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Modeling, Identification and Control of a Redundant
Planar 2-DOF Parallel Manipulator

Yao-Xin Zhang, Shuang Cong*, Wei-Wei Shang, Ze-Xiang Li, and Shi-Long Jiang

Abstract: In this paper, the dynamic controller design problem of a redundant planar 2-dof
parallel manipulator is studied. Using the Euler-Lagrange equation, we formulate the dynamic
model of the parallel manipulator in the joint space and propose an augmented PD controller with
forward dynamic compensation for the parallel manipulator. By formulating the controller in the
joint space, we eliminate the complex computation of the Jacobian matrix of joint angles with
end-effector coordinate. So with less computation, our controller is easier to implement, and a
shorter sampling period can be achieved, which makes the controller more suitable for high-
speed motion control. Furthermore, with the combination of static friction model and viscous
friction model, the active joint friction of the parallel manipulator is studied and compensated in
the controller. Based on the dynamic parameters of the parallel manipulator evaluated by direct
measurement and identification, motion control experiments are implemented. With the
experiments, the validity of the dynamic model is proved and the performance of the controller is
evaluated. Experiment results show that, with forward dynamic compensation, the augmented PD
controller can improve the tracking performance of the parallel manipulator over the simple PD
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controller.
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1. INTRODUCTION

Parallel manipulators have the advantages of high
speed and high precision in the theory of mechanisms.
This has opened up great opportunities for parallel
manipulators to be applied in many fields. But it is
difficult to make use of parallel manipulators in real
applications. One of the difficulties lies in the
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controller design of parallel manipulators. Due to
inherent closed-loop constraints, the joints of parallel
manipulators are tightly coupled and the dynamic
characteristics are always highly nonlinear. With these
difficulties, it is usually difficult to move the end-
effector of a parallel manipulator along a trajectory
accurately and quickly, and the controller design for a
parallel manipulator is a work full of challenge, which
has aroused the interests of researchers in recent years.

In literature, there are two basic controller design
strategies for parallel manipulators: the kinematic
control strategy and the dynamic control strategy. The
kinematic control strategy is based on the assumption
that the joints of parallel manipulators are all
independent and the parallel manipulator can be
decoupled into a group of single axis control systems.
So the kinematic control method always results in a
group of individual controllers, each for an active
joint of the parallel manipulator. PID controller [1-4],
NPID controller [5,6], fuzzy logic controller [7,8] and
neural network controller [9] all belong to kinematic
controllers. With the independent joint assumption, no
priori-knowledge of parallel manipulator dynamics is
needed in the kinematic controller design, so the
complex computation of dynamics can be avoided and
the controller design problem can be simplified
greatly. This makes the great sense for the real-time
control of parallel manipulators when powerful
processors that can execute complex algorithms
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rapidly are not available. But the performance of
kinematic controllers is limited, for the neglect of
joints coupling and the nonlinear dynamics of parallel
manipulators. The synchronous control method [10]
can be used to solve the problem of joints coupling
and improve the accuracy of the trajectory tracking,
but the nonlinear dynamics is still an unsolved
problem for kinematic controllers, especially under
high-speed motion control.

Unlike the kinematic control strategy, the dynamics
of parallel manipulators is taken into account in the
dynamic control strategy. So the nonlinear dynamics
of parallel manipulators can be compensated, and the
higher tracking performance can be achieved with
dynamic controllers. Based on approximated linear
dynamic models, dynamic controllers were proposed
for parallel manipulators with improved tracking
performance [11-13]. Although the controller is easy
to implement by adopting the approximated linear
model of parallel manipulators, the effect of the
controller is limited in a small region of the
configuration space for the inaccurate compensation
of nonlinear dynamics. To solve this problem, full
nonlinear dynamic models were adopted in the
controller design in [14-16] and adaptive methods
were also used to improve the tracking performance of
parallel manipulators [4,17,18]. Furthermore, to gain a
deep insight of the parallel manipulator dynamics, Liu
developed an unified geometric approach for the
modeling and the control of parallel manipulators [19],
and Aghili proposed a more generalized method to
solve the dynamic problem of parallel manipulators
[20]. All these works have placed solid foundation for
the further research of dynamic control strategy.

