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 Most of the controllers that were proposed to control the pneumatic 

positioning system did not consider the limitations or constraints of the 

system in their algorithms. Non-compliance with the prescribed system 

constraints may damage the pneumatic components and adversely affect its 

positioning accuracy, especially when the system is controlled in real-time 

environment. Model predictive controller (MPC) is one of the predictive 

controllers that is able to consider the constraint of the system in its 

algorithm. Therefore, constrained MPC (CMPC) was proposed in this study 

to improve the accuracy of pneumatic positioning system while considering 

the constraints of the system. The mathematical model of pneumatic system 

was determined by system identification technique and the control signal to 

the valves were considered as the constraints of the pneumatic system when 

developing the controller. In order to verify the accuracy and reliability of 

CMPC, repetitive experiments on the CMPC strategy was implemented. The 

existing predictive controller, that was used to control the pneumatic system 

such as predictive functional control (PFC), was also compared. The 

experimental results revealed that CMPC effectively improved the position 

accuracy of the pneumatic system compared to PFC strategy. However, 

CMPC not capable to provide a fast response as PFC. 
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1. INTRODUCTION  

Essentially, modern pneumatic system incorporates pneumatic cylinder actuator, microprocessor, 

valves, and various microsensors in a single system; thus, making it more complicated and sophisticated 

compared to the conventional pneumatic system. However, the complexities of the modern pneumatic system 

makes the modelling and controlling, especially to acquire an accurate position control of the pneumatic 

system very challenging due to the issues of parameter uncertainties and nonlinearities [1]. For wider 

applications, the pneumatic system must have the capability to attain fast response and accurate positioning 

control [2]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Addressing the limitations or constraints of the system in the design of controller for the actual 

applications of the system is another important aspect to be concerned [3]. This is because, the non-

compliance with the prescribed constraints of the system may cause damage to the system and its 

components, apart from adversely affecting the performance of the control system itself. Proportional-

integral-derivative (PID) [1], [4], sliding mode control (SMC) [5], [6], adaptive [7], [8], fuzzy [9], [10], 

neural network [11], [12], and predictive [13]-[15] were various control strategies reportedly proposed to 

control the pneumatic positioning system. Prior studies [14], [15] demonstrated the appropriateness of the 

predictive controller to control the positioning of the pneumatic system. For the case of the adopted 

pneumatic system in this study, the review [16]-[18] also revealed the appropriateness of predictive controller 

as a control strategy for the positioning of the system, given its high speed response with minimal overshoot 

or even without overshoot in certain cases. Accordingly, Mustafa et al. [16] proposed the generalized 

predictive controller (GPC) based on bat algorithm (GPC-BA) to control the positioning of the pneumatic 

system. In 2015, Osman et al. [17] proposed the easy and simple predictive functional controller (PFC) to 

control the pneumatic system. According to Osman et al., the PFC is capable to provide accurate control with 

high speed response, robustness, and stability. Three years later, the reduced-order type observer was 

reportedly applied in the PFC (PFC-ROO) to control the positioning of the pneumatic system [18].  

Azira et al. [18] claimed that PFC-ROO provides good response in terms of speed and overshoot compared to 

the previous PFC which was developed by Osman et al. in [17]. Nonetheless, these studies [17], [18] did not 

consider the constraints of the pneumatic system in their control algorithms. As previously described, the 

non-compliance with the prescribed constraints may damage the pneumatic system and its components and 

adversely affect the overall performance of the control system itself. Hence, this study regarded the 

significance of considering the constraints during the development of the controller.  

This study proposed the model predictive controller (MPC) with the constraints on the control signal 

of the pneumatic valves as the control strategy for the positioning of the pneumatic system used. The MPC 

was chosen in this study as it has the capability to handle constraint [19], [20]. In particular, the added 

constraints in MPC prevent the wind-up phenomenon [21]. Additionally, MPC has the capability to predict 

the future output of the process [19], control variety of processes (from a relatively simple process to a more 

complex process), handle different levels of the process control structure [20], easily deal with multivariable 

processes [20], and handle nonlinear processes (which is frequently found in the industries) [20]. In this 

study, the control signal to the input valves were considered as the constraints of the pneumatic system used, 

since it affects the system response (i.e. the position of the pneumatic cylinder stroke). The main aim of the 

proposed controller is to provide the pneumatic positioning system with simultaneously accurate, fast, and at 

the same time respect the constraints of the system. In order to verify the accuracy and reliability of the 

CMPC, repetitive experiments on the control strategy were implemented. Subsequently, the performance of 

the CMPC was analysed and compared with the recent control (PFC) method that were tested on the same 

plant. 

