp þ
ðCl þ KpÞ

Kvkiv

FL

Ap

¼ k1 _xp þ k2FL, (23)

where uv is voltage input of servo-valve, kiv is a constant,
and k1, k2 are clustered constants.

The FL is computed (desired) force and a control concept
of computed force is introduced here

uv ¼ k1 _x
d
p þ k2FL, (24)

where _xd
p is modified desired piston velocity created as

follows:

_xd
p ¼ _xp;d þ Kpðxp;d � xp;aÞ. (25)

with Kp a proportional gain. The tracking error e is
guaranteed to converge to zero when Kp is positive:

_eþ Kpe ¼ 0; e ¼ xp;d � xp;a. (26)
The control strategy of trajectory tracking with force
computation is shown in Fig. 6. The control command to
valve is formed by taking into consideration of desired
output force F L, the desired piston velocity _xp;d , and the
error between the desired piston position xp and the actual
piston position xp;a.
The spirit of the control strategy shown in Fig. 6 is that

the load force is computed from inverse dynamics and the
position error is compensated.
The command voltage uv to valve in Fig. 6 is formed by

u1 and u2.

u1 ¼ k2FL; u2 ¼ k1 _x
d
p . (27)

Combining with forward dynamic discussed in Section
2.5, computer simulator for hydraulic manipulator with
dynamics of hydraulic actuators is shown in Fig. 7.
4. Control systems for contour tracking and force

computation

Based on the control laws discussed in the last section,
four control systems will be proposed to give the hydraulic
manipulator ability of continuous path tracking and force
computation.
The basic tracking ability of orthogonal machine tools

is the point-by-point position control. For higher order
trajectory the contour fidelity is enhanced by contour
tracking. Some cross-coupled compensation systems for
contour tracking have been proposed (Koren, 1980; Koren
& Lo, 1991; Sarachik & Ragazzini, 1957). Speed pre-
compensation for machine tools was first proposed by
Huan (1982). Chin and Tsai (1993) extended the idea to
non-orthogonal robot. Chin and Lin (1997) integrated
cross-coupled compensation and speed pre-compensation
to form a high speed high curvature tracking system for
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machine tools. Further developments included special
trajectory algorithm (Chin & Lin, 1999), Fuzzy application
(Chin et al., 2004), but only for orthogonal machine tools.
Lue et al. (2005) proposed a tracking frame work for non-
orthogonal machines, but there were no experimental
verification.

For the sake of completeness, the contour error and the
contour compensation is first given in the following.

4.1. Contour error

Contour fidelity can be enhanced by diminishing contour
error during tracking. Fig. 8 illustrates contour error
between desired path and actual position.

In Fig. 8, Pa is the actual position of manipulator, and Pe

is the point most close to Pa on the desired path. The vector
E is position tracking error vector which is from actual
position Pa to desired position Pd.

E ¼ Pd � Pa ¼ E1 E2 E3

	 
T
, (28)

where subscript number means piston’s numbering. Er is
the contour error vector which is the shortest distance
between desired trajectory and actual position

The contour error Er is given in (Lue et al., 2005).

4.2. Velocity pre-compensation

Error vector Er is used to generate the velocity
compensation for diminishing contour error. PI controller
is designed for modifying velocity. A velocity pre-compen-
sation control is proposed in Cheng and Chin (2003):

V
*
¼ V

*

a
þKv E

*

r
þKiv

Z
E
*

r
dt. (29)

4.3. Four control systems for trajectory tracking and force

computation

Based upon the proposed control laws and strategy
(Fig. 6), four different control systems were constructed.
Fig. 9(a) is the basic velocity control for the hydraulic
parallel manipulator. Since the cross-coupled pre-compen-
sation method (CCPM) is a speed-oriented contour
tracking control, the velocity control forms a base stone
for comparison. Fig. 9(b) is the velocity control with force
computation. Fig. 9(c) is the velocity control with cross-
coupled pre-compensation and Fig. 9(d) is the ultimate
control system, velocity control with CCPM and force
computation. System in Fig. 9(d) is a new idea not yet
investigated before.
5. Experiments

5.1. Set-up of hydraulic manipulator

The empirical hydraulic manipulator rig is shown in
Fig. 10. In order to exclude singularities the manipulator is
constrained by an inclined support, which provides vertical
restriction. The initial length of hydraulic cylinder is
500mm and the stroke is 400mm. The cylinders are
controlled by servo-capable proportional valve of brand
D1FH (ParkerTM). The control voltage range is 710V.
Each cylinder is connected to platform and the stationary
base by two universal joints on both ends, and oil supply is
at constant pressure of 10 bar.
The entire hydraulic manipulator system is shown in

