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The enhancement of nonlinear PID (N-PID) controller for a pneumatic positioning system is proposed to improve the performance
of this controller. This is executed by utilizing the characteristic of rate variation of the nonlinear gain that is readily available in NPID controller. The proposed equation, namely, self-regulation nonlinear function (SNF), is used to reprocess the error signal with
the purpose of generating the value of the rate variation, continuously. With the addition of this function, a new self-regulation
nonlinear PID (SN-PID) controller is proposed. The proposed controller is then implemented to a variably loaded pneumatic
actuator. Simulation and experimental tests are conducted with different inputs, namely, step, multistep, and random waveforms,
to evaluate the performance of the proposed technique. The results obtained have been proven as a novel initiative at examining
and identifying the characteristic based on a new proposal controller resulting from N-PID controller. The transient response is
improved by a factor of 2.2 times greater than previous N-PID technique. Moreover, the performance of pneumatic positioning
system is remarkably good under various loads.

1. Introduction
Pneumatic actuators are widely used in various industrial
applications, particularly for those involving manufacturing
systems, such as pick and place motion, robot manipulator,
and rivet machine. It is reliable, fast acting with high accelerations, of low cost, flexible in installation, simple to maintain,
of high power to weight ratio, and free from overheating in
the case of constant load [1, 2]. It is an alternative to hydraulic
actuators when cleanliness is one of the requirements. However, this actuator exhibits highly nonlinear characteristic due
to high friction forces, compressibility of air, and dead band
of the spool movement in the valve. These nonlinearities
make an accurate position control of a pneumatic actuator
difficult to achieve. Research on these groups of actuators
has increased in 1990s due to many control strategies that

had been tested to the system such as PID control, PD
plus, sliding mode control, robust control, adaptive control,
and PWM control [3–6]. Meanwhile, more advanced control
strategies are aggressively investigated and applied on the
early 2000s onward such as the research reported by [7–
11]. Consequently, in the last 10 years, the performance of
pneumatic positioning system is continuously improved.
The dynamic model of the pneumatic actuator is characterized by significant nonlinearities. Therefore, it is difficult
for linear controllers such as PID to provide satisfactory
performance for such a system, especially when there is a
change in load. However, it can be rectified by modifying its
structure to increase the flexibility of the control parameters.
In [12], an automatic tuning method to control the position
accurately has been proposed. The control algorithm used is
an enhanced PID control that augmented with velocity and
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acceleration feed forward, bounded integral action, and nonlinear friction compensation. Experimental results for step
response indicate that the steady state error was 0.2 mm with
overshoot. Previously, the modification of PID controller
has been performed by adding the bounded integral action,
position feed forward, and friction compensation as reported
in [13]. The impact of this modification has improved the
performance of the controller. The robustness has increased
sixfold in the system mass and was able to follow the S curve
trajectory smoothly without affecting the performance in
steady state condition. Moreover, the results indicate that the
use of friction compensation was able to reduce the steady
state error by 40%.
In a subsequent study, a practical control strategy based
on modification of PID controller by adding acceleration
feedback and nonlinear compensation has been proposed by
[5]. Position compensation algorithm with time delay minimization was realized to achieve the position target precisely.
The result with different levels of offset showed an improvement compared to conventional PID controller. Besides,
the stability of the system has much improved by using
acceleration feedback. The implementation of fractionalorder controller for pneumatic position servosystem has been
investigated by [14]. In this research, the FOPID controllers
PI𝜆 D𝛿 are implemented. The aim of their study is to solve
the strong nonlinearity and low natural frequency problem.
In the other research, authors in [15] have proposed a
combination of the conventional PID controller with fuzzy
logic inference in which the parameters of the conventional
controller were tuned automatically to obtain the precise
position control of pneumatic actuator. Moreover, a friction
compensation and stabilization algorithm was added to
ensure that the accurate positioning be achieved. The results
indicate that the positioning accuracy was within the margin
of 1 mm. The study on combination between PID and fuzzy
logic is also reported in [16]. In this study, stability of the
controller is theoretically proved according to the small gain
theorem. Experimental results signify that the proposed fuzzy
PID has better performance than classical PID.
With the reason of PID control being vastly popular
control strategy in the industry, a mixture of conventional
PID controller and the neural network, which has powerful
capability of learning, adaptation, and tackling nonlinearity,
has been proposed by [10]. The experiments have been carried
out in practical pneumatic artificial muscle for both cases
without and with external inertia load up to 20 kg cm2 .
Comparison with conventional PID controller has shown
that the proposed method presents better performance and
has the ability to compensate the disturbance. In another
research suggested by [11], an adaptive fuzzy PD controller
is used to compensate the friction. The aim is to ensure
the movement of the stroke to the set point quickly and
precisely without significant overshoot. The authors claimed
that the settling time and steady state error under constant
load have obtained less than 1 s and 0.3 mm, respectively,
without significant overshoot. In the other research, due to
the drawback of adaptive controllers that are not fast enough
to follow the parameter variation, a multimodel controller
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based on several fixed PD-controllers is recommended by
[17]. This technique was proposed for the position control of a
pneumatic cylinder under variable loads. Five PD controllers
had been tuned based on the estimated model for the five
fixed loads that has been identified earlier. Experimental
results show that this technique successfully improved the
ability in producing outstanding performances even under
variable load conditions.
In previous work, PID controller that incorporates with
nonlinear gain, namely, N-PID controller, was designed to
control the position and tracking of pneumatic actuator [18].
The nonlinear gain is used to reduce overshoot when the
relatively large gain is utilized. Experimental results indicate
that the performance of the system with N-PID controller has
significantly improved referring to its capability to perform
with load up to 20 kg. In this paper, the enhancement of
the nonlinear PID controller is proposed to improve the
performance especially in the transient part. Recap that
the N-PID controller has two parameters, namely, range
of variation (𝑒max ) and rate of variation (𝛼) [18–20]. Those
parameters need to be determined in advance. It is intricate to
choose the appropriate combination of these parameters. To
overcome this difficulty, modifications have been made with
the purpose of generating these parameters automatically
which is dependent on the changes of error. This indirectly
contributes to the time reduction in determining the parameters and makes it more flexible with respect to the changes
in position.
This paper is organized as follows. In Section 2, mathematical modelling of the pneumatic actuator is described.
In Section 3, a self-regulation nonlinear PID (SN-PID) controller is described in detail. In Section 4, the proposed
method is simulated using MATLAB/SIMULINK. Subsequently, experiments are carried out to verify the effectiveness
of the proposed method in real time and analysis of performance under variation of load has been investigated. Finally,
Section 5 contains some concluding remarks.