This paper is divided into 4 sections. The background of the study is discussed in section 1. The 

modelling process of the pneumatic system used in this study and the procedures in designing a CMPC to 

perform the control task are explained in section 2. The experimental results using CMPC and PFC were 

presented and discussed in section 3, and the overall findings of the study are concluded in section 4. 

 

 

2. RESEARCH METHOD 

2.1.  Modelling of pneumatic system using system identification technique 

Figure 1 presents the real pneumatic system used in this study, and its main components. The 

pneumatic system in this study was equipped with five main components, which were integrated into a single 

actuator. These components included: i) Optical encoder, ii) Stripe code on a guide rod, iii) Pressure sensor,  

iv) Valves, and programmable system on chip (PSoC) microcontroller board. The operations of pneumatic 

positioning system based on experimental setup are schematically shown in Figure 2. 

The optical encoder in Figure 2 was used to detect cylinder rod position by reading the constructed 

stripes code on the guide rod, while the pressure sensor was used to read the pressure inside chamber 2 of the 

cylinder. The readings of both pressure sensor and encoder were subsequently sent to the analog-to-digital 

converter (ADC) and counter module of PSoC, respectively, for feedback as well as to decide the position of 

the cylinder stroke. The pneumatic system used in this study was mainly controlled by only one chamber 

whereas the other chamber was fixed at constant pressurised air. Regulating the air pressure in chamber 2 

between 0 MPa and 0.6 MPa controlled the left and right movements of the actuator and provided pressurised 

air at constant pressure (0.6 MPa) in chamber 1. In this regard, two valves were used to control chamber 2. 

As illustrated in Figure 2, two miniature valves, which were attached at the end of the pneumatic cylinder, 

were used to control the air inlet and air outlet of the cylinder. More specifically, valve 1 controlled the air 
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inlet, while valve 2 controlled the air outlet (exhaust). Both valves were operated at 24 V in order to control 

the pneumatic stroke movement. Overvoltage to the valves may cause damage to the pneumatic system and 

its components. For this study, the extension (right movement) and retraction (left movement) of the cylinder 

stroke were manipulated by the duty cycle of pulse-width modulator (PWM) signal to drive the valves in 

regulating the pressure in chamber 2. Therefore, the control signal, 𝑢 (from the controller) was initially 

converted into PWM signal for each valve in order to operate these valves.  

 

 

Stripe code 

Optical encoder

Pressure sensor

Valves

PSoC 

microcontroller 

board

Guide rod

 
 

Figure 1. Main components of the pneumatic system 
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Figure 2. Schematic diagram of pneumatic positioning system 

 

 

System identification technique was applied in this study to acquire real-time model that represents 

the dynamics of the pneumatic system used. To model the pneumatic system using system identification 

technique, an experimental design and data collection was performed [22], [23], so that the data of input and 

output from real-time experiment can be collected. In this study, an open-loop experimental test for input and 

output data collection was conducted 3 times in order to repeat data extraction as well as to produce 

consistent performances of the input and output response for reliability of the data. The experiments were 

conducted within 20 s with the sampling time (𝑇𝑠) of 10 ms. Figure 3 shows the plot of data of measured 

input and output acquired from real-time experiment. The input signal as shown in Figure 3(a) was injected 

as excitation signal and the output of this system as shown in Figure 3(b) was recorded. It should be noted 
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here that, the input signal in Figure 3(a) was repeated 3 times, and the output signal in Figure 3(b) was 

actually the recorded average values of the three measured output responses.  

 

 

  
(a) (b) 

 

Figure 3. Plot of measured data: (a) input and (b) output 

 

 

In this study, 2,000 measurements of input and output data were collected from open-loop test; the 

input data consisted of continuous step input signal applied to the on/off valves of the system, while the 

output data was the measured position of cylinder stroke. For modelling using system identification technique, 

the data of input and output were divided into two sets; one set for training (estimation) and the other set for 

the validation of the identified model. Figure 4 illustrates the estimation and validation process carried out 

using MATLAB system identification tool.  

