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a b s t r a c t

Anovel synchronizationmotion controlmethod is proposed in this paper for the system inwhich twoma-
nipulators are constrained by a flexible beam. Different from the general synchronization controlmethod,
the coupling dynamics among various actuators is considered as the shear force, which results from the
synchronization errors. Then a simple boundary control is introduced to realize the synchronization mo-
tion of actuators by suppressing the shear force. In order to avoid the drawbacks of assumedmodesmodel,
the dynamic model of flexible beam is described by a distributed parameter model in this paper. A Riesz
basis method is used to prove that the proposed control law can guarantee the synchronization system
to be exponential stability. Simulation results demonstrate that the proposed method can effectively im-
prove the performance of synchronization motion compared with other methods.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the industrial systems, one often encounters situations, in
which a number of individual actuators are combined into one op-
eration. The most familiar examples are the motion synchroniza-
tion systems. Here, a special motion synchronization system in
which the actuators are constrained by a mechanism structure is
concerned, such as the synchronized lifting equipment (Li, Man-
nan, Xu, & Xiao, 2001; Sun & Chiu, 2001, 2002). It is more difficult
for this situation to realize the motion synchronization. That is be-
cause such constraint results in the force couplings among various
actuators. The coupled force may deform or damage the mechan-
ical structure or actuators, for instance, when actuators move at
high acceleration. Hence, how to regulate the position errors of in-
dividual actuators while avoiding the deformation of mechanical
structure is the key to the success of such synchronization motion.

Researches on the synchronization control have traditionally
only used position or velocity coupling error to represent the
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coupling effect. And the coupling error is usually defined by au-
thors. (Lu, Mills, & Sun, 2006a) proposed an adaptive synchronized
controller for a planar parallel manipulator. The coupling effects
among the sub manipulators are represented by coupling error,
which consists of position error of each joint and velocity syn-
chronization error. To reflect the kinematic constraints among the
actuated joints and the platform, the forward Jacobian matrix is
introduced into the definition of velocity synchronization error.
With employment of the control law which is designed based
on the coupling error, tracking accuracy of PRR manipulator is
improved. Subsequently, Lu, Mills, and Sun (2006b) proposed a
convex synchronization controller for a 3-DOF planar parallel ma-
nipulator. A new coupling error which consists of position error of
each active joint and position synchronization error is defined. In
the expression of position synchronization error, position errors of
active joints are coupledwith each other by a constant gainmatrix.
Through combining this proposed synchronized control method
and convex method, the tracking accuracy of 3-DOF planar paral-
lel manipulator is improved. The cross-coupling method is also a
widely used method which makes use of the defined position or
velocity coupling error to represent the coupling effect. Sun (2003)
proposed an adaptive cross-coupling controller to address position
synchronization of multiple motion axes. The position synchro-
nization errors are considered as coupling effects amongst various
axes. In the controller design, a coupled error concept which is dif-
ferent from Lu in Lu et al. (2006b) is defined. The integration of
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position synchronization error is introduced into the coupled er-
ror. Then a controller is designed to make the coupled error and
its differential tend to zero. Simulations demonstrate that the pro-
posed controller can guarantee asymptotic convergence to zero of
both position and synchronization errors. The cross-coupling ap-
proachused in robotics can also be found in Shang, Cong, and Zhang
(2009), Sun, Lu, Mills, andWang (2006), Sun andMills (2002), Sun,
Wang, Shang, and Feng (2009) and Zhao, Li, and Gao (2008). In
these methods, the actual force coupling dynamics is not consid-
ered. In the situation of this paper, the actuators are constrained by
a mechanism structure. Neglecting force coupling dynamics may
damage themechanical structure in some extreme operational sit-
uations, for instance, when actuators move at high acceleration. So
these methods are not suitable for this paper. In order to avoid the
deformation ofmechanism structure, effective force coupling char-
acteristics caused by the constraint should be derived at first.

Another group of researchers focused on obtaining the force
coupling dynamic characteristics to dealwith the coupling effect of
synchronization problem. Sun in Sun and Chiu (2002) derived the
force coupling dynamics for a dual-cylinder electro-hydraulic (EH)
lifting system. Based on the proposed force coupling dynamics,
a qualitative feedback theory (QFT) design is used to obtain the
decoupling dynamic characteristics. The decoupled dynamics can
reduce the complexity of controller frommulti-inputmulti-output
(MIMO) to single-input single-output (SISO). But in this force
coupling dynamics, only the force due to uneven loading between
two cylinders is considered. The force coupling dynamics due to
constraint of mechanical structure is not considered. The same
issue can be found in Sun and Chiu (2001).

