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Abstract

1. Introduction

This paper presents a cross-coupled control approach to the tracking
control of parallel manipulators in a synchronous manner. Based on
the synchronization goal, the position synchronization error is investigated by considering motion synchronization between each actuator joint and its adjacent ones. A decentralized trajectory tracking controller is then developed with feedback of both position and
synchronization errors, formed with a combination of feedforward,
feedback and a saturation control. It is proven that this tracking controller can asymptotically stabilize both position and synchronization errors of the system. The proposed controller does not require the
explicit use of the system dynamic model. Experiments performed on
a 3-DOF parallel manipulator demonstrate improved performance
with the proposed synchronous control design.
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Due to their advantages of high stiffness, high accuracy,
and high load-carrying capacity, parallel robotic manipulators have been widely used in various industrial applications,
such as flight simulation (Stauffer 1984), precision machining (Chen and Song 1994), telescopes (Carretero et al. 1998),
and high speed assembly operations (Clavel 1998). The majority of the parallel manipulators studied are fully parallel
manipulators in which the number of chains is strictly equal
to the number of degrees of freedom (DOF) of the manipulator end-effector. Fully parallel manipulators can be classified
into two main categories: planar parallel manipulators, which
have three DOF in the plane, and spatial parallel manipulators,
which move out of the plane (Merlet 2000).
Various control strategies have been proposed to solve the
control problem of fully parallel robots. Independent joint
controllers (i.e., PD or PID type) are usually employed in industrial robot manipulators (Amirat et al. 1996) because they
do not require the explicit use of the system dynamic model.
However, these simple controllers exhibit inherently low rejection to exogenous disturbances. Chiacchio et al. (1993)
proposed a linear control scheme, in which an acceleration
feedback term is used making the control law more robust to
exogenous disturbances than a simple PID. Other non-model
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based controls include fuzzy logic control (Begon et al. 1995)
and neural network control (Pernechele et al. 2000). Various
model-based control design methods, which compensate for
the available estimates of the dynamic parameters in a feedback or in a feedforward fashion, have been proposed. With an
outer feedback loop, these approaches provide robustness to
imperfect modeling and disturbances. The computed-torque
control (Kokkinis and Stoughton 1996) is the pioneer design
of this kind. A large number of control methods, for example,
the sliding mode method (Park et al. 2001), impedance control
(Fasse and Gosselin 1999), and adaptive control (Sirouspour
and Salcudean 2001; Lin and McInroy 2003), are categorized
within this class of controllers as well. In order to improve
tracking performance further, motivated by a dynamic model
with unknown parameters, many control schemes consisting
of several combined control methods have been proposed for
fully parallel robots. For example, a control that combines
cascaded cerebellar model articulation control with variable
structure control (Li et al. 2002), a neural-net tuned PID control method (Karkoub et al. 2004), a neural-fuzzy method
(Nefti et al. 2002), and many other approaches.
Characterizing the majority of traditional parallel manipulator controllers, the control loop of an individual actuator
receives only local feedback information from the controlled
joint, and no feedback from other joints associated with the
remaining actuators. Hence, disturbances in the control loop
of one actuator cause an error that is corrected by this loop
only, while the others do not respond. Since the trajectory
of the end-effector is determined by all actuator motions, all
actuated joints in the manipulator should be controlled in a
synchronous manner so that a pre-determined trajectory can
be followed with high tracking accuracy. Otherwise, tracking accuracy will be reduced due to uncoordinated motions
of the actuated joints. In some severe situations, for instance,
when accelerations of actuated joints are high, damage to the
manipulator mechanical structure may occur.
Cross-coupling control (Koren 1980) provides a unique
advantage and opportunity to solve the synchronized control problem posed by parallel manipulators. Over the past
decade, cross-coupling technology has been applied mainly
to machine tools (Kulkarni and Srinivasan 1990; Tomizuka
et al. 1992; Koren and Lo 1992). Much of the reported research dealt with the velocity synchronization problem, especially for two-axis motions. Recently, great progress has been
made in utilizing the cross-coupling concept to solve position
synchronization of multiple motion axes (Chiu and Tomizuka
1998; Sun 2003). In robotics, cross-coupling technology has
been used for mobile robot control (Feng et al. 1993; Sun
et al. 2005; Borenstein 1995) and coordination of robot manipulators (Sun and Mills 2002; Naumovic 1999; RodriguizAngeles and Nijmeijer 2004; Chuang and Chang 2000). Other
synchronization control approaches include fuzzy logic coupling control (Moore and Chen 1995), neuro-controller for
synchronization (Lee and Jeon 1998), and linear quadratic op-

