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 Precision and robustness are essential for any automation actuator. Due to 

the nonlinear characteristics of the pneumatic actuator, advanced nonlinear 

control algorithms provide exceptionally precise control but are sensitive to 

disturbances. Owing to this factor, an adaptive element is embedded into the 

control structure to obtain a robust strategy by integrating single input fuzzy 

logic (SIFL) with the nonlinear hyperbolic PID controller (T NPID). SIFL 

characterizes a variable rate in the function while reducing computational 

complexity against an equivalent classical fuzzy logic (FL) by up to 36.5%. 

The signed distance SIFL selection is also a novel structure that has never 

been applied in the pneumatics control field. The robustness of the controller 

is analysed via dynamic stiffness and validated by applying multiple load 

disturbances. The improvement gained for the T NPID+SIFL’s transient rise 

time and multi-step IAE index under no load disturbance is 71.381% and 

68.854%, respectively, compared with a classical sliding mode controller 

(SMC). Under a maximum 9 kg load disturbance (limited within the scope 

of this research), the T NPID+SIFL’s IAE index performance obtained an 

improvement of 68.638%. When compared with a baseline nonlinear 

hyperbolic PID (NH PID) strategy under no load disturbance, the steady 

state error and overshoot also improved by 74.797% and 15.385%, 

respectively. The results show outstanding performance compared with a 

robust controller as well as a similar baseline nonlinear PID control. 

Asymptotic stability analysis, such as the asymptotic tracking region (ATR), 

will be able to consolidate the trajectory tracking performance together with 

the experimental validation of a smooth trajectory, simulating a real-time 

robotic actuator under movement control. 
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1. INTRODUCTION 

Many industrial applications, such as those requiring manipulators, riveting machines, automobiles, 

pick-and-place devices, and others, extensively use pneumatic actuators. Pneumatic systems have a variety of 

benefits, including ease of maintenance, lower cost, and low heat generation under steady load [1]–[3]. Due 

https://creativecommons.org/licenses/by-sa/4.0/
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to these benefits, pneumatic actuators continue to attract significant research interest. However, achieving 

high precision and accuracy in performance presents several challenges. Nonlinear pneumatic actuators pose 

challenges to the control field with disturbances such as a wide dead zone, air compression nonlinearity, low 

damping, and frictional forces [4]. Internal friction force is widely agreed to be one of the critical 

disturbances in an actuator that affects the performance required to achieve precise positioning and trajectory 

tracking in a servo system [5], [6]. In a pneumatic actuator, friction occurs between the seal and the internal 

cylinder wall [6], [7]. According to a review by Saravanakumar et al. [8], friction force compensation has 

been predominantly addressed by researchers compared with other disturbances such as air pressure and dead 

zone effects, which indicates that it is a significant disturbance in this field. 

Adaptive control strategies were adopted in pneumatic systems in the early 2000s [9]. Adaptive 

controllers are able to realise real-time online parameter estimation of linear and nonlinear time-varying systems 

to adapt to changes [10]. However, adaptive controllers are not widely explored in this field compared with 

PID-based and SMC-based strategies, as the formulation is relatively complex and the precision results are 

inferior. Adaptive controllers were designed using friction compensation methods by Gao and Feng [11], while 

the research by Farag and Azlan [12] did not focus on adaptivity in internal friction forces. 

An extension of adaptive controllers is the adaptive robust controller (ARC). A comprehensive 

review of ARC is presented in [10], where the strategy is also proposed. Robustness criteria are added to the 

algorithm to ensure stability and improved precision. ARC was initially proposed as a general control 

concept [13], [14] and was later adapted to the pneumatic field [15], [16]. The strategy was further extended 

via the friction compensation method [17]. The sliding mode control (SMC) strategy has also been proven to 

be robust. Due to the formulation of SMC, the strategy is able to effectively compensate for friction because 

its core characteristic is that SMC neglects disturbances. However, this formulation requires precision during 

the modelling stage, as required by the strategy’s equivalent control. SMC strategies in recent years were 

presented in several studies, such as [18], [19]. The only SMC strategies that have been found with friction 

compensation were reported by Soleymani et al. [7] and Hidalgo and Garcia [20]. While SMC offers both 

theoretical and experimental robustness, its reliance on precise modelling, tuning methods, and susceptibility 

to chattering limits its practical deployment in industry. In contrast, PID-based strategies—especially when 

enhanced with nonlinear or intelligent modules—offer a more adaptable and implementation-friendly 

solution, making them preferable for industrial control where simplicity, tuneability, and reliability are 

critical [21], [22]. Nonlinear PIDs include multi-rate nonlinear PID (MN-PID), self-regulating nonlinear PID 

(SN-PID), and the double nonlinear PI controller [23]. Studies integrating nonlinear PIDs with friction 

compensation modules were proposed in [24] and [25]. Previous research proposed an advanced nonlinear 

hyperbolic PID with friction compensation (T-NPID+FSS) [26]. However, the strategy’s robustness was not 

analysed or validated. For this reason, the contribution of this research extends the design and analysis of the 

T-NPID+FSS by integrating an advanced, yet simplified and practical fuzzy logic design, namely single-input 

fuzzy logic (SIFL), to enhance the strategy’s robustness. 

A review of fuzzy logic in hydraulics and pneumatics control [27] highlights the increasing use of 

fuzzy structures. Prior studies employing the SIFL formulation proposed in [28] integrated it mainly into 

SMC’s switching law, while other studies relied on classical two-input configurations that offer conventional 

performance. In contrast, this study adopts the more structured SIFL architecture introduced by Choi et al. 

