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1. Introduction 

Pneumatic servo systems (PSS) are crucial actuators used in various applications, such as 

industrial automation, biological inspired systems, and manufacturing processes. In industrial 

automation, PSS is widely used in mass production line machines like pick-and-place machines, 

hammer peening [1],  winder machines [2] and pressing processes [3]. For biological-inspired 

systems, many works are related to robotics systems for rehabilitation, wearables, and mobile robot 

systems for various applications. For example, Wu et al. developed a soft finger inspired by the 
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 This paper introduces an optimal control strategy for pneumatic servo 

systems (PSS) positioning using Finite-time Prescribed Performance 

Control (FT-PPC) with Particle Swarm Optimization (PSO). Pneumatic 

servo systems are widely used in industrial automation, as well as medical 

and cybernetics systems that involve robotics applications. Precision in 

pneumatic control is crucial not only for the sake of efficiency but also 

safety. The primary goal of the proposed control strategy is to optimize the 

convergence rate and finite time of the prescribed performance function in 

error transformation of the FT-PPC, as well as the Proportional, Integral and 

Derivative (PID) controller as the inner-loop controller for this system. The 

study utilizes a dynamic model of a pneumatic proportional valve with a 

double-acting cylinder (PPVDC) as the targeted plant and performs 

simulations with a multi-step input trajectory. This offline tuning method is 

essential for such nonlinear systems to be safely optimized, avoiding major 

damage to the real-time fine-tuned works on the controller. The results 

demonstrate that the proposed control strategy surpasses the performance of 

FT-PPC with a PID controller alone, significantly improving the system's 

performance, including suppressing overshoot and oscillation in the 

responses. Further validation through the actual system of PPVDC using the 

fine-tuned values of FT-PPC and PID with PSO is a future task and more 

challenging to come, as hardware constraints may vary with different 

environments such as temperatures. 
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multi-knuckles of humans based on pneumatic actuation. They proposed a combination of three 

independent-actuated segments to enable dexterous manipulation as compared to conventional soft 

finger design approaches [4]. A teleoperation system using a haptic glove unit by [5] is another 

example of PSS application in a wearable system. The system introduced a self-sensing method in 

human-machine interfaces to achieve accurate interaction motion.  Moreover, a micro-robot by Jin 

et al. is an example of PSS in bio-inspired systems. The system is inspired by the biological structure 

of caterpillars and is designed by integrating two types of ultra-stretchable bionic sensors on a dual 

air-chamber pneumatic network structure and four triboelectric nanogenerator tactile sensors (TTSs) 

based on functional liquid metal (FLM) with thorny-structured bionic whiskers to realize self-

powered tactile sensors [6].  

The primary challenge in PSS is still on the individual actuator control, especially in positioning 

and internal stability. Designing a high-performance controller for these actuators remains 

challenging due to the system's high nonlinearity and parameter variations. Additionally, it becomes 

more challenging when dealing with long-stroke configurations due to the system's nonlinear 

dynamics proportional to the cylinder's wide operation range. As a result, controlling the plant 

becomes difficult, and an efficient controller is challenging to design. There have been numerous 

efforts to improve control systems for pneumatic actuators, with a particular focus on controlling the 

position of the rod-piston. These efforts include the use of control theories through numerical 

methods [7], [8], integration with intelligent systems [8], [9] and parameter designed using 

computational methods [10], [11]. Moreover, some control strategy approaches have been done by 

engineers and researchers to cater to the PSS issues, such as integration controllers' methods or hybrid 

techniques, as done in [12], [13]. The other integration methods include cascading control, adaptive 

control, intelligent control, and optimal control using computational methods [14]-[17]. The 

