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In this paper, a combination of nonlinear gain and proportional integral derivative (NPID) controller was 
proposed to the trajectory tracking of a pneumatic positioning system. The nonlinear gain was 
employed to this technique in order to avoid overshoot when a relatively large gain is used to produce a 
fast response. This nonlinear gain can vary automatically either by increasing or decreasing depending 
on the error generated at each instant. Mathematical model of a pneumatic actuator plant was obtained 
by using system identification based on input and output of open-loop experimental data. An auto-
regressive moving average with exogenous (ARMAX) model was used as a model structure of the 
system. The results of simulation and experimental tests conducted for pneumatic system with different 
kind of input namely step, sinusoidal, trapezoidal and random waveforms were applied to evaluate the 
performance of the proposed technique. The results reveal that the proposed controller is better than 
conventional PID controller in terms of robust performance as well as show an improvement in its 
accuracy. 
  
Key words: Pneumatic positioning systems, nonlinear PID, identification, real time implementation. 

 
 
INTRODUCTION 
 
Currently, pneumatic actuator drives have been widely 
used in various industrial applications including those 
involve in the manufacturing and processing of 
automation. This is due to several factors such as easy 
maintenance, low cost, clean operating environment, 
durability, robustness, high power-to-weight ratio and free 
from overheating in the case of constant load 
(Hildebrandt et al., 2010; Kaitwanidvilai et al., 2011; Noor 
et al., 2011; Rahmat et al., 2011a). Pneumatic actuator is 
also an alternative to the hydraulic actuator and servo 
motor, especially in handling tasks where it can effectively 
reduce the costs (Messina et al., 2005). It is also  suitably  
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used as a tool to study human convenience, such as, to 
facilitate investigation of chair shapes (Faudzi et al., 
2010). In spite of these advantages, pneumatic actuators 
are subject to nonlinearities in which the precise position 
control of this actuator is difficult to achieved due to 
compressibility of air, valve fluid flow characteristics and 
the highly nonlinear behaviour of friction effects at near-
zero velocities (Khayati et al., 2009). The first theoretical 
basis of the pneumatic system dynamic control was 
initially made by Shearer (1956) which the dynamic of the 
system is derived through nonlinear differential equation 
and then followed by linear mathematical model. 

Research on pneumatic position control has grown 
significantly in the last 20 years due to many control 
strategies that have been investigated in systems by 
(Bone and Ning, 2007; Hassan, 2010; Juan-Manuel et al.,  
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2011; Kaitwanidvilai et al., 2011; Khayati et al., 2009; 
Kothapalli and Hassan, 2008; Ning and Bone, 2005; 
Richer and Hurmuzlu, 2001b; Wang et al., 1999), among 
others. Most of them dealt with the control of double 
acting cylinder. As stated previously, the dynamic model 
of the pneumatic actuator is characterized by significant 
nonlinearities. Therefore, the use of standard linear 
controller is usually not able to give good performance for 
the system. On this grounds, alternative control strategies 
based on fuzzy control laws (Jakub et al., 2009; 
Kaitwanidvilai et al., 2011), sliding mode control 
methodology (Bone and Ning, 2007; Paul et al., 1994; 
Richer and Hurmuzlu, 2001b; Tsai and Huang, 2008b), 
neural network (Hassan, 2010) and back stepping design 
methodology (Rao and Bone, 2008) have been success-
fully tested. Since this paper involves control strategy, 
some relevant papers that emphasized controller design 
has been studied and described briefly here. 

Hamiti et al. (1996) has taken an approach to alter 
third-order system for a pneumatic actuator into three 
first-order systems that are connected in series. In their 
research, the original integrator plant transfer function of 
the system was modified by inserting an analogue 
feedback with proportional gain k. The proportional gain k 
is tuned until the greatest value of gain k which leads the 
system to the verge of the appearance of overshoot is 
obtained. In this circumstance, the system is said to be 
critically damped so that the response of this third-order 
model can be approximated by a first-order system with 
some amount of dead time. Furthermore, the system was 
controlled using proportional-integral (PI) controller in 
which the Chien-Hrones-Reswick tuning formulas were 
applied in order to determine the parameters of the 
controller. In addition, the weighted function was added to 
the integral gain to prevent the system from stick and slip 
near the reference which is occurred due to the presence 
of stiction.  