2. System Model
The system consists of
(i) 5/3 bidirectional proportional control valve (Enfield
LS-V15s),
(ii) double acting with double rod cylinder,
(iii) noncontact micropulse displacement transducer with
floating magnet (Balluff BTL6),
(iv) data acquisition card (NI-PCI-6221 card),
(v) pressure sensors (WIKA S-11),
(vi) personal computer and,
(vii) Jun Air Compressor.
The pneumatic cylinder with 500 mm stroke for both sides
and 40 mm in diameter is fixed on the base. One side of the
piston rod is connected to the carriage and drives an inertial
load on guiding rails. The displacement transducer is fixed
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the parameters of the model are calculated by minimizing a
cost function of the prediction errors, giving

Pressure sensor
PC
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Pneumatic cylinder

𝑉𝑁 (𝜃, 𝑍𝑁) =
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Displacement transducer
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𝑒 (𝑘) = 𝐻−1 (𝜃) [𝑦 (𝑘) − 𝐺 (𝜃) 𝑢 (𝑘)] .
Figure 1: Pneumatic positioning system experimental setup.
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Figure 2: State-space model structure.

in parallel with the rail where the carriage is mounted. The
data acquisition and control routines that were implemented
under real-time workshop in MATLAB are realized by PC
equipped with a PCM card. Two pressure sensors are installed
on both sides of the cylinder that allows the measurement of
differential pressure between two chambers. Figure 1 shows
the experimental setup used to validate the proposed method.
2.1. Mathematical Modelling. Since the design is based
on modification PID controller, system identification is
employed to obtain the transfer function of the system.
The experiments were conducted starting with collecting
the input and output data based on open loop system
with sampling time of 0.01 second. The input signal with
multiamplitude and frequency sine wave is used where 2000
numbers of data have been collected. A state space model
as shown in Figure 2 is used as a model structure of the
system. Synthesis of the state space control is based upon the
following system of equations:

𝑦 (𝑡) = 𝐶𝑥 (𝑡) + 𝐷𝑢 (𝑡) + 𝑒 (𝑡) ,

(4)

The following equation is the discrete state-space equation
obtained through this identification process:

A

𝑥 (𝑡 + 𝑇𝑠) = 𝐴𝑥 (𝑡) + 𝐵𝑢 (𝑡) + 𝐾𝑒 (𝑡) ,

1
2
𝜃̂𝑁 = arg min ∑ 𝐻−1 (𝜃) [𝑦 (𝑘) − 𝐺 (𝜃) 𝑢 (𝑘)] .
𝜃 𝑁
𝑘=1

(1)

where 𝐴 ∈ 𝑅𝑛×𝑛 , 𝐵 ∈ 𝑅𝑛×𝑚 , 𝐶 ∈ 𝑅1×𝑛 , and 𝐷 ∈ 𝑅1×𝑚
represent the matrices of the system, while 𝑥(𝑡) ∈ 𝑅𝑛 ,
𝑦(𝑡) ∈ 𝑅, 𝑢(𝑡) ∈ 𝑅𝑚 , and 𝐾 ∈ 𝑅𝑛×𝑚 represent the statevector, measured output, measured input signal and noise,
respectively. 𝑒(𝑡) is the vector that represents the difference
between the measured output and the predicted output of the
model.
The estimation of the parameters is computed by iterative
search for a model through prediction-error minimization
(PEM) method that gives the minimal prediction error variance when applied to the working data. Through this method,

0.125
𝐵 = [ 0 ],
[ 0 ]

𝐶 = [−3.494 × 10−2 3.765 × 10−2 −3.967 × 10−2 ] ,
𝐷 = [0] .
(5)
The state space in continuous form is then obtained using
zero order hold (ZOH) conversion method with sampling
time, 𝑇𝑠 = 0.01 s. This conversion method generates the
continuous time input signal by holding each sample value
constant over one sample period. The following equation
represents continuous state space of the system that has been
converted in phase variable form:
0
1
0
0
0
1 ],
𝐴=[
−1
−85.530
−15.740
−3.887
×
10
]
[
0
𝐵 = [0] ,
[1]

(6)

𝐶 = [92.490 6.385 −5.071 × 10−1 ] ,
𝐷 = [0] .
A continuous transfer function then can be defined as
𝐺𝑝 (𝑠) =

−0.507𝑠2 + 6.385𝑠 + 92.490
.
𝑠3 + 15.740𝑠2 + 85.530𝑠 + 0.389

(7)

2.2. Dead-Zone of the Valve. Dead-zone is an inevitable phenomenon for the valve which represents a loss of information
when the signal falls into the dead-band area. It refers to a
situation where at a certain range of input values does not give
any output. Dead-zone characteristics are often unknown and
can drastically reduce control system performance and lead
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whereby the improvement by imposing a higher force in the
initial movement should be implemented to overcome the
static friction.
The aim of this paper is to design a controller so
that the displacement of this actuator can reach the target
quickly and accurately without significant overshoot. For this
goal, an additional function was added to the controller in
compensating the nonlinearities of the system. This function
will continuously generate the value of rate variation (𝛼) to
regulate the output of the nonlinear function. The proposed
technique is called self-regulation nonlinear PID (SN-PID)
controller. This technique is suitable to be used in the
industry due to its ability to execute in such a short period
of time and effectiveness to reach the performance that is
unable to achieve by both conventional PID controller and
nonlinear PID controller. The proposed method was indeed
more efficient and robust in improving the step response of
pneumatic positioning system.
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Figure 3: Dead-zone characteristic.
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Figure 4: Block diagram of self-regulation nonlinear PID (SN-PID)
controller.

to limit cycles in the closed loop system. Figure 3 shows the
graphical representation of dead-zone characteristic, 𝑈𝑧 (𝑢).
A mathematical model for the dead-zone is given by
𝑔 (𝑢) < 0,
{
{ 𝑧
𝑈𝑧 (𝑢) = {0,
{
{ℎ𝑧 (𝑢) > 0,

𝑢 ≤ 𝑢𝑛 ,
𝑢𝑛 < 𝑢 < 𝑢𝑝 ,
𝑢 ≥ 𝑢𝑝 ,

(8)

where 𝑢𝑛 is negative limit of dead-zone, 𝑢𝑝 is positive limit of
dead-zone, 𝑔𝑧 (𝑢) is negative slope of output, ℎ𝑧 (𝑢) is positive
slope of output, 𝑈𝑧 is output, and 𝑢 is input.