Proportional, Integral, and Derivative (PID) control system is a classical control system that is 

commonly deployed and becomes standard in most systems. However, it has limitations in providing 

efficient control for a nonlinear system such as PSS. PSSs suffer from various drawbacks such as 

low rigidity caused by air compressibility, delay in pressure response, fluctuations in frictional force 

between pistons and sliding parts within cylinders, and changes in air temperature. The effectiveness 

of conventional control such as PID and its adaptive versions depends on the magnitude of 

nonlinearity in the PSS [18]. Only when the nonlinearity is negligible, these techniques can be 

effective. Additionally, this type of controller requires optimum fine-tuning in its design and is fragile 

to different disturbances. Therefore, a few researchers have approached optimization methods 

through either adaptive techniques, integration techniques with conjunction controllers, or 

computational methods to determine the optimum design parameter values for the main controller as 

reported in [19], [20].   

The conjunction control system approach can be improved to enhance the robustness of complex 

systems. In addition to the cascaded control methods, the prescribed performance control (PPC) 

approach, introduced by Bechlioulis et al. uses output constraints approach to ensure the system 

output converges to a prescribed narrow area, with minimal overshoot and steady-state error [21]. 

This approach has the potential to improve the deployment of closed-loop control systems, especially 

those that involve conventional control systems such as PID controllers. Some researchers have 

enhanced the conjunction control system by transforming its error, making it more practical and 

dynamic for real-time control systems, as demonstrated in studies [22]-[25]. However, fine-tuning 

its parameters is still necessary to optimize its potential.  

 The use of computational intelligence integrated with optimization strategies is becoming 

increasingly popular as a solution to the complexity, nonlinearity, and other difficulties encountered 

in practical engineering problems, such as pneumatic systems, for improving the performance of 

control systems. The function approximation-based intelligent design strategy is widely recognized 

as an effective way to deal with unknown nonlinearities and uncertainties. Metaheuristic approaches 

also play a significant role in machine learning, providing excellent results. These approaches allow 

for the efficient optimization of parameters of interest, leading to good generalization. For decades, 
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various metaheuristic approaches have been introduced, including Evolutionary Algorithms (EA), 

Swarm Intelligence (SI), Physic-Based Algorithms (PBA) [26], and Human-Based Algorithms 

(HBA). EA, for example, generates new offspring that inherit characteristics from their parents, 

mimicking the evolutionary process. One notable example of an EA-based optimization method is 

the Genetic Algorithm (GA) [27] which has been proven to be highly effective in various fields, such 

as transportation/mobile system [28], [29], robotics/automation [30], [31], time series etc. Other 

examples of EA-based optimization methods include Differential Evolution (DE) [32] and 

Evolutionary Programming [33]. In contrast, SI algorithms mimic the unique behaviour of animals 

or insects, with Particle Swarm Optimization (PSO) [34] being the first to emerge. Other SI-based 

optimization methods include Ant Colony Optimization (ACO) [35], Artificial Bee Colony algorithm 

(ABC) [36], Grey Wolf Optimizer (GWO) [37], Moth Flame Optimizer (MFO) [38], Barnacles 

Mating Optimizer (BMO) [39] and one the latest is Evolutionary Mating Algorithm (EMA) [40]. 

PBA is exemplified by the Gravitational Search Algorithm (GSA) [41], which is based on Newton's 

law of gravity, while the Harmony Search Algorithm (HSA) [42] is based on the process of jazz 

musicians. Both GSA and HSA have been successfully applied in various fields to address 

optimization tasks. The implementation and deployment of optimization algorithms in real-time 

remain a significant challenge, particularly for systems equipped with limited processing units that 

require fast responses. Researchers have recently proposed approaches for real-time control and 

measurement using computational intelligence, but their deployment is limited to systems that use 

major high-speed computer systems that run in parallel with other tasks, such as image processing, 

traffic large signals, trajectory planning, and data communications [43]-[46]. Most driven systems 

fine-tuned and optimized for automation units, such as actuator and motor control, are generally done 

through offline strategies, as these units require robust continuous control systems and highly fast 

response rather than learning systems during real-time operation. However, some efforts have been 

made to provide a learning system in actuating control modules independently, as reported in [47]-

[49]. Still, there is a lot of work to be done, especially in identifying and modeling the plant for the 

model-reference of the controller and pre-tuning works through simulations.     

