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Abstract: 

In this study, trajectory control of the Variable Loaded Servo (VLS) system is performed by 

using a Fuzzy Logic based Iterative Learning Control (ILC) method. In the study, a Iterative 

Learning PID (IL-PID) Controller is used as the iterative learning control structure. Also, a 

fuzzy adjustment mechanism has been added to the control system for specify the initial 

parameter of the IL-PID controller. So, with combining the fuzzy logic based parameter 

adjustment mechanism and the IL-PID controller, Fuzzy Iterative Learning PID (Fuzzy IL-PID) 

controller is designed to improving the system performance. In the designed system, thanks to 

the fuzzy adjustment mechanism, the IL-PID controller parameters such as Kp, Ki, and Kd 

values are automatically adjusted to the appropriate values initially. To illustrate the 

effectiveness of the proposed fuzzy IL-PID controller, trajectory control of the variable loaded 

servo system was performed by using both Fuzzy PID and Fuzzy IL-PID control methods 

under the same conditions separately, and the obtained results were compared. It is seen from 

the results, the proposed Fuzzy IL-PID control method is to better compensate the system 

effect as time varying loads and has reduced the steady-state error more than other method in 
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iterations progresses.  
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1. Introduction 

In practice, conventional PID controllers are widely used in many control systems due to the 

simple, robust and effective structure. Although, PID controller gives very good results in the 

control of linear, time-invariant systems, it gives not enough good results in the control of 

non-linear, time varying systems. Also, the effectiveness of the PID controllers depends on 

the precisely modelling of the system and the settings of the controller parameters. 

Conventional methods such as Ziegler-Nichols used to set the parameters of PID controllers, 

only helps to determine the controller parameters at the beginning in design stage. Besides, 

these methods do not provide the ability to on-line setting to the parameters of the controller 

in time progresses [1]. Therefore, the PID controllers are insufficient when applied to 

time-varying linear or nonlinear system and it cannot operate at the desired performance.  

On the other hand, fuzzy logic controller working with intuitive knowledge has been used 

frequently in recent years as an alternative to conventional PID controllers. Fuzzy logic 

system is a basic method based on human thinking and knowledge that can be applied 

successfully in many areas. Fuzzy logic is propounded with an article published in 1973 by L. 

Zadeh [2]. The most important advantage of fuzzy logic method is their intuition and 

experience of the operator can transmit to the controller by means of fuzzy set theory. As a 

feature, the advantages of fuzzy control in the control system can be listed as follows [3]; 

• it is robust against noise, 

• it gives better results for model uncertainty and changing system parameters, 

• it has very good transient state response, etc.  

In spite of these advantages, the fuzzy control methods are ineffective in the control of time 

varying linear system and nonlinear systems, and not enough, especially to minimize the 

steady-state error of the system, as with conventional PID controller. Therefore, Iterative 

Learning Control (ILC) method has been proposed to eliminate deficiencies in both the PID 

and fuzzy control systems [4]. 
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ILC method provides very convenient and effective results for periodically repeated in the 

control applications such as trajectory control of a robot arm. Recently, ILC systems are 

divided into two categories as traditional ILC and adaptive ILC methods in the literature. 

Traditional ILC has a learning mechanism that produces the control inputs based on the error 

and the previous input values. Adaptive ILC method uses the advantages of both the ILC and 

adaptive control to produce the control inputs [5]. In the last decade, many Adaptive ILC 

applications have been developed for unstable and nonlinear systems [6].  

Proposed Fuzzy IL-PID control method in the study is an adaptive ILC method and it has 

been developed to obtain optimal PID parameters of the ILC mechanism. In the study, the 

main purpose of the combination of the fuzzy logic and the ILC method to benefit from the 

advantages of both fuzzy logic and ILC methods and, to improve the performance of the ILC 

system [6]. In this method, obtained initial PID control parameters as Kp, Ki, and Kd by using 

fuzzy logic method has been used in the ILC system. 