In another research, van Varseveld and Bone (1997) 
made modifications to the proportional integral derivative 
(PID) compensation by adding the friction compensation, 
bounded integral action and position feed forward. The 
impact of this consolidation has shown that the controller 
is robust to a six fold increase in the system mass and 
able to follow the S curve trajectory smoothly without 
effect the steady state accuracy. Moreover, the results 
indicate that the use of friction compensation was 
victorious to reduce the steady state error to almost 40%. 
In a subsequent study, Bone and Ning (2007) managed 
to increase the performance of the pneumatic system 
through a sliding mode control method based on 
linearized plant and nonlinear plant model which is simply 
called SMCL and SMCN, respectively. The controller was 
tested to the system for both horizontal and vertical 
movement. The results for the root-mean-square error 
(RSME) and tracking error indicate that the performance 
of SMCN is better than SMCL for both cases. Regarding 
the durability tests, the SMCL was found  more  robust  in  

 
 
 
 
the case of the actual payload and greater than nominal 
payload. Meanwhile, in the case of the actual payload is 
smaller than the nominal payload, SMCN was proven to 
be more robust. 

As noted, one of the difficulties in the control of 
pneumatic servo systems is the presence of uncertainties 
in the parameters of the system. Due to this reason, Tsai 
and Huang (2008b) proposed a multiple-surface sliding 
controller (MSSC) in which one of the objectives is to 
take care of the mismatched uncertainties. Based on the 
reported results, the proposed strategy was able to 
provide good performance regardless of the time-varying 
payload and other uncertainties. In another paper, a 
function approximation technique (FAT)-based adaptive 
controller was previously proposed by the same 
researchers for pneumatic servo systems with variable 
payload and uncertain disturbances (Tsai and Huang 
2008a). The researchers claimed that the satisfactory 
tracking performances were achieved for the slow motion 
tracking. Conversely, a slightly larger deviation occurred 
for the fast motion. The closed loop stability for both 
strategies was proved with the Lyapunov method.  

One of the factors that contribute to the nonlinearities of 
the pneumatic system is a friction force acting on the 
piston. Due to this consideration, Schindele and 
Aschemann (2009) conducted an experiment by adding 
LuGre observer. Here, an adaptive back stepping con-
troller was implemented in order to update and estimate 
the unknown parameters of the observer. Referring to the 
experimental results, the performance of the system 
indicates an improvement in terms of point to point 
steady-state error. However, the tracking performance of 
the system reveals that this controller is not so robust 
referring to the augmented error that occurs even on a 
slight increase in load. 

Based on the previous literature, most of the studies 
that have been conducted within the last 10 years were 
focused on the use of quite complicated controllers for 
the purpose of overcoming problems caused by the 
uncertainty of the parameters as well as by the frictional 
force. Most of these control technique involves many 
parameters which is engage with complicated 
mathematical equation. Owing to this reason, most the 
industries still employ the control loops based on 
proportional-integral-derivative (PID) controller because 
of its simplicity, robustness and easy to understand even 
though it might be difficult to deal with highly nonlinear 
system. 

In this paper, the PID controller that incorporates 
automatic nonlinear gain, namely: nonlinear PID or NPID 
controller is designed to control the position and tracking 
of pneumatic actuator. The automatic nonlinear gain is 
used to avoid overshoot when the relatively large gain is 
utilized to produce a fast response. In the event of large 
errors, the gain will be amplified to correct the error until 
the desired output is obtained. Concurrent with the 
reduction in errors, the gain  is  automatically  reduced  to
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Figure 1. Pneumatic positioning system. 

 
 
 
prevent an oscillation and overshoot. The simulations and 
experiments is performs to confirm the capability of this 
controller. The simulation and experimental results prove 
that the automatic nonlinear gain is able to make the PID 
controller more robust to the load changes for both 
position and tracking performance.  

The paper is organized as follows. A modelling of the 
pneumatic actuator system based on fundamental 
physical derivation and followed by model identification is 
described in next section. It then continued by a 
description of the controller design and the development 
of a NPID controller. The experimental setup for the 
pneumatic actuator system is provided in the following 
section. Meanwhile the results for both simulation and 
experimental is shown in the following discussion. Sub-
sequently, the performances of the proposed controller 
based on positioning and tracking are described. 
Concluding remarks of the research are stated in the last 
section. 

