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Abstract. When the end-effector of the industrial serial mechanical manipulators grasps different payload 
masses, the output of joint motion will vary, which decreases end-effector positioning accuracy of the overall 
system. Based on the model reference adaptive control technique, the payload variation effect can be solved 
and therefore, to improve the positioning accuracy. This paper studies payload effects on the joint motion 
accuracy of serial mechanical mechanisms.   

1 Introduction 
Proportional–integral–derivative (PID) control is the 
widely used control method in many industries. For 
example, in many robotic arm used industries, PID 
control applies to each joint to control the whole robotic 
arm. By adjusting the PID gains of the PID controller, 
one can have desired output performance. In [1], a 
discrete PID controller was designed to employ it in nano 
scale systems. In [2], the PID controller with additional 
imposed nonlinear logic was reviewed for robot motion 
positioning control. In [3], the control strategies that 
implement planar micro assembly using groups of stress-
engineered MEMS micro robots controlled through a 
single global control signal was presented.  Model 
reference adaptive control is another control method that 
was proposed early by Landau [4] and it has been 
developed afterwards [5-8]. The reason that one needs to 
apply the adaptive control, especially the model reference 
adaptive control approach, is that traditional controllers 
cannot compensate the payload variations, i.e. when the 
end-effector grasps different payload masses, the joint 
output will vary under different payload masses, which 
will affect the positioning accuracy of the end-effector. 
Whereas for the model reference adaptive control, the 
above problem can be effectively resolved and payload 
variation effect can be compensated. For example, the 
MRAC (model reference adaptive control) proposed by R. 
Horowitz and later associated developments by other 
authors [9] contains an adaptive algorithm block and a 
position feedback loop which provides the difference 
between desired and actual position of the joints. This 
difference is acted upon by the integral portion of a 
seemingly PID control structure before feedback values 
of position and velocity are subtracted from it. The 
problem by using PID controller of not being able to 

compensate the payload variation is illustrated and the 
general theory of model reference control is presented in 
the following section.  

2 Payload Variation Effect and Model 
Reference Control 
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Figure 1. Two-link manipulator  

In order to implement PID control of the two-DOF 
(degrees of freedom) link manipulator case, as shown in 
Fig. 1, the dynamic equation has to be derived. Here by 
using the Lagrange method, the torques applied to the 
joints are determined: 
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The kinetic energy and potential energy for link 1 are 
expressed as:                     
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For link 2, first write down the coordinates of the end 
of link 2, then differentiate them with respect to time in 
order to obtain the kinetic energy. Denote the Cartesian 
coordinates of the end of link 2 as (x2, y2). 

2 1 1 2 1 2cos cos( )x l l� � �� � �

2 1 1 2 1 2sin sin( )y l l� � �� � � (3)

Differentiate with respect to time results in: 
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Therefore, the kinetic energy for link 2 are expressed 
as:
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The potential energy for link 2 are expressed as: 
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The total kinetic and potential energy are expressed as: 
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The Lagrange is obtained as:
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Put them in a matrix form, we can obtain the 
following: 
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Figure 2. PID control of two-link manipulator 

Now apply the PID controller, as shown in Fig. 2, the 
controller output is the torque, i.e. 
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where error
p p
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We know the two-link manipulator M and N matrices, 

the output from the manipulator (i.e. acceleration of the 
joints 1 and 2) can be determined as follows: 
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After deriving the acceleration of joints 1 and 2, take 
the time integral to obtain the velocity of joints 1 and 2 
and take another integral to obtain the positon of joints 1 
and 2.  
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Figure 3. Joints 1 and 2 output 
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Figure 4. Model reference control approach

After applying different payload masses, the joints 
motion output are illustrated in Fig. 3. For the joint 1, 
when the payload is 0, joint one motion is quite steady, 
but when the payload increases to 5 and 15, one can see 
that joint 1 motion is not the same anymore, and also the 
joint output is going up and down as shown in Fig. 8. 
Same applies to joint 2. In order to address the above 
problem, model reference control is applied to 
compensate the payload variation effect. Fig. 4 shows a 
model reference control approach. Similarly with the PID 
control, the output from the controller can be determined 
as follows. For the model reference adaptive control 
approach, 
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The manipulator dynamic equation is: 
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So the output from the manipulator (i.e. acceleration 
of joint) is: 
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After deriving the acceleration of joint, take the time 
integral to obtain the velocity of joint and take another 
integral to obtain the positon of joint.  The adaptive 
algorithm is derived as follows: 
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Consider the first term in above equation, we need to 
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Using the same analysis on the other two terms, we 

obtain  
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Derivation for M has finished, now using the same 
approach, we can obtain the adaptive algorithm for N as 
follows: 
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Figure 5. Joints 1 and 2 output

Fig. 5 shows the joints output that under different 
payload masses. By using the model reference adaptive 
control approach, three line coincide with each other 
under different payload masses, i.e. the payload mass 
variation effect has been compensated.   

4 Conclusion 

When the end-effector grasps different payload masses, 
the output of joint motion will vary, which will decrease 
the positioning accuracy of the end-effector. Based on the 
model reference adaptive control approach, the payload 
variation effect can be solved effectively and therefore, to 
improve the positioning accuracy. Future research will 

focus on hybrid control design by combining model 
reference adaptive control and PID control for serial 
robotic arms.  
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