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Abstract - The Proportional-Integral-Derivative (PID) has been used in various industries for a long time. The three controller 
gains has made it simple to use and is robust as well. Proper tuning of these three gains is crucial for it to perform at its best. This 
has led to a new era of PID tuning which involves adapting metaheuristic algorithms for the tuning of this controller. Metaheuristic 
algorithms have opened up new possibilities in terms of tuning the PID controller gains. Pioneer methods such as Ziegler-Nichols 
and Cohen-Coon are rigid with only few derivatives of the formula whereas metaheuristic algorithms are dynamic, fast and 
adaptable which gives it great potential. In return, the untapped potential of the PID controller can be explored. This will then 
optimize the process or application the PID controller is running. This paper will investigate the cuckoo search (CS) algorithm and 
improved cuckoo search (ICS) algorithm along with four fitness function to improve performance of a DC Servo Motor.  
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I. INTRODUCTION 
 
The DC Servo Motor is a direct current motor that is 

coupled with an encoder. The encoder is what makes it 
unique from normal DC Motors. The encoder that is attached 
to the motor enables the motor to return its current position 
in the form of feedback to the controller. Due to this 
behavior of the servo motor, it is widely used in applications 
that require precise speed or position control of the motor.  

The PID (Proportional-Integral-Derivative) controller has 
also been used extensively  to control the DC motor [1]. The 
PID controller is a well-known controller since its inception 
in the 19th century. Since then, this controller has been used 
in various industries all over the world with great success. 
The simplicity of this controller is that it only has three 
values that have to be selected. The stability of the system is 
achieved through proper tuning and selection of these 
values[2]. The first methods of tuning was through trial and 
error. Then came methods like Ziegler-Nichols and Cohen-
Coon[3]. These methods proved to be successful. However, 
the tuning methods of the controller can be further improved. 
Without a proper tuning method the PID controller will not 
work properly[4].  

The Ziegler-Nichols tuning method falls in the heuristic 
method which means the tuning follows a certain rule to 
tune. The metaheuristic algorithms are a higher-level 
procedure designed to find, generate a solution that may a 
sufficiently good solution to an optimization problem. There 
are various types of metaheuristic algorithms. There is the 

local search[5] and global search[6] algorithms. Besides, 
there are algorithms which are single solution [7] versus 
population based. The effectiveness of the algorithms are 
done using test functions such as the Rosenbrock’s function 
[8].  

The metaheuristic algorithms has been proven to improve 
the performance of the PID controller[9]. In PID motor 
control, the author in [10] used CS for a flexible single-link 
manipulator. The author in [11] used the CS search algorithm 
for a DC motor plant. The performance of the motor varies 
with the fitness function implemented. The integral of time 
absolute error (ITAE) gave the best system response. 
Authors in [12] made a comparison with the Bacterial 
Foraging Optimization (BFO), Firefly Algorithm (FA) and 
Particle Swarm Optimization (PSO) for control of liquid 
level in a hopper and spherical tank system. The FA and CS 
provided overall superior results. The authors in [13], [14] 
have also used CS algorithm for optimization problems.  

This paper presents results with respect to two different 
algorithms, in which the metaheuristic algorithm that will be 
used is the CS and Improved Cuckoo Search (ICS) 
algorithm. CS algorithm is proposed by authors in [15] and 
the ICS algorithm has been proposed by author in [16].The 
CS and ICS algorithm will be tuned using four different 
fitness function. The performance comparison study will be 
presented on: 

 Ziegler-Nichols(ZN)-PID  
 CS-PID  
 ICS-PID 
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    The remainder sections of the paper is organized as 
follows. In section II, an overview on the algorithms are 
presented. The design methodology will be discussed in 
section III. The results and analysis are presented in section 
IV The conclusion of this research will be presented in 
Section V.  

II. ALGORITHMS 

 
A. Ziegler-Nichols (ZN-PID) 
 

The PID controller is a three term controller and can be 
expressed mathematically. Equation (1) shows the PID 
equation in Laplace domain and (2) shows the PID equation 
in the time domain. 

( ) I
PID p D
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G s K K s
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                                (1) 
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where PK  is the proportional gain, IK  is the integral gain, 

DK  is the derivative gain, t is the instantaneous time,   is 

the variable of integration and ( )e t  is the error which is the 

difference between the output and input signal. 
The Ziegler-Nichols tuning method is a PID tuning 

method that has been used for many years due to its 
straightforwardness. This tuning method is fixed to three 
steps.  