 

2. Modeling of the Variable Loaded Servo (VLS) System 

In industrial applications, Permanent Magnet DC (PMDC) motors are widely used as an 

actuator for electromechanical energy conversion [7]. It directly provides rotary motion or 

moment and, coupled with wheels or drums and cables, can provide transitional motion or 

force. In this study, the VLS system actuated with PMDC motor which has the electric circuit 

of the armature and the variable loaded body diagram of the rotor are shown in Fig. 1.  
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Fig. 1 Equivalent circuit of the VLS system 

VLS plant and PMDC motor parameters are given in Table 1. We can write the following 

differential equations based on Newton's law combined with Kirchhoff's law from the Fig. 1;  
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where; ( )i t  is the armature current, eb(t) is the back EMF voltage,  ( )m t  is the motor torque, 

( )l t  is the load torque, ( )m t  is the angle of the armature [8].  

Table 1 Variable loaded servo system and load parameters 

Symbol Definition Value 

V PMDC Motor Voltage 6 Volt 

R Motor armature resistance 2.6 ohm 

L Motor armature inductance 0.18 mH 

kt Motor torque constant 0.00767 N.m/A 

kb Motor back-EMF constant 0.00767 Volt/(rad/sec) 

Ng Total gear ratio (N1/N2) 70 

ηg Gearbox efficiency 0.90 

Jm Motor inertia 4.6 x 10-7 kg.m2 

Bm Motor viscous coefficient ≅0 (negligible) 

Jl_in Initial load and gearbox moment of inertia 4.83 x 10-7 kg.m2 

Jl_sub Subsequent load and gearbox moment of inertia 4.83 x 10-6 kg.m2 

Bl_in Initial load viscous damping coefficient 4.41 x 10-6  N.m/(rad/sec) 

Bl_sub Subsequent load viscous damping coefficient  3.41x 10-5  N.m/(rad/sec) 

The motor torque ( )m t
 

is related to the armature current ( )i t by a constant factor kt , and the 

back EMF eb(t) is related to the rotational velocity of the armature ( )m t  or  ( ) /md t dt  by a 

constant factor km, as given the following equations; 

( ) ( )m tt k i t   ,     (3) 

( )
( ) ( ) m

b m m m

d t
e t k t k

dt


   .   (4) 

In the VLS system, rotational angle of the load ( )l t , transmitted by the gear box from 

armature angle ( )m t , and equivalent load torque ( )l t , may be expressed as;  
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where; Ng is total gear ratio and 
g  is gearbox efficiency. Simulink model of the VLS 

system with variable load parameters ( ,l lJ B ) has been obtained using above equations as 

shown in Fig. 2. 

 

3. Trajectory Control of the VLS System  

In this study, trajectory control of the variable loaded servo system as modelling above has 

been performed in Matlab-Simulink. First, the servo system is controlled by the Fuzzy PID 

controller. Next, the same system has been controlled by Fuzzy IL-PID controller, and the 

simulation results have been compared. 

 

Fig. 2 Simulink model of the VLS system with variable load (Jl, Bl) 

3.1 Fuzzy PID Control 

In industrial applications, PID controllers expressed as equation (7) are effective controllers 

widely used in especially linear time invariant system [9].  

( )
( ) ( ) ( )p i d

de t
u t K e t K e t dt K

dt
               (7) 

where; u(t) is the control signal, e(t) is the error value of between desired reference input and 

actual system output signal. Also, as seen from the equation (7), the design parameters of the 

PID controller are proportional gain (Kp), integral gain (Ki) and derivative gain (Kd) values.  
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In the literature, experimental approaches such as Ziegler-Nichols method is often used in the 

PID controller design procedure. Many times however, it needs to be made further fine tune 

the parameters to achieve the optimal design. In this respect, determination of design 

parameters takes a long time.  