The control problem of parallel manipulators with
redundant actuators is also of great interest for
researchers. For redundant actuated parallel
manipulators, infinite feasible solutions of control
torques can be obtained to track a single desired
trajectory. Among the feasible solutions, the best one
may be picked out to minimize a predefined optimal
function, so additional optimal control objective can
be achieved during the trajectory tracking. In literature,
redundant actuation is used to minimize the control
torque [15,16], achieve optimal load distribution
among actuators [21], improve the manipulability of
parallel manipulators [22], obtain desired end-effector
stiffness [23] and avoid the transmission backlash [24].

In this paper, the dynamic controller design
problem of a redundant planar 2-dof parallel
manipulator is studied. Using the Euler-Lagrange
equation, we formulate the dynamic model of the
parallel manipulator in the joint space and propose an
augmented PD controller for the parallel manipulator.
Compared with the controllers proposed by Kock [21]
and Chen [16] which were formulated in the
workspace, our controller is formulated in the joint

space, and the complex computation of the Jacobian
matrix of the joint angles with end-effector coordinate
is eliminated. With less computation, the controller
proposed here is easier to implement, and a shorter
sampling period can be achieved. This makes the
controller more suitable for high-speed motion control.
Furthermore, with the combination of static friction
model and viscous friction model, the active joint
friction of the parallel manipulator is compensated in
the controller, while only the viscous friction of joints
was considered in the previous controllers designed
by Chen [16] and Yiu [4]. With trajectory tracking
experiments, the validity of the dynamic model is
proved and the performance of the controller is
evaluated. Experiment results show that, with forward
dynamic compensation, the augmented PD controller
can improve the tracking performance of the parallel
manipulator over simple PD controller.

The paper is organized as follows. In Section 2, the
structure of the manipulator is described and the
kinematics is formulated. In Section 3, with the Euler-
Lagrange equation, we formulate the dynamics of the
parallel manipulator in the joint space. In Section 4,
we formulate the active joint friction of the parallel
manipulator with the combination of static friction
and viscous friction. By least square method, we
identify the unknown friction parameters and other
unknown dynamic parameters of the parallel
manipulator. In Section S5, based on the dynamic
model in Section 3 and the friction model in Section 4,
we propose a simple PD controller and an augmented
PD controller with forward friction compensation for
the parallel manipulator. With the two controllers,
linear and circular trajectory tracking experiments are
performed and experiment results are reported too.
Section 6 concludes the paper with several important
remarks.

2. MECHANISMS AND INVERSE
KINEMATICS

The parallel manipulator to be controlled is Googol
Tech. Ltd’s GPM2002, which is a redundant planar 2-
dof parallel manipulator. As shown in Fig. 1, the
GPM2002 consists of 6 links denoted as
L, Ly;,i=1,2,3, 3 active joints located at 4, 4y, 4;
and 3 passive joints locate at By, B,,B; respectively.

The end-effector of the parallel manipulator coincides
with O in Fig. 1.

According to Fig. 1, a reference frame is estab-
lished in the workspace of the parallel manipulator
and the unit of the frame is millimeter. With the
reference frame, the zero positions of joint angles are
all defined as the positive direction of the X axis of the
frame, and the positive directions of angles are all the
anticlockwise direction. The active joints of the
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(a) Mechanisms of the GPM2002.
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Fig. 1. Redundant planar 2-dof parallel manipulator
GPM2002.

GPM2002 are actuated by AC servo motors. All of the
motors are embedded with internal absolute encoders
as joint sensors, and controlled by motion control
board GT-400-PCI-SV from Googol Tech. Ltd.

For parallel manipulators, the desired trajectories to
be tracked are always described by end-effector
coordinates, while the only available feedback signals
are active joint angles. So the tracking error of the
manipulator can’t be calculated directly. To solve this
problem, inverse kinematics of the GPM2002 can be
employed and the desired positions of joints
corresponding to the desired position of the end-
effector are obtained through inverse kinematic
transformation. Then the tracking error can be
calculated by subtracting real joint angles from
desired joint angles.

For parallel manipulators GPM2002, the lengths of
6 links are same and all equal to 244mm. Denote the
lengths of links by symbol /, and the coordinates of

active joint positions 4, 4, and 4 by symbols

(%4> ¥ai )» i=1,2,3 which equal to (0,250), (433,0),
and (433,500), respectively. Then from the end-
effector coordinate(x,y),active joint angles 6,,i=

1,2,3 can be calculated through following equations:
6, =arctg2(x—x S 4 ~)+arccos i
ai ar? ai 2] > (1)
i=1,2,3.