timal control (McNab and Tsao 2000). The synchronization
scheme was also applied in a distributed computing system,
i.e., “tight” and “loose” couplings (Gauthier et al. 1987). It has
been shown that adaptive control is an effective strategy used
to address the synchronization problem. An adaptive feedforward controller was first designed and implemented for speed
synchronization of two motion axes (Tomizuka et al. 1992),
which was followed by Kamano et al. (1993) and Yang and
Chang (1996). An adaptive synchronized controller was further developed in Sun (2003) and Sun and Mills (2002), with
the advantage that asymptotic convergence of both position
tracking and synchronization errors to zero was guaranteed.
Some other model-based synchronization controls addressed
the contour tracking problem by using implicit representation of curves to model desired contours (Chiu and Tomizuka
1998) and a receding horizon linear quadratic formulation
(McNab and Tsao 1994).
It should be noted that most of the existing synchronized
controllers reported in the literature are model-based, and of
these, some require extensive on-line calculations. In practice,
there is significant demand for using non-model based control
algorithms, i.e., PID feedback control, leading to significant
implementation simplicity. A non-model based variable-gain
cross-coupling controller was introduced for a general class
of contours (Koren and Lo 1991, 1992). However, the effect
of a time-varying gain in the cross-coupling controller on system stability, and the effect of the introduction of time-varying
cross-coupling controls on the overall system dynamics have
yet to be examined (Chiu and Yomizuku 2001). A control law
that consists of a linear time-varying PD error feedback and a
linear time invariant trajectory feedforward compensator was
proposed by Chiu and Tomizuka (2001), in which the feedforward compensator is calculated from the model dynamics.
Another effort to examine the stability and robustness of the
cross-coupled control system was reported in Yeh and Hsu
(2003).
In this paper, we propose a cross-coupled control approach
that does not require the explicit use of the system dynamic
model.After defining a synchronization goal, the position synchronization errors are defined as differential position errors
of all possible pairs of two neighbor joints. Two of such synchronization errors with adjacent numbers are then combined
in integration with the joint position tracking error to form the
so-called coupled position error. A tracking controller with
feedback of this coupled position error is constructed, as a
combination of feedforward/feedback controls and a saturation control. In the following, we prove that the proposed
synchronous tracking controller guarantees asymptotic convergence to zero of both position and synchronization errors.
Experiments performed on a 3-DOF planar parallel manipulator demonstrate the effectiveness of the proposed approach
in performance improvement over non-synchronous controls
such as PID feedback.
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Compared to many existing synchronous control algorithms, the proposed method is relatively simple in that it
does not require the explicit use of the dynamic model. It
has long been assumed that the closed kinematic chain of
a parallel manipulator creates tight non-linear coupling and
requires careful modeling and a model-based approach to
achieve the desired performance. The results of this paper support the concept that the performance can be enhanced by using a cross-coupling controller without such system dynamic
models.
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2. Modeling and Synchronization Error
C1

2.1. Modeling

ẊP (t) = (JP (t))−1 q̇(t)

(1)

where Jp (t) is the Jacobian matrix representing the velocity relationship between the actuated joints and the moving
platform.
Using the natural orthogonal complement method, the dynamic model of the P-R-R manipulator is derived as [42]:
H (q)q̈(t) + C(q, q̇)q̇(t) = τ

(2)