Therefore, the objective of this study is to contribute to the field of fine-tuned control system 

design for PSS's rod-piston positioning. To achieve this, the study uses the PSO algorithm through 

an offline approach as a pre-fine-tuned task to design the parameters for both cascaded control 

systems, FT-PPC and PID. Precise rod-piston positioning is crucial not only for the physical rod-

piston but also for the overall internal system of PSS. PSO is an established and widely used swarm 

intelligence system in engineering applications, including fine-tuned control systems. The targeted 

PSS for this study is a Proportional Valve with a Double-Acting Cylinder (PPVDC) [50]. The multi-

step input trajectory of the rod-piston displacement was generated to the targeted system with PSO 

optimization. The paper is organized as follows: Section 2 provides an overview of the mathematical 

modelling of the PPVDC. Section 3 describes the prescribed performance control strategy with PID 

in detail. Section 4 discusses the PSO algorithm and its application to FTPPC-PID. The analysis and 

performance of the FTPPC-PID controller with PSO optimization are discussed in Section 5 and are 

compared with FTPPC-PID and PID alone on the same PPVDC model plant. Finally, Section 6 draws 

the conclusion. 

2. Overview of the PPVDC Model   

For this study, the model plant transfer function was obtained from the dynamic model of the 

Proportional Valve with a Double-Acting Cylinder (PPVDC) on the Tri-finger Pneumatic Grasper 

(TPG) robot platform [51], [52] as shown in Fig. 1. The proportional control valve regulates the air 

passage to the cylinder. The model primarily focuses on three sections: cylinder dynamics, friction 

dynamics, and valve dynamics. To obtain the motion equation for the pneumatic actuator's cylinder 

dynamics (1). 
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�̈�𝑟𝑝 =
𝐴1𝑃1 − 𝐴2𝑃2 − (𝐹𝑓 − 𝐹𝐿)

𝑀𝑝 +𝑀𝐿
 (1) 

where �̈�𝑟𝑝 is the acceleration condition of the pneumatic rod-piston, while 𝐴1, 𝐴2represents the nozzle 

area of each pneumatic cylinder rod-piston chamber. Moreover, 𝑃1, 𝑃2here are the cylinder chambers' 

absolute pressures and other properties like 𝐹𝑓, 𝐹𝐿, 𝑀𝑃 and 𝑀𝐿are internal forces and masses of the 

pneumatic cylinder system in which was detailed in [53]. 

 

Fig. 1. PPVDC hardware schematic with TPG [14] 

On the friction’s dynamics, the LuGre friction model was used which can be generally expressed 

in (2). 

𝐹𝑓 = 𝜆0𝜍 + 𝜆1𝜍̇ + 𝜆2�̇�𝑟𝑝 (2) 

where 𝜆𝑛 with 𝑛 = 1, 2, 3. are the coefficients of the friction’s dynamics where 𝑛 = 1 denotes the 

spring bristle factor, 𝑛 = 2 denotes damping bristle factor and viscous friction factor with 𝑛 = 3, 

further detail regarding this function can be find in [14]. Since the temperature is negligible, the 

differential equation for both pressure chambers is computed as follows under the adiabatic 

assumption [12]. 

�̇�𝑖(𝑖=1,2) =
𝑘𝑅𝑇�̇�𝑖(𝑖=1,2)