Firstly, The Integral (KI) and Derivate (KD) gains are set 
to zero at first. The Proportional gain (KP ) is then increased 
until the output of the control loop obtains constant 
oscillation.  The ultimate gain (KU) and oscillation period 
(Tu) are then used to determine the Proportional (KP), 
Integral (KI) and Derivative (KD) gains. Table 1 shows the 
PID tuning formula table.  
 

TABLE I. ZIEGLER-NICHOLS CLASSICAL TUNING DESIGN 
FORMULA 

Control Mode KP TI TD 

PID 0.60 KU TU  /2 TU /8

 
    It can be seen from Table I that the calculations for the 
controller parameters are given using KP, TI and TD 
respectively. These values are obtained from the process and 
plugged in Table I to obtain the PID values. There are other 
type of tuning formulas as well[17][18]. The tuning formula 
presented in Table I is the classical tuning design formula.  
 
 
 
B. Cuckoo Search Algorithm(CS) 
     

The CS is inspired by the brood parasitic behavior of the 
cuckoo species. [19][20][21][22]. There are two types of 
brood parasitism. In the Obligatory brood parasitism the 

cuckoo lays its eggs in the nest of other birds. In the Non-
Obligatory brood parasitism, the cuckoo lays its eggs in its 
own nest as well as in other nest of the same species. Further 
details of this algorithm can be found in [15].The improved 
cuckoo search is a variation of the Cuckoo Search 
Algorithm. It is aimed at improving the CS in terms of the 
constant parameters. The basic CS has a fixed set of 
parameters that is initialized before running the algorithm.  

In terms of mathematical representation, the global and 
local random walk is expressed as (3) and (4).  
 

1 ( ) ( )t t t t
i i a j kx x s H p x x                         (3) 

 
where t

jx and t
kx are two distinct solutions selected by 

random permutation by the Heaviside function ( )H u .  is 
a number drawn from a uniform distribution and s is the step 
size. In (1),means the entry-wise product of two vectors.  

The global random walk is implemented using Levy 
flights as shown in (4).  
 

1 ( , )t t
i ix x L s                               (4) 

 
In (2),   is the step size scaling factor. L is the Levy flight 
function as shown in (5).  
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C. Improved Cuckoo Search (ICS) 
 

The discovery probability pa and step size α is adjusted in 
ICS is updated as shown in (6), (7) and 8). The discovery 
probability is updated as shown in (6). The discovery 
probability is different for every iteration as the value of gn 
changes for every iteration.  

The basic CS algorithm uses fixed values for its ap and 
 . The main difference between CS and ICS is how these 
values are adjusted. The ICS uses variable values of ap and 
 . The values are dynamically changed[16].   

max max min
( ) ( )a a a a

gn
p gn p p p

NI
                  (6)  

Equation (7) is a factor which is used in (8).  

min

max

1
ln( )c

NI




                                    (7) 

The value of c from (7) is substituted into (8) to yield the 
step size. The step size for every iteration is also different 
and is updated as shown in (8). 
  

( . )
max( ) c gngn e                                     (8) 

Where:  
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gn is the total number of iterations 

NI is the current iteration 

max and max  are the maximum and minimum step size 

respectively 

maxap  and 
maxap are the maximum and minimum discovery 

probability respectively. 
 
 

III. MATERIAL AND METHODS 
 

A. System Identification 
 

The processor used to run MATLAB is an Intel® Xeon® 
CPU E3-1226 v3 @ 3.30GHz. The MATLAB version used 
for this experiment is MATLAB 2015a.  

 

 
Fig. 1. Experimental setup 

 
    The experimental setup and wiring is shown in Fig. 1. The 
DC Servo Motor and the Arduino® Mega 2560. The motor 
used in this setup is a HITEC HS-325HB standard ball 
bearing servo motor. The specifications of the motor is given 
in Table II. 

TABLE II. HITEC HS-325HB SPECIFICATIONS 
Torque 4.8V:42.00 oz-in (3.02 kg-cm) 

6.0V:51.00 oz-in(3.67 kg-cm) 

Speed 4.8V: 0.19 sec/60° 

6.0V: 0.15 sec/60° 

Weight 1.51 oz (42.8 g) 
Dimensions Length:1.57 in (39.9 mm) 

Width:0.78 in (19.8 mm) 
Height:1.43 in (36.3 mm) 

Motor Type 3-pole 
Gear Type Plastic 
Rotation/Support Single Bearing 
Rotational Range 110° 
Pulse Cycle 20 ms 

 
The Arduino board is the motor controller in this setup. 