 

 

  
(a) (b) 

 

Figure 4. Estimation and validation process of measured data using MATLAB system identification tool,  

(a) Input and (b) Output 
 

 

Based on the plots as illustrated in Figure 4, 50% of the first data set contained 1,000 data of input 

and output (sample 1-1000) collected from real-time experiment were used for model training (estimation), 

meanwhile the remaining 50% of the second data sets (sample 1001-2000) was used for testing (validation). 

In this study, an auto-regressive with eXogenous input (ARX) with third-order system was selected as the 

model structure of pneumatic system. ARX model has a simple structure, make it capable to provide 

relatively faster computation and estimation. As the pneumatic system used in this study is complex, 

therefore, the use of complex model structure is not recommended as it will make the closed-loop system of 

the pneumatic more complex. The use of higher-order models (i.e. fourth-order and fifth-order) for ARX 

were not considered in this study since it does not always warrant higher accuracy of the system. Also, 

increasing the complexity of the model typically increases the uncertainties in the parameter estimation. In 

(1) expresses the discrete-time state-space of the pneumatic system dynamics based on third-order ARX 

model structure, which was estimated using MATLAB system identification tool. 

 

𝐴𝑝 = [
0 1 0
0 0 1

0.1284 −0.9976 1.8690
] , 𝐵𝑝 = [

0
0
1
] , 𝐶𝑝 = [0.0016 0 0],  𝐷𝑝 = [0]  (1) 
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Where 𝐴𝑝,  𝐵𝑝, 𝐶𝑝, and 𝐷𝑝 are the pneumatic system matrices with dimension, 𝑛𝑝 = 3. The identified third-

order ARX model successfully provides a good output fitting (91.11% of fitting) to the measured output 

obtained from the real-time experiments. In terms of stability, the identified model is also stable since it 

successfully provides all the system’s poles inside the unit circle (0.1887, 0.6811, and 0.9992). Therefore, 

modelling the pneumatic system based third-order linear ARX model is sufficient to represent the real 

pneumatic system utilised in this study.  

 

2.2.  Controller design 

2.2.1. Constrained model predictive controller (CMPC)  

This study proposed model predictive controller (MPC) as the controller to control the pneumatic 

positioning system. For this study, MPC uses the identified process model which was obtained using system 

identification technique to predict the future output (position of cylinder stroke). The control strategy in this 

study is to ensure and maintain the position of pneumatic cylinder stroke at a desired position regardless of the 

disturbances that were introduced into the system. This study assumed single-input single-output (SISO) system 

for the pneumatic system in a state-space model. Considering that the third-order discrete state-space model (as 

previously described in (1)) as the plant model, the representation of augmented model of the pneumatic 

positioning system utilised for this study was as in (1):  

 

𝐴 = [

0 1 0 0
0 0 1 0

0.1284 −0.9976 1.8690 0
0 0.0016 0 1

] , 𝐵 = [

0
0
1
0

] , 𝐶 = [0 0 0 1] (2) 

 

In this study, the control signal to the valves was the manipulated variable whereas the position of 

the cylinder stroke was the controlled variables. The MPC was used to determine the future adjustments of 

the control signals to the valves. In order to do so, MPC predicts the future plant outputs and performs the 

control actions accordingly by solving the optimal future control actions (specifically, cost function and 

constraints) within a moving time horizon window. The cost function, 𝐽, with respect to the control objective 

of this study was expressed in (3):  

 

𝐽 = ∑ 𝑥(𝑘 + 𝑚|𝑘)𝑇𝑄𝑥(𝑘 + 𝑚|𝑘) + 𝜂𝑇𝑅𝜂
𝑁𝑝

𝑚=1  (3) 

 

where 𝜂 is the optimal solution of parameter vector, 𝑄 and 𝑅 are the weighting matrices with 𝑄 = 𝐶𝑇𝐶 ≥
0 and 𝑅 > 0. The cost function in (3) is based on the minimization of the error between the set-point signal 

and the output signal (desired position of the pneumatic cylinder stroke). The optimal solution of parameter 

vector, 𝜂 in (3) based on the minimisation of cost function using predictive control algorithms can be 

expressed as shown in (4). 

 

𝜂 = −𝛺−1𝜓𝑥(𝑘)  (4) 

 

where Ω = ∑ 𝜙(𝑚)𝑄𝜙(𝑚)𝑇 + 𝑅
𝑁𝑝

𝑚=1 , 𝜓 = ∑ 𝜙(𝑚)𝑄𝐴𝑚𝑁𝑝

𝑚=1 . 