In (1), symbols d;, i=1,2,3 are defined as follows:

di=\/(x—xa,~)2+(y—ya,~)2, i=1,2,3. 2

Then the passive joint angles 6,;, i=1,2,3 can be
obtained through following equations:

Gy = arctg2(x —Xpis ¥V — Vpi ) IS (—71’,7!],

3
i=1,2,3. ©)

In (3), symbols refer to the
coordinates of passive joint locations in the reference
frame, which can be calculated through following

equations:

Xpis Vbis i= 1,2,3

4)

xbl' :xai +lCOS@ai
Yoi = Vai +lSin6al', i=1,2,3.

With (1) and (3), the angles of active joints and the
passive joints corresponding to the end-effector
coordinate (x,y) can be calculated, so the tracking

error of the parallel manipulator can be expressed by
the tracking errors of joints.

3. DYNAMIC MODEL BASED ON THE
EULER-LAGRANGE EQUATION

The parallel manipulator GPM2002 consists of 3
serial kinematic chains, and each of kinematic chains
is a planar 2-dof serial manipulator. The motion of the
parallel manipulator equals to the motion of the 3
serial kinematic chains under the closed-loop
constraints, so the dynamics of the parallel
manipulator can be formulated by combining the
dynamics of 3 serial kinematic chains under the
constraint forces.

3.1. Dynamic model of serial kinematic chain

Cutting the parallel manipulator at the end-effector
O, one can divide the GPM2002 into 3 serial
kinematic chains, each of which is a planar 2-dof
serial manipulator consisting of 2 links and 2 joints.

The structure of serial kinematic chain is shown in
Fig. 2. According to Fig. 2, the links are denoted by
symbols L, and I;, and the joint angles are
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Fig.2. Structure of serial kinematic chain.

denoted by 6, and &,. The base of serial kinematic
chain coincides with A4 and the end-effector
coincides with O. The lengths of 2 links are same,
which is denoted by /.

The links of the kinematic chain are supposed to
beideal rigid bodies. Because the kinematic chain
moves in the horizontal plane, the effect of the gravity
can be ignored. So the mechanical energy KE, and
KE, of links equal to their kinetic energy, and can be
expressed as following equations:

1 5 1 2.2
KE, =_Ja9a tom, (xca +yca)
2 2 5)

1] )
KE, _EJbeb +5mb(xcb +ycb)’

where symbols m, and m, refer to link masses,
J, and J, refer to the moments of inertia of links

relative to mass center, (X.,¥Veq) and (xg,¥es)

refer to the mass center coordinates of links.
Denote the distances between the mass center and

the joint of links by 7, and r, respectively, one can

express the coordinates of mass centers as following
equations:

X,q =V, €056,

Veq =1, 506,

(6)
X, =lcosf, +r,cosb,
Yep =1sinf, +1,sin 6.
Substitute (6) into (5), one can have:
KE, = lJaéz +1mara29§,
42
KE, = %J,,é,f +%m,, (129'3 + r,}é,f) 0

+ mblrb COS(ea - 617 )Haé’b

And the total mechanical energy of the kinematic

chain can be formulated as follows:
1 o 1 . .
KE = Eaé?a +5ﬂ9b +ycos(6,-6,)0,0,, (8)
where symbols «, £, y are defined as follows:

_ 2 2
a=J,+m,r; +myl

B=Jy+myr 9
}/ = mblrb.

Let 9=[9a,9b]T be the vector of joint angles,

r=[ra Tb]T be the vector of joint torques,
r=[s fb]T be the vector of joint fricticns. Then

the Euler-Lagrange equation of the kinematic chain
can be expressed as the following equation:

d(oLY) oL
E(@j_ﬁ_r_f‘ (10)

Expands (10), one can get the dynamics of the
kinematic chain as following equation:

Mé+Cl=1—f. (11)

In (11), symbols M,C are defined as follows:

3 a 7cos(9a —49,,)
M_L/cos(ea -6,) B } (2)
{ | . 7sin(6’a—9b)n9b}' 13
—ysin(6, -6,)6, 0

3.2. Dynamic model of the parallel manipulator
Similar with (9), constant coefficients can be
defined for each serial kinematic chains

- 2 2
;= J g + Myl + Myl
2
B = Jpi + 1 (14)
7/! = mbllrbl, l = 1, 2, 3,
where m,;,m;; refer to the masses of links, J,;,J;

refer to the moments of inertia of the links relative to
the mass centers, r,;,n,; refer to the distances

between mass centers and joints of links, and /
refers to the length of links.