The motor is supplied 5V from the board. The signal wire is 
connected to provide Pulse Width Modulation (PWM) to the 
motor. The encoder wire is connected to Pin 0 of the board 

as feedback for actual position of the motor. The input and 
output of the board is passed through Simulink® through an 
A-B Universal Serial Bus (USB) cable. 
 

 
Fig. 2. Simulink Block Diagram 

 
The Simulink and Arduino interface setup is shown in 

Fig. 2. The Arduino blocks are obtained through the 
Simulink Support Package for Arduino Hardware. The input 
from the Arduino is extracted from Pin 0 on the board. The 
PWM signal is sent through Pin 7 of the Arduino board. The 
transfer function of the motor is obtained from the System 
Identification (SI) Toolbox by using the motor input and 
output information from Simulink.  

The SI toolbox then estimates the transfer function of the 
motor. The plant is a second order system representing a DC 
Servo Motor.  The equation of the plant is expressed in (9) as 
a transfer function. 

2

4.487
( )

3.458 4.487motorG s
s s


 

                   (9) 

 
The controller equation for every fitness function is 

unique and will be compared in terms of rise time (tr),  
settling time( st ) , percentage overshoot (OS) and fitness 
value. Another factor that will be investigated is the 
convergence rate in terms of iterations of the algorithm. 

 
B. Ziegler-Nichols 
     

The Ziegler-Nichols tuning of the PID controller was 
done using MATLAB® toolbox. The classical design 
formula was chosen for the tuning of the controller.  
 
C. Cuckoo Search Algorithm 

 
The CS-PID was designed using the following flowchart 

in Fig. 3 and initialization listed in Table II. This values are 
included in the algorithm initialization.  
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Fig. 3. Flowchart of Cuckoo Search Algorithm 

 

Fig 3. shows the flowchart of the CS algorithm. It starts 
with the initialization values as shown in Table II. It then 
does a global walk as shown in (4) to generate a solution. It 
then evaluates the quality of the objective function which 
will be discussed in Section E. If the new solutions are better, 
the old solution will be replaced by the new one. A fraction 
of the worst nests will be replaced by a factor pa which is the 
discovery probability. The algorithm then generates new 
solutions using (3). 

 
TABLE III. CUCKOO SEARCH ALGORITHM INITIALIZATION 

Number of Nests 25 
Discovery Rate 0.25 
Iterations 200 
Step Size 0.01 

 

Table III shows the parameters that are used for the Cuckoo 
Search Algorithm at the start of the iterations.  
 
D. Improved Cuckoo Search Algorithm 
 

The ICS-PID was designed using the flowchart in Fig. 4 
and initialization parameters listed in Table III. The ICS 
flowchart is slightly different than the one of CS. Fig. 3 
illustrates the flowchart of the ICS algorithm. 

 

 
Fig. 4. Flowchart of Improved Cuckoo Search Algorithm 

 

Fig 4. illustrates the ICS flowchart. The steps are similar 
to those of CS shown in Fig 3. except for the updating of the 
pa and step size, α. The updating of the pa is done as shown 
in (6) whereas the updating of the step size is done as shown 
in (7) and (8). Table III shows the parameter initialization of 
the ICS algorithm.  
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TABLE IV. IMPROVED CUCKOO SEARCH ALGORITHM 
INITIALIZATION 

Number of Nests 25 
Iterations 200 

ap min 0.01 

ap max 0.5 
 min 0.05 
 max 0.5 

 
The parameter initialization for the ICS algorithm in 

Table IV has 6 initialization parameters which is 3 more than 
the CS algorithm.  
 
E. Fitness Functions 

 
Every metaheuristic algorithm needs a fitness function or 

an objective function to follow. The fitness function is aimed 
at providing a criteria for the algorithm to follow. The aim of 
the algorithm in this paper is to minimize the fitness 
function. The error is calculated over the time interval. The 
fitness function used are Integral of Absolute Error (IAE), 
Integral of Squared Error (ISE), Integral of Time Squared 
Error (ITSE) and Integral of Time Absolute Error (ITAE). 
The mathematical representation of the fitness functions are 
expressed in (10) to (13). 
 

| |IAE e tdt                                                           (10) 

 
2ISE e tdt                                                              (11) 

 

ITSE tetdt                                                            (12)    

                                           

| |ITAE t e dt                                                        (13) 

Equation (10) to (13) is inserted in the objective function 
section of the algorithm. Individual experiments are 
conducted with respect to the fitness functions. Results in 
Section IV is divided into the four fitness functions.  