𝑉0𝑖(𝑖=1,2) + 𝐴𝑖(𝑖=1,2)(0.5𝐿 ± 𝑥𝑟𝑝)
−

𝑘𝑃𝑖(𝑖=1,2)𝐴𝑖(𝑖=1,2)�̇�𝑟𝑝

𝑉0𝑖(𝑖=1,2) + 𝐴𝑖(𝑖=1,2)(0.5𝐿 ± 𝑥𝑟𝑝)
 (3) 

where 𝑥𝑟𝑝 and 𝐿 are the displacement and length of the pneumatic actuation stroke, respectively. The 

heat capacity ratio of the air medium, the universal gas constant, and the air absolute temperature are 

represented by 𝑘, 𝑅 and 𝑇, respectively.  The mass flow rate denotes by �̇�𝑖(𝑖=1,2) and the dead volume 

of pressurized gas confined in the connecting tube between the pneumatic valve and the pneumatic 

cylinder is referred to as 𝑉0𝑖(𝑖=1,2). The valve dynamics, on the other hand, were derived directly from 

the orientation of the valve spool (𝑥𝑝𝑣), which is proportional to the voltage input (𝑢) and valve gain 

(𝑘𝑝𝑣). This relationship can be expressed according to the Karpenko and Sepehri [54] in (4)-(5). 

�̇�𝑝𝑣 = −
𝑥𝑝𝑣 + 𝑘𝑝𝑣𝑢

𝜏
 (4) 
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𝑢 =
𝐴𝑝𝑣
𝜔𝑘𝑝𝑣

 (5) 

where the 𝜏 is a valve spool time constant and 𝜔 is the valve orifice area gradient. Moreover, the valve 

orifice effective area are denoted as 𝐴𝑝𝑣 [14]. The standard length of the connecting tube in the model 

was assumed to be short enough to be neglected as a significant contributor to the time delay in the 

PPVDC system. The overall structure of the PPVDC model is illustrated in Fig. 2. The parameter 

values, including the dead-zone parameters of the PPVDC valve and its cylinder frictional force 

parameters, were identified in previous work [12]. These parameters were obtained using the 

procedures reported in [55]. 

 

Fig. 2. Mathematical model of the PPVDC structure [14] 

3. Controller Design 

In this study, the formulated finite-time prescribed performance control is designed with 

proportional, integral, and derivative (PID) control for rod-piston positioning of the PPVDC plant. 

The prescribed performance function (PPF) was improved with finite-time elements according to the 

drawbacks found in the original form of PPC introduced by [21]. 

3.1. Finite-time Prescribed Performance Function 

The idea of adding finite-time in conventional PPC design emerged due to the two notable 

deficiencies noticed in the performance function of conventional PPC [21]. These can be expressed in 

(6). 

𝜌(𝑡) = (𝜌0 − 𝜌∞)𝑒
−ℎ𝑡 + 𝜌∞ (6) 

Where 𝜌0denotes the initial transient state tracking error. The maximum permissible range of the 𝑒(𝑡) 
boundary, represented as 𝜌∞, is reached at 𝜌0 > 𝜌∞ > 0. According to the [21], the concrete 

convergence time was unprescribable when 𝜌(𝑡) and 𝑡 ≡ ∞ as reaches the stability boundary (𝜌(∞)). 
Additionally, the constant exponential convergence rate (ℎ) is one of the limitations in manipulating 

the PPF in practical use. Hence, to address these drawbacks, this study has introduced an improved 

PPF with finite-time components that can be expressed in (7).  

𝜌(𝑡) = (𝜌0 − 𝜌∞)𝑒

−
𝑡2

2(
𝑡𝑐
2
)
2

+ 𝜌∞. 
(7) 
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3.2. Error Transformation 

An error transformation approach is introduced to convert origin-constrained tracking error, 𝑒(𝑡), 
into an unconstrained one. This is done to emphasize the relationship between two variables, 𝜌(𝑡) and 

𝑒(𝑡) by using the formula in (8). 

𝑒(𝑡) = 𝜌(𝑡)𝑆(𝜀) (8) 

where 

𝑆(𝜀(𝑡)) =
�̄�𝑒𝜀(𝑡) − �̱�𝑒−𝜀(𝑡)

𝑒𝜀(𝑡) + 𝑒−𝜀(𝑡)
 (9) 

and the purpose of developing 𝜀(𝑡) is to enhance the functionality of 𝑆(𝜀). The |𝑒(𝑡)| < 𝜌(𝑡), ∀𝑡 ≥
0is achieved due to 𝑆(𝜀) being strictly monotonic increasing. Conversely, defining 𝜌(𝑡) can regulate 

the behavior of both transient responses and steady error inputs of the closed-loop controller. The 

inverse transformation function for the bounded 𝜀(𝑡) can be expressed in (10). 