In addition, various methods such as fuzzy system can be used to determine the PID control 

parameters. In the fuzzy PID method, the PID controller parameters are set using the fuzzy 

rule base system. Fuzzy PID method is an adaptive method, thence, provides better operating 

of the PID controller in unexpected parameter changes and also increases system performance 

[10].  

Trajectory control of the VLS system by using Fuzzy PID Controller is shown in Fig. 3. As 

shown in Figure, a Mamdani type fuzzy block with two inputs (system error, ( )e t and 

derivative of the error, ( )e t ) and three outputs (Kp, Ki and Kd) has been used in the Fuzzy PID 

Controller. Also, PID controller parameters have been set automatically on-line by the fuzzy 

system. 

 

Fig. 3 Block diagram of VLS control system by using Fuzzy PID controller  

Generally, Mamdani type fuzzy logic system consists of four basic components names as 

fuzzification, rule base, inference engine and defuzzification [11]. In the fuzzifier process, the 

crisp input values ( ( )e t , ( )e t ) are converted into fuzzy values [12]. In the study, for 

fuzzification process, five triangular membership function labeled as Negative Big (NB), 

Negative (N), Zero (Z), Positive (P), Positive Big (PB) are defined for each input values. 

Before the fuzzification process, two input values has been normalized to the range of [-2, 2] 

values. Also, the fuzzy values obtained in fuzzy inference mechanism must be converted to 

crisp output values (Kp, Ki and Kd) by a defuzzifier process. For this purpose, the 

center-of-gravity method has been used and four triangular membership functions labeled as 
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Zero (Z), Low (L), Medium (M), High (H) are defined for each output in the defuzzificiation 

process. Also, three otput values has been denormalized to the range of [0, 2] values. 

In the study, the PID controller parameters (Kp, Ki, Kd) have been set to the appropriate value 

with the fuzzy block. So, fuzzy system rule base is formed with operator experience, 

according to the desired system response. Fuzzy rule base sets defined for Kp, Ki, and Kd have 

been given in Table 2, Table 3, and Table 4 respectively. 

Table 2 Rule base for output Kp 

de\ 
e NB N Z P PB 

NB H M Z L L 

N H M Z L H 

Z H H H H H 

P H H L M H 

PB H M L M Z 

Table 3 Rule base for output Ki 

de\ 
e NB N Z P PB 

NB L H H M L 

N L M H M L 

Z L L M L Z 

P L M M M L 

PB L H H M B 

Table 4 Rule base for output Kd 

de\ 
e NB N Z P PB 

NB Z H H H L 

N Z H H M M 

Z L L H L H 

P L H H M M 

PB L H H H L 

Min-Max compositional rule is used in the developed fuzzy logic system. In the decision 

making operation, minimum inference method has been applied in the rule base given in 
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above tables. 

 

3.2 Fuzzy IL-PID Control 

Iterative Learning Control (ILC) improves the transient response and reduces the error 

trajectory of the time varying system as time progresses. By means of iterative learning 

mechanism, control system become more stable and more robust. Also, ILC is an effective 

control method with excellent tracking performance. Another advantage of the ILC system, 

the distorting effects that will affect the control system is able to compensate. Basic block 

diagram of the ILC system is shown in Fig. 4 [13,14]. 

 

Fig. 4 Basic block diagram of the ILC system 

In Fig. 4; uk(t) is the current control signal, uk+1(t)  is the next control signal, yk(t) is the 

output signal and yd (t) is desired output signal. The basic expression of the control signal for 

the ILC system defined by Arimoto et al. [15] is given in equation (8).  

1( ) ( ) ( )k k ku t u t e t   ,          (8)    

where;    is the learning gain value. Equation (8) is adapted to the PID controller 

parameters; Iterative Learning PID (IL-PID) controller can adjust their parameters recursively 

created. Accordingly, recursive equations can be written as follows for IL-PID controller [14, 

15]. 