Then with (11), the dynamics of serial kinematic
chains can be established. Combine the dyramics of
the 3 serial chains and consider the constraint forces
due to the closed-loop constraints, the dynamic model
of the parallel manipulator can be formulatsd in the
joint space as follows:
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Mé+CO=r-f+A"2, (15)

T
002’9a3’6b156b2’9b3] refers to the

al»

where 6’=[9
vector of joint positions, 7={7,1,7,2,743.%1>%p2>
rb3]T refers to the vector of input torques, f =

T
Ufats fans fazs fors Jo2s 3} refers to the vector of

joint frictions and ATA refers to the vector of
constraint forces.

The inertia matrix M and coriolis matrix C in
(15) are defined as follows:

[ o 0 0 N1Cabl 0 0 |
0 ay 0 0 V2Caba 0
M= 0 0 o 0 0 ¥3Cap3
nea 0 0 B 0 0
0  yewy 0 0 B 0
| 0 0 73 O 0 B
(16)
0 0 0
0 0 0
Co 0 ’ 0 0
~718ab1%1 0 0
0 ~¥28 46282 0
L O 0 ~735a63023
715a51h1 0 0
0 Y2522652 0
0 0 735a530%3 .
0 0 0
0 0 0
0 0 0 |
(17)

In (16) and (17), symbolsc,,;,i =1,2,3 are defined
as Cyp; = cos(@a,» - Hbi),i =1,2,3, and symbols s,;,i
=1,2,3 are defined as s,4; =sin(8,; —6;;),i=12,3.

As shown in (15), the dynamics of the GPM2002
is formulated in the joint space and redundant
variables are involved in the formulation, so the

constraint force 474 is included explicitly to
guarantee the closed-loop constraints of the parallel
manipulator are satisfied at every instant. Here matrix
A is the differential of the closed-loop constrained
equations, and multiplier A4 denotes the magnitude
of constraint forces.

Adopting the symbols defined in Section 2, one
can formulate the closed-loop constraints of the
GPM2002 as following equation:

X +lcg +lcy — x40 —lcgy —lcy,
H(6)= Yal T 151 +1sp1 = Yaz =I5 —Isp2 | _ 0.

Xg1 +1eq +lcp —xg3 —legz — I3

Va1 + 151 +Isp) = Va3 — 1543 = Isp3

(18)

In (18), symbols s, ¢, i=1,2,3 are defined as
Sgi =sin(8,), ¢, =cos(6,;), i=1,2,3, and symbols
Spis Cpi» 1=1,2,3 are defined as s;; =sin(6,;), c;; =
cos(6y; ), i=1,2,3,

Differentiating (18), one can have:

dH (6) _8H (6)

6= A4(6)6=0.
dt 06 (@)

(19)

Then matrix A can be formulated as follows:
—lsal ISaz 0 —lsbl lez 0

lcal —lcaz 0 lcbl ‘lcbz 0

_lsal 0 lSa3 —lsbl 0 le3
lCal 0 —lCa3 lel 0 —le3
(20)

With (15), (16), (17), and (20), the dynamics of the
GPM2002 is established in the joint space.

4. IDENTIFICATION OF DYNAMIC
PARAMETERS

For the GPM2002, the dynamic parameters of links
such as masses m,;, Mp;, moments of inertia relative to
the mass centers Jy, Jp, distances between mass
centers and joints 7,7 and length /, can be measured
directly. But the constraint forces and the joint
frictions in (15) are still unknown. In this section, the

unknown constraint force A’ A is eliminated by
projection method, and the active joint friction is
modeled with the combination of static friction model
and viscous friction model. By formulating the
dynamics of the GPM2002 as a group of linear
equations about dynamic parameters, the unknown
friction parameters and other unknown dynamic
parameters of the GPM2002 are identified with least
squared method.