Fig. 11. The valve has a band-width of 100Hz of operation,
which allows sampling time of 10ms. Two ADDA inter-
face cards brand PCI-9111 and ACL-6128 were used.
The stroke of cylinder is monitored by potentiometer
scale.
5.2. Controller design

Computed force controller is implemented as proposed
in Section 3. System block diagram is seen in Fig. 9(b)
and 9(d).
Physical constants of hydraulic cylinder are obtained by

calibrations. A tiny ‘‘dead zone’’ is seen around the zero
point while the load 38.5 kg appears no apparent influence
on the linearity of the relationships. The load 38.5 kg is a
static load on the upper platform, there is no contact
impact. If there is contact impact a stabilizing control
should be included (Sekhavat, Sepehri, & Wu, 2006).
The following empirical constants were obtained from

calibration:

k
cyl1
1 ¼ 0:0206

voltage

mm=sec

� �
; k

cyl2
1 ¼ 0:0191

voltage

mm= sec

� �
,

fk
cyl3
1 ¼ 0:0202

voltage

mm= sec

� �
.

Constant k2 is obtained from Eq. (24).

k2 ¼
uv � k1 _xp

F L

(30)
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Fig. 9. (a) Velocity control for hydraulic parallel manipulator. (b) Velocity control with force computation for hydraulic parallel manipulator. (c) Velocity

control with cross-coupled pre-compensation for hydraulic parallel manipulator. (d) Velocity control with cross-coupled pre-compensation and force

computation for hydraulic parallel manipulator.
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and

k
cyl1
2 ¼ 0:0470

voltage

Newton

� �
; k

cyl2
2 ¼ 0:0314

voltage

Newton

� �
,

k
cyl3
2 ¼ 0:0314

voltage

Newton

� �
.

The average force FL provided by each cylinder is about
100N.

The inverse dynamics, see Fig. 9(b) and (d), is utilized to
calculate the hydraulic actuating force. Basically, para-
meters can be obtained by identification (Guegan, Khalil,
& Lemoine, 2003), but in this work the parameters are
estimated by CAD software and the parameters are listed
in Table 1. Besides, feedback gain Kp is empirically chosen
20 for good error convergence. No optimization of the
controller gains (Kim & Lee, 2006) or feed back lineariza-
tion (Seo, Venugopal, & Kenné, 2007) is pursued in this
work.

5.3. Experimental results and discussion

Two trajectories as listed in Table 2 are used to evaluate
the hydraulic parallel manipulator system. In the first series
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of experiments, the effect of force computation is
evaluated. Hydraulic parallel manipulator tracks both
trajectories under pure velocity control with and without
force computation. Fig. 12 shows the results. In the second
series of experiments, the manipulator tracks both trajec-
tories under two different controls: velocity control with
cross-coupled pre-compensation (CCPM), velocity control
with CCPM and force computation. Fig. 13 shows the
results of the second series experiments.

All trajectory tracking were performed under 38.5 kg
payload. And the error index, IAE (integral absolutely
error), is given by

IAE ¼

Z
t

jeðtÞj dt ¼
Xn

jeðtÞjTs ðdiscrete�timeÞ. (31)

Trajectory 1. ZðtÞ ¼ 600þ 10t; aðtÞ ¼ 0; bðtÞ ¼
ðp=18Þ sinð0:4ptÞ:
Fig. 10. Hydraulic motion platform.

Fig. 11. Experimental hydra
Trajectory 2. ZðtÞ ¼ 650þ 5t; aðtÞ ¼ ðp=16Þ cosð1:2ptÞ;
bðtÞ ¼ ðp=16Þ sinð1:2ptÞ:
Table 3 compares the error index IAE from Fig. 12. It is

reasonable that for pure velocity control, IAE of tracking
trajectory 2 enlarged as can be seen from Fig. 12(c) and (d)
and Table 3. It is interesting that force computation
reduces the error index remarkably. Table 3 reveals that for
trajectory 1 the force computation reduces the IAE value of
cylinders 3 to 52.7% but it appears no substantial
improvement in cylinders 1 and 2. For trajectory 2 force
computation improves IAE value of cylinder 1 and 2 but,
again, there is no substantial improvement for cylinder 3.
Generally, trajectory 1 is slower tracking while trajectory

2 is faster tracking. It is seen from Table 3 that the effect
of force computation is more apparent in the faster
tracking.
ulic manipulator system.

