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Abstract 

Many Proportional-Integral-Derivative (PID) controller 
design methods on nonlinear systems are reported in recent 
years due to its simple structure and powerful performance. 
This paper presents Shuffled Complex Evolution (SCE) 
method for PID design process that yeilds more optimum 
parameters. By adding saturation constraint to the system, 
our model is more precise than other reported researches. 
Also we have improved the cost function formulation of the 
optimization problem. The PID controller has been applied 
on a 5-bar-linkage manipulator.

1. Introduction 

Proportional-Integral-Derivative (PID) controller is one of 
the most common controllers which has been used in industry 
during recent years. This controller has three parameters; 
proportional gain �� , integral gain ��, and derivative gain ��.  
There are some definite approaches to design PID controller for 
linear systems. So these powerful advantages can be used in 
linear systems readily. But it's interesting and helpful to find a 
way which makes it possible to use  this controller in nonlinear 
systems control, too. As we know, there are no systematic 
methods to design a PID controller with near optimal 
parameters. Traditionally trial and error method has been a 
common method to determine PID controller parameters that 
usually takes considerable time and does not lead to such 
accurate results. To overcome these problems, several methods 
have been developed that give more optimum results with 
respect to traditional method. Ant colony optimization [1], 
genetic algorithm [2], fuzzy logic [3], simulated annealing [4], 
and pattern recognition [5] are new methods. In most recent 
researches the Particle Swarm Optimization (PSO) [6], and 
Binary Genetic Algorithm (BGA) [7] algorithms have been 
tried. In this paper we want to design tow controllers for a 5-bar-
linkage manipulator robot. The model of this robot is nonlinear. 
In comparison with other recent researches, we have added 
another nonlinear block to the model  in order to make it more 
precise and have considered input signal limits due to saturation 
constraints. This nonlinearity increases problem complexity and 
needs some methods to solve optimization problem effectively. 
we have also changed the cost function of the optimization 
problem to lead the algorithm to more reasonable solutions. 
Because of saturation constraint that has been added to model, 
it's possible to expand the search space of the optimization 
problem. Eventually we have applied another new algorithm 
called as Shuffled Complex Evolution (SCE) that is more robust 
and more precise than other reported methods. 

 

2. Manipulator dynamic equations
 

In many industrial robotic applications such as spray-
painting, arc welding and adhesive or sealant applications a 5-
bar-linkage manipulator is a suitable and prevalent robot. 
Figure 1 shows the 5-bar-linkage manipulator made in robotics 
research lab in our department. In this section, the dynamic 
equations of a 5-bar-linkage manipulator are presented. Let ��
,�� and �	�  be the joint variable, torque and hub inertia of the 
��	
motor, respectively. Also, let ��, �, �� and ��  be the inertia 
matrix, length, distance to the center of gravity and mass of the 

��	 link, respectively. The measured mass, length and center of 
gravity of links are reported in Table 1. 
 

Table 1. 5-bar-linkage manipulator data 
 

Link Mass(Kg) Length(m) C of G 
� ����� ���� �����
� ������ ���� ���� 
� ������ ���� ����� 
� ������ ���� ����� 

Fig. 1. Five-bar-linkage manipulator
 

Figure 2 depicts the 5-bar-linkage manipulator schematic where 
the links form a parallelogram[8]. 
 
2.1. Equations 
 

Equations (1-5) present the dynamic equation of the 
manipulator [11]. 
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where g is the gravitational constant and 
 
��� � ���� � ���* � ����" � �*��*" � �+��"                          (3) 
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Now, we note from the above equations that if 
 
�*"�* � �+��+                                                               (6) 
 

then ��" and �"� are zero, that is, the inertia matrix is 
diagonal and constant. Hence the dynamic equations of this 
manipulator will be as below: 
 
�� � ���� � �	

� ��! � )����� � �*�* � �+� ,-.��      (7) 
�" � /�"" � �	

"0�"! � )��"�" � �*" 1 �+�+ ,-.�"     (8) 
 

Notice that ���depends only on �� but not on �". But on the 
other hand �"�depends only on �"�but not on ��. If the condition 
in (6) is satisfied, we can adjust the two angles �� & 
�"�independently, without worrying about interactions between 
them. Using equations (7) and (8), 5-bar-linkage manipulator 
robot is easily simulated using Matlab® and Simulink® blocks. 