𝜀(𝑡) = 𝑆−1 (
𝑒(𝑡)

𝜌(𝑡)
) =

1

2
𝑙𝑛 (

𝜓(𝑡) + 1

1 − 𝜓(𝑡)
) (10) 

The control objective is to constrain 𝜀(𝑡) in order to create precise positioning control. 𝜀(𝑡) is a 

newly transformed tracking error variable, and 𝑆−1(•) represents the inverse function of 𝑆(𝜀). The 

normalized error, 𝜓(𝑡) =
𝑒(𝑡)

𝜌(𝑡)
, is valid only when |𝜀(0)| < 1. 𝜓(𝑡) satisfies −1 < 𝜓(𝑡) < 1when 

𝜀(𝑡) ≠ ∞, and the predefined bound of PPF [35] is guaranteed as long as ( )t  is constantly bounded. 

Note that the boundary value surrounding 𝜀(𝑡) has no effect on the reaction 𝑒(𝑡). Rather, it is 

determined by (8) using the predefined 𝜌(𝑡). As a result, the control input of the PID controller can 

be expressed in (11). 

𝑢(𝑡) = 𝐾𝑝𝜀(𝑡) + 𝐾𝑖∫𝜀(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑

𝑑𝑡
𝜀(𝑡) (11) 

where {𝐾𝑝, 𝐾𝑖, 𝐾𝑑} > 0 the design parameters. The overall control architecture is shown in Fig. 3.   

 

Fig. 3. FT-PPC and PID with PSO control architecture overview for PPVDC rod-piston positioning  

4. Controller Optimization Using Particle Swarm Optimization 

The parameters of the decay smooth function and the PID controller in PPF are optimized 

simultaneously using the PSO algorithm. PSO is a type of SI algorithm introduced by Kennedy and 

Eberhart in 1995 [34], inspired by the social and cooperative behaviors of swarms of birds or fish in 
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search of their needs. The state feedback control for FTPPC-PID can be expressed as a single entity. 

The overall state feedback control for FTPPC-PID can be expressed in the form of 𝛬:=
[𝐾𝑝 𝐾𝑖 𝐾𝑑 𝜌𝑜 𝑡𝑐 𝜌∞]𝑇 ∈ℛ6. 

Problem 1: The optimal solution 𝛬∗ ∈ ℛ6such that  

𝛬∗:= 𝑎𝑟𝑔𝑚𝑖𝑛
𝛬

𝐽(𝛬). (12) 

where𝐽is a cost function calculated from the Mean Absolute Error (MAE) percentage of each 

iteration (𝑘) of 𝜀(𝑡) in (13). 

𝐽(𝛬, 𝑘):= 100|𝜀(𝑡)|. (13) 

The optimization process starts by randomly inserting the number of agents ( M ) with random 

position 𝑝𝑖 ∈ ℛ1×𝑁 and velocity 𝑞𝑖 ∈ℛ1×𝑁 in the search area dimension (𝑁). In each 𝑘, each 

particle or agent (𝑖) is updating its position according to the global best position. Each agent's position 

corresponds to specific rewards measured by the selected fitness function (𝑓𝑓𝑖𝑡) value. Function in 

(13) will continuously update the current agent's velocity with reference to those reward values. The 

updating function can be expressed in (14). 