 
 
PLANT MODEL 

 
Mathematical modelling description of 
pneumatic system 

 
In this research, a pneumatic system that composed of 
double-acting actuator, 5/3 proportional directional control 
valve and mass payload as shown in Figure 1 was 
considered. The description of how the mathematical 
model of a pneumatic servo system can be derived is 
clearly described here. The nonlinear dynamics of a 
pneumatic servo system can be derived through 
combination of fluid dynamics, thermodynamics and the 
dynamics of motion. The condition of air in the cylinder 

chamber is determined by pressures (PA and PB), 
volumes of chambers (VA and VB) and corresponding 
temperatures of air (TA and TB). The mass flow rate of a 
compressible fluids is refers as a function of the ratio 
between downstream and upstream pressure taken at 
the control valve orifice. The dynamics of motion is 
described base on Newton Laws. Here, several assumpt-
ion have been taken into consideration (Bigras and 
Khayati, 2002) which are; 
 

1. Gas is ideal,  
2. Gas density is uniform in the chamber and in the pipe,  
3. Gas in the chamber and in the pipe are isothermal,  
4. Flow in the servo valve and in the connection port are 
isentropic with negligible temperature variation,  
5. Flow leakages are negligible in the servo valve.  
 

Based on isentropic flow assumptions, the compressible 

mass flow rate, m


through a valve orifice can be 

described as (Rahmat et al., 2011a; Richer and 
Hurmuzlu, 2001a): 
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nondimensional discharge, Av is the effective area of the 

valve orifice, T  is the temperature, R is the gas constant, 

k  is the specific heat ratio and Pcr is the critical pressure 

which can be determined based on Equation 2. Due to 
the assumption that, there is no change in the total heat 
energy of the gas under compression, the specific heat 
ratio for air is k=1.4. According to Beater (2007), by 
referring to the standard ISO 6358, with a relative 
humidity of 65%, the value of gas constant (R), 
temperature (T) and ambient pressure (Po) are 288 
J/(kg.K), 293.15 K and 100 kPa, respectively. The 
effective area of the valve orifice (AV) has been 
expressed in various approaches by the previous 
researchers. Here, the approach describes by Kothapalli 
and Hassan (2008) was considered in which the 
relationship between the effective area and the control 
spool movement can be expressed as: 
 

4

2

spool

V

X
A




          (3) 
 
The relationship between spool movement and the 
voltage input is: 
 

uCX vspool       (4)
 

 
Where, Xspool is the spool displacement, CV is the valve 
constant and u is the voltage input. 

The upstream and downstream pressures are different 
from the charging and discharging process of the cylinder 
chamber according to the following functions: 
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Where, ,i Am


 and ,i Bm


are the mass flow rates into cylinder 

chamber A and B respectively, whereas ,o Am


 and ,o Bm


are  

the mass flow rate leave from cylinder chamber A and B 
respectively, PA and PB are the pressure inside chamber 
A and B respectively, PS is the supply pressure and Pa is 
the ambient pressure. Equation 5 and 7 represent the 
charging process where the pressure in the supply tank 
and the cylinder chamber are considered to be  upstream  

 
 
 
 
and downstream, respectively. Whereas, for discharging 
process as represented in Equation 6 and 8, the pressure 
in the chamber is the upstream and the ambient pressure 
is the downstream pressure. The status of the flow can 
be classified as either choked flow or under-chocked flow 
depending on the downstream pressure Pd and the 
upstream pressure (Pu) of the orifice. Choked flow occurs 
in pneumatic system when Pd/Pu is less than the critical 
pressure ratio Pcr. 

With the assumption of air as a perfect gas undergoing 
an isothermal process, the dynamics of the pressures in 
two chambers of the pneumatic cylinder can be 
represented as shown in Equation 9: 
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Where, P(A,B) is the pressure inside chamber A and B, 

),( BAP


 is the rate of change in pressure inside chamber 

A and B, 


im  is the inlet mass flow rate to both chambers, 

om


is the outlet mass flow rate from each chamber, V is 

the volume of each chamber and ),( BAV


is the rate of 

change in volume for each chamber. The volume of 
chamber A and B can be expressed as: 
 

).(xAVA       (10) 

 

).( xLAVB      (11) 

 
Where, x is the piston position, L is the piston stroke and 
A is the piston area. 