[29], which incorporates a signed-distance parameter to generate a flexible control surface with lower 

computational complexity. This formulation has not yet been applied to precision servo pneumatic control. 

Therefore, integrating the signed-distance-based SIFL into a nonlinear PID framework addresses a clear 

research gap. 

The rest of this paper is organised as follows. Section 2 explains the step-by-step procedure for 

analysing the prototype in detail, followed by the Results and Discussion in Section 3. Finally, Section 4 

presents the conclusion and future recommendations. 

 

 

2. METHOD 
2.1.  System setup and modelling 

The servo pneumatic actuator system is modelled using the time-domain system identification 

method. Figure 1 and Table 1 show the experimental setup and the equipment used. The actuator system is 

communicated with the personal computer (PC) running MATLAB via a data acquisition (DAQ) box. 

The process involves building mathematical models of dynamic systems from observed input-output 

data [30]. Figure 2 shows the modelling process of the plant. As this research applies the friction 

compensation method, the flowchart also presents the strategy for modelling the plant with friction, which 

was previously explained by Kamaludin et al. [26]. The experimental plant requires the signal to be sent 

continuously; therefore, a continuous transfer function is presented for modelling, as shown in equation (1), 
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and is used during the design and simulation stages. The transfer function form also simplifies the stability 

analysis using the Popov theorem [31]. Once system identification is completed, identification and modelling 

of the static and dynamic friction are performed and integrated into the plant model. The validation of the 

model with friction achieves a best fit to the experimental data of at least 90%. 
 

 

 
 

Figure 1. Servo pneumatic system experimental setup 
 

 

Table 1. Equipment for the system 
Equipment Model Number Specification 

Proportional valve Enfield LS-V15s 5/3 port, 0-10 Volts 

Pneumatic actuator with integrated position encoder Enfield ACTB-200-S10200 304.80 mm stroke length, 0-10 Volts 

Pressure sensor Gems Sensor 1200SGG 0 to 10 volts, 0-150 PSI 
Safety limit switch Tezuo AZ8104 Contact on (0/1 digital signal) 

DAQ Box National Instrument PCI-6221 37 Pin PCI interfacing 

MATLAB/Simulink Version 2016b 64 bits 

 

 

  
 

Figure 2. System modelling with friction flowchart 

 

 

𝐺(𝑠) =
0.03468𝑠2+0.1468𝑠−0.002041

𝑠3+0.2921𝑠2+0.02056𝑠+0.000085
 (1) 

 

The static friction parameters are tabulated in Table 2. Adjustment of the parameters is based on the 

model’s best fit to the data. The parameters were adjusted from the previously reported values [26], as the 

research achieved a correlation best fit of 57.45%, while the latest parameters (as shown in Table 2) achieved 

a best fit of 64.89%. This represents the highest best-fit value able to be achieved from the current 

experimental internal friction force readings. To further increase the best fit of the current static friction 

model, the implementation of an advanced noise filter or replacement of the pressure and displacement 

sensors with lower-noise alternatives to obtain less distorted experimental data is proposed as a future scope 

of this research, as suggested by Qian et al. [10]. Higher accuracy of the friction model, or improved friction 
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modelling such as dynamic friction model compensation (especially at lower velocity analysis), is able to 

result in better precision control [7]. 

 

 

Table 2. Static friction parameter value 
Static Friction Parameter Parameter value 

Coulomb friction, Fc (Newton) 18.50 

Stribeck friction, Fs (Newton) 27.90 
Stribeck velocity, Vs (mm/s) 1.65 

Viscous friction, Fv (Newton‧second/mm) 0.60 

 

 

The dynamic friction modelling adapts the generalised Maxwell Slip (GMS) friction model, which 

requires extraction of the virgin curve from the plotted hysteresis of the friction force versus displacement 

graph. The GMS method was previously applied to other actuator systems [32] and was subsequently carried 

over to pneumatic actuators [33]. The transfer function’s best fit obtained before the inclusion of the friction 

models is 94.27%. Including both the static and dynamic friction models yields a best fit of 92.96%. The drop 

in best fit is anticipated due to the inclusion of internal friction force models. Following the flowchart, the 

latter model does not drop below 90% of the measured data; therefore, the transfer function does not require 

coefficient adjustment. The transfer function with the friction models is applied in the methodology [34]. The 

low effect of the friction model on the overall system is due to the conversion of the friction force to voltage 

in the modelling structure, where the friction force is multiplied by the kf. kf constant, valued at −1/2020 [26], 

resulting in small voltage values in simulation. Although the friction force is relatively low compared with 

other mechanical actuators, the effect of the disturbance is highly significant in precision control [35]. 

 

2.2.  Design of triple nonlinear-hyperbolic PID controller with SIFL (T-NPID+SIFL) 

The T-NPID+SIFL is based on the T-NPID controller. The design of the T-NPID follows the 

structure presented in [26], which is developed based on the Popov stability region. A nonlinear hyperbolic 

algorithm is adapted for each PID gain, KP, KI, and KD. The nonlinear gains are presented in (2) to (4), where 

the multiplied error follows the condition defined in (5). An asymptotic tracking behaviour analysis using 

Lyapunov’s indirect method was also presented in [36], consolidating the stability of the controller. The 

parameters of the T-NPID were optimised using particle swarm optimisation (PSO), as similarly presented in 

[37], and the resulting parameters are tabulated in Table 3. 