2

B2

C3

Figure 1 illustrates a parallel manipulator designed for highacceleration, high-accuracy electronic component placement
or wire bonding tasks. The manipulator has a moving platform, a base platform, and three chains. Each chain is comprised of a prismatic joint and two consecutive revolute joints,
with only the prismatic joint actuated. This manipulator is also
categorized as P-R-R type, where P and R represent prismatic
and revolute joints, respectively.
The three degrees of freedom of the P-R-R manipulator
are translations along Xand Y axes and rotation about the Z
axis, respectively. As shown in Figure 1, the inertial frame
(X, Y, Z) is fixed at the center of the base platform with the
Z axis directed vertically out of the plane; the mobile frame
(X , Y  , Z  ) is fixed at the center of the moving platform with
the Z  axis directed vertically out of the plane; (xP , yP ) are the
Cartesian positions of the moving platform at its mass center;
φ is the orientation of the moving platform with respect to the
inertial frame; Ai , Bi are the home and moving positions of the
ith prismatic joint, respectively; Ci is the Cartesian position
of the terminals of the platform facing the ith intermediate
link; ρi is the translation distance of the ith prismatic joint; αi
is the constant angle between the X-axis of the inertial frame
and the ith linear guide; i = 1 · · · n (n = 3 in Figure 1).

T
Define a generalized coordinate as q = q1 · · · qn
∈ n×1 , in which qi denotes the translation of the ith prismatic
joint. Denote Xp ∈ 3×1 as the attitude of the moving platform
at its mass center. Using the time derivative of the generalized
coordinate and that of the position of the moving platform,
we have:
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Fig. 1. Coordinate system of the P-R-R manipulator.

where: H (q) = diag {Hi (qi )} ∈ n×n is the symmetric,
positive-definite inertia matrix; C(q, q̇) = diag {Ci (qi , q̇i )}
∈ n×n is the coefficient matrix of Coriolis and centrifugal
forces; τ = [τ1 · · · τn ]T ∈ n×1 is the actuating force exerted
on the actuated joints. Note that Ḣ (q) − 2C(q, q̇) is a skewsymmetric matrix.
2.2. Synchronization Error
The essential feature that differentiates synchronized control from conventional PID control is the employment of an
additional feedback signal termed the synchronization error.
The synchronization errors are typically designed through the
combination of position and/or velocity errors of all actuated
joints with coupling coefficients. These coupling coefficients
are often determined by the kinematic constraints among the
actuated joints and consequently are either constant or timevarying (Sun and Mills 2002). The kinematic constraints are
derived from the goal of synchronization. As a result, the
synchronization error represents the degree of coordination
among the actuated joints and is not equivalent to the conventional tracking error. For systems having closed-loop chain
structures, employment of the synchronization error provides
each actuated joint with motion information both from itself
and from the other actuated joints. Such a synchronization
error may be determined from kinematic constraints acting
on the systems, for example. Hence, the motions of all actuated joints are coordinated and the attitude error of the mobile
platform is substantially smaller than that without using the
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synchronization error. In other words, a synchronous control can achieve better trajectory tracking performance than a
conventional non-synchronous control method. This assertion
was demonstrated in previous studies (Borenstein and Koren
1987; Sun and Mills 2002).
Define the following equation as the synchronization function that all actuators of the parallel manipulator are required
to satisfy simultaneously.
f (q1 · · · qn ) : s1 q1 = s2 q2 = · · · = sn qn

(3)

where si denotes the coupling coefficient of the manipulator
i and is assumed to be nonzero. This synchronization function actually represents a new task requirement in kinematics.
Since eq. (3) holds at all desired coordinates qid , namely
f (q1d · · · qnd ) : s1 q1d = s2 q2d = · · · = sn qnd

(4)

we define the following synchronization goal by combining
(3) and (4)
s1 q1 = s2 q2 = · · · = sn qn

(5)

where qi (t) = qid (t) − qi (t) denotes the position error of
the prismatic joints, and qid (t) denotes the desired coordinate.
Further, the synchronization goal (5) can be divided into n subgoals such as si qi = si+1 qi+1 , with the boundary condition
that when i = n, i + 1 = 1.
We then introduce the concept of position synchronization
errors, which are defined as a subset of all possible pairs of
two neighboring joints in the following way:
ε1 = s1 q1 − s2 q2
ε2 = s2 q2 − s3 q3
..
.