3. Control Design
The conventional PID controller emphasizes a straight forward design approach to achieve the favourable result in
controlling the position and continuing motion as the ultimate goal. However, as position control performance is more
rigorous, this type of controller is often difficult to give the
better performance due to the presence of nonlinearities
especially in pneumatic systems. In previous work [18], the
PID controller that is incorporated with automatic nonlinear
gain, namely, nonlinear PID controller, was designed to
control the position and tracking of pneumatic actuator. The
performance of N-PID controller is better than conventional
PID controller in terms of robustness. However, there is
still room for improvement especially in the transient part

3.1. Design of Self-Regulation Nonlinear PID (SN-PID) Controller. The proposed controller is an enhancement from the
N-PID controller. As mentioned in the previous work [18] the
N-PID controller is bounded by a sector of nonlinear gain
𝑘𝑥 (𝑒). The value of nonlinear gain is continuously changed
depending on the changes of error. The appropriate value of
both rate variation 𝛼 and the boundary of maximum error
𝑒max is selected by the user. The value of 𝑒max is set by any value
depending on sector where the nonlinear function will take
action. In previous work, the parameter of rate variation 𝛼 is
determined based on trial and error after taking into account
the stability region of the system. However, the selected value
of 𝛼 is limited to certain circumstances. Besides, the optimal
value of 𝛼 is difficult to determine in producing outstanding
performance in terms of speed and chattering avoidance. In
this study, the value of 𝛼 is generated on-line to provide
flexibility to the controller. Figure 4 shows the block diagram
of the proposed method. The value of nonlinear gain 𝑘𝑥 (𝑒)
is automatically varied depending on the value of 𝛼𝑖 that is
on-line generated using proposed equation as defined in
𝛼𝑖 (𝑠)
𝑑  𝛿 
=

.
𝑒 (𝑠)
𝑑𝑠  𝛽𝑠 + 1 

(9)

This equation is called self-regulation nonlinear function (SNF). It has a simple structure and does not require
more computation time. For the purpose to generate 𝛼
automatically, the relationship between 𝛿 and 𝛽 needs to be
determined in advance. The details on how to determine
these parameters are described in the next subsection. The
nonlinear gain is defined under the limitation of 0 < 𝑘𝑥 (𝑒) ≤
𝑘(𝑒max ) giving
𝑘𝑥 (𝑒) =

exp (𝛼𝑖 𝑒) + exp (−𝛼𝑖 𝑒)
,
2

𝑒
𝑒={
𝑒max sign (𝑒)

|𝑒| ≤ 𝑒max ,
|𝑒| > 𝑒max ,

(10)
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where

Start

(11)
Specify the lower and upper bounds of 𝛼

The output produced from the nonlinear function is known as
a scaled error which is expressed in (12). The whole equation
of the proposed SN-PID controller is written as (13).
𝑓𝑥 (𝑒) = 𝑘𝑥 (𝑒) ⋅ 𝑒 (𝑡) ,

Parameters setting (N, w, c1 , c2 , 𝛿 and 𝛽)

(12)
Randomly initialize agent position and velocity

𝑡

𝑑
𝑢PID ⋅𝑓𝑥 (𝑒) = 𝑘𝑝 (⋅) 𝑒 (𝑡) + 𝑘𝑖 (⋅)∫ [𝑒 (𝑡)] 𝑑𝑡 + 𝑘𝑑 (⋅) [𝑒 (𝑡)] ,
𝑑𝑡
0
(13)