𝑞𝑖(𝑘 + 1) = 𝜔𝑞𝑖(𝑘) + 𝜂1𝑟1(𝑝𝑏𝑒𝑠𝑡𝑖 − 𝑝𝑖(𝑘)) + 𝜂2𝑟2(𝑔𝑏𝑒𝑠𝑡 − 𝑝𝑖(𝑘)) (14) 

where cognitive represented by 𝜂1, 𝜂2 ∈ ℛ and social learning represented by 𝑟1, 𝑟2 ∈ ℛ are the real 

numbers that generated randomly between 0 and 1. The parameter 𝜔 ∈ ℛ, on the other hand, is the 

inertia function that balances local and global search capabilities. The best position of current agents 

and the best solution among the current agents are represented by 𝑝𝑏𝑒𝑠𝑡𝑖and 𝑔𝑏𝑒𝑠𝑡, respectively. Using 

the velocity formula (14), the agent's position is subsequently updated using the given function in 

(15). 

𝑝𝑖(𝑘 + 1) = 𝑝𝑖(𝑘) + 𝑞𝑖(𝑘 + 1). (15) 

In each iteration, the value   is updated to ensure that it decreases linearly from its maximum 

weight, 𝜔𝑚𝑎𝑥 ∈ R, to its minimum weight, 𝜔𝑚𝑖𝑛 ∈ R. The scenario can be expressed using function 

in (16). 

𝜔 = 𝜔𝑚𝑎𝑥 − (
𝜔𝑚𝑎𝑥 −𝜔𝑚𝑖𝑛

𝑇𝑚𝑎𝑥
()) (16) 

The maximum number of iterations is represented by 𝑇𝑚𝑎𝑥 ∈ ℛ, and the current iteration 

number is represented by 𝑇. Suppose that at the last iteration, the optimum location of the agent, 𝑝∗ ∈

ℛ1×𝑁, is found, such that it yields the minimum value of the fitness function. In that case, all agents 

are expected to converge to this location, implying that: 

𝑝∗: = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑝𝑖

𝑓𝑓𝑖𝑡 , ∀𝑖. (17) 

To explain the approach used in this study in applying the PSO algorithm to solve Problem 1, 

the algorithm's steps are presented below, with reference to Fig. 3. 

Step 1: The initial gains for the PID ={𝐾𝑝, 𝐾𝑖, 𝐾𝑑} and FT-PPC= {𝜌𝑜, 𝑡𝑐, 𝜌∞} are arbitrarily 

selected which can be represented as tunable gain 𝛬.  

Step 2: First, define the search area for the agents, along with the number of particles and 

parameters. Afterwards, the initial position of all agents is randomized within the 

specified search area. Continuing with that, the fitness function's value for each 

position is evaluated. As the optimization problem is to solve Problem 1, whereby 

𝑓𝑓𝑖𝑡 = 𝐽, as given by (13), is a suitable candidate for the fitness function. 
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Step 3: For every 𝑘, the velocities (14) and positions (15) of the agents are updated until 𝑇𝑚𝑎𝑥 

is reached, and all agents are expected to converge to the optimal position, 𝑝∗, which 

corresponds to the optimal solution for (13).  

Step 4: Finally, assign the optimal gain parameters, 𝛬∗:= 𝑝∗, and verify the performance in 

the actual system model. If the results are unsatisfactory, repeat Step 2. 

5. Results and Discussions 

    The PSO-FTPPC-PID controller was tested with the PPVDC dynamic model using the 

SIMULINK MATLAB® environment. A comparison was made between the fine-tuned PID 

controller and FT-PPC. The system was subjected to an external disturbance of 5kg, and a multi-step 

input trajectory with retract-extend of half rod–piston (0–0.15 m) of a finger of TPG was used on the 

piston to observe the controller's response. The analysis aimed to verify the precision of PPVC rod-

piston positioning and the stability of the internal pneumatics system. The analysis aimed to verify 

the precision of PPVDC rod-piston positioning and the stability of the internal pneumatics system. 