Thus, the control law based on the discrete-time Laguerre function can be realised in (5): 

 

∆𝑢(𝑘) = 𝐿(0)𝑇𝜂 (5) 

 

The control law in (5) is represented in the form of linear state feedback control, which is expressed in (6): 

 

∆𝑢(𝑘) = −𝐾𝑚𝑝𝑐𝑥(𝑘) (6) (6) 

 

where 𝐾𝑚𝑝𝑐 = 𝐿(0)𝑇Ω−1𝜓, 𝑥(𝑘) = [∆𝑥𝑖𝑝𝑎(𝑘)𝑇 𝑒(𝑘)]
𝑇
  

𝑒(𝑘) denotes the error signal between the predicted output, 𝑦(𝑘), and set-point signal, 𝑟(𝑘). The 

closed-loop characteristic equation of the MPC system is expressed as det (𝜆𝐼 − (𝐴 − 𝐵𝐾𝑚𝑝𝑐)) = 0, in 

which their closed-loop eigenvalues reveals its stability. The closed-loop system is considered stable if all the 

eigenvalues of the closed-loop matrix (𝐴 − 𝐵𝐾𝑚𝑝𝑐) are inside the unit circle. Hence, this study applied the 

following MPC law:  
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𝑢(𝑘) = Δ𝑢(𝑘) + 𝑢(𝑘 − 1) (7) 

 

As previously described, this study considers a control signal to the input valves as the constraints of 

the systems, since it affects the system response (i.e. the position of the cylinder stroke). Thus, this study 

controlled this signal to ensure that it remains within a certain range allowed by the system. Typically, the 

system response significantly deteriorates and may generate overshoot when the signal exceeds the maximum 

allowable value, which is known to occur rather frequently in real-time environment. Considering the 

specifications and limitations of the hardware used, the maximum amplitude value allowed for the extension 

and retraction of the cylinder stroke during operation of this study was set to +24 V (for valve 1) and -24 V 

(for valve 2), respectively. Thus, the signal from the MPC to the valves was constrained between +24 V and  

-24 V. Supposed that the minimum and maximum limits on the control signal to the pneumatic valves are 

𝑢𝑚𝑖𝑛 = −24 and 𝑢𝑚𝑎𝑥 = +24, and 𝑢(𝑘) = ∑ Δ𝑢(𝑘),𝑘−1
𝑖=0  the inequality constraints for future time 𝑘,  

𝑘 = 1,2,⋯ are expressed as: 

 

−24 ≤ 𝑀𝜂 + 𝑢(𝑘 − 1) ≤ +24 (8) 

 

where 𝑀 =

[
 
 
 
 
∑ 𝐿1(𝑖)

𝑇𝑘−1
𝑖=0 02

𝑇 ⋯ 0𝑚
𝑇

01
𝑇 ∑ 𝐿2(𝑖)

𝑇𝑘−1
𝑖=0 ⋯ 0𝑚

𝑇

⋮ ⋮ ⋮ ⋮
01

𝑇 02
𝑇 ⋯ ∑ 𝐿𝑚(𝑖)𝑇𝑘−1

𝑖=0 ]
 
 
 
 

 

 

where 𝑢(𝑘 − 1) is the previous control signal and 0𝑘
𝑇 is a row vector with dimensions as in 𝐿𝑘(0)𝑇. The 

control signal with constraints on the input valves in (8) can also be expressed as (9).  

 

𝑢𝑚𝑖𝑛 ≤ 𝑢(𝑘) ≤ 𝑢𝑚𝑎𝑥  (9) 

 

Table 1 summarizes the values of MPC parameters used in this study. 𝑁𝑐 and 𝑁𝑝 in Table 1 act as 

tuning parameters that affect the prediction of future output and stability of the closed-loop system. 

