
 
 

 

  

Abstract—Coordinated control of multi manipulator systems is 
a challenging problem. The difficulty is due to redundancy of 
actuators which if not employed properly may cause unwanted 
force generation in manipulators as well as the payload. This 
problem can get worse during a minimum time motion, in which 
the actuators are to move the end effector on the path as fast as 
possible. This paper is concerned with problem of moving the 
end effector of a cooperative multi manipulator system along a 
specified path while internal force/moment in payload is limited 
to a certain amount. To this end, an improved time optimal 
algorithm based on phase plane analysis is presented which 
accounts for the limits of internal forces of payload as inequality 
constraints for time optimal motion. 

 

I. INTRODUCTION 

cooperative multi manipulator system is a system of 
multiple manipulators working on the same object 

(Figure 1). This concept has found many applications in 
recent years. Although such systems benefits from many 
advantages such as good load to weight ratio, redundancy in 
actuators and sensor and better accuracy, they also suffer 
from some disadvantages such as development of unwanted 
internal forces in a non-coordinated motion, limited 
workspace and more complicated dynamics and solution 
algorithms. 

The problem of internal forces gets worse when the 
manipulator is to practice fast maneuvers such as a minimum 
time motion. So far, no one has studied the minimum time 
problem with internal force limit; however, these two 
subjects are separately studied by many researches. 

The problem of minimum time tracking of a path by a 
serial manipulator was extensively studied by many 
researchers. Bobrow et al. [1] proposed a method time 
optimal motion of serial manipulators based on phase plane 
analysis. This method, which later on became fundamental 
approach for solution of minimum time problem of a 
manipulator along specified path, was further developed by 
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Pfeiffer and Johanni [2] to reduce computational effort 
McCarthy and Bobrow [3] studied the number of saturated 
actuator of a CMMS during minimum time motion along a 
specified path. Moon and Ahmad [4] employed the method 
developed by Bobrow et al. for a parallel manipulator 
system. They showed that to solve minimum time problem 
for such system one has to solve a linear programming 
problem at each step. Sadigh and Hassan Ghasemi [5] 
proposed a method to reduce the computation effort due to 
linear programming problem. Sadigh and Hassan Ghasemi 
[5] took advantage of the trapped area and locked area 
concepts introduced by Zlajpah [6] to establish the switching 
curve. They further studied [7] to introduce a direct method 
to establish the switching curve. 

 

Fig. 1.  Schematic diagram of the CMMS 

 
On the other hand many researchers studied the problem 

of force distribution among parallel manipulators as well as 
internal force control of them. Yumita et al. [8] used an 
impedance method to control internal forces of CMMS based 
on the forces applied to the wrist of each manipulator. Bonitz 
and Hsia [9]-[11] also did a similar study. Hirano et al. [12] 
studied the effect of passive joints in internal forces of 
payload. Gueaieb et al. [13] studied the problem of 
simultaneous control of position and internal force control 
using an adaptive fuzzy method. Kuang-Yow Lian et al. [14] 
introduced a control based on H∞ method to solve a similar 
problem. 

In this paper, the problem of minimum time motion of a 
CMMS along specified path is studied. After this 
introduction, derivation of equations of motion is presented. 
The next section is devoted to statement of minimum time 
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