Table 1

Estimated physical parameters

Mass inertia (kg) Moment inertia (kgm2)

Piston 6.5 Iupperaxis 5

Cylinder 7.3 Iloweraxis 7

Motion platform 8.5 Iplatformxx 0.4538

Dimension of platform Iplatformyy 0.7938

ja ¼ jb 800mm Iplatformzz 1.2467

y 1201 Load carry (kg) 38.5

Table 2

Trajectories used in experiments

Trajectory

1

ZðtÞ ¼ 600þ 10t; aðtÞ ¼ 0; bðtÞ ¼ ðp=18Þ sinð0:4ptÞ

Trajectory

2

ZðtÞ ¼ 650þ 5t; aðtÞ ¼ ðp=16Þ cosð1:2ptÞ; bðtÞ ¼ ðp=16Þ
sinð1:2ptÞ
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Figs. 13(a) and (b) are results of velocity control with
cross-coupling pre-compensation and velocity control with
cross-coupling pre-compensation as well as force computa-
tion. These results evaluate the effect of cross-coupling
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Fig. 12. Tracking under velocity control (a) without and (b) with computed for

(trajectory 2).
contour tracking combined with force computation.
Table 4 lists the quantified error index IAE values. In
trajectory 1, while cylinder 1 obtained significant improve-
ment, cylinders 2 and 3 have bigger IAE values. The IAE
 Actual Trajectory 
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Fig. 12. (Continued)
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value of cylinder 3 became 1.86 times. This may be caused
by the trajectory type because in trajectory a ¼ 0 and the
trajectory is not in a closed form. In trajectory 2, the IAE
value of cylinders 2 and 3 has mild improvement but that
of cylinder 3 is insignificant.
The slight dead-zone non-linearity characteristics in
the relations between spool displacement and cylinder
velocity do not seem to cause trouble. There is no need
for specific measure to deal with the non-linearity of
dead-zone.
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Fig. 13. (a) ZðtÞ ¼ 600þ 10t; aðtÞ ¼ 0; bðtÞ ¼ ðp=18Þ sinð0:4ptÞ (trajec-

tory 1). (b) ZðtÞ ¼ 650þ 5t; aðtÞ ¼ ðp=16Þ cosð1:2ptÞ; bðtÞ ¼ ðp=16Þ
sinð1:2ptÞ (trajectory 2).

Table 3

IAE results for trajectory tracking in Fig. 12 (Experiment 1)

Trajectory

number

Controller type Cylinder

1

Cylinder

2

Cylinder

3

1 Pure velocity control 41.0597 46.7235 47.2582

With computed

force

39.8707 43.7352 24.9348

2 Pure velocity control 162.8768 202.9674 88.6916

With computed

force

97.3378 176.5577 83.3361

Table 4

IAE results for trajectory tracking in Fig. 13 (Experiment 2)

Trajectory number Controller type

1 Velocity with MCCPM

Velocity with computed force and MCCPM

2 Velocity with MCCPM

Velocity with computed force and MCCPM

J.-H. Chin et al. / Control Engineering Practice 16 (2008) 697–709 707
Generally, it is seen that the force computation improves
the link tracking precision for regular control like velocity
control. Since contour tracking manipulates individual link
to cross-compensate other links’ errors, it often interferes
into link behavior in order to improve precision in work
space. Thus for contour tracking, force computation may
conditionally improve the tracking precision, depending
upon the trajectory type.

6. Conclusions

Machine tools have excellent continuous path tracking
ability; however, the feeding control usually does not
compute force. Robots have excellent spatial mobility
with limited continuous path tracking ability, whereas
their standard motion control includes force comput-
ation. Parallel manipulators are a family of machines
resembling robots and have significant potential to become
machine tools or a sub-system of machine tools. To
transform parallel manipulators into machine tools, con-
tinuous path tracking, a contour tracking algorithm, and
force computation are integrated. This work addresses the
integration of continuous path tracking, a contour tracking
algorithm and force computation on a hydraulic parallel
manipulator.
An empirical hydraulic parallel manipulator is con-

structed and a control algorithm is proposed in this work.
Based on the control algorithm, four control systems,
velocity control, velocity control with force computation,
velocity control with contour tracking, and velocity control
with cross-coupling pre-compensation contour tracking
and force computation are constructed and experimented.
The force computation reduced tracking error. The

effect of force computation is especially true for high speed
tracking. For contour tracking, the effect of force
computation is also true; however, it may interfere with
cross-coupling effects and neutralize improvements, or
cause slight negative effects to one or two manipulator
links.
This work has established continuous path tracking

ability for hydraulic parallel manipulator using a control
law that includes both force computation and tracking
control. It is concluded that, although machine tools do
not compute forces when creating feeding motion, the
parallel, specifically a hydraulic parallel manipulator,
should include force computation in the tracking algo-
rithm, just like robots.
Cylinder 1 Cylinder 2 Cylinder 3

43.2597 34.4584 24.5886

28.2688 36.7982 45.8500

183.4489 181.3060 91.3014

74.4102 89.7602 81.6863
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