4.1. Elimination of constraint forces

The constraint force magnitude A4 in (15) is
unknown, and it is difficult to be measured directly.
Fortunately this unknown term can be eliminated by
projection method [19].

With (15), the magnitude of constraint force can be
calculated through following equations:

A=(am '’ )"1 AM™ (MO +CO-(z- f)).21)
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Substituting (21) into (15), one can obtain following
equations:

(1 vy )_1 AM‘lj(Mé +CO-(z-f))=0.

(22)
With (22), one can eliminate constraint forces by
projecting the dynamic model onto the image space of

-1
matrix P=1—- 4" (AM"AT) AM™'. The parame-

ters of P consist of the dimension parameters of the
parallel manipulator and the inertia parameters of
links, all of which can be measured directly. So the
matrix P can be calculated directly and constraint
forces can be eliminated with (22).

4.2. Model of joint frictions
In (22), joint friction vector f is still an unknown

term. Here, static friction model and viscous friction
model are adopted to formulate the joint frictions.
Furthermore, the zero drift of the control board that
results a nonzero output torque for motors is
considered too. For the GPM2002, the passive joints
are well lubricated, so the frictions of passive joints
can be ignored and only the frictions of active joints
are considered. The frictions of active joints can be
formulated as following equations:

f; =d; +sign(6,;) fyi + £i0a» =123, (23)

Here, symbols d;, i=1,2,3 refer to the zero drifts of
control board, symbols f;, i=1,2,3 refer to the
static frictions, and symbols f,;, i=1,2,3 refer to
viscous friction coefficients.

4.3. Formulation of parameter identification

In (22) and (23), the dynamic parameters of links
can be measured directly and only the friction
parameters have to be identified. Besides, the unit of
output torque of the motors has to be transformed to
the unit of numerical control value, so one more
unknown unit transformation coefficient has to be
identified. Based on (22), following equation can be
got:

P(M8+C6+ f-7)=P-D-k+P-f~P-7=0.

(24)
In (24), symbol k refers to the unknown unit
transformation coefficient, while symbol D refers to
the sum of the inertia term and the coriolis term of the

manipulator. Let P= [Bj ]6><6 and D= [D j ] 1 ?

one can formulate (24) as a group of linear equations
about the unknown dynamic parameters.

Wp=t, i=1,6. 25)

In (25), symbols #;,t;,p are defined as follows:

1

p=lk fu f2 Sz ditfa di—fa

r (26)
dy+fy dy—fo di+fs di—fa] s
6 - . .
W, = ;Eij B0y Pl F3bn a7
ug Iy oup Ly ous ], i=1-6,
3
t;=> Pity, =16, (28)
=

For simplicity, parameter combinations d; + fy;

and d; - f;; are viewed as unknown parameters to

be identified as shown in (26). In (27), the coefficients
Uyl k=1,2,3 are determined by following rules:

Uy =Ek’ lik =0 when éak >0 and Ui :0, lik = IDl'k
when 6, <0. In (28), only the input torque of

active joints is considered, for the input torque of
passive joints always equals zero.

There are 10 parameters to be identified in (25) and
2 independent equations can be got for each sampling
point. So a group of linear equation about the
unknown parameters can be got with the sampling
data of a continuous trajectory. By solving the linear
equations with least squared method, the unknown
parameters can be identified.

4.4, Parameter identification experiment

The dynamic parameters of links can be measured
directly, as shown in Table 1.

To identify the friction parameters and the unknown
dynamic parameters of the GPM2002, the end-
effector of the parallel manipulator is driven to track a
circular trajectory. Based on (25), a group of linear
equations about the unknown parameters can be
obtained with the sampling data of trajectory, and the

Table 1. Dynamic parameters of the links.

Distance

between Morrient of
Mass | Length inertia relative
the mass
Kg) (m) to the mass
center and center (K *mz)
the joint (m) e
L, ]1.252510.2440 0.1156 0.0124
L,5 113663 |0.2440 0.0657 0.0122
L,;|1.3663 | 0.2440 0.0657 0.0122
Ly 11.0771 | 0.2440 0.1621 0.0098
Ly | 0.4132 ] 0.2440 0.1096 0.0036
Ly510.41320.2440 0.1096 0.0036




Modeling, Identification and Control of a Redundant Planar 2-DOF Parallel Manipulator 565

Table 2. Results of the identification experiment.