The main reason for this comparison and analysis is to verify the effectiveness of optimizing FTPPC-

PID using PSO as compared to the FTPPC-PID bang-bang tuning. On the other hand, comparison 

with PID controller is to see the effectiveness of FTPPC-PID in enhancing the PID performance in 

prescribing error tracking performances. The fine-tuned values for the PID and FTPPC-PID 

controllers and PSO are shown in Table 1. For the case of PSO-FTPPC-PID, the optimum fine-tuned 

values were achieved whenever 𝐽 → 0 as can be depicted in Fig. 4 whereby 0.007%J =  at 0k =  

starting to 𝐽 = 0.00357% at 𝑘 = 100. 

Table 1.  Controller Parameters 

Controller 
PID FT-PPC 

P I D 𝜌0 𝑡𝑐 𝜌∞ 

PID 40 1.8 0.3 NA NA NA 

FT-PPC-PID 65 0.5 0.8 1 0.2 0.15 
PSO-FTPPC-PID 42.3723 0.6200 0.4359 5.5531 0.3997 5.2985 

 

Fig. 5 illustrates the performance comparison between the controllers. The results demonstrate 

that the PSO-FTPPC-PID achieved the desired position quickly, with very low overshoot and time 

lag compared to the FTPPC-PID. Conversely, the PID controller's performance was inferior, 

exhibiting high oscillation and a settling time lag of around 0.8 seconds, in contrast to the PSO-

FTPPC-PID. A zoom-in view of the results for a sample period of 1-2 seconds, as depicted in Fig. 

5(b), further highlights these distinctions. Despite the presence of payloads, the PSO-FTPPC-PID 

effectively handled oscillation, nearly 0% compared to the FTPPC-PID, and significantly 

outperformed the PID controller in positioning the PPVDC rod-piston. These results also validate 

that the error transformation by FTPPC can prescribe between the decay smooth function boundaries, 

as demonstrated in Fig. 6. Moreover, Fig. 6(b) shows that the PSO-FTPPC-PID controller can 

effectively suppress the overshoot that occurs during transient step inputs by adjusting the boundaries 

and PID gain tuning, in contrast to the FTPPC-PID controller alone. This is evidenced in the error 

transformation results between 0.99 and 1.06 seconds, as depicted in Fig. 6(b) and can be compared 

with Fig. 5(b).  

The PSO-FTPPC-PID controller also effectively reduces oscillations in the cylinder chambers, 

which are caused by changes in rod-piston displacement, as shown in Fig. 7 and Fig. 8 for Pressure 

1 and Pressure 2 respectively. The PPVDC rod-piston movement can be controlled more precisely 

with a slightly higher pressure of about 0.2Pa compared to FTPPC-PID, and minor overshoots occur 

only during the first change of displacement (refer to Fig. 5). Fig. 7(b) provides a clearer view of this 

phenomenon for the 1-2 second sample interval. In contrast, PID exhibits a high frequency of 

oscillations after a period of displacement change, as depicted in Fig. 7(b), which leads to difficulties 

in achieving the desired position, as shown in Fig. 5. The same pattern is observed in the performance 
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of Pressure 2, albeit at the opposite value level, as demonstrated in Fig. 8. The situation is more 

evident in the 1-2 second sample interval, as shown in Fig. 8(b). 

Fig. 7 and Fig. 8 demonstrate that classical PID produces the highest overshoot and internal 

vibrations in both pressure chambers, resulting in a single spike at each change in rod-piston 

displacement as shown in Fig. 5. In contrast, PSO-FTPPC-PID can reduce this overshoot in both 

pressure chambers, leading to sustained high pressures in Pressure 1 and vice versa in Pressure 2, 

resulting in an average displacement overshoot of almost 0.04% as depicted in Fig. 5. The oscillation 

and overshoot in the cylinder chambers have also affected the velocity performance, which seems to 

be proportional to the internal frictional forces as shown in Fig. 10. The proposed PSO-FTPPC-PID 

and classical FTPPC-PID exhibited significantly better performance than PID control, which 

experienced massive spikes and high oscillation in PPVDC rod-piston speed. 