 
3. PSO and SCE Review 

 
Particle Swarm Optimization (PSO) is a simple search 

approach formulated by Eberhart and Kenedy in 1995 [9]. In 
this algorithm each solution to the problem is considered as a 
bird flying in the problem search space. The flying birds are 
called as particles. In each iteration the best solution is 
determined from the following formula:  

 
5678 � 59:� � ;678    (9) 
 
where 5 is the solution vector and��; is the velocity vector that 
refreshes the solution.

;�<678 � = > ;�<9:� � ,� > ?@AB > �5CD 1 5� � ," > E@AB >
�5FD 1 5�      (10)

 
That 5CD and 5FD are the personal best location and global best 
location of the 
�	 particle, respectively; rand() and Rand() are 
two random numbers in the range [0,1]; ,� and ," are two 
constants that (,� � ," G �) and w is the inertia weight factor. = 
helps algorithm to climb from local minimums. If the local best 
solution has a cost less than the cost of the current global best 
solution, then the local best solution replaces the global best 
solution. Equation (11) gives the usual formula for w: 
 
= � ��� > �� � ?@AB                                                       (11) 

  
Fig. 2. 5-bar-linkage manipulator plannar presentation 

 
The other algorithm used in this research is a novel one. 

Shuffled Complex Evolution (SCE) [10] enjoys a special 
version of a local search algorithm called as Nelder-Mead (NM). 
By choose of H�HI-I �random points in search space and sort 
them according to their costs. Now they should be divided into 
J complexes (H � J > �). Then improve these�J complexes by 
apply of a special version of NM on all of them. Eventually 
shuffle the complexes, sort them again and repeat the steps just 
like mentioned in above. The presented steps in below, describe 
more about what should be done in SCE algorithm. 
 
K��select � points randomly from each complex, the points with 
lower cost must have better chances in selection process. 
 
L���Apply the improved NM on these � points as follow: 
 
M. Calculate mean of �� 1 �  best points �NO . 
MM. Reflect the worst point �N8  with respect to �NO  to reach a 
new point in search space called as NP�(12). 
 
NP � N8 � � > �NO 1 N8     (12) 
 
MMM. If cost of NP�is better than cost of�N8, replace N8 with�NP. 
MQ. If NP was not better than N8, N��is next point in search 
space(13). 
 

N� � �NO � N8 
�R      (13) 

 
Q. Now if N��is better than�N8, replace them. Else do as below: 
QM. Select a random new point in search space and replace it 
with�N8. 
Repeat the K and L, . and ? times respectively (?< . G �). 
The mentioned parameters for SCE in our simulations are as 
below: 

ST3T � ��< U � �<� � ��< V � �< W � �< 4 � ���

For PSO, we have used the same parameters in [6] to do a 
comparsion with our results: 

ST3T � ��< 2� � 2" � �< ��< ��< �� X ��< ��  

4. PID controller design and problem formulation 

The PID controller is used to improve the dynamic response and 
reduce the steady-state error. The transfer function of a PID 
controller is described as (16) where���, ���and ���are the 
proportional, integral and derivative gains, respectively. A 
performance criterion in the time domain includes the overshoot  

Table 2. The best PID parameters. Tow first rows are related to motor 2 
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cost YZ�4  Y[�4  \ZZ ]^�_  `a `b `^  
������������ ������������c 1 ����������������������� PSO [6] 
������������ ������������c 1 ����������������������� SCE       motor 2 
������������ ������������c 1 ����������������������� SCE      motor 1 

 

 