(6)

εn = sn qn − s1 q1
where εi denotes the synchronization error of the joint i. Obviously, if the synchronization error εi = 0 for all i = 1 ∼ n,
the synchronization goal (5) can be achieved automatically.
Now, the control objective is to design the actuator inputs to cause qi → 0 and εi → 0 as t → ∞. Unlike the
traditional non-synchronized control considering the position
control only, here the synchronization control between two
neighbor manipulators is also required so that (5) holds.

3. Control Design
In this section, a synchronous tracking controller is developed.
In a similar way to Sun (2003) and Sun and Mills (2002), we
define a coupled position error as
t
ei = si qi + β

(εi − εi−1 ) dw
0

(7)

where β is a positive constant, and w is a variable from time
zero to t. εi in (7) is subject to the boundary condition that
when i = 1, i − 1 = n. The motivation for such a definition
is to ensure both qi and εi converge to zero when ei → 0.
It is also noted that the coupled position error ei of the joint i
contains the information of two neighboring joints i − 1 and
i + 1, which can be seen from eq. (7) and the definition of εi
in (6).
Differentiating ei with respect to time yields
ėi = ṡi qi + si q̇i + β (εi − εi−1 )

(8)

To construct an asymptotically stable tracking controller
to drive ei → 0 and ėi → 0, we utilize Slotine and Li (1987)
to introduce a command vector ui that leads to combined position and velocity errors. Unlike Slotine and Li (1987), here
there exists a time-varying coupling parameter si in addition
to qi in (7). Hence, we may define the command vector ui
as follows:
ui = si q̇id + ṡi qi + β (εi − εi−1 ) + ei

(9)

where  is a diagonal positive gain matrix. Definition of ui
in (9) leads to the following position/velocity vectors:
ri = ui − si q̇i = si q̇i + ṡi qi + β (εi − εi−1 ) + ei
= ėi + ei
(10)
Now the control objective is to design the torque input τi to
restrict ri to lie on the sliding surface (Slotine and Li 1987),
so that the coupled errors ei and ėi tend to zero. For easy
implementation, the torque control input is ideally designed
in a decentralized architecture.
To avoid the usage of dynamic modeling parameters, positive feedforward control gains are used in the controller formulation, i.e., KiH for u̇i and KiC for ui . To compensate for
the effect due to the errors between these feedforward control
gains and the actual dynamic models, a saturated control utilizing the sign function is utilized, in a similar manner to Utkin
(1977) and Slotine and Sastry (1983). For simple implementation, each joint control only considers the synchronization
between this joint and its two neighbor ones but not all others.
Further, such a synchronization control would not affect the
stability of the whole system.
Finally, the controller is designed as follows:
τi = KiH si−1 (u̇i − ṡi q̇i ) + KiC si−1 ui + Kri si−1 ri +


sign si−1 ri KiN + siT Kε (εi − εi−1 )

(11)

where KiH and KiC are positive feedforward control gains,
Kri and Kε are positive feedback control gains, and KiN is a
positive parameter that satisfies




