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 The present article describes the improvement of Self-regulation Nonlinear 

PID (SN-PID) controller. A new function is introduced to improve 

the system performance in terms of transient without affecting the steady 

state performance. It is used to optimize the nonlinear function available on 

this controller. The signal error is reprocessed through this function, and 

the result is used to tune the nonlinear function of the controller. 

Furthermore, the presence of the dead zone on the proportional valve is 

solved using Dead Zone Compensator (DZC). Simulations and experiments 

were carried out on the pneumatic positioning system. Comparisons between 

the existing methods were examined and successfully demonstrated. 

Keywords: 

Dead-zone compensation  

PID 

Pneumatic actuator  

PSO 

Self-regulation nonlinear 

function (SNF) 

 

Copyright © 2019 Institute of Advanced Engineering and Science.  

All rights reserved. 

Corresponding Author: 

S. N. S. Salim,  

Faculty of Electrical and Electronic Engineering Technology, 

Universiti Teknikal Malaysia Melaka, 

Hang Tuah Jaya 76100 Durian Tunggal, Melaka, Malaysia. 

Email: syednajib@utem.edu.my 

 

 

1. INTRODUCTION  

Compressed gas is a source of power that can perform various functions and pneumatics is 

classified in the fluid power controls which utilizes that compressed gas. It has been used in industries for 

many years due to several advantages such as inexpensive, fast in motion, high power to weight ratio, 

easy maintenance, unaffected by scorching heat and reputable. Additionally, it is a lso widely used in 

many automatic tasks as a replacement to hydraulic and electric servo motors. However, there are many 

factors that affect the control of pneumatic systems, including high nonlinearities due to high friction 

forces, dead band in the valve and compressibility of air [1-2]. These factors lead to the difficulty in 

achieving an accurate position. 

As a consequence of many control strategies that were investigated by [3-12], researches in 

pneumatic positioning systems have grown considerably over the last 20 years. Since early 2000s, 

the advanced control strategies such as fuzzy logic control, adaptive control, neural network and so on 

were intensively explored and exercised to the pneumatic system. Nonetheless, over the past decade 

innumerable researchers have found that, when compared to other techniques, the technique that 

integrated with PID controller works better in the pneumatic positioning system. The abovementioned 

statement refers to the increment of the growth rate of publications written by [13-19]. A dynamic model 

of pneumatic actuator is distinguished by substantial nonlinearities as previously stated. Therefore, 
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the utilization of standard linear controllers are hard to produce good performance for the system, 

particularly with variations in pressure and load. On the other hand, as deduced by [17, 20-22], it still can 

work by reconstructing the configuration or enhancing the adaptability of the controlled parameters.  

[23] proposed a combination of conventional PID controller and neural network that has a high 

learning capability, adaptation and tackling nonlinearity. The experiments were carried out for each of 

the cases with and without external inertia loads, up to 20 kgcm2. The proposed method showed a 

superior achievement and has the capability to countervail the disturbance compared to the conventional 

PID controller. An adaptive fuzzy PD controller was adopted to compensate the friction as recommended 

in another study conducted by [24]. The objective is to guarantee the stroke’s movement to the target 

position occurs swiftly and accurately without significant overshoot. The settling time and steady state 

error under a constant load was acquired under 1 s and 0.3mm, independently, without significant 

overshoot as claimed by the authors. A Multi-model controller on the basis of a few fixed PD-controllers 

was suggested by [17] because of the disadvantage of adaptive controller which is slow to follow the 

parameter variations. This technique has succeeded in increasing the capacity to produce good 

performances.  

In previous work, the Self-regulation Nonlinear Function (SNF) was introduced to generate a 

rate variation of the nonlinear function for NPID controllers [25]. However, there is still minor problem 

in method [25] in which, some disturbance on the cylinder movement occurs when SNF algorithm 

activated. In addition, there is also a slight delay with respect to the output.  Thus, in this paper, 

an improvement for the said purpose was proposed. The uniqueness of this new approach lies in 

the introduction of a new equation for the denominator of the nonlinear funct ion called deceleration 

factor .  The reasoning behind the introduction of this new equation is to avoid the occurrence of 

overshoot and retain the transient performance of the system with respect to the desired speed. 

In addition, the Dead Zone Compensator (DZC) was added to the system to cater the dead zone 

phenomenon normally occurred in the valve mechanism. In order to verify the capability of this 

controller, experiments were carried out. The comparisons with the existing methods (SNPID) were 

executed in reference to the transient and steady-state performance. 

The structure of this paper is arranged as such: The research method is briefly explained in 

Section 2. The techniq -PID controller is 

discussed in Section 3. Section 4 reports the experimental and simulation results using 

MATLAB/SIMULINK. Lastly, some conclusive statements are presented in section 5.  