𝑁𝑐  dictates the number of parameters to capture the future control trajectory, while 𝑁𝑝 represents the length 

of optimization window. Generally, the value of 𝑁𝑐 is chosen to be less than (or equal to) the value of 𝑁𝑝. 𝑁𝑐 

for this study was set at 3 since it provides < 10 % of 𝑂𝑆, and 0 𝑚𝑚 of steady-state error (𝑒𝑠𝑠). The 

overshoot (𝑂𝑆) of the transient response was also increased with increasing 𝑁𝑐. The closed-loop system was 

also unstable when 𝑁𝑝 = 1 and 𝑁𝑝 = 2 were used to solve the optimization problem. In other words, the 

pneumatic positioning closed-loop system was unstable and the 𝑂𝑆 of the transient response was also 

increased when small value of 𝑁𝑝 was used. Hence, it can be concluded that the closed-loop predictive 

control system is not necessarily stable with small 𝑁𝑝. Thus, in order to guarantee closed-loop stability of the 

pneumatic positioning system as well as to avoid overshoot and oscillate response of the pneumatic 

positioning system, 𝑁𝑐 and 𝑁𝑝 for this study was set at 3 and 20 (𝑁𝑐 ≪ 𝑁𝑝), respectively. 

 

 

Table 1. Description of the MPC parameters 
Control parameters 

Name of parameter Abbreviation Value 

Prediction horizon 𝑁𝑝 20 

Control horizon 𝑁𝑐 3 

Scaling factor of Laguerre network 𝛼 0.1 

Weighting matrices 

𝑅 0.1 

𝑄 [

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

] 

 

 

2.2.2. Predictive functional controller (PFC)  

PFC uses the same approach as MPC (i.e. prediction of the future outputs, and calculation of the 

manipulated variables) for an optimal control. In other words, PFC is based on the same principles that are 

using an internal model, specification of a reference trajectory, and determination of the control law. Similar 

to MPC design, this study also used state-space form for the purpose of designing PFC. Thus, the discrete-

time state-space model of the pneumatic system in (1) was used for this purpose. In order to formulate the 
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PFC control law, the desired reference trajectory must be first known. In this study, the desired closed-loop 

dynamic was placed into the desired reference trajectory to ensure the stability of the closed-loop system. 

Given the actual set-point (𝑟), the first-order lag of the loop set-point (𝑤) reference trajectory can be defined 

as in (10): 

 

𝑤(𝑘 + 𝑖|𝑘) = 𝑟(𝑘) − (𝑟(𝑘) − 𝑦(𝑘))𝛹𝑖  (10) 

 

where 𝑦(𝑘) is the most recent measured output, and 𝛹 is a tuning parameter that represents system’s closed-

loop pole. In order to ensure the stability of the closed-loop system of this study, the value of 𝛹 must be 

within the following range: 0 ≤ 𝛹 < 1. Previous study by Osman et al. in [17] used 0.95 to represent 𝛹. 

Therefore, for the purpose of comparing the performance of the pneumatic positioning system, this study also 

used the same value, which is 0.95 to represent the value of 𝛹. PFC is made of coincidence points. When the 

predicted output and set-point coincide, a coincidence points is formed. Typically, there are only one or two 

coincidence points. In order to enforce equality of the predictions and the reference trajectory at a number of 

points, the control law of PFC can be determined by solving the future control moves such in (11).  

 

𝑦(𝑘 + 𝑛) = 𝑤(𝑘 + 𝑛)  (11) 

 

Where 𝑛 is the number of coincidence points. The focus of this study is only on one coincidence point . 
Therefore, at a single coincidence point, the future control moves can be described in (12). 

 

𝑦(𝑘 + 𝑛) = 𝑤(𝑘 + 𝑛) = 𝑟(𝑘) − (𝑟(𝑘) − 𝑦(𝑘))𝛹𝑖  (12) 

 

The substitution of (10) into (11) provides (13). 

 

𝑦(𝑘 + 𝑛) = 𝑃𝑥𝑖𝑝𝑎(𝑘) + 𝐻𝑢(𝑘 − 1) = 𝑟(𝑘) − (𝑟(𝑘) − 𝑦(𝑘))𝛹𝑖  (13) 

 

Rewriting (13), the PFC control law at a single coincidence point can be described as: 

 

𝑢(𝑘) = −𝐻−1[𝑃𝑥𝑖𝑝𝑎(𝑘) + (𝑟(𝑘) − (𝑟(𝑘) − 𝑦(𝑘))𝛹𝑖)]  

 

𝑢(𝑘) = −𝐾𝑐𝑥𝑖𝑝𝑎(𝑘) + 𝑃𝑐𝑟(𝑘) (14) 

 

where 

 

𝐾𝑐 = −𝐻−1[𝑃 − 𝛹𝑖𝑦(𝑘)] and 𝑃𝑐 = −𝐻−1[1 − 𝛹𝑖]  

 

 