The equation of motion for piston rod including the 
mass and friction effects of pneumatic cylinder can be 
expressed using Newton’s second law as: 
 

raBBAALfPL APAPAPFFxMM 


)(
 (12) 

 
Where, ML and MP is the external load mass and piston 
rod mass, respectively, Ff is the friction force, FL is the 
external force, Ar is the rod cross sectional area and Pa 
represent the atmospheric pressure. The LuGre friction 
model proposed by Canudas et al. (1995) is one of the 
prominent model that has always been used in research 
(Rahmat et al., 2011b; Richer et al., 2001a). The friction 
force (Ff), dynamics of the internal state (z) and stribeck 
effect function g(v) are given in Equation 13, 14 and 15, 
respectively. Through these equations, the relationship 
between velocity and friction force for the steady-state of 
motion can be derived as Equation 16:  
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Where, z is the friction internal state, 0 is the stiffness 

coefficient, 1 is the damping coefficient, B is the viscous 

friction, Fc is the Coulomb friction and Fs is the static 
friction. 
 
 
Model identification  
 
Identification of dynamic systems is the process of 
obtaining mathematical model through experiments on 
the plants that viewed as a black box based on excitation 
and response signals. Through this process, a number of 
parameters may be generated and subsequently the 
model of the system can be determined. In this study, 
experiments were conducted starting with collecting the 
input and output data based on open loop system with 
sampling frequency of 100 Hz. The input signal with multi 
amplitude and frequency sine wave as shown in Equation 
17 is used where 2000 numbers of data have been 

collected. The collected data is split into two parts which 
is model estimation and model validation. The first 
procedure is to estimate the model and then followed by 
validation. This model is vital due to model experimental 
verification later. An ARMAX model which is describe by 
Equation 18 is used as a model structure of the system. 
Through this model structure, the deterministic and 
stochastic parts of the system can be modelled. Figure 2 
illustrates the structure of ARMAX model. 
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Where, u(k), y(k) and e(k) represent the sampled 
excitation, noise corrupted response signal and white 
noise sequence respectively. While, A, B and C are 

monic polynomials in the time-shift operator 
1z  and can 

be defined as Equation 19, 20 and 21, respectively: 
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Where, an is the number of poles, bn is the number of 

zeroes plus, cn is the number of C polynomial coefficient 

and kn is a delay component which is represents the 

delay from input to output. The third order system was 
selected in this process where the value of each 

component are 3an  , 3bn  , 3cn  and 1kn  . Based on
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Figure 3. Input and output signal; (a) multi-sine input, (b) best fit graph of the estimated model (output). 
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this selection, the monic polynomials in the time-shift 

operator 
1z  that acquired from system identification are 

defined as follows: 
 

  3211 9177.0827.2909.21   zzzzA  

 
3211 5834.0183.16045.0)(   zzzzB  

 

  3211 4925.0049.1554.11   zzzzC
 

 
Referring to Equation 18, it can be seen clearly that the 
ARMAX model consists of two transfer functions which is 
between input and output as well as between noise and 
output. Based on these monic polynomials, the discrete 
transfer function of the system can be obtained. In 
addition, the continuous transfer function can be obtained 
using zero order hold (ZOH) conversion method with 
sampling time, Ts= 0.01s. This conversion method 
generates the continuous time input signal by holding 

each sample value constant over one sample period. 
Based on the result from system identification, the 
transfer function for dynamics of the system in discrete 
G(z) and continuous G(s) form which can be represented 
as follows: 
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The validation data obtained as shown in Figure 3 
indicates that the estimated model is roughly tracking the 
experimental output data due to the best fit attained 
which was about 95.25% with loss function equal to 
0.0432604. The autocorrelation and cross correlation 
analysis of the model are shown in Figure 4. From Figure 
4, the autocorrelation and cross correlation are acceptable
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Figure 5. Block diagram of the N-PID control system. 
 
 
 

within the tolerance band ±0.1. Besides, ARX and NARX 
model are also tested as a comparison in this research. 
The validation data show that the best fit of ARX model 
was 84.07% with loss function 0.0484522, while for 
NARX model, the best fit and loss function were 90.29% 
and 0.043747, respectively. Based on these results, it 
can be concluded that the ARMAX model is better 
compared to ARX and NARX model. The modelling 
simulation was carried out using Matlab-Simulink 
package. 
 