Active Active Active

joint 1 joint 2 joint 3

A 1425.5 2363.1 1947.0

d+ f, 625.4 392.6 417.8

d—f, -923.6 -567.8 -651.6
k 1481.6

unknown parameters can be identified with least
squared method. In the identification experiment, the
velocity of joints is got by the numerical
differentiation of joint positions, and the acceleration
of joints is got by numerical differentiation of joint
velocity. Since the acceleration of joints is calculated
by two-time numerical differentiations, the joint
accelerations are quite noisy. A low-pass filter is
adopted to filter the wvelocity signal before the
calculation of acceleration.

Based on the parameter values in Table 1, the
unknown parameters of the GPM2002 are identified
with MATLAB program and results are shown in
Table 2.

5. CONTROLLER DESIGN AND MOTION
CONTROL EXPERIMENTS

With the dynamic formulation (22) and (23), a
simple PD controller and an augmented PD controller
are proposed in this section. With the controllers,
motion control experiments are performed and
experiment results are reported in this section too.

5.1. Simple PD controller

Denote the desired trajectory in the joint space by
o A a AT
62 O3 O O ‘91;3] , where

symbol &, = [éal

A

6,,i=1,2,3 and éb,-,i=1,2,3 refer to desired
active joint positions and desired passive joint

positions respectively, and denote the actual trajectory
T

by symbol 8= [Hal 6,0 B3 0y Gy 0173} where
eai ’
joint positions and actual passive joint positions
respectively.

The structure of the simple PD controller is shown
in Fig. 3.

Command torque of three motors can be calculated
by following equations:

i=1,2,3 and 91,,-, i=1,2,3 refer to actual active

=K e+ Ky, i=1,2,3. (29)

In (29), K, refers to the proportion gain of the PD
controller, K, refers to the derivative gain of the PD

Ba 4y e
34 Ko — 0
. . > 002 >
b0 . o — K GPM2 _
oL ;

Fig. 3. Structure of simple PD controller.

controller, and e; refers to the tracking error of
active joints which can be formulates as follows:

ai

-6

) i» 1=1,2,3. (30)
5.2. Augmented PD controller

The structure of augmented PD controller is shown
in Fig. 4.

For the GPM2002, the dynamics including the
friction at active joints dominates the dynamics of the
parallel manipulator, so we ignore the dynamics
including the friction at passive joints. Then
computation of the command torque of motors can be
simplified further, which can be calculated by
following equations:

7, =K e+ Kyé, + kD, + f;, i=1,2,3, 31)

where K, refers to the proportion gain of the PD
controller, K refers to derivative gain and k refers to
unit transformation coefficients.

In (31), symbol e; refers to the tracking error of

active joint, D; refers to the compensation of dynamics
and f; refers to the compensation of frictions.

3 . .
= (32)
3 n A
* Z(sz+39bj + G130y ), i=123,
=i

ﬁzdi+sign(§ai)ﬂi+ﬁiéai, i=1,23.  (33)

.e.d oo .
| K(MBa+CBa)tf
| 8a
% 36 &, = 0
O R S epm2002 .:
{( Ka e

Fig. 4. Structure of augmented PD controller.
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Here symbols dj, i = 1,2,3 refer to the zero drifts of the
motion control board, f;, i = 1,2,3 refer to the static
frictions of active joints, f,;, i=1,2,3 refer to the
viscous friction coefficient of active joints.

5.3. Trajectory tracking experiment results

With the controllers proposed above, motion
control experiments are implemented. In the
experiments, the end-effector of the GPM2002 is
driven to track a linear trajectory and a circular
trajectory both for 2 times, once with lower velocity
and once with higher velocity. The control system
runs on a Pentium III CPU at 333MHz with the
sampling period 2ms. In the controller, the unit of
feedback signal is rad for joint position and rad/2ms
for joint velocity. The value of the proportion gain K,
of simple PD controller is 800000, and derivative gain
K, is 5000000. For the augmented PD controller, the
same proportion gain and derivative gain with simple
PD controller are adopted.