 

𝐾𝑝(𝑒) = 1 + 𝑓 × [1 − sech(𝑔 × 𝑒𝑝)] (2) 

 

𝐾𝐼(𝑒) = 1 ÷ [𝑝 + 𝑞 × (1 − sech(𝑟 × 𝑒𝐼))] (3) 

 

𝐾𝐷(𝑒) = 1 ÷ [𝑎 + 𝑏 × (1 − sech(𝑐 × 𝑒𝐷))] (4) 

 

𝑒𝑟𝑟𝑜𝑟, 𝑒𝑃,𝐼,𝐷 = {
𝑒 |𝑒| ≤ 𝑒𝑚𝑎𝑥

𝑒𝑚𝑎𝑥 ∙ 𝑠𝑖𝑔𝑛(𝑒) |𝑒| > 𝑒𝑚𝑎𝑥
 (5) 

 

 

Table 3. PSO optimized T-NPID parameter 
Parameter Value 

Nonlinear Hyperbolic Function at Proportional Gain, P f 3.042 

g 9.045 

eP 0.5 
Nonlinear Hyperbolic Function at Integral Gain, I p 1 

q 33.200 

r 34.000 
eI 0.5 

Nonlinear Hyperbolic Function at Derivative Gain, D a 1 

b 9.867 
c 6.333 

eD 0.5 

 

 

The design of the T-NPID+SIFL integrates SIFL as a control mechanism to vary one of the 

parameters in the nonlinear function. This integration improves the controller's flexibility and enables 

multiple gain variations. This concept has been proven by Salim [4]. For the KP(e) two parameters are 
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available for rate variation, namely f and g. The effects of varying either parameter f or g in the formulation 

are visualised in Figure 3. Figure 3(a) shows the variable g, and Figure 3(b) shows the variable f. From visual 

observation, the variable f produces a more aggressive response as the increase in nonlinear gain is narrower 

from the system’s zero error e, as denoted in Figure 3(b). With reference to the research by Salim [4], 

parameter multiplication of the error is used for rate variation. Therefore, this research applies the rate 

variation using SIFL to the parameter g from (2). Figure 4 shows the schematic diagram of the control 

strategy. Since this research applies the friction compensation method, a static friction compensation 

feedback module (FSS) is adapted to all included control strategies. The significance of the module is well 

explained in [26]. 

 

 

  
(a) (b) 

 

Figure 3. Nonlinear hyperbolic gain with variable parameter (a) g and (b) f 

 

 

 
 

Figure 4. T-NPID+SIFL control strategy schematic diagram, with FSS friction compensation module 

 

 

Fuzzy logic is able to be initially designed linguistically. The linguistic expression of the system's 

error range is defined in equations (6) and (8), while the membership functions, α are defined in (7) and (9). 

The error range is set from zero (0) to one (1), whereas the output of the fuzzy logic system is set from zero 

(0) to negative one (-1). 

 
|𝑒𝑥| ∈ {|𝑒1|, |𝑒2|, |𝑒3|, … … … … … … . , |𝑒𝑛|} (6) 

 

𝛼𝑥 ∈ {𝛼1, 𝛼2, 𝛼3, … … … … … … . , ∆|𝛼𝑛|} (7) 

 

𝑒 = {𝑒𝑥|𝑒𝑥 → [0,1]      ∀𝑥= 0, … … . . ,1} (8) 

 

𝛼 = {𝛼𝑥|𝛼𝑥 → [0, −1]       ∀𝑥= 0, … … … . , −1} (9) 

 

The conversion of fuzzy logic to single-input fuzzy logic is based on the approach presented in [29]. 

In conventional dual-input fuzzy logic, the inputs consist of the tracking error, e, and the error rate, Δe. The 

main advantage of the single-input fuzzy logic (SIFL) scheme compared to the standard fuzzy logic 
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controller is the elimination of the membership function associated with Δe. The error rate, Δe, is 

transformed into the switching function s₁, as shown in equation (10) and (11). The input formulation 

described in [29] is given in (12), where d₁ represents the single input. The relationship aggressiveness 

between e and Δe is tuned by the signed-distance parameter, λ. Consequently, the number of membership 

functions (MFs) is able to be reduced from 49 sets (α²) to only 7 sets. The SIFL membership functions are 

tabulated in Table 4. 

 

𝑠1: ∆𝑒𝑛 + 𝜆𝑒𝑛  (10) 

 

𝑑1 = [(𝑒𝑛 − 𝑒𝑛+1)2 + (∆𝑒𝑛 − ∆𝑒𝑛+1)2]
1

2 (11) 

 

∴  𝑑1 =
|𝑒̇1+𝜆𝑒1|

√1+𝜆2
 (12) 

 

The design of the asymmetrical SIFL follows the approach by Taeed et al. [38]. The symmetrical 

and asymmetrical designs are able to be performed via the SIFL method. A rule table based on the input 

(error) of the system is created, as tabulated in Table 4. For a symmetrical SIFL, the rule table is the same. 

The difference is the MF values that are able to be changed in MATLAB’s Fuzzy Logic Controller 

application. Figure 5 shows the triangular membership function skewed towards a more significant error 

input, which means the SIFL will respond more when the system error is more significant. The output 

membership function is a Sugeno type and is skewed towards a more significant negative output, denoting 

the same condition (also shown in Figure 5). The linguistic expression from (6) to (9) and the condition 

stated in the last two statements yield the rule table with the membership values in Table 4 [39]. 