 
CONTROLLER DESIGN 
 
The classical PID controller emphasizes a straight 
forward design procedure in order to achieve the 
favourable result in controlling the position and continuing 
motion as the ultimate goal. However, as the position 
control performs more rigorously, this type of controller is 
often difficult to gives the good performance due to the 
presence of nonlinearities especially in pneumatic 
systems. In order to overcome this problem, many control 
strategies have been investigated by researchers such as 
sliding mode control, fuzzy logic control, adaptive control, 
robust control and others. However, most of these control 
strategies are not implemented in industries as they 
prefer to use PID controller due to its simplicity, low cost 
and easy to operate. In this paper, the PID controller that 
incorporates with automatic nonlinear gain was designed, 
simulated and tested to control the position and tracking 
of pneumatic actuator. The automatic nonlinear gain is 
used to accommodate the nonlinearity as well as to 
overcome the deficiencies in classical PID controller. This 
control technique is viewed as one of the simple strategy 
for industrial application and it is quite effective to reach 
the performance which  is  unable  to  be  achieved  by  a  

linear classical PID controller. 
The automatic gain adjustment used in this study could 

produce a rapid response without producing a significant 
overshoot. The gain is automatic changeable depend on 
the error between the commanded and actual values of 
the controlled variable. In this case, when the error is 
large, the gain will increase significantly to make a large 
corrective action and subsequently, while the error 
diminishes, the gain will reduced automatically. This can 
drive the system output to its goal rapidly without 
significant overshoots as well as able to prevent 
excessive oscillations (Su et al., 2005). Besides, the non-
linear PID controller can be use as friction compensation 
and it also talented to generate the better tracking 
performance (Armstrong et al., 2001). 
 
 

Nonlinear PID (N-PID) controller  
 
The proposed nonlinear PID (N-PID) controller consists 
of a sector bounded nonlinear gain, k(e) which is 
combine in cascade with PID controller, as shown in 
Figure 5. The parameters of the linear PID controller are 
obtained based on previous work (Rahmat et al., 2011a). 
The automatic gain adjustment k(e) act as a nonlinear 
function of error e(t), that is bounded in the sector 

   max0 ekek   as indicated in Equations 22 and 23. 

These are identified as the range of options available for 
the nonlinear gain, k(e). The output produced from this 
nonlinear function is known as a scaled error and can be 
expressed as Equation 24. Subsequently, the whole 
equation of the N- PID controller can be written as 
revealed in Equation 25. 
 

 
   

2

expexp ee
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Figure 6. Popov plot of the N-PID control system. 
 
 
 

 
 

Figure 7. Relationship between various nonlinear gain 
and error. 
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From Equation 22, α is represents the rate of variation of  
nonlinear gain, while emax is a range  of  variation.  In  this  

 
 
 
 
study, the value of α and emax are decided to be 11 and 
0.14, respectively. The selection of parameters α and 
emax depend on the maximum value of nonlinear gain k(e) 
which is determined based on the range of the gain for 
stability. 

The Popov stability criterion is used in determining the 
maximum value of k(e). The procedures to determine the 
range of k(e) by using Popov stability criterion has been 
discussed in detail in previous research (Seraji, 1998). By 

using Matlab software, the Popov plot of G(j) is crossing 
the real axis at the point (-0.035, j0) as shown in Figure 6. 
Based on this information, the maximum value of the 
nonlinear gain k(emax) can be obtained through Equation 
23. Therefore, according to the Popov stability criterion, 
the range of the allowable nonlinear gain k(e) is (0, 
28.57).  

Besides stability, the presence of chattering is also 
needed to be taken into account when determining the 
value of k(emax). This can be solved by refining the value 
of k(emax) manually according to the range of allowable 
until an appropriate value is obtained. In this case, the 
appropriate value of k(emax) are 2.44. Subsequently, 
based on this value the parameters of α and emax can 
determined according to Equation 22. Here, the value of 
emax was be selected first and then based on this value 
the parameter of α can be calculated. In order to avoid an 
overshoot, emax should be selected in a small value. 
Figure 7 demonstrate the variation of k(e) with respect to 
the error changes due to these selected value of the 
parameters of α and emax. It can be seen that the value of 
nonlinear gain k(e) is equal to 1 when the error, e=0. In 
this situation, the controller seems to function as a 
conventional PID controller. In other words, the nonlinear 
gain k(e) is only participating when there is the presence 
of errors.  
 

 
EXPERIMENTAL SETUP 

 
A schematic view of the pneumatic system under consideration is 
shown in Figure 1. The hardware designed is quite flexible in which 
the payload mass, type of cylinder and the orientation of movement 
can be changed easily.  