1
( ( ) ( ) ( ) )

k kp pK K e t e t e t dt

            (9) 

1
( ( ) ( ) ( ) )

k ki iK K e t e t e t dt

            (10) 

1
( ( ) ( ) ( ) )

k kd dK K e t e t e t dt

      

    (11) 

where; 
kpK , 

ki
K and 

kdK  are the current parameters of the PID controller, 
1kpK


, 
1ki

K


, and 

1kdK


 are the next parameters of the PID controller, and  ,  ,  are the learning gain 

values for proportional, derivative, and integral control respectively. When equations (9-11) 
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are examined, it is seen that PID controller parameters are continuously adjusted based on 

system error. Under normal conditions, steady-state error can take positive and negative 

values. Therefore, it is very difficult to adjust the PID control parameters by IL method. In 

literature, the absolute value of the steady-state error is used to solve this problem. Thus, the 

PID parameters are more easily moved to the most appropriate value [16]. Also, the initial 

values of the PID control parameters determined by fuzzy logic block and thence system is 

achieved in less time self-adjustment. Block diagram of the Fuzzy IL-PID control system 

proposed in the study is given in Fig. 5. As seen from Fig. 5, the initial values for the IL block 

are produced in the Fuzzy Mamdani block and PID controller parameters (Kp, Ki and Kd) are 

updated in the IL block. Trajectory control of the VLS system is performed by PID controller 

which has continuously updated parameters in the IL block. 

 

Fig. 5 Trajectory control of VLS system with Fuzzy IL-PID controller 

 

4. Results and Discussion 

In this study, firstly, sinusoidal trajectory control of the VLS system was performed with the 

fuzzy PID controller. Then, the same trajectory control system was carried out with Fuzzy 

IL-PID controller under the same conditions. Also, output responses and trajectory errors of 

the system and parameter variations for each controller have been observed. The system 

output responses to both controllers are included in Fig. 6 for sinusoidal reference input. As 

shown in figure, output response  of the Fuzzy PID control system has a little trajectory error 

for initial load, but after changing the load of the servo system at time 63 seconds, the 

trajectory error has increased and so on. 
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Fig. 6 Trajectory outputs of the VLS system 

On the other hand, it is seen that the trajectory error of the Fuzzy IL-PID control system 

decreases gradually as time progresses and system output reaches to the reference trajectory 

though iterative learning mechanism after changing the load of the system at time 63 seconds. 

Here, it has been understood that Fuzzy IL-PID control method is quickly compensate the 

effect of load changes.  

Zoom area in Fig. 6 is given in Fig. 7 to better observe the system responses. Trajectory error 

of the Fuzzy PID and Fuzzy IL-PID control system is shown in Fig. 8 and Fig. 9, and also, 

parameter changes of the PID control for Fuzzy PID and Fuzzy IL-PID control system is 

shown in Fig. 10 and Fig. 11, respectively. 

 

Fig. 7 Zoom area in Fig. 6 
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Fig. 8 Trajectory error of the Fuzzy PID control system 

 

Fig. 9 Trajectory error of the Fuzzy IL-PID control system 

 

Fig. 10 Parameter changes of the PID control for Fuzzy PID control system 

 

Fig. 11 Parameter changes of the PID control for Fuzzy IL-PID control system 
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5. Conclusions 

In the industrial applications, minimization of trajectory error of the DC motor driven servo 

control system is essential for quality production process. Especially, if the system changes as 

a variable load over time, the trajectory control of the servo system is more difficult.  In this 

study, Fuzzy IL-PID control method which can be recursively updated controller parameters 

as time progresses is presented to solve this problem. To illustrate the comparative 

effectiveness of the proposed method, trajectory control of the time varying servo system has 

been executed for sinusoidal input by using both Fuzzy IL-PID and Fuzzy PID controllers. 

Experimental results show that the proposed Fuzzy IL-PID control method makes better 

compensated the effects of time-varying load and also more reduces the steady state error than 

other method as time progresses. Finally, Fuzzy IL-PID control method provides better 

control by continuously updating their control parameters iteratively. 
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