In this paper, a two-manipulator system in which the two tips
are constrained by a flexible beam is considered. Under the con-
straint of flexible beam, that the operation of two manipulators
is not synchronous will result in shear force, which can not only
deform the flexible beam but also lead to interaction between
two manipulators. Based on the shear force couplings, the force
coupling dynamics is derived in this paper at first. Then a novel
synchronized control method is proposed. There have been many
researches on a two-manipulator system handling a flexible beam
(Esakki, Bhat, & Su, 2011; Sun & Liu, 2001; Tavasoli, Eghtesad, &
Jafarian, 2009). But in these papers, the flexible beam is approxi-
mated by finite series of assumed modes, which bring the follow-
ing problems. On the one hand, the dimension of the controller
increases alongwith an increase in the number of themodeswhich
are provided in the controller design model (Endo, Matsuno, &
Kawasaki, 2009). On the other hand, it is very hard to know the
actual number of modes that should be retained a priori (Morgul,
1991). For these reasons, the flexible beam is derived in infinite
dimensional model by using partial differential equations (PDEs)
in this paper. Different from the general synchronization control
methods, a boundary control law is used to realize the synchro-
nization motion of two manipulators by suppressing the shear
force. A position control law is incorporated into the boundary
control to realize the regulation of position errors. A Riesz basis
approach is used to prove the whole system with the proposed
control law to be exponential stability. The simulation results on
the two-manipulator systemwith a flexible beam demonstrate the
effectiveness of the proposed method.

The rest of this paper is organized as follows. Dynamic model is
presented in Section 2 followed by the discussion of sync motion
control design. The force control is discussed in detail in Section 4
followed by the discussion of compared simulation results. Conclu-
sions are presented in Section 6.

Fig. 1. The synchronization motion system.

2. Dynamic model

2.1. Description of system

The system is illustrated in Fig. 1, which consists of two planar
manipulators with two revolute joints and a manipulated flexible
beam. And the manipulators can only move on the Z–X plane.
For simplicity, assume that the longitudinal deformation of the
beam is neglected, and only the transverse deformation along
coordinate X occurs. Therefore, an additional constraint control for
each manipulator is given to guarantee coordinate Z of each tip to
be zero in this paper. The constraint conditions are as follows:

Φ1 = l1 sin(q1) + l2 sin(q1 + q2) = 0 (1)
Φ2 = l3 sin(q3) + l4 sin(q3 + q4) = 0 (2)

where q1 and q2 are joint coordinates of manipulator 1, q3 and q4
are joint coordinates of manipulator 2, li (i = 1, 3) is the length of
the first link ofmanipulator i (i = 1, 2), li (i = 2, 4) is the length of
the second link of manipulator i (i = 1, 2). Under (1) and (2), the
tips of two manipulators can only move along coordinate X . The
motion control object is tomake the tips of twomanipulators reach
desired positionswhilemaintaining the synchronizationmotion of
the two tips.

2.2. Beam kinematics and dynamics

The beam is considered as an Euler–Bernoulli beamwith length
l, uniform linear mass density ρ, and uniform flexural rigidity EI .
Assume that the deformation of the beam is very small. Thus the
motion of the beam can be considered as comprising its rigid
motion and elastic deformation. In modeling of the beam, end
1 of the beam is assumed to have no deformation and end 2 of
the beam has deformation as in Sun and Liu (2001). According to
this assumption, the following boundary conditions of the flexible
beam are obtained

ω(0, t) = 0, ω′(0, t) = 0, ω′′(l, t) = 0. (3)

And the rigidmotion of the beam can be represented by themotion
of tip 1 along coordinate X as shown in Fig. 1 (dotted line). To
describe the deformation of the beam, a mobile coordinate frame
o–xv is attached to the rigid body of the beam, where the origin
o is located at the tip 1. The deformation is modeled as relative
displacements with respect to the mobile frame o–xv. Thus, the
motion of any point on the beam is described as:

xbeam = x1(t) + ω(x, t) (4)

where x1(t) is the displacement of the tip 1 along coordinate
X, ω(x, t) is the transverse deformation of the beam along coor-
dinate v, x ∈ [0, l] denotes the spatial coordinate of rigid beam.
Define x2(t) as the displacement of tip 2 along coordinate X . By us-
ing Eq. (4), the following constraint relation is obtained

x2(t) = x1(t) + ω(l, t). (5)
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