 
 

IV. SIMULATION RESULTS 
 

The results of ZN, CS and ICS with respect to ISE, IAE, 
ITSE and ITAE are discussed in the following section. 
 
A. Integral of Squared Error (ISE) 
 

Table V contains the PID controller values generated by 
ISE as the fitness function.  
 

TABLE V. PID CONTROLLER GAINS FOR ISE 
Controller KP KI KD 

ICS 146.7073 55.4197 192.7315
CS 99.1493 80.9707 59.2725
ZN 6.10 20.8 0.47

 

Table IV shows the PID controller values generated from 
CS and ICS algorithm. The ZN value is the same for all four 
fitness function as it is generated using the formula in Table 
1 regardless of the fitness function. The process output of the 
system is shown in the graph generated from MATLAB® in 
Fig. 5 till Fig. 7 when ISE is used as the fitness function. Fig. 
8 shows the convergence of ICS and CS.  

 

 
Fig. 5.  Process Output Response of Ziegler-Nichols. 

 

 
Fig. 6.  Process Output Response of CS ISE 

 

 
Fig. 7.  Process Output Response of ICS ISE 
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Fig. 8.  Convergence of ICS and CS for ISE 

 
Table VI contains the performance index of the 

respective controllers.  
TABLE VI. PERFORMANCE INDEX FOR ISE 

Controller Tr(s) Ts (s) OS (%) ISE 

ICS 0.00257 0.0047 0 0.0005935
CS 0.00844 0.0161 0 0.0019384
ZN 0.232 3.91 47.1 0.47

 
The rise time for ICS is 0.00257 seconds, followed by 

0.00844 for CS and 0.232 for ZN. The settling time for ICS 
is 0.0047 seconds, followed by 0.0161 seconds for CS and 
3.91 seconds for ZN. The overshoot of the system is 0% 
when ICS and CS is used and 47.2% for ZN. The ISE is 
lowest for ICS at 0.0005935 followed by CS at 0.0019384 
and 0.47 for ZN. No steady state error was present in the 
system. The ICS algorithm converges faster than the CS 
algorithm.  
 
B. Integral of Absolute Error (IAE) 

 
Table VI contains the PID controller values for CS and 

ICS generated by IAE as the fitness function as well as ZN 
values. 

 
TABLE VII. PID CONTROLLER GAINS FOR IAE 

Controller KP KI KD 

ICS 237.605 238.3832 79.2005
CS 44.2678 19.9011 30.9844
ZN 6.10 20.8 0.47

 
    The PID controller gains of ICS, CS and ZN are listed in 
Table VII. The process output of the system is shown in Fig. 
8 and Fig. 9 when IAE is used as the fitness function. Fig. 10 
shows the convergence of ICS and CS.  
 

 
Fig. 8.  Process Output Response of CS IAE 

 

 
Fig. 9.  Process Output Response of ICS IAE 

 

 
Fig. 10.  Convergence of ICS and CS for IAE. 

 

Table VIII shows the controller performance in terms of 
the performance index.   

 
TABLE VIII. PERFORMANCE INDEX FOR IAE 

Controller Tr(s) Ts (s) OS (%) IAE 

ICS 0.00621 0.0112 0 0.002904
CS 0.0166 0.0368 0 0.009048
ZN 0.232 3.91 47.1 0.600104

 
The rise time for CS, ICS and ZN is 0.00621 seconds, 

0.0166 seconds and 0.232 seconds respectively. The settling 
time for ICS is 0.0112 seconds, followed by 0.0368 seconds 
for CS and 3.91 seconds for ZN. The overshoot of the 
system is 0% when ICS and CS is used and 47.1% for ZN. 
The IAE is lowest for ICS at 0.002904, followed by CS at 
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0.009048 and 0.600104 for ZN. The ICS algorithm 
converged faster than the CS algorithm.  
 
C. Integral of Time Squared Error (ITSE) 
    

Table IX shows the PID gains of the three controllers for 
ITSE.  
 

TABLE IX. PID CONTROLLER GAINS FOR ITSE 
Controller KP KI KD 

ICS 302.1206 311.1193 177.8803
CS 17.2330 21.1309 5.6952
ZN 6.10 20.8 0.47

     
The values shown in Table VIII are generated for ITSE 

fitness function. The step response of the CS ITSE and ICS 
ITSE is shown in Fig. 11 and Fig. 12 respectively. Fig. 13 
shows the convergence of the ITSE fitness function.  