3. RESULTS AND DISCUSSION 

This section presented the performances of the proposed control strategy (CMPC) and PFC strategy 

in controlling the positioning system of the pneumatic system through experimental work. Figure 5 shows the 

real-time pneumatic positioning control performances using CMPC and PFC strategies for 50 mm, 100 mm, 

and 150 mm distances. Repetitive experiments on the control strategies were implemented in order to 

perform a statistical analysis of the experimental results. The experiments were repeated in order to verify the 

accuracy and reliability of the controllers. In this study, each experiment conducted on each control strategy 

(CMPC and PFC) was repeated 10 times to determine the capabilities of each controller, especially the 

proposed control strategy to perform repeating experiments and producing consistent performances. In this 

analysis, several values of distance (50 mm, 100 mm, and 150 mm) were provided for comparison purposes, 

and the step signal was applied as the input signal. Each test was conducted for 20 s without any load 

attached to the end of the cylinder stroke. 

Table 2 to Table 4 provide statistical analysis for each distance using CMPC and PFC control 

strategies, which were repeated 10 times. In these tables, the performances of the system’s transient (i.e. rise 

time (𝑡𝑟), settling time (𝑡𝑠), overshoot (𝑂𝑆), and steady-state error (𝑒𝑠𝑠)) between CMPC and PFC were 

compared. From the data provided in Table 2 to Table 4, the responses of 𝑂𝑆 revealed that PFC provided 

zero standard deviation and zero standard error, for all the positioning distances. Therefore, indicates that 

PFC gives exactly the mean value of 𝑂𝑆 for all distances, which means that every single experiment 

performed for each distance also resulted in a system response without 𝑂𝑆. For the analysis of 𝑒𝑠𝑠, CMPC 

strategy was capable of providing the lowest readings of standard deviation and standard error compared to 
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PFC, which signifies the consistency and reliability of CMPC in providing consistent position accuracy 

compared to PFC.  

 

 

  
(a) (b) 

 

 
(c) 

Figure 5. Real-time pneumatic positioning control performances using CMPC and PFC strategies when 

position distance at: (a) 50 mm, (b) 100 mm, and (c) 150 mm 

 

 

Table 2. Statistical analysis of transient response performance for pneumatic positioning system  

at 50 mm of distance 
Control strategies Criterion 𝑡𝑟  (𝑠) 𝑡𝑠 (𝑠) 𝑂𝑆 (%) 𝑒𝑠𝑠 (𝑚𝑚) 

CMPC 

Mean 0.790 1.470 0.692 0.096 

Variance 0.001 0.010 0.217 0.010 
Standard deviation 0.035 0.101 0.465 0.098 

Standard error 0.011 0.032 0.147 0.031 

PFC 

Mean 0.462 0.665 0 5.309 
Variance 0 0 0 0.016 

Standard deviation 0.006 0.013 0 0.128 

Standard error 0.002 0.004 0 0.040 

 

 

Table 3. Statistical analysis of transient response performance for pneumatic positioning system  

at 100 mm of distance  
Control strategies  Criterion 𝑡𝑟  (𝑠) 𝑡𝑠 (𝑠) 𝑂𝑆 (%) 𝑒𝑠𝑠 (𝑚𝑚) 

CMPC 

Mean 0.878 1.545 0.536 0.029 

Variance 0 0.002 0.027 0.001 

Standard deviation 0.013 0.049 0.164 0.026 
Standard error 0.004 0.015 0.052 0.008 

PFC 

Mean 0.714 1.043 0 3.629 

Variance 0 0.001 0 0.066 
Standard deviation 0.009 0.038 0 0.258 

Standard error 0.003 0.012 0 0.082 
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Table 4. Statistical analysis of transient response performance for pneumatic positioning system  

at 150 mm of distance  
Control strategies  Criterion 𝑡𝑟  (𝑠) 𝑡𝑠 (𝑠) 𝑂𝑆 (%) 𝑒𝑠𝑠 (𝑚𝑚) 

CMPC 

Mean 1.107 1.772 0.479 0.035 
Variance 0 0.001 0.040 0.001 

Standard deviation 0.006 0.023 0.200 0.025 

Standard error 0.002 0.007 0.063 0.008 

PFC 

Mean 1.053 1.618 0 1.973 

Variance 0 0.073 0 0.382 

Standard deviation 0.010 0.270 0 0.618 
Standard error 0.003 0.085 0 0.196 

 

 