 

 

Table 4. Rule table for SIFL 
Input, e LNB LS1 LS2 LM LB1 LB2 LB3 

MF value 1, 0.1 0, 0.5, 0.6 0.1, 0.7, 0.85 0.6, 0.85, 0.9 0.85, 0.9, 0.95 0.9, 0.95, 1 0.95, 1 

Output, α Z S1 S2 M B1 B2 B3 

MF value 0 -0.35 -0.70 -0.85 -0.90 -0.95 -1 

 

 

The control surface in Figure 5 shows the SIFL relation between the input and output, and the whole 

figure is known as the piecewise linear function (PWL). For a dual input fuzzy logic, a three-dimensional 

control surface is usually presented, but due to the simplicity of the SIFL, a two-dimensional control surface 

is generated. The design of the SIFL also reduces calculation complexity and time. A simple simulation 

comparing FL and SIFL in 10 seconds produced the calculation time shown in Figure 6. FL managed to 

compute the output with an average of 3.259 seconds, while the SIFL performed with an average of 2.068 

seconds, a reduction of 36.5%. The simulation agrees with the study by Salam et al. [40]. Consolidating the 

claim of computational savings, the C code (.c) generated via Simulink Coder yielded a 34.38% reduction in 

logic lines for the SIFL controller compared to classical fuzzy logic (273 versus 416 lines). The 

corresponding header files (.h) also saw a 7.04% reduction. The reduction in both programming logic lines 

aligns with the reduction of fuzzy rules from forty-nine to seven and confirms the structural simplicity of the 

single-input fuzzy logic design. A few samples of an asymmetric SIFL MATLAB file are available at GitHub 

(https://github.com/nzkhaish-lab/SIFLC_forPUBLIC) or fuzzy logic designers to further explore. 

To adapt the ‘g’ parameter in the nonlinear KP function according to the SIFL output and simplify 

the tuning method, a simple mathematical conversion is performed before and after the SIFL module. For the 

SIFL input, if the error is lower than emax, the error from the system is ratioed to the emax value (from the 

nonlinear hyperbolic function, 0.5) and multiplied with the maximum of the SIFL input, ex, as shown in (6). 

The value g is extracted from Table 3, while gmin is tuned by reducing the g and observing the steady-state 

error performance. When the error changes, the value reduction halts and is recorded as gmin. In this case, gmin 

is 4.5. Using (13) and (14) adaptation, the MF function of the SIFL does not require to be constantly changed 

during tuning, where only gmin is sufficient to be adjusted. 

 

𝑒𝑛 = 𝑒𝑖𝑛𝑝𝑢𝑡 = {

𝑒𝑣𝑜𝑙𝑡𝑠

𝑒𝑚𝑎𝑥
× (𝑀𝑎𝑥 𝑒𝑥) 𝑒 ≤ 𝑒𝑚𝑎𝑥

𝑒𝑚𝑎𝑥 × 𝑀𝑎𝑥 𝑒𝑥 𝑒 >  𝑒𝑚𝑎𝑥

 (13) 

 

𝑣𝑎𝑟𝑖𝑎𝑙𝑒 `𝑔′ =  𝑔𝑆𝐼𝐹𝐿 = 𝑔𝑚𝑖𝑛 + [(𝑔 − 𝑔𝑚𝑖𝑛) × 𝛼] (14) 
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Figure 5. SIFL input-output and the control surface 

 

 

 
 

Figure 6. Simulation time comparison between FL and SIFL 

 

 

Figure 7 shows the nonlinear functions for T-NPID+SIFL. The SIFL, based on its design, affects the 

KP nonlinear function. The nonlinear gains for KP range from the minimum to the maximum of the variable g 

value, controlled by the SIFL module; therefore, the visual of the KP function is shown in the figure. gmin is 

the lowest blue line, while g (the maximum value) is the highest blue line, as denoted in Figure 7. A T-NPID 

without the SIFL will only have the g line. Since K(emax) is not bounded by any value, and the g value only 

decreases from the initial value, T-NPID+SIFL is stable according to the Popov stability theorem. 

 

 

  
 

Figure 7. T-NPID+SIFL nonlinear functions 

 

 

2.3.  Dynamic stiffness of NH-PID, T-NPID, and T-NPID+SIFL 

Dynamic stiffness is an essential measure of system performance in rejecting disturbances across 

different frequencies [42]. The dynamic stiffness of a nonlinear PID controller is the inverse of the 

compliance function, as shown in (15). 

gmin line 

g line 
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𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠,
𝐷(𝑠)

𝑍(𝑠)
=

1+𝑁−𝑃𝐼𝐷∙𝐺̂

𝐺̂/𝑘𝑓
 (15) 

 

𝐹𝑜𝑟𝑐𝑒 𝑡𝑜 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑘𝑓 =
𝑉

𝑓
 (16) 

 

The pneumatic system is given a band-limited white noise signal as a disturbance input and 

measured for the output position. The dynamic stiffness is able to be approximated using the H1 or H2 

estimator. Given that white noise exists at the system output (position encoder) and the input signal is clean 

except for MATLAB-generated excitation, the H1 estimator is most appropriate for estimating the dynamic 

stiffness of this system. The H2 estimator, in contrast, is best when additional noise is primarily at the input 

[28]. Figure 8 shows the frequency response function of the dynamic stiffness analysis for the three 

controllers. 