3.2. Determination of 𝛿 and 𝛽. In order to identify the
relationship between 𝛿 and 𝛽, a particle swarm optimization
(PSO) technique is employed. It is a stochastic optimization technique influenced by simulating the animal social
behavior, for example, flocking of birds [21]. This technique
is initialized with a group of random solutions (particles)
and searches for optima by updating generations. Figure 5
shows the flowchart for PSO algorithm used in this study.
Based on this flowchart, each particle randomly reached in
the early stages is a candidate solution and has a specific
fitness value. These particles will move with a certain velocity
which is affected by its own flying experience and other
particles flying experience. Through the process, velocity
and position are updated with two best values, namely,
personal best (𝑃best) solution and global best (𝐺best) solution. For example, the 𝑖th particle is expressed as 𝑥𝑖 =
(𝑥𝑖,1 , 𝑥𝑖,2 , . . . , 𝑥𝑖,𝑑 ) in d-dimensional space. Previous best
position (𝑃best) of the 𝑖th particle is stored and expressed
as 𝑃best𝑖 = (𝑃best𝑖,1 , 𝑃best𝑖,2 , . . . , 𝑃best𝑖,𝑑 ). The best particle
index among all the particles in a flock or group is specified as
𝐺best . Thus, the velocity and position of each particle can be
calculated using the current velocity and distance from 𝑃best
to 𝐺best as described in (14) and (15), respectively,
𝑉𝑖𝑡+1 = 𝑤 ⋅ 𝑉𝑖𝑡 + 𝑐1 ⋅ rand1 (⋅) ⋅ (𝑃best𝑖 − 𝑋𝑖𝑡 )
+ 𝑐2 ⋅ rand2 (⋅) ⋅ (𝐺best𝑖 − 𝑋𝑖𝑡 ) ,
𝑋𝑖𝑡+1 = 𝑋𝑖𝑡 + 𝑉𝑖𝑡+1 .

𝑤max − 𝑤min
× itr,
itrmax

Yes

No

Current fitness
better than Pbest

Keep previous
Pbest record

Update Pbest
record

Updat Gbest record

Update velocity for each particle

Update position for each particle

Target or max
epochs reached

End

Figure 5: Flow chart for particle swarm optimization technique.

(14)
(15)

The value of 𝑤 is set by (16) as follows:
𝑤 = 𝑤max −

For each particle

where (⋅) corresponds to the controller gains that are time
varying, which depend on input and other variables.

Calculate particle fitness

For each iteration

1
𝑘 (𝑒max ) = − 
.
𝐺 (𝑗𝜔)

(16)

where 𝑤 is inertia weight function, 𝑐1 and 𝑐2 are learning
factors, rand1 and rand2 are random numbers in range [0, 1],
itrmax is maximum number of iterations, and itr is current
iteration, 𝑖 = 1, 2, 3, 4, . . . , 𝑁swarm .
The performance criterion in the time domain as
described in (17) is employed for this optimization. It is
used in calculating the cost function for evaluating the

parameters of self-regulation nonlinear function (SNF). The
output response constraint including overshoot, rise time,
settling time, and steady state error is taken into account in
this performance criterion. The cost function 𝑓 is a reciprocal
of the performance criteria 𝑊(𝐾) as defined in
𝑊 (𝐾) = (𝑀𝑃 + 𝑒ss ) ⋅ (1 − 𝑒−𝜎 ) + (𝑡𝑆 − 𝑡𝑟 ) ⋅ 𝑒−𝜎 ,
𝑓=

1
,
𝑊 (𝐾)

(17)
(18)

where 𝐾 is [𝛿, 𝛽] and 𝜎 is the weighting factor. According
to [22], the value of 𝜎 should be larger than 0.7 to reduce
steady state error and overshoot. In this study, this value is
set equal to 0.9. Referring to (9), as far as stability of the
system is concerned, the value of 𝛿 should be selected less
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Table 1: Parameter determination via particle swarm optimization.
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Value of 𝛽

Figure 6: Relationship between 𝛿 and 𝛽.

than 𝛽. Otherwise, the value of rate variation 𝛼 will extremely
increase and it causes the system to become unstable. As
mentioned earlier, the value of 𝛿 and 𝛽 can be determined by
identifying the relationship between them. For this purpose,
the PSO algorithm was run several times and the results of
these parameters are tabulated in Table 1. Figure 6 shows the
relationship between 𝛿 and 𝛽 based on these optimization
processes. From this graph, it can be concluded that 𝛿 and
𝛽 are directly proportional to each other with a slope of 0.51.
Through this observation, the equation as expressed in (19)
was applied to determine the value of 𝛿 and 𝛽:
𝛿 = 0.51𝛽.