Figure 8 show the photograph of the experimental setup used to 
validate the proposed method. The system under consideration 
consists of:  

 
1. 5/3 bi-directional proportional control valve (Enfield LS-V15s) 
with bandwidth 100Hz;  
2. Double rod cylinder with stroke and diameter 0.5 m and 40 mm, 
respectively;  
3. Non contact micropulse displacement transducer with floating 
Magnet (Balluff BTL6) and analog output signal in the range of 0 to 
10 v;  
4. Data acquisition card (NI-PCI-6221 card),  
5.  Pressure sensors (WIKA S-11) 
6. PC with Matlab as a platform to implement the controller and  
7. Air compressor supply. 
 
The piston rod was connected to the sliding table to lay the load 
which is considered as an object to be controlled. 
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Figure 8. Pneumatic system mechanism tested setup. 

 
 
 

Table 1. Controller gains including rate variation of nonlinear 
gain and range of variation. 
 

Parameter Value 

Proportional gain (kp) 5.74 

Integral gain (ki) 0.25 

Derivative gain (kd) 0.13 

Rate variation of nonlinear gain (α) 11 

Range of variation, (emax) 0.14 

 
 
 
RESULTS AND DISCUSSION 

 
Here, a N-PID controller and conventional PID controller 
are employed to the actual pneumatic actuator system to 
evaluate the performance of both cases. The results from 
both simulation and experimental are clearly shown in 
this paper. The parameters of the controller including rate 
variation of nonlinear gain (α) and the range of variation 
of error (emax) are tabulated in Table 1. In order to design 
the controller, the parameters of the PID controller were 
required to determine earliest before the rate variation of 
nonlinear gain (α) as well as the range of variation error 
(emax) can be determined. The procedures to obtain the 
parameters are shown in Figure 9. The explanation on 
how to determine the parameters which depends on the 
lower bounded and upper bounded of the nonlinear gain 
(ke) is described in previously under sub-topic of 
controller design. Figure 10 shows the implementation 
block diagram of the real system that was interfaced 
through data acquisition (DAQ) card. Both simulations 

and experiments were performed with four types of input 
reference, namely: step, trapezoidal, sinusoidal and 
random functions as shown in Figures 11, 12, 13 and 15, 
respectively.  

Both simulation and experimental results shows that 
the nonlinear-PID (N-PID) controller gave better 
performance than the conventional PID controller 
especially in handling the changes of the actuator 
dynamics. The results indicate that this extension of the 
PID controller derived previously, led to a significant 
improvement in the system. As shown in Figure 11, the 
NPID controller was able to keep up its performance for 
different stroke position although in a situation where 
different initial conditions were applied. It can be clearly 
seen that the proposed control strategy perform better in 
reducing the steady state error. In addition, the results 
obtained through experiments using different input 
signals as shown in Figures 12 and 13 also demonstrate 
that the proposed controller is able to produce good 
performance. Figure 14 illustrates the  steady  state  error
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Figure 9. Procedure to obtain the parameters of the controller. 
 
 
 

 
 

Figure 10. Implementation block diagram of the real system. 
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Figure 11. Experimental and simulation result due to the step reference with 
difference target of position. 
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Figure 12. Results based on trapezoidal input reference; (a) simulation results for NPID and PID (b) comparison 
between simulation and experimental result of NPID controller. 
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Figure 13. Results based on sinusoidal input reference; (a) simulation results for NPID and PID (b) comparison 
between simulation and experimental result for NPID and PID controller. 

 
 
 
signal based on trapezoidal wave, confirming the effect of 
using automatic nonlinear gain on the conventional PID 
controller. Besides, for further verification of NPID 
controller performance, the sine wave with the various 
frequencies and amplitudes were realized. Figure 15 
shows the results for this experiment, where the 
frequency was initially set to 0.2 Hz with strokes of -70 to 
70 mm and -50 to 50 mm. Subsequently, starting at 40 s, 
the frequency was abruptly changed to 0.1 Hz with the 
initial stroke of -50 to 50 mm and followed by stroke of -
100 to 100 mm. Based on the results obtained, the 
proposed controller was able to track the demand even 
though the frequency or amplitude or both changed all of 
the sudden. 