 

 

 
 

Figure 8. Comparison of the control strategies dynamic stiffness 

 

 

The stiffness obtained in decibels (dB) is converted to forces in Newton. The novel controller 

demonstrated a slight improvement in dynamic stiffness in comparison to other controllers, where the T-

NPID+SIFL has the lowest stiffness at higher frequencies and the highest stiffness at lower frequencies, as 

tabulated in Table 5. The results show that T-NPID+SIFL has the highest stiffness at low frequencies, which 

implies improved disturbance rejection capacity to position deviations under slow dynamic changes. This 

enhanced low-speed rigidity directly contributes to better trajectory tracking accuracy in precision 

applications, particularly where slow actuation is required. 

 

 

Table 5. The dynamic stiffness results for each control strategy 

Control strategy Lower frequency dynamic stiffness Higher frequency dynamic stiffness 

Stiffness value (×10-5 Nm) Frequency (Hz) Stiffness value (×10-5 Nm) Frequency (Hz) 

NH-PID+FSS 11,882.285 0.010 10.594 3.866 

T-NPID+FSS 10,501.105 0.130 17.065 5.354 
T-NPID+SIFL+FSS 13,219.347 0.030 6.396 3.866 

 

 

3. RESULTS AND DISCUSSION  

3.1.  Simulation results 

For any precise positioning actuator, either step positioning or trajectory tracking analysis (or both) 

must be performed as the numerical analysis procedure [41], [42]. For this research, two types of desired 

output were given to the control strategy to analyse each control strategy's precise positioning performance: a 

100 mm step input and a multiple-steps (multi-step) positioning. The transient response and the steady-state 

error are able to be obtained from the step input, and the multi-step input will extend the result from the 

single-step performance. Table 6 presents the steady-state performance, and Table 7 tabulates the transient 

responses of each control strategy. 

T-NPID and T-NPID+SIFL are not expected to outperform NH-PID drastically due to the 

nonlinearity of all the strategies. The nonlinearity of the controllers, even the base NH-PID, is able to deal 
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with the system’s nonlinearity. Figure 9 shows the SIFL in action, where the error, e is extracted from the 

step positioning, and reference to the error, static g (from the T-NPID algorithm), and variable, g is 

presented. The SIFL module adjusts 'g' based on the error and the SIFL module processing. The figure shows 

that g for the normal T-NPID is a straight line (dotted blue line) as opposed to the variable line (brown line) 

of the variable g. It is observed in the experimental results that when g is incorrect, the steady state error 

increases. It means that the desired position is not achieved.  
 

 

Table 6. Steady-state simulation results for each control strategy 
Steady-state parameter NH-PID+FSS T-NPID+FSS T-NPID +SIFL+FSS 

Desired output, DO (mm) 100 100 100 

Actual output, AO (mm) 99.593 99.999 99.998 

Steady-state error, SSE (mm) 0.407 0.001 0.002 

% Steady-state error, %SSE (%) 0.407 0.001 0.002 

 

 

Table 7. Transient response simulation results for each control strategy 

Transient response parameter NH-PID+FSS T-NPID+FSS T-NPID+SIFL+FSS 

Rise time, TR (seconds) 0.929 0.921 0.937 

Percent overshoot, %OS (%) 2.60 2.10 2.20 
Maximum overshoot, CMAX (mm) 102.60 102.10 102.20 

Peak time, TP (seconds) 1.645 1.596 1.599 

Settling time, TS (seconds) 1.225 1.229 1.234 
Dead time, TD (seconds) 0.020 0.020 0.020 

 

 

 
 

Figure 9. Adaptive and variable ‘g’ value from the nonlinear KP function 
 

 

3.2.  Experimental results and robustness test results 

The actuator fixture is loaded with external load disturbance for the robustness test, as Figure 10 

shows. The maximum available load for the system is 9 kilograms (kg), incremented by 1 kg load. To test the 

robustness, each control strategy is loaded incrementally with 1 kg, 5 kg, and 9 kg.  
 

 

 
 

Figure 10. Pneumatic actuator fixture with external loading 
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A classical robust controller, sliding mode control (SMC), is added for performance benchmarking 

in the experimental and robustness tests. Figures 11(a) and 11(b) show robustness to the external load 

disturbances for SMC and NH-PID, respectively. Figures 12(a) and 12(b) shows the T-NPID controller and 

T-NPID+SIFL, respectively. Figures 11(b) and 12(a) shows that the controllers are unstable at 5 kg and 9 kg 

with oscillations, while Figures 11(a) and 12(b), SMC and T-NPID+SIFL respectively, shows no significant 

oscillations and are stable. Tables 8 and 9 tabulate the steady-state and transient responses, respectively. For 

NH-PID and T-NPID, the controllers are able to withstand only up to 1 kg. The loading of 5 kg and 9 kg will 

cause the controller to oscillate vigorously when trying to maintain at the desired position. T-NPID+SIFL is 

able to be robust until 9 kg, just as the benchmark SMC controller performs. SMC’s transient response is 

very slow compared to T-NPID+SIFL, and this is where the latter strategy excels. Robustness is achieved by 

T-NPID+SIFL, while maintaining the transient response performance. 