Table 5 summarizes the mean value of the transient response performance obtained from the 

conducted repeatable experiments, meanwhile Figure 6 illustrates every single change that occurred in the 

transient response performance. It can be seen that the proposed CMPC was capable of controlling the 

pneumatic positioning system. The comparison with the previous control strategy (PFC) shows that the 

pneumatic system positioning system controlled by the proposed CMPC strategy was unable to control the 

system as fast as PFC. Clearly, the inclusion of constraints on the control signal to the pneumatic valves in 

the MPC algorithm caused the speed response (𝑡𝑟 and 𝑡𝑠) of the pneumatic positioning system to be very 

slow and less aggressive, compared to PFC. The findings were consistent with the studies by [19], [20], 

which demonstrated that the inclusion of constraints in the MPC algorithm slowed down the response time in 

the system output since it required more computational burden to optimize the cost function (compared to the 

unconstrained MPC). 

 

 

Table 5. Summary of the mean value of transient response performance obtained from repeated experiments  
Distance (𝑚𝑚) Control strategy 𝑡𝑟  (𝑠) 𝑡𝑠  (𝑠) 𝑂𝑆 (%) 𝑒𝑠𝑠 (𝑚𝑚) 

50 
CMPC 0.790 1.470 0.692 0.096 
PFC 0.462 0.665 0 5.309 

100 
CMPC 0.878 1.545 0.536 0.029 

PFC 0.714 1.043 0 3.629 

150 
CMPC 1.107 1.772 0.479 0.035 

PFC 1.053 1.618 0 1.973 

 

 

  
(a) (b) 

 

  
(c) (d) 

 

Figure 6. Analysis of the transient response of repeated experiments: (a) rise time (𝑡𝑟), (b) settling time (𝑡𝑠), 

(c) overshoot (𝑂𝑆), and (d) steady-state error (𝑒𝑠𝑠) 
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The analysis of overshoot (𝑂𝑆) also revealed that PFC consistently provided 0 % of 𝑂𝑆, for all the 

positioning distances. Considering that the overshoot in the transient response of the pneumatic system was 

mainly due to the compressibility of air [11], the maximum allowable overshoot for this study was set to 10 

% as similarly used in other studies [24], [25]. Although there was a slight overshoot 𝑂𝑆 at the beginning of 

the positioning response (for all positioning distances) using CMPC; however, it is considered acceptable to 

control the pneumatic positioning system since it manages to provide <10 % of overshoot for all positioning 

distances. 

As presented in Table 5 and Figure 6, a significant difference that must be highlighted between PFC 

and CMPC is regarding the steady-state error (𝑒𝑠𝑠) performance. Furthermore, it is also worthy of noting, 

that PFC failed to give a good positioning accuracy as CMPC. PFC indicated >1.973 mm error for all 

position distances, while the proposed CMPC consistently produced a <0.029 mm error for all position 

distances. Furthermore, the proposed CMPC can implement constraints in the pneumatic system and hence, 

making it the preferred choice to be considered in any system with constraints. 

 

 

4. CONCLUSION  

A control strategy namely constrained model predictive controller (CMPC) was proposed to control 

the position of pneumatic system used in this study. The aim of the proposed controller is to consider the 

constraints of the pneumatic system and improves the transient response of the pneumatic positioning control 

system. In this study, the control signal to the pneumatic valve was considered as the constraints of the 

pneumatic system when developing the controller. This study primarily focused to evaluate the capability of 

the proposed controller as a practical strategy to control the position of pneumatic system and to improve the 

transient response performance of the system. In order to verify the accuracy, reliability, and consistent 

performances of the proposed control strategy, the positioning control were repeated 10 times. The 

performance of the CMPC was analysed and compared with the recent control method (PFC) that were tested 

on the same plant. From the experimental results of this study, it was confirmed that the proposed CMPC was 

successfully implemented in real-time environment and satisfies constraints of the pneumatic system used. 

Also, the CMPC was proven to be capable in improving the steady-state accuracy; thus, providing higher 

accuracy in the position control of the pneumatic cylinder stroke. Even though the CMPC was able to provide 

accurate positioning control of the system, however, CMPC is unable to give fast response of the positioning 

system as PFC did. For wider applications, pneumatic system must have the capability to attain fast speed 

response with high accuracy. Therefore, for future work, this study considered that the speed response of the 

system can be improved through certain modifications in the CMPC algorithm. 
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