(19)

Figure 7(a) shows the response produced from SNF for
the system tested with step input 200 mm. By differentiating
this response, the rate variation 𝛼 is obtained as presented
in Figure 7(b). Based on this response, the rate variation is
decreasing starting at 0.13 and ending at 0 where the steady
state response is achieved. It indicates that the value of 𝛼
is high for the beginning of each movement and gradually
declines when the piston starts moving. This will drive
the system output to its goal rapidly without significant
overshoots and be able to prevent excessive oscillations.
Moreover, the varying of 𝛼 will generate the numerous ranges
of nonlinear gain, 𝑘𝑥 (𝑒), and increase the flexibility of the
controller.
3.3. System Stability. In any controller design, it is necessary
to ensure the stability of the system. Since the value of rate
variation 𝛼 is generated automatically, the selected value of
both weighting factors 𝛿 and 𝛽 should take into account
the maximum value of the nonlinear gain 𝑘𝑥 (𝑒). The Popov
stability criterion is used in determining the maximum value
of 𝑘𝑥 (𝑒). The absolute stability of the equilibrium states of
nonlinear systems by applying Popov criterion is based on
the modified amplitude-phase characteristic of the linear
part of the system. The procedure to determine the range
of 𝑘𝑥 (𝑒) using Popov stability criterion has been discussed
in detail in [20]. By using Matlab software, the Popov plot
of 𝐺(𝑗𝜔) is crossing the real axis at the point (−0.14, 𝑗0) as

shown in Figure 8. Based on this information, the maximum
value of the nonlinear gain 𝑘(𝑒max ) can be obtained through
(19). Therefore, according to the Popov stability criterion, the
range of the allowable nonlinear gain 𝑘𝑥 (𝑒) is (0, 7.14).
3.4. Effectiveness of the Proposed Method in Industrial Application. The prerequisite in designing a controller is practicality.
Therefore, its ability to be implemented on the real plant is
one of the criteria that need to be taken into account. The
resulting output of the controller during transient period
should be within the limitation of the system hardware.
Without taking this into account, the presence of integrator
windup phenomenon surely will degrade the performance
of the system. This phenomenon occurs when the controller
output saturates due to integral terms and this generally
leads to large settling times and overshoots. In this study
the saturation limit of the hardware is within ±10 volt.
Through the proposed method, the controller variables are
only allowed to be at saturation point for a short period
of time. This can be seen as shown in Figure 9(a) when
the multistep command inputs are applied to the system.
Where the amplitude of the controller output is only at
saturation point in a short period of time which is about
5 ms, even the distance of the movement is increased. The
other controllers, namely, SMC and PID, have been applied
to the system for comparison purposes. Figure 9(b) illustrates
the controller output of this controller when operating under
distance of 460 mm. For the purposes of comparison, the
output controller for PID and SMC is depicted in Figure 10.
3.5. Design of Dead-Zone Compensator. Due to the existence
of dead-zone for the spool movement in opening and closing
of the valve, the presence of delay is unavoidable. The deadzone compensator used in this study is based on the research
conducted by [23]. It was implemented by using the following
conditions.
(1) If absolute error is small or equal to the desired value
of error, the output of DZC is represented by 𝑈𝑒0 ;
(2) if absolute error is greater than the desired value of
error and the controller output is greater than zero,
the output of DZC is represented by 𝑢𝑝 ;
(3) if absolute error is greater than the desired value of
error and the controller output is less than zero, the
output of DZC is represented by 𝑢𝑛 ,
where 𝑢𝑒0 , 𝑢𝑝 , and 𝑢𝑛 are input compensation based on error,
positive dead-zone compensation, and negative dead-zone
compensation, respectively. Based on these conditions, there
is no force imposed to the payload when the output of the
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Figure 7: Response of the regulation block diagram: (a) output before differentiating; (b) rate variation.