 

 

 
(a) 

 
(b) 

 

Figure 11. Robust test of control strategies (a) SMC, and (b) NH-PID+FSS 
 

 

  
(a) (b) 

 

Figure 12. Robust test of control strategies (a) T-NPID+FSS, and (b) T-NPID+SIFL+FSS 

 

 

Table 8. Steady-state experimental results for each control strategy with external load disturbance 
Additional external load disturbance SMC NH-PID +FSS T-NPID +FSS T-NPID +SIFL +FSS 

0 kg 

(No load disturbance) 

DO (mm) 100 DO (mm) 100 DO (mm) 100 DO (mm) 100 
AO (mm) 100.85 AO (mm) 100.82 AO (mm) 99.67 AO (mm) 99.66 

SSE (mm) 0.85 SSE (mm) 0.82 SSE (mm) 0.33 SSE (mm) 0.34 

%SSE (%) 0.85 %SSE (%) 0.82 %SSE (%) 0.33 %SSE (%) 0.34 

1 kg 

DO (mm) 100 DO (mm) 100 DO (mm) 100 DO (mm) 100 

AO (mm) 100.78 AO (mm) 101.23 AO (mm) 99.56 AO (mm) 99.69 

SSE (mm) 0.78 SSE (mm) 1.23 SSE (mm) 0.46 SSE (mm) 0.31 
%SSE (%) 0.78 %SSE (%) 1.23 %SSE (%) 0.46 %SSE (%) 0.31 

5 kg 

DO (mm) 100 Unstable 

(Oscillates) 

Unstable  

(Oscillates) 

DO (mm) 100 

AO (mm) 101.03 AO (mm) 100.31 
SSE (mm) 1.03 SSE (mm) 0.31 

%SSE (%) 1.03 %SSE (%) 0.31 

9 kg 

DO (mm) 100 Unstable 

(Oscillates) 

Unstable  

(Oscillates) 

DO (mm) 100 
AO (mm) 100.94 AO (mm) 100.92 

SSE (mm) 0.94 SSE (mm) 0.92 

%SSE (%) 0.94 %SSE (%) 0.92 
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Table 9. Transient response experimental results for each control strategy with external load disturbance 
Additional weight SMC NH-PID 

+FSS 
T-NPID 

+FSS 
T-NPID+SIFL 

+FSS 

0 kg 
(No external load) 

TR (s) 3.274 TR (s) 0.929 TR (s) 0.921 TR (s) 0.937 

%OS (%) 1.89 %OS (%) 2.60 %OS (%) 2.10 %OS (%) 2.20 

CMAX (mm) 101.89 CMAX (mm) 102.60 CMAX (mm) 102.10 CMAX (mm) 102.20 
Tp (s) 16.202 Tp (s) 1.645 Tp (s) 1.596 Tp (s) 1.599 

TS (s) 4.251 TS (s) 1.225 TS (s) 1.229 TS (s) 1.234 

TD (s) 0.053 TD (s) 0.059 TD (s) 0.044 TD (s) 0.045 

1 kg 

TR (s) 3.211 TR (s) 0.941 TR (s) 0.933 TR (s) 0.941 

%OS (%) 1.93 %OS (%) 2.73 %OS (%) 3.01 %OS (%) 1.90 

CMAX (mm) 101.93 CMAX (mm) 102.73 CMAX (mm) 103.01 CMAX (mm) 101.90 
Tp (s) 17.413 Tp (s) 1.638 TP (s) 1.601 TP (s) 1.610 

TS (s) 4.177 TS (s) 1.420 TS (s) 1.388 TS (s) 1.255 

TD (s) 0.059 TD (s) 0.068 TD (s) 0.031 TD (s) 0.032 

5 kg 

TR (s) 3.286 Unstable  

(Oscillates) 

Unstable  

(Oscillates) 

TR (s) 0.950 

%OS (%) 1.75 %OS (%) 2.60 

CMAX (mm) 101.75 CMAX (mm) 102.6 

Tp (s) 16.022 TP (s) 1.575 

TS (s) 4.222 TS (s) 1.243 

TD (s) 0.055 TD (s) 0.029 

9 kg 

TR (s) 3.301 Unstable  

(Oscillates) 

Unstable  

(Oscillates) 

TR (s) 0.939 

%OS (%) 1.67 %OS (%) 2.30 
CMAX (mm) 101.67 CMAX (mm) 102.30 

Tp (s) 15.991 TP (s) 0.961 

TS (s) 4.333 TS (s) 1.310 
TD (s) 0.061 TD (s) 0.038 

 
 

Figure 13 shows the experimental multi-step performances of all the control strategies. The multi-

step consists of short, medium, and long strokes, both positive and negative displacements to evaluate precise 

positioning. Although each step is able to extract the transient response and steady-state error analysis, the 

accumulated errors are able to conclude the performance. Integral absolute error (IAE) and integral square 

error (ISE) are performance metrics used in control systems to evaluate the total accumulated error over time, 

as presented by (17) and (18), ensuring precise regulation [4]. IAE offers a more balanced view of persistent 

deviations, whereas ISE disproportionately penalizes large transient errors. This research focuses on 

achieving steady-state precision; therefore, IAE is applied rather than ISE. The final T-NPID+SIFL is the 

only controller (on top of the benchmarked SMC) expected to withstand up to the maximum disturbance 

load. Table 10 tabulates the IAE results for each strategy with the load disturbances. NH-PID and T-NPID are 

unstable at 5 kg and 9 kg. SMC and T-NPID+SIFL maintained the performance until the end.  
 