Fig. 3. Block diagram of manipulator with PID controller 
 
���, rise time dP, settling time de, and steady-state error cee. A 
good set of control parameters���<�, ���and��� can make a good 
step response that will result in performance criteria 
minimization. To find the optimal PID controller parameters that 
minimize the performance indices on the load disturbance and 
transient responses a cost function has been defined as follows 
[12]: 
 
f�g � /� 1 hij0/�� � cee0 � hij�de 1 dP                    (14) 
 
that g is k���< ��< ��l�and � is the weighting factor that if set to 
be smaller than 0.7, reduces the rise time and settling time and if 
set to be larger than 0.7 reduces the overshoot and steady state 
error. It is so clear that minimizing each of four mentioned 
indices should result in minimizing the problem cost function. In 
function proposed in (14), the minus sign between de�and 
dP�should be corrected. Because, an increase in�dP, that isn’t 
desirable, results in cost function decrement that is desirable. 
This fault can mislead the algorithm. The reasonable way is to 
change cost function as below: 
 
f�g � /� 1 hij0/�� � cee0 � hij�de � dP                   (15) 
 
subject to: 

� ��< ��< ���m��1��<�� . 
� plant input signal swing X �1��< �� � 

 
It is remarkable that in industrial or other applications that 

robots and manipulators are used, because of safety problems, 
the transient response of these devices must be so smooth. 
Therefore it is essential to choose relatively a large amount for 
weight of first term in the cost function to more emphasize on 
overshoot index. So in this paper we let�� � ���.  
PID controller transfer function is as follows: 
 
n��. � �� � �� .R �� ��.�                                                (16) 

 
With generating HI-I random amounts for three controller 

parameters in predefined search space as initial population, each 
point g (controller parameters) is sent to Matlab Simulink block 
and the values of four performance criteria in the time domain 
namely���, cee, dP, and de, are calculated iteratively. Then cost 
function is evaluated for each point according to these 
performance criteria. 

 
5. Simulation results 

 
In this paper we have performed a comparsion between the 

simulation results of this research, which is based on SCE, and 
the approach proposed in [6]. The idea of this research is to use 
SCE to find a more optimum set of PID parameters in a wider 
search space and in the presence of the input signal saturation, 
which is a hard nonlinear constraint. Also the common cost 
function of the problem has been verified as (15). A typical 
block diagram of a 5-bar-linkage manipulator robot with PID 
controller is shown in Fig. 3,  which seems drastically nonlinear. 
Also Fig. 4 plots the step response without the controller 
applied, and verifies that the system is in the boundary stability 
state. Table 2 contains PID controller parameters and step 
response indices of two methods, presented in [6] and in this 
paper. Studying this table indicates that our approach presents 
more optimum solutions with respect to [6]. For example in 
motor 2 the cost has decreased from 0.0798 to 0.0548 and also 
all of step response indices have been decreased. To have an 
intuitive view from the results, the step responses of motor 2 
with implementation of both PSO and SCE algorithms are 
shown in Fig.5. Because of nonlinearity of the system it is not 
possible to extract reasonable rules about behavior of the 
controller parameters variations and step response indices, as we 
do in linear systems. This is the main reason that justifies use of 
artificial intelligence methods in finding near optimal solutions 
for such problems. Fig. 6 includes two plots that are related to 
plant input signals with and without saturation constraint. In 
unsaturated state response is faster but it has no good 
performance practically. All simulations have been done on  

2 Out2 1 Out1
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Product
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PID Controller

-C- Mass

1
s

Integrator1

1
s
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Fig. 4. Step response of the motors without PID controller

Fig. 5. Step response of motor 2 related to PSO and SCE 
 

Fig. 6. Plant input signals in saturated and unsaturated states 
 
motor 2 and the results for motor 1 are similar to motor 2. The 
real output of system directly depends on two mentioned angles 
that we were able to control them as the outputs of a decoupled 
MIMO system.  
 

6. Conclusions 
 

In this research we have defined a more precise model for a 
5-bar linkage manipulator by adding a saturation block on its 
input signal. Also the common cost function of the optimization 
problem has been modified to lead the solutions toward lower 
costs better. Eventually by applying Shuffled Complex 
Evolution (SCE) algorithm to the optimization problem, we 
have gained much better PID controller parameters with respect 
to other recent  methods. Design of a MIMO controller for the 5-

bar-linkage manipulator without decoupling the dynamic 
equations can be the subject of the next researches. 
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