4. Results and Discussion
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Simulation and experimental validation are performed to
evaluate the performance of the proposed SN-PID with
different step of inputs and various masses of the load.
The controller was designed for the system with a nominal payload mass of 3.2 kg. The difference between the
nominal and other masses of payload was tested to illustrate the robustness of the proposed controller. The performance of the proposed technique is compared to the
other techniques, namely, conventional PID, N-PID, and
SMC controller. The parameters of the proposed controller
including self-regulation nonlinear function (SNF) and other
parameters are tabulated in Table 2. The parameters of
the PID should be determined earliest before the other
parameters can be obtained. The procedures to obtain PID
controller parameters have been given in the previous work
[18].

Popov plot
Popov line

Figure 8: Graphical solution using Popov analysis.

DZC is represented by 𝑢𝑒0 . For the other conditions in which
the position error exceeded 𝑒𝑑 in either positive or negative
direction, the output of the controller will be added to the
dead zone compensators 𝑢𝑝 and 𝑢𝑛 , respectively.

4.1. Simulation Results. In this section, the performances of
the proposed method are presented via simulation before
being realized in real time. The system which has been
simulated with the input consists of a variety of distances. The
result indicates that the system has successfully maintained
the performance of the system. It can be seen in Figure 11(a)
where the transient response is quite similar for each transition of the step input. The changes occur in the value of
𝛼 for each transition as shown in Figure 11(b)which gives
information to the nonlinear function in determining the

8
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Table 2: Parameters of the controller.

Control strategies

PID

SN-function

Dead-zone compensator

Proportional gain

𝐾𝑝

2.099

𝐾𝑖
𝐾𝑑
𝑁

9.56 × 10−3
0.035
12.207

Param 1
Param 2

𝛿
𝛽

129.51
248.53

Variation of error

𝑒max

2

Control value in the range of desired 𝑒ss
+ve dead-zone compensation

𝑢𝑒0
𝑢𝑝

0.01
0.5

−ve dead-zone compensation

𝑢𝑛

−0.65

Desired 𝑒ss

𝑒𝑑

0.005
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Figure 10: Controller output of the system with (a) PID and (b)
SMC.

Figure 9: Response for the system with SN-PID: (a) displacement
(mm); (b) controller output.

appropriate value of nonlinear gain, 𝑘𝑥 (e). The corresponding
response of the controller output is shown in Figure 11(c).
It clearly can be seen that the amplitude of the response
is within the limits allowed by the data acquisition card that
is used in the experiment which is between −10 v and +10 v.
Such a situation is relieving to ensure that the output response

may be generated without the overshoot for both simulation
and experimental validation. In addition, the signal with
random input is also employed to strengthen the evidence
that the SN-PID controller can cater various forms of input.
This can be observed as indicated in Figure 12(a). The result
has confirmed that the proposed controller is able to track the
demand even in the case where the input response is changed
all of a sudden. Figure 12(b) shows the reaction of the rate
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Figure 11: Performance of system controller by SN-PID controller: (a) displacement (mm); (b) rate variation 𝛼; and (c) controller output (v).

variation (𝛼) which acts as an essential variable in order to
ensure that various forms of input can be handled well.

4.2. Experimental Validation. In order to verify the performance of the proposed controller, the result from simulation
is compared to the result obtained from the real-time system.
As can be seen from Figure 13, the response obtained based
on experimental validation is quite similar to the simulation.
There is only a slight difference on the transient part in
which the response from experimental result is a bit faster
compared to the simulation. Subsequently, to strengthen the
evidence of the effectiveness of the designed controller, the
experiment with various types of input is conducted. These
results have confirmed that the acceptable performance is
achieved for both experimental validation and simulation
where the real-time response of the pneumatic system also
looks quite similar to the simulation.