𝐼𝐴𝐸 = ∫ |𝑟(𝑡) − 𝑦(𝑡)|𝑑𝑡
∞

0
 (17) 

 

𝐼𝑆𝐸 = ∫ |𝑟(𝑡) − 𝑦(𝑡)|2𝑑𝑡
∞

0
 (18) 

 
 

 
 

Figure 13. Experimental multi-step performance of NH-PID, T-NPID, T-NPID+SIFL and SMC 

 

 

 

 

 

 

 

 

 



                ISSN: 2722-2586 

IAES Int J Rob & Autom, Vol. 15, No. 2, June 2026: 397-414 

408 

Table 10. IAE results for multi-step robustness 
Additional external load disturbance SMC NH-PID 

+FSS 

T-NPID 

+FSS 

T-NPID+SIFL 

+FSS 

0 kg 870.462 282.742 269.982 271.113 

1 kg 866.520 288.331 289.462 273.264 

5 kg 867.273 Unstable (Oscillates) Unstable (Oscillates) 273.339 
9 kg 868.795 Unstable (Oscillates) Unstable (Oscillates) 272.475 

 

 

Table 11 tabulates the improvement gains of each control strategy at no loading disturbance, with 

SMC as the reference benchmark controller. The improvement gains are calculated using the percent 

improvement value reduction shown in equation (19). A few minus gains were seen (non-improvement), in 

the overshoot (OS). SMC usually does not overshoot due to the formulation and slow response time. And 

therefore, the nonlinear PIDs are not better in OS. However, the other measured parameters show huge 

improvement. The performance of T-NPID+SIFL continues until 9 kg load disturbance, as tabulated in Table 

12. Overshoot increases slightly for the final strategy. NH-PID and T-NPID are unable to gain any 

improvement as instability.  

 

Percent improved value reduction (%) = [
𝐵𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 𝑣𝑎𝑙𝑢𝑒−𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

|𝐵𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 𝑣𝑎𝑙𝑢𝑒|
] × 100% (19) 

 

 

Table 11. Error reduction improvement for 0 kg (SMC as reference) 
Parameter Control strategy Error reduction (%) 

SMC NH-PID 

+Fss 

T-NPID 

+Fss 

T-NPID+SIFL 

+Fss 

SMC NH-PID 

+Fss 

T-NPID 

+Fss 

T-NPID+SIFL 

+Fss 

SSE 0.85 0.82 0.33 0.34 -Ref- 3.529 61.176 60.000 

TR 3.274 0.929 0.921 0.937 -Ref- 71.625 71.869 71.381 

% OS 1.89 2.60 2.10 2.20 -Ref- -37.566 -11.111 -16.402 
TS 4.251 1.225 1.229 1.234 -Ref- 71.183 71.089 70.972 

IAE 870.462 282.742 269.982 271.113 -Ref- 67.518 68.984 68.854 

 

 

Table 12. Error reduction improvement for 9 kg (SMC as reference) 

Parameter Control strategy Error Reduction (%) 

SMC NH-PID 

+Fss 

T-NPID 

+Fss 

T-NPID+SIFL 

+Fss 

SMC NH-PID 

+Fss 

T-NPID 

+Fss 

T-NPID+SIFL 

+Fss 

SSE 0.94 -NA- -NA- 0.92 -Ref- -NA- -NA- 2.128 

TR 3.301 -NA- -NA- 0.939 -Ref- -NA- -NA- 71.554 

% OS 1.67 -NA- -NA- 2.30 -Ref- -NA- -NA- -37.725 
TS 4.333 -NA- -NA- 1.310 -Ref- -NA- -NA- 69.767 

IAE 868.795 -NA- -NA- 272.475 -Ref- -NA- -NA- 68.638 

 

 

Table 13 tabulates the performance improvement when NH-PID is the reference, removing SMC. 

The steady-state errors are improved significantly, which shows that the triple nonlinear hyperbolic works to 

reduce the error. A few non-improvements are observed, such as the T-NPID+SIFL rise time TR, and both of 

the T-NPIDs settling time TS. However, the values are below 1 percent which suggest that it is only 

distortion of data during capturing due to noise and is not significant. For 9 kg loading, the improvement 

table is not presentable as the base NH-PID is unstable. 
 

 

Table 13. Error reduction improvement for 0 kg (NH-PID as reference) 

Parameter Control strategy Error Reduction (%) 
NH-PID 

+Fss 

T-NPID 

+Fss 

T-NPID+SIFL+Fss NH-PID 

+Fss 

T-NPID 

+Fss 

T-NPID+SIFL 

+Fss 

SSE 1.230 0.460 0.310 -Ref- 62.602 74.797 
TR 0.929 0.921 0.931 -Ref- 0.861 -0.215 

% OS 2.600 2.100 2.200 -Ref- 19.231 15.385 

TS 1.225 1.229 1.234 -Ref- -0.327 -0.735 
IAE 282.742 269.982 271.113 -Ref- 4.512 4.113 

 

 

3.3.  Discussions 

The performances are on par with the precise positioning performance of every presented nonlinear 

hyperbolic controller. Even the base NH-PID performs adequately. The steady-state error does show a slight 
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improvement for the T-NPID over the NH-PID. Over a more extensive multi-step performance analysis, the 

total error is lesser, which is shown to be better for the T-NPIDs. The final novel controller shows superiority 

when the maximum load disturbance is applied to the actuator. T-NPID+SIFL is able to hold the transient 

responses and the steady-state results and perform precise multi-step positioning better than the two controllers. 