 

 

2. RESEARCH METHOD 

In accordance with the Hardware in the Loop (HIL) approach, an experiment was conducted on 

the pneumatic actuator system. A comprehensive system configuration is shown in Figure 1. The coding 

was done using the Real-Time Windows Target (RTWT) toolbox and employed using MATLAB/ 

SIMULINK software. The test rig or physical model of the pneumatic positioning system is presented in 

Figure 2. The system being thought about consists of 5/3 bi-directional proportional control valve 

(Enfield LS-V15s), Double acting with double rod cylinder, Non-contact micro-pulse displacement 

transducer with floating Magnet (Balluff BTL6), Data acquisition card (NI-PCI-6221 card), Pressure 

sensors (WIKA S-11), Personal Computer, and Compressor (Jun Air).   

 

 

 
 

Figure 1. Configuration of the real plant and software 
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Figure 2. Test rig 
 

 

2.1. System model 

The System Identification was used to obtained the transfer function. This being said, 2000 data 

points constituting the input and output signals of the open loop system were gathered with a sampling time 

of 0.01 second. An iterative search through the prediction-error minimization (PEM) approach that generates 

a minimal prediction error variance when exercised to the working data was used to compute the estimated 

parameters. The parameters of the model were determined by reducing the cost function of the prediction 

errors via this approach. The discrete state-space equation was acquired by using this identification process 

and it is shown below. 
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2.2. Control design 

The primary objective is to achieve good results in controlling the position and continuing motion 

and this is achieved by using a simple design approach as emphasized by the conventional PID controller. 

Howbeit, this type of controller frequently unable to deliver best performance due to the rigidity of position 

control performance. A self-regulation nonlinear PID (SN-PID) controller was introduced by [17] to 

overcome this issue. N-PID is developed from the modification of the PID controller that integrated with 

automatic nonlinear gain and SN-PID controller is an improvement of the N-PID controller. The objective of 

this research is to design a controller with the displacement of the actuator that can reach the target in 

the fastest and most accurate way without any significant overshoot. Therefore, the controller was added with 

an extra function to countervail the nonlinearities of the system. This function will produce various values of 

nonlinear gain constantly to improve the performance, particularly in the transient part. Among the issues to 

be taken into account is the ability to maintain performance under various loads and pressures. 

 

2.3. Enhancement of self-regulation nonlinear PID 

Initially, the designing of the revised PID controller integrated with an automatic nonlinear gain was 

performed. The deficiencies in a conventional PID controller and its nonlinearities were overcome by using 

the automatic nonlinear gain, k(e,,).  An Enhanced Self-regulation Nonlinear PID (ESN-PID) controller is 

a combination of k(e,,) and PID controller, where k(e,,) is defined as a nonlinear function of error that 

relies on the generated values of  and  under the restriction of 0 < k(e,,) < k(emax). e, is an error refers to 

the conditions given in (2). A new equation as written in (3) is proposed to replace the denominator of 

the nonlinear gain to make it more flexible. A new parameter known as deceleration factor is introduced to 

avoid large overshoot to the system. The system block diagram with the suggested controller is depicted in 

Figure 3. 
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Figure 3. Enhanced self-regulation nonlinear PID (ESN-PID) controller 

 

 

The overall function of the proposed nonlinear gain is: 
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where: 

α - rate variation of nonlinear gain 

emax  -  range of variation 

𝜂  - deceleration factor 
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The value of  is generated on-line through the Self-regulation Nonlinear Function as presented in (5). 
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Consider the exponential decay represents the error signal, thus; 
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Perform a partial fraction and this yield 
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Next, the inverse Laplace transform is used, which leads to 
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Then, by taking the derivative for Equation (8); and this resulted 
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Based on the initial value theorem, the next equation derived is 
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Following that, using the final value theorem leads to 
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Based on (3) and (9), it can be concluded that, to overcome the static friction, both parameters  and 

α are automatically generated to give a specific value of nonlinear gain at the initial phase. In this case, 

a steady state response is gained when the rate variation decreases starting from a definite value and ends at 

0. Meanwhile, the value of denominator  increases from a certain value and ended at 2. 

 

 

3. DETERMINATION VALUE OF THE DESIGN PARAMETERS 

As previously described in [17], the Particle Swarm Optimization (PSO) technique was utilized to 

determine the design parameters of  and . The deceleration factor  is a positive value selected by the user 

and is used to prevent the system response from overshoot. This value is adjusted starting from the low level 

until it obtained the optimum value. The   value that exceeds the limit causes an overshoot to the system. 