 

 
Fig. 11.  Process Output of CS ITSE 

 

 
Fig. 12.  Process Output of ICS ITSE 

 

 
Fig. 13.  Convergence of ITSE. 

 
    Table X shows the performance index for ITSE in 

terms of the rise time, settling time, percentage overshoot as 
well as the fitness value, JMIN.  

 
TABLE X. PERFORMANCE INDEX FOR ITSE 

Controller Tr(s) Ts (s) OS (%) ITSE 

ICS 0.00277 0.00503 0 4.3234e-04
CS 0.0905 0.198 0 3.9700e-07
ZN 0.232 3.91 47.1 0.00000626

 
    The rise time for CS, ICS and ZN is 0.00277 seconds, 

0.0905 seconds and 0.232 seconds respectively. The settling 
time for ICS is 0.00503 seconds, followed by 0.198 seconds 
for CS and 3.91 seconds for ZN. The overshoot of the 
system is 0% when ICS and CS is used and 47.1% for ZN. 
The ITSE is lowest for ICS at 4.3234e-04, followed by CS 
at 3.9700e-07 and 0.00000626 for ZN. Fig. 13 shows that 
the ICS algorithm converges faster than the CS algorithm.  
 
D. Integral of Time Absolute Error (ITAE) 

 
The PID gains for all three controllers are shown in Table 

XI. Fig. 14, Fig. 15 and Fig.16 shows the step response of 
CS-ITAE, ICS-ITAE and convergence rate respectively. 

  
TABLE XI. PID CONTROLLER GAINS FOR ITAE 

Controller KP KI KD 

ICS     62.2379 64.1083 33.3347
CS 0.9861 1.4068 0.0542
ZN 6.10 20.8 0.47

 

 
Fig. 14.  Process Output of CS ITAE 

 



KELVINDER SINGH et al: TUNING OF PID CONTROLLER FOR DC SERVO MOTOR USING IMPROVED . .  

 DOI 10.5013/IJSSST.a.18.02.06                                             6.8                               ISSN: 1473-804x online, 1473-8031 print 

 
Fig. 15.  Process Output of ICS ITAE 

 

 
Fig. 16.  Convergence of ITAE. 

 
TABLE XII. PERFORMANCE INDEX FOR ITAE 

Controller Tr(s) Ts (s) OS (%) ITAE 

ICS 0.0152 0.0307 0 0.0001162
CS 0.997 3.45 0 0.4555427
ZN 0.232 3.91 47.1 0.6301837

 
The rise time for CS, ICS and ZN is 0.0152 seconds, 

0.997 seconds and 0.232 seconds respectively. The settling 
time for ICS is 0.0307 seconds, followed by 3.45 seconds for 
CS and 3.91 seconds for ZN. The overshoot of the system is 
0% when ICS and CS is used and 47.1% for ZN. The ITAE 

is lowest for ICS at 0.0001162, followed by CS at and 
0.6301837 for ZN. The ICS converges faster than the CS 
algorithm. 

Table XIII provides the summary of the best controller in 
terms of the fitness functions ISE, IAE, ITSE and ITAE.  
 

TABLE XIII. PERFORMANCE INDEX OF ICS  
 

Fitness 
Function 

Tr(s) Ts (s) OS (%) Fitness Value 

ISE 0.00257 0.0047 0 0.0005935 
IAE 0.00621 0.0112 0 0.002904 

ITSE 0.00277 0.00503 0 4.3234e-04   
ITAE 0.0152 0.0307 0 0.0001162 

 
It can be inferred from Table XII that the best 

performance in this research and DC Servo Motor has been 
provided by ICS-ISE. The selection of fitness function for 
other applications can be explored using the approach taken 
in this study.  
 

V. CONCLUSION 
 
In this paper, a method of PID controller tuning was 

proposed. The CS and ICS algorithms were studied and 
compared with the ZN tuning method. The simulation 
experiments show that both the metaheuristic algorithms 
have outperformed the ZN tuning method. Moreover, it can 
be observed that the ICS had faster convergence as compared 
to the CS. In addition, it is also clear that the selection of 
fitness function also influences the performance of the 
algorithm. The ICS-ISE has provided the best system 
response in this study.  

In the present study, investigation was only done on the 
use of CS and ICS in servo motor control. Further study can 
focus on hybrid algorithms and different variations of fitness 
function to improve the PID controller.  
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