different load are combined and investigated. This system is
tested using step response with displacement of 400 mm. The
moving mass of the horizontal cylinder is attached to the
load of 3.2 kg, 8.4 kg, 13.5 kg, 23 kg, and 28 kg. Based on the
result as shown in Figure 14 the proposed controller is able
to accommodate to the system for various changes of load.
Apparently, it can be seen that the proposed technique is able
to control the system even when the load is added up to 28 kg.
The steady state error under these variations of the load is
quite similar which is around 0.01 mm.
4.4. Performance Comparison with the Other Methods. As
a benchmark, the proposed controller has been compared
to the other methods. The comparison of the performance
between the proposed SN-PID, N-PID, conventional PID,
and sliding mode control (SMC) is performed using the same
test rig. For sliding mode control the sliding surface for third
order is defined as follows:
𝑆 = 𝑦̈ − 𝑦𝑑̈ + 2𝜆 (𝑦̇ − 𝑦𝑑̇ ) + 𝜆2 (𝑦 − 𝑦𝑑 ) .

4.3. Performance Analysis on the Variation of Load. One of
the issues that need to be taken into account in designing
a controller is the ability of the controller to compensate
the system when there are changes occurring in the load.
In this section, the results from several experiments with

(20)

By taking derivative of (20) and setting 𝑆 ̇ = 0, the equivalent
control signal, 𝑢eq , therefore can be obtained by substituting
the plant model. The switching control signal as in (21) is

Mathematical Problems in Engineering

Displacement (mm)

150
100
50
0
−50
−100

0

5

10

15

20
25
Time (s)

30

35

40

Input
Output
(a)

Experimental
150

200

130

100

Simulation

110

0

90
14

−100

0

5

10

140
120

100

7.5

15

8

0
−100

0

5

10

15

20
25
Time (s)

8.5

9

14.5

30

40
30
20
10
0
Simulation 25.5

20
25
Time (s)

30

15.5

15

35

40

Experimental

26.5

35

27.5

28.5

40

Experimental
Simulation

0.6
0.5
Rate variation (𝛼)

Displacement (mm)

Displacement (mm)

10

Figure 13: Experimental validations for the system with SN-PID
controller.
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Figure 12: Performance of system controller by SN-PID with
various forms of input: (a) output and (b) rate variation 𝛼.

employed. The controller parameters are set to the values
𝜑 = 1087 and 𝜆 = 36 :
𝑆
𝑢𝑠 = −𝑘𝑠 sat ( ) ,
𝜑

(21)

where
𝑆
{
,
{
{
{𝜑
𝑆
sat ( ) = {
{
𝑆
𝜑
{
{sign ( ) ,
𝜑
{

 𝑆 
 
  ≤ 1,
 𝜑 
 𝑆 
  > 1.
 𝜑 
 

(22)

The results indicate that the proposed controller, namely,
SN-PID controller, has performed better compared to the
other methods. It can be seen in Figure 15 that the output of
the system controlled by SN-PID shows a better performance
in transient part compared to others. In the same experiment,
the result for the system controlled by N-PID controller is
worst in terms of speed compared to others. However, by
taking into consideration the robustness of the system, SNPID and N-PID controller give better performance under
various loads compared to the others. This is due to the
numbers of oscillation appearing in the output response
for the system controlled by conventional PID and SMC as

depicted in zoom-in view. Moreover, based on the results
as illustrated in Figure 14 it has been proved that the SNPID controller is able to operate under variations of load up
to 28 kg. The steady state error for the system controlled by
SN-PID and N-PID is about 0.01 mm, while for the system
controlled by other controllers it is about 0.1 mm to 0.5 mm.

5. Conclusion
In this research, a new technique, namely, self-regulation
nonlinear PID (SN-PID) controller, is proposed and designed
to control the position of pneumatic actuator system. The
purpose of this technique is to enhance the performance
of nonlinear PID (N-PID) controller that was tested to
the system previously. This was performed by utilizing the
characteristic of rate variation of nonlinear gain via equation
which is known as regulation function. The purpose of this
technique is to make the controller be flexible with several
sector-bounded of gain. Simulations and experiments were
conducted to verify the performance of the proposed technique and found that the transient response is improved by a
factor of 2.2 times better than previous N-PID technique with
better steady state response. In addition, the experimental
results also confirmed that the SN-PID controller is capable
of keeping up the performance under the variation of load up
to 28 kg. The performances as shown in the results prove that
the objective of the proposed controller has been successfully
achieved referring to the reduction of the time taken from the
stroke to reach the steady state condition.
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