KiN = Hi si−1 (u̇i − ṡi q̇i ) + Ci si−1 ui 
(12)
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In (12) Hi and Ci are scalars, whose selection will be discussed later. It is obvious to see that this controller formulation
does not explicitly use the dynamic modeling parameters, and
utilizes the information of the position errors of two neighbor
joints. The sign function in (11) is for a saturation control
used to compensate for the nonlinear effect caused by the error between the feedforward control gains and the modeling
parameters, which was used in Utkin (1977) and Slotine and
Sastry (1983) with stability analysis. From a theoretical viewpoint, Fillippov’s (1988) inclusions may be used to properly
address the issue in using the sign function. This approach,
however, is not included in this paper. The last term in (11)
is used to compensate for the effect of introducing the crosscoupling control on the overall system dynamics, which is
required by the stability analysis.
It appears that parameters β and Kε will dominate the control of the synchronization error. β plays a major role to reduce
the synchronization error, while Kε ensures the stability of the
system when adding the cross-coupling control with β on the
overall system dynamics.
Two assumptions are introduced:
ASSUMPTION 1. qid and its first- and second-order derivatives
are bounded.
ASSUMPTION 2. Hi (qi ) and Ci (qi , q̇i ) are bounded if their
arguments are bounded.
Note that if Hi (qi ) is time-varying, assumption 2 holds
locally, i.e., Coriolis and centripetal forces are bounded by
the square of the velocity norm.
A control gain tuning strategy is proposed as follows. First,
select β = 0 and Kε = 0, and tune the control gains KiH , KiC
and Kri using a trial and error method. The controller at this
time is a normal feedforward/feedback control plus a saturation control without coupling. Second, gradually increase β
from zero to introduce the synchronization control. As is seen
in (7), the value of β determines the weight of the synchronization error εi in the coupled position error ei , and thus affects
the synchronization effort in the whole control action. Meanwhile, the control gain Kε is also increased from zero, since it
will be used to compensate for the effect of the introduction
of the cross-coupling control due to β. Finally, the previously
tuned gains may need to be changed slightly, utilizing a trial
and error method.
Substituting (11) into the system dynamic equation yields
the closed-loop dynamics:
Hi (qi )si−1 ṙi + Ci (qi , q̇i )si−1 ri + Kri si−1 ri + Ni


sign si−1 ri KiN + siT Kε (εi − εi−1 ) = 0

(13)

where
Ni = (KiH − Hi (qi ))si−1 (u̇i − ṡi q̇i )
+ (KiC − Ci (qi , q̇i ))si−1 ui

(14)
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THEOREM 1. The proposed tracking controller (11) leads to
asymptotic stability of the system, namely, qi → 0 and
ε → 0 as time t → ∞, under the conditions:
1. The scalars Hi and Ci are large enough to satisfy
Hi  ||KiH − Hi (qi )|| and Ci  ||KiC − Ci (qi , q̇i )||.
2. The control gain Kri is large enough to satisfy


λmin (Kri )  λmax Hi (qi )ṡi−1 si
where λmin (·) and λmax (·) denote the minimum and
maximum eigenvalues of the matrices.
Proof. Define a Lyapunov function candidate as
n 


1 T −T
V =
r s Hi (qi )si−1 ri + 21 εiT Kεi εi +
2 i i
i=1
 n
 n
T
t 
t 
1
βK
−
ε
(ε
)dw
(εi − εi−1 )dw
i
i−1
ε
0
0
2
i=1

i=1

(15)
Differentiating V with respect to time yields
V̇ =

n


riT si−T Hi (qi )si−1 ṙi + riT si−T Hi ṡi−1 ri +

Ḣi (qi )si−1 ri + εiT Kεi ε̇i
n

t 
(εi − εi−1 )T βKε 0
(εi − εi−1 )dw
i=1
n

1 T −T
2 i i

r s

i=1

+
(16)

i=1


T
Multiplying both sides of (13) by si−1 ri yields

T
 −1 T
si ri Hi (qi )si−1 ṙi + si−1 ri Ci (q, q̇)si−1 ri +


 −1 T

T
si ri Kri si−1 ri + si−1 ri Ni + si−1 ri  KiN +

(17)

riT Kε (εi − εi−1 ) = 0
Substituting (17) into (16) yields

n
 −1 T 


s i ri
Kri − Hi (qi )ṡi−1 si si−1 ri
V̇ = −
i=1

n


 −1 T

−
si ri Ni + si−1 ri  KiN
i=1

−
+

n


n 


n
 
riT Kε (εi − εi−1 ) + εiT Kε ε̇i

i=1

(εi − εi−1 ) βKε
T

i=1

t
0

n


(18)

i=1

(εi − εi−1 )dw

i=1

Under condition 1 of Theorem 1, we have


 −1 T
si ri Ni + si−1 ri  KiN



 si−1 ri  KiN − Ni 







= si−1 ri  Hi si−1 (u̇i − ṡi q̇i ) + Ci si−1 ui  − Ni 

 
 