The deceleration factor selected in this research is 0.2. Figure 4 shows the variation of   in reference to 

the percentage of error in accordance with the selected values of . 

 

 

 
 

Figure 4. Various value of  in reference to the percentage of error 
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A scaled error is an output generated by the nonlinear function, and it is stated as 

 

)().,,()( teekef                                                                               (12) 

A complete equation of the suggested ESN-PID controller is 
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where () proportionate to the controller with the time-varying gains that depends on the input and other 

variables. 

 

 

4. RESULTS AND DISCUSSION 

In order to assess the accomplishment of the pneumatic positioning system controlled according to 

the proposed method; simulations and experiments were conducted. The parameters of the controller and 

dead zone compensator are tabulated in Table 1 and Table 2, respectively. The simulated result of the output 

response procured from the system administered by SNPID and ESN-PID (consists of    function) is shown 

in Figure 5. The result exhibits that the proposed technique offers a slightly faster response compared to 

the existing technique without affecting the steady-state performance. The rise time and settling time 

decreased from 0.527 s to 0.461 s, and 0.979 s to 0.828 s, respectively. 

 

 

Table 1. Parameters of enhanced SNPID controller 

Control strategies 
Control Parameters 

Parameter Abbreviation Value 

PID Proportional Gain Kp 2.099 

Integral Gain Ki 9.56x10-3 

Derivative Gain 

Filter 

Kd 

N 

0.035 

12.207 

SN-Function Param 1  167.902 

Param 2  324.411 

Variation of Error emax 1.350 

 -Function Deceleration 
Factor 

 0.100 

 

 

Table 2. Parameters of dead zone compensator 
Compensator Parameter Abbreviation Value 

Dead-zone 
compensator 

Control value in 
the range of 

desired ess 

ue0 0.010 

+ve dead-zone 
compensation 

up 0.500 

-ve dead-zone 

compensation 
un -0.650 

Desired ess ed 0.005 

 

 

 
 

Figure 5. Simulation results for different controllers 
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Figure 6 illustrates the changes that occur in the nonlinear gain with respect to either α, or both α 

and . The magnitude of nonlinear gain based on the proposed technique is greater than the existing 

technique. It is observed that the speed increases according to the increment of k(e,α,). Normally, 

the robustness of the system is influenced by the increment of speed. However, this does not occur because 

the value of k(e,α,) keeps changing depending on the error and it returns to the initial value, k(e,α,)=1 when 

the error is zero. 

 

 

 
 

Figure 6. Different actions of nonlinear gain 

 

 

Figure 7 illustrates the changes of the nonlinear gain in regard to damping frequency, d and peak 

time, tp. The plot shows that the speed of the piston’s movement initially increases in reference to the low 

value of tp. In this case, an increment in the damping frequency, d causes it to overshoot. However, 

the reduction of k(e,α,) with respect to time prevents this situation from occurring. This condition was 

performed via the introduction of a new equation of  . The significant impact of  is that it vividly helps in 

the introduction of parameter  called deceleration factor as in (3).  Previously, in the basic technique of 

nonlinear function, the value of the denominator of (1) is fixed at 2. As a consequence, the result obtained is 

not up to par in the perspective of optimizing performance. 

 

 

 
 

Figure 7. Relationship between nonlinear gain, k(e) and damping frequency (d) 

 

 

The simulation result is compared with the outcome acquired from the real-time system for 

verification purposes.  It shows that the experimental result is almost equivalent to the simulation result as 

depicted in Figure 8. The detailed performance based on the multiple step input trajectory is tabulated in   

Table 3. 
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Figure 8. Experiment and simulation outcome 

 

 

Table 3. Performance of the system via ESN-PID 
Direction Displacement (mm) tr (s) ts (s) ess (mm) 

Extend 250 0.405 0.711 0.005 

Retract 150 0.279 0.501 0.005 
Extend 300 0.461 0.828 0.012 

Retract 250 0.401 0.712 0.006 

 

 

5. CONCLUSION 

In this paper, the SNPID controller for pneumatic positioning system shows a significant 

improvement after the introduction of a new function involving deceleration factor,  at the denominator of 

nonlinear function. The new function was introduced to improve the transient performance of step response. 

This additional function is easy to be implemented without the need of detailed understanding of the control 

theory. The performances of the system were examined through simulations and experiments. The changes in 

the value of the nonlinear gain k(e,α,) were analyzed and attributed to variation of damping frequency and 

peak time. The results indicated that the proposed improvement were successful to provide better 

performance compared to the existing one without affecting the steady state performance. For verification 

purposes, experiments were carried out and found a slight discrepancy between these two results. 

Experimental tests were conducted at different distances and directions to guarantee the steadiness of 

the performance.  
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