 

Fig. 4. Cost function (𝐽) convergence 

 

Fig. 5. Sample of multi-step displacement responses on PPDVC rod-piston position performances; 

comparison between PSO-FTPPC-PID, FTPPC-PID, and PID; (a) Overall time sample (b) Zoom-in view 

sample 

(a)

(b)
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The sample between 1-2 seconds in Fig. 9(b) clearly illustrates the difference in performance 

during the first changes in rod-piston displacement. The average time taken by the PPVDC with 

FTPPC-PID was 0.04 seconds faster than PSO-FTPPC-PID, resulting in overshoots in the rod-piston 

displacement as shown in Fig. 5. Fig. 10 displays the velocity and friction force, where PSO-FTPPC-

PID demonstrates superior capability and sustains it at a specific level, achieving a static force at 

zero velocity (see Fig. 9). Although the pattern of results is similar for the PPVDC with FTPPC-PID, 

there are some minor overshoots. In contrast, the high-frequency oscillation in PPVDC with PID 

velocity affects the force friction, causing very oscillated forces on the rod-piston motion. Table 2 

summarizes the robustness between the PSO-FTPPC-PID, FTPPC-PID, and PID control systems. 

  

(a) (b) 

Fig. 6. Sample of Error transformation for both FTPPC-PID and PSO-FTPPC-PID in the Decay smooth 

function boundaries (a) Overall time sample (b) Zoom-in view sample 

 

 

Fig. 7. Sample of pressure in Pressure 1 performances between PSO-FTPPC-PID, FTPPC-PID, and PID on 

PVDC; (a) Overall time sample (b) Zoom-in view sample 

(a)

(b)
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Fig. 8. Sample of pressure in Pressure 2 performances between PSO-FTPPC-PID, FTPPC-PID, and PID on 

PVDC; (a) Overall time sample (b) Zoom-in view sample    

  

(a) (b) 

Fig. 9. Sample of PPVDC rod-piston velocity performances between PSO-FTPPC-PID, FTPPC-PID, and 

PID on PVDC; (a) Overall time sample (b) Zoom-in view sample 

Table 2.  Performance and robustness of the controllers 

Performance 
Controller 

PID FTPPC-PID PSO-FTPPC-PID 

Rise Time 0.0657s 0.0607s 0.0649s 

Settling Time 0.6701s 0.1452s 0.1876s 
Overshoot 11.0618mm 4.8929mm 0.0038mm 

 

(a)

(b)
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(a) (b) 

Fig. 10. Sample of PPVDC rod-piston friction force performances between PSO-FTPPC-PID, FTPPC-

PID, and PID on PVDC; (a) Overall time sample (b) Zoom-in view sample 

6. Conclusion  

PSO-FTPPC-PID control system for PPVDC rod-piston position control for PPVDC of FTG 

robot was presented. The performance of this control system was compared to two other control 

systems: a conventional PID and a bang-bang-tuned FTPPC-PID. The comparison was conducted 

through simulations and analyses of the rod-piston positioning. The results showed that the PSO-

FTPPC-PID outperformed both non-optimized controllers by providing a minimum steady-state 

error with almost no oscillation during the rising period, even though it was slightly slower in 

response compared to FTPPC-PID. Additionally, the PSO-FTPPC-PID stabilized the internal 

cylinder system, allowing for control of the internal frictional force by rapidly sustaining piston 

velocity and suppressing oscillation (dynamic frictional force to static frictional force). Internal 

friction can cause unstable pressure in chambers, leading to uncontrollable high overshoots during 

the first rising period of the rod-piston displacement. However, the PSO-FTPPC-PID can minimize 

this issue, leaving only one overshoot on the piston motion. This single low spike in pressures and 

velocity has no significant impact on the rod-piston displacement performance. In future work, the 

proposed PSO-FTPPC-PID will be applied to the actual PPVDC system, and modifications or 

improvements may be made based on hardware constraints and other uncertainties. 
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