The variable rate of a new function has also been shown previously by Salim [4], using the classical FL as 

shown in Figure 14. However, no adaptation formulation prior to the FL module invites complexity to tune the 

module. The proposed T-NPID+SIFL overcomes the disadvantage by formulating a simple adaptation module 

as in (14), simplifying the requirement to adjust only parameters g and gmin. Furthermore, the streamlined 

structure of the SIFL significantly reduces computational burden and tuning effort, offering a more efficient and 

adaptable alternative to classical FLs—particularly in real-time applications.  

 

 

Control schematic 

 
 

Transient responses Multi-rate nonlinear parameter 

  
 

Figure 14. Robust PID-based strategy by Mostafa et al. [43]  

 

 

The computational complexity and burden reduction have been a topic in research, and real-time 

industrial implementation is such an added strength. Figure 15 shows the comparison of computational load 

between SIFL in Figure 15(a) and FL in Figure 15(b) during the experimental validation. It clearly shows that 

the computational time, which is equivalent to 0.526 sec for SIFL, is faster than computational time for FL 

which equals 74.041 sec with the same number of programming line calls (144003 lines). The factor 

consolidates the lower computational load advantage. Research by Mostafa et al. [44] and Vieira et al. [45] 

has shown that implementing a low-cost microprocessor-based PC such as Raspberry Pi with MATLAB and 

Simulink onboard is highly successful. Therefore, moving forward, implementing the proposed strategy in 

this research is highly practical. To add with the industrial application factor, education and research alone 

has been bridging between lab research and low-cost industrial application [46]. As SIFL has been 

demonstrated to drastically lower the calculation complexity by around 35 percent (and up to around 80 to 90 

percent in other research [38], [40]), integration of the structure is an absolute advantage. 

Continuing on the topic of controller robustness, another PID-based research by Ning and Bone [24] 

also achieved robust controller performance by designing a pressure velocity acceleration (PVA) controller. 

The adaptivity is obtained via the acceleration feedback module, as shown in Figure 16. In addition to the 

benchmarked PV (without the acceleration feedback) controller, and the simple formulation of the PVA 

controller is shown in (20) and (21). 
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(a) 

 

     
(b) 

 

Figure 15. MATLAB’s simulink Profiler: CPUs require calculational time (a) FL and (b) SIFL 

 

 

Controller responses and error Control schematic 

  
 

Figure 16. PVA controller; a PID-based strategy by Ning and Bone [24] 

 

 

In this discussion, the control strategies achieve robust performance in both simulation and 

experiment when supported by a well-targeted adaptivity module (such as the SIFL). Effective adaptation 

must focus on the disturbance-sensitive parameters within the control algorithm to ensure meaningful 

compensation. The stated requirement aligns with prior findings and this research, strengthening the 

observations through combined mathematical robustness analysis and experimental validation. Overall, the 

study confirms that a properly structured adaptive component is essential for maintaining high-performance 

tracking under varying conditions. 

 

𝑋(𝑠) = 𝐾𝑝𝐸(𝑠) − 𝐾𝑣𝑠𝑌(𝑠) − 𝐾𝑎𝑠2𝑌(𝑠) (20) 

 
𝐸(𝑠) = 𝑌𝑑(𝑠) − 𝑌(𝑠) (21) 

 

 

4. CONCLUSION 

The proposed T-NPID+SIFL control strategy has demonstrated strong effectiveness in achieving 

both precise positioning and robust performance for servo pneumatic actuator systems. The improvement 

gained for the T-NPID+SIFL transient rise time and a multi-step IAE index under no load disturbance, is 

71.381% and 68.854%, respectively, compared to a classical SMC, in addition to comparing the strategy to a 

baseline nonlinear-hyperbolic PID (NH-PID), at no load disturbance the steady-state error and the overshoot 

also improved by 74.797% and 15.385% respectively. Beyond outperforming the classical SMC, as well as 

the developed NH-PID and T-NPID controllers under 1 kg, 5 kg, and 9 kg external disturbances (thereby 

improving the controller’s practical feasibility in industrial settings). The proposed algorithm is particularly 

suitable for applications requiring improved critical damping response and high‑precision operation. Another 

key contribution lies in the introduction of a variable nonlinear hyperbolic parameter structure governed by a 

reduced derivative action and an adaptive SIFL module. MATLAB-based simulations further reveal that the 

SIFL computation time is significantly lower than that of a typical dual-input fuzzy logic controller, 

 

 
 

         (b) 
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rendering the proposed approach computationally efficient. The improved efficiency (equivalent to that of a 

conventional FL controller by up to approximately 35%) makes the controller highly suitable for 

implementation on low-cost, dedicated microprocessors such as the Raspberry Pi, which has been 

successfully utilised in previous pneumatic control studies. Extending the implementation to microcontrollers 

(not limited to) such as Arduino may further reduce production costs for lightweight and less safety-critical 

applications. Moreover, higher-cost and safety-critical applications, such as underwater vehicle control, have 

also demonstrated successful deployment using the core SIFL structure. Additionally, the structural 

flexibility of the SIFL module enables various integration possibilities, which, in this work, include its 

utilization to modulate a nonlinear hyperbolic function, among others. Therefore, this work serves as a 

foundation for broader future exploration within the domain of servo pneumatic control. 

Future work will focus on evaluating the robustness of the T-NPID+SIFL controller under 

sinusoidal and smooth curved trajectory inputs. Such trajectories reflect more realistic robotic arm motions 

and are essential for continuous path tracking in real-world pneumatic robotic applications. A comprehensive 

analysis of error convergence and stability characteristics, including the asymptotic tracking region (ATR), 

will further establish the stability and reliability of the proposed controller. 
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