 −1  KiH − Hi (qi ) si−1 (u̇i − ṡi q̇i ) +






 si ri
K C − Ci (qi , q̇i ) si−1 ui  − Ni 
i


 

H
 −1  
Ki − Hi (qi ) si−1 (u̇i − ṡi q̇i )+ 



 si ri    C
 − Ni 

 Ki − Ci (qi , q̇i ) si−1 ui
=0
(19)
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We now analyze the term

n 



riT Kε (εi − εi−1 ) . From (6)–

i=1

(10), we have
n


riT Kε (εi − εi−1 )

i=1
n

=



(ri − ri+1 )T Kε εi

i=1

=
=

n

ε̇i + β (2εi − εi−1 − εi+1 ) + εi +

n




Moving platform

i=1

(εi − εi+1 ) +

i=1

Intermediate
link

0


n

i=1

i=1

(εi − εi+1 )T βKε

i=1

t
0


n

(εi − εi+1 )dw

Substituting (19) and (20) into (18) and utilizing condition 2 of Theorem 1, we have

n
 −1 T 



V̇  −
s i ri
λmin (Kri ) − λmax Hi (qi )ṡi−1 si si−1 ri
i=1

−

εiT βKε εi −

i=1

n

i=1

(εi − εi+1 )T βKε
0

n


Linear guide
Slider

i=1

(20)

n


Base

K ε εi

(2εi − εi−1 − εi+1 ) dw
n
n


ε̇iT Kε εi + εiT Kε εi + (εi − εi+1 )T βKε
β

i=1
n

t

T

Fig. 2. Experimental setup of the parallel manipulator.

(εi − εi+1 )

i=1

(21)
Therefore, ri → 0 and εi → 0 as time t → ∞. The
synchronization goal (5) is achieved. From (10), we further
have ei → 0.
We now prove qi = 0 when ei = 0 and εi = 0. Combining all equations in (7) from i to n, we have
s1 q1 + s2 q2 + · · · + sn qn = 0

(22)

Substituting (5) into (22) yields
s1 q1 = s2 q2 = · · · = sn qn = 0
Since si is not zero, qi = 0. Therefore, the system is
asymptotically stable.

Note that in the controller (13), the function sign(·) may
cause chattering. To avoid this problem, we can use the function tan h(·) instead of sign(·) in a practical controller implementation.

4. Experiments
Experiments were performed on a three-DOF parallel manipulator, as shown in Figure 2, to evaluate the effectiveness of the
proposed synchronous tracking controller. The control system
of the parallel manipulator consists of a 400 Mhz Pentium II
PC, a MCX-DSP-ISA 120Mflop/s DSP controller, and three
Aerotech BA20 SineDrive amplifiers. The movable platform
is actuated by three Aerotech BM200 DC brushless motors via
THK KR3306 ball-screws each with a pitch of 6 mm. Builtin rotary encoder on the DC motor feeds back the angular
position.

In the experiment, the synchronization function was designed in the same way as Su et al. (2006), namely
q1 (t)
q2 (t)
qn (t)
= d
= ··· d
q1d (t)
q2 (t)
qn (t)

(23)

The rationale behind this goal is the observation that, when
all ratios in (23) are equal, the manipulator moves in a synchronous manner. Hence, synchronization is achieved and the
desired attitude of the movable platform is attained.
Then, following eq. (3), we have si = q d1(t) . It is necessary
i
that all qid (t) be nonzero values during the entire motion. Due
to singularities of the robot, the workspace of the robot (looks
like a circle (Heerah and Behabib 2003)) was divided into six
fan-shape areas with a common vertex at the centre of the
circle. In addition, in order to study the control effect better,
the size of the desired trajectory of the moving platform was
selected as large as possible. As a result, the desired trajectory was selected as a triangular shape, which was as large
as possible according to the limitation imposed by the size of
the workspace of the moving platform.
Figure 3 illustrates the desired triangular path along which
the platform was required to move. The attitudes of the platform at three vertexes were selected as: (5 mm, 5 mm, 44.3◦ ),
(45 mm, 70 mm, 44.3◦ ) and (60 mm, 30 mm, 42.3◦ ). The
platform started and ended its motion at (5 mm, 5 mm, 44.3◦ ),
which is not at the origin to ensure that qid (t) are not zero. During the tracking, the maximum speed and accelerations were
0.3 m/s and 100 m/s2 , respectively. Note that the platform was
in continuous motion between set points. Figure 4 illustrates
the desired position trajectories of the prismatic joints.
For comparison purposes, three control algorithms including the proposed synchronous control, adaptive control
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Fig. 5. Attitude errors of the platform with the three controllers.