Furthermore, root-square mean error (RSME) is

1 L] T L] L] L]
= == PD Controller
— Augmented PD Controller
A ‘ C A "\l‘
ot . o Lin o BV a0
0.5 -ll \'p'“ l“u"\\"‘ .-\\lh |\l~‘. ‘\, \" w i ’ .I 1
PR 1
p— M \
= k
e 1
] 0 ]
0.5 F A I 1 "
0 200 400 600 800 1000
time [ms]
(a) Tracking error in X direction.
0.5 T Y T T T
=== PD Controller
— Augmented PD Controller
0
Pa— 0
=
£
= i ;
8 v A K
=4 LT I R !
[5) LR o D ] , LN P
05k : 'r“ 4 TR P \"'hgl*l,'0.1\\'4‘/\,"1)”":: ]
-1 1 1 1 i 1
0 200 400 600 800 1000
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Fig. 5. Linear trajectory tracking error of the end-
effector with maximum velocity 0.2m/s.

adopted to evaluate the performance of the simple PD
controller and the augmented PD controller [16].

15, )
RSME = \/WZ((x,- —x Y+ (5 -0 )2) (34)

i=1

In (34), symbols %;,J; refer to the coordinates of the

ith interpolation point of desired trajectory and x;,y;

refer to the coordinates of corresponding point of real
trajectory.

The starting point of linear trajectory is (150,300)
and the ending point is (300,150). The velocity profile
of desired linear trajectory is a T-curve. First the end-
effector of the GPM2002 is driven to track the line
with maximum velocity 0.2m/s and acceleration 4m/s>;
then with maximum velocity 0.5m/s and acceleration
10m/s>: Tracking errors of the end-effector are shown
in Figs. 5 and 6, while the RSMEs of the linear
trajectory tracking experiments are shown in Table 3.
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Fig. 6. Linear trajectory tracking error of the end-
effector with maximum velocity 0.5rn/s.



Modeling, Identification and Control of a Redundant Planar 2-DOF Paralle! Manipulator 567

Table 3. RSME of linear trajectory tracking expeti-

ments.
RSME(mm)
PD Augmented PD
controller controller

End-effector

velocity 0.2m/s 0.7140 0.1111
End-effector

velocity 0.5m/s 11011 0.2560

The starting point of circular trajectory is
(216.5,180) and center is (216.5,250). The end-
effector of the GPM2002 is driven to track the circle
for two times, first with constant velocity 0.2m/s and
then with constant velocity 0.5m/s. Tracking errors of
the end-effector are shown in Figs. 7 and 8, while the
RSMEs of the circular trajectory tracking experiments
are shown in Table 4.
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Fig. 7. Circular trajectory tracking error of the end-
effector with velocity 0.2m/s.
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Fig. 8. Circular trajectory tracking error of the end-
effector with velocity 0.5m/s.

From the experiment results, one can see that the
tracking error grows with the velocity of the end-
effector. But, with the compensation of parallel
manipulator dynamics and the active joint frictions,
the augmented PD controller can achieve more
accurate trajectory tracking results than the simple PD
controller under the same trajectory.

Table 4. RSME of circular trajectory tracking experi-

ments.
RSME(mm)
Augmented PD
PD controller
controller
End-effector
, 0.7210 0.1029
velocity 0.2m/s
End-effector
. 1.2189 0.4525
velocity 0.5m/s
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6. CONCLUSIONS

In this paper, we proposed an augmented PD
controller for a redundant planar 2-dof parallel
manipulator. By formulating the controller in the joint
space, we eliminated the complex computation of the
Jacobian matrix of joint angles with end-effector
coordinate. So with less computation, our controller is
easier to implement, and a shorter sampling period
can be achieved, which makes the controller more
suitable for high-speed motion control. Furthermore,
with the combination of static friction model and
viscous friction model, the active joint friction of the
parallel manipulator was studied. With the
compensation of active joint friction, more accurate
forward dynamic compensation was achieved. To
evaluate the dynamic parameters of the parallel
manipulator, we formulated the dynamic model as a
group of linear equations and identified the unknown
parameters with least squared method. With linear
trajectory tracking experiments and circular trajectory
tracking experiments, the validity of dynamic model
was proved and the performance of the controller was
evaluated, Experiment results showed that, based on
the forward dynamic compensation, better tracking
performance could be achieved with the augmented
PD controller proposed over simple PD controller.
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