The mismatch between the nominal and actual payload 
mass was also tested in order to investigate the robust-
ness of the proposed controller. To prove that the system 
is robust, some experiment were conducted, where 
various payload including 2, 5, 8, 10, 12, 15 and 20 kg 
were added on a carriage with about 0.5 kg mass that 

was installed at the end of the piston rod. Figure 16 
shows the performance of the pneumatic system with 
respect to step reference input for the various value of 
payload. It was observed that the system was capable of 
carrying the payload up to 20 kg. Conversely, it does not 
occur to the system that was controlled by conventional 
PID, where the system become unstable once more than 
5 kg load is applied to the systems. The steady state 
error for the system with nominal payload was about 0.5 
mm, whereas for the system with conventional PID 
controller, the position error is more than 2 mm. For the 
cases of payload mass added on the carriage, the steady 
state error for each case was still small in which not more 
than 1 mm for the system control by NPID controller. 
Identical circumstances also occur when other signal was 
applied as an input to the system. This can be seen 
clearly in Figures 17a and 18a where the system 
controlled by NPID was able to sustain its performance 
for the load greater than 5 kg. A contrary situation occurs 
in the system controlled by conventional PID as shown in
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Figure 14. Experimental result of position error signal based on trapezoidal reference 
signal. 
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Figure 15. Experimental results of various frequencies and amplitudes (based on sinusoidal 
reference) with abruptly change. 
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Figure 16. Experimental results for the different payload based on step input reference; (a) performance of NPID 
and conventional PID controller for 2 kg payload (b) NPID controller with payload up to 20 kg.
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(a) NPID (b) conventional PID controller. 
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Figure 18. Experimental results of payload up to 20 kg based on sinusoidal input reference; (a) NPID  
controller can well accommodate a payload up to 20 kg, (b) conventional PID controller cannot sustain 
when the payload increase more than 5 kg. 

 
 
 

Figures 17b and 18b where the response of the system 
was getting worse and the experiment failed to continue.  

The robust performance of the proposed controller is 
shown seen in Table 2. The results indicate that the 
proposed technique was capable to handle the load up to 
20 kg for all three types of signal that was applied. The 
performance of the system due to the step input prove 
that the pneumatic actuator controlled by NPID produced 
a good result referring to a slight overshoot that occurs, 
although when the load is increased significantly. In 
addition, based on changes in the measurement of the 
integral absolute error (IAE), the distinction of per-
formance between NPID and conventional PID controller 
can be clearly observed as shown in Figure 19. Based on 
this distinction, it can be supposed that the NPID 
controller has perform better compared to conventional 
PID controller.  
 
 

CONCLUSION 
 

In   this  paper,  a  nonlinear  PID  control  technique  was  

proposed and applied to the trajectory of a pneumatic 
positioning system. Simulations and experiments were 
conducted to verify the performance of the proposed 
technique. It was demonstrated that the nonlinear gain 
which is combine in cascade with PID controller can 
make the system more robust and capable to minimise 
the positioning error as well as able to reduce the 
overshoot. The experimental results also confirmed that 
the performance of the system with NPID controller was 
significantly enhanced due to its capability to perform with 
load up to 20 kg compared to the conventional technique 
where it failed to perform for load greater than 5 kg. The 
performance indices as listed in the results prove that the 
proposed controller is capable to make the pneumatic 
servo system more robust against the load changes. 
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Table 2. Comparison of the performance for pneumatic actuator controlled by nonlinear PID (NPID) and conventional PID based on the load 
variation. 
 

Load 
(kg) 

Step Sinusoidal Trapezoidal 

% OS 
NPID 

Ess (mm) 
IAE % OS 

PID 

Ess (mm) 
IAE NPID IAE PID IAE NPID IAE PID IAE 

0.5  0 0.5 35.12 8.03 2.2 37.31 37.91 60.27 30.48 36.75 

2  0 0.5 39.53 16.46 2.4 42.24 38.79 61.66 25.60 39.04 

5  0 0.5 40.84 System oscillate 232.60 48.26 245.6 27.82 255.2 

8  3.75 0.5 41.91 

System unstable 

47.18 

System 

unstable 

33.49 

System 

unstable 

10  5.68 1 45.23 55.50 48.76 

12  5.69 1 48.45 58.41 51.13 

15  5.70 1 51.74 62.93 56.94 

20  5.69 1 56.11 69.72 67.73 
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Figure 19. The variation of performance index, IAE with respect to the load changes. 
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