(Slotine and Li 1987), and traditional PID control, were used
to control the system respectively. The adaptive control (Slotine and Li 1987) is expressed as follows:
ta = Y (q, q̇, q̈)θ̂ (t) − Ka s(t)

(24)

Table 1. Control Gains of the Four Controllers
Controllers
Control Gains
Proposed
control

The adaptation law is
˙ = −P Y (q, q̇, q̈)T s(t)
θ̂(t)

(25)

where Ka ∈ 3×3 is a positive-definite diagonal gain matrix;
P ∈ 3×3 is the positive-definite diagonal gain matrix of the
estimator; both Ka and P are constant; s(t) = ė(t) + e(t),
where  ∈ 3×3 is a positive-definite diagonal matrix.
Table 1 lists the selected control gains of the three control
algorithms used in the experiments.
Figures 5 and 6 illustrate the attitude error of the platform
and the position errors of the three prismatic joints, using
the three control algorithms, where the solid lines denote the
experimental results with the proposed synchronous control,
the dashdot lines denote the results with the adaptive control,
and the dotted lines denote the results with the PID control.
The synchronization errors are shown in Figure 7. Table 2
gives a summary of the maximum absolute attitude errors of
the platform and the maximum absolute position errors of the
three prismatic joints using the three controllers during the
tracking motions. It can be seen through comparison of these
results, that the synchronous control exhibits faster convergence speed, smaller position errors of the prismatic joints,

α = 0.21, β = 0.15,
H = 0.013, C = 1.2,
 = {0.06}, K H = diag{0.014}
C
K = diag{1.6}, Kr = diag{0.002},
Kε = diag{0.01}, KN = diag{1.4}
 = {0.8},

Adaptive
control
PID
control

Ka = diag{1.8}

Kp = diag{2}, Ki = diag{1.4},
Kd = diag{0.016}

and smaller attitude error of the platform, compared to the
other two control methods. In other words, the synchronous
control improves the trajectory tracking performance indeed.

5. Conclusions
In this paper, a cross-coupling control approach is proposed
for synchronous control of parallel manipulators. The controller utilizes feedback of position synchronization errors,
which are defined as differential position errors between two
adjacent actuator joints. The controller has the form of feed-
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Fig. 6. Prismatic joint position errors with the three controllers.

Fig. 7. Synchronization errors of the three controllers.
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Table 2. Maximum Absolute Errors
Maximum Absolute
Errors

Adaptive
PID

Synchronous
Control

Control

X Position error of platform (mm)
Y Position error of platform (mm)
Orientation error of platform (deg)
1st prismatic joint error (mm)
2nd prismatic joint error (mm)
3rd prismatic joint error (mm)
Synchronization error ε1
Synchronization error ε2
Synchronization error ε3

0.679
0.818
0.393
0.755
0.502
0.717
0.2166
0.2681
0.3181

0.672
0.810
0.070
0.423
0.290
0.417
0.1322
0.1578
0.2986

0.412
0.376
0.058
0.198
0.219
0.285
0.0726
0.0909
0.1695

forward/feedback control plus a saturation control. It is proved
that the proposed synchronous controller leads to asymptotic
convergence to zero of both position and synchronization errors. The effect of cross-coupling on system stability has been
investigated. The major advantage of the proposed method lies
in: (1) performance improvement through synchronous control of actuators; (2) no explicit use of the system dynamic
model. Experiments conducted on a 3-DOF parallel manipulator system verify the effectiveness of the performance improvement through synchronous control of actuators.
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