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ABSTRACT: Robust trajectory tracking and precise positioning remain 

critical challenges in servo pneumatic actuator systems, particularly under 

varying external load conditions. Conventional PID controllers, while widely 

adopted, often struggle with nonlinearities and internal disturbances such as 

friction. This study presents a comparative analysis of three advanced control 

strategies—PID with static friction compensation (PID+FSS), Nonlinear 

Hyperbolic PID with FSS (NH-PID+FSS), and Triple Nonlinear Hyperbolic PID 

integrated with Single-Input Fuzzy Logic and Generalized Maxwell Slip 

friction compensation (T-NPID+SIFLC+FGMS). The controllers are evaluated on 

a 100 mm amplitude sinewave trajectory at 0.1 Hz under no loading (0 kg), 1 

kg, 5 kg, and 9 kg external loads. Design validation is grounded in the 

asymptotic tracking region (ATR) framework, ensuring convergence of error to 

zero and stability. Performance is quantified using maximum tracking error 

(MTE) and root mean square error (RMSE). Experimental results demonstrate 

that T-NPID+SIFLC+FGMS achieves superior tracking accuracy and robustness, 

with up to 48.84% improvement in the measured performance compared to 

baseline PID+FSS. The findings affirm the efficacy of integrating adaptive fuzzy 

logic and advance nonlinear PID. Future work will explore the comparison of 
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the different friction compensation module (FGMS and FSS) effecting the control 

strategy. 

 

KEYWORDS: Servo Pneumatic Control; Nonlinear PID; Single-Input 

Fuzzy Logic; Robust Control; Adaptive Control 

 

1.0 INTRODUCTION 

 

Pneumatic actuators have been widely adopted in various industrial 

applications, including manipulators, riveting machines, automotive 

systems, and pick-and-place equipment. Their appeal lies in their 

simplicity, cost-effectiveness, and minimal heat generation under 

continuous operation. These advantages have driven sustained research 

interest in enhancing the performance of pneumatic actuators [1], [2] . 

However, achieving high-precision control remains a formidable 

challenge due to the inherent nonlinearities of pneumatic systems. 

These include dead zones, air compressibility, low damping, and 

frictional forces, particularly internal friction between the actuator’s seal 

and cylinder wall. As highlighted by [3], friction compensation has 

emerged as a dominant focus in pneumatic control research, 

underscoring its critical impact on trajectory tracking and positioning 

accuracy. 

 

Over the years, various control strategies have been proposed to address 

these nonlinearities. Adaptive control techniques, introduced in the 

early 2000, offer real-time parameter estimation for time-varying 

systems. Despite their theoretical robustness, adaptive controllers are 

less prevalent in industrial settings due to their complexity and limited 

precision compared to PID- and SMC-based approaches. Adaptive 

robust control (ARC), an evolution of adaptive control, incorporates 

robustness criteria to enhance stability and accuracy, and has been 

successfully extended to pneumatic systems [4]. Sliding mode control 

(SMC), known for its resilience to disturbances, has also been applied to 

the friction compensation method [5], [6]. However, its reliance on 

precise modelling and susceptibility to chattering limit its industrial 

viability. In contrast, PID-based strategies—especially those augmented 

with nonlinear or intelligent components—offer a more practical and 
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tuneable solution[7], [8]. These include multi-rate nonlinear PID (MN-

PID), self-regulating nonlinear PID (SN-PID) [9], and double nonlinear 

PI controllers [10]. Excluding the author, no nonlinear PIDs adopting 

nonlinear functions and via friction compensation have been applied, 

therefore presenting a research gap. This study advances the T-NPID 

framework by incorporating a simplified yet effective fuzzy logic 

enhancement; The Single Input Fuzzy Logic (SIFLC) controller. The 

SIFLC approach streamlines the fuzzy inference process by utilizing a 

single input variable—typically derived from sliding mode signals or 

error dynamics—thereby reducing computational complexity while 

maintaining control efficacy. As reviewed by [11], certain types of SIFLC 

have been applied in pneumatic applications. The researchers employ 

Takagi–Sugeno (T-S) or Mamdani inference models with triangular or 

Gaussian membership functions. To date, the novel structure of the 

SIFLC by [11] has never been adopted in a servo pneumatic control 

strategy, owing to this reason, the T-NPID integrating the designated 

SIFLC (T-NPID+SIFLC) is explored in this research paper. 

 

The remainder of this paper is structured as follows: Section 2 details 

the methodology for analysing the proposed control strategy using the 

Lyapunov’s asymptotic tracking behaviour. Section 3 explains the 

controller design and Section 4 presents the experimental results and 

discussion. Finally, Section 5 concludes the study and outlines potential 

directions for future research. 

 

2.0 METHODOLOGY 

 

2.1 System setup and modelling 

 

The servo pneumatic actuator system is modelled via a time-domain 

system identification approach. Figure 1 and Table 1 illustrate the 

experimental configuration and the apparatus employed. The actuator 

system interfaces with the personal computer (PC) through MATLAB 

using a peripheral component interconnect (PCI) card and data 

acquisition (DAQ) box. Modelling obtained via the System 

Identification (SI) toolbox in MATLAB yields the state-space model 

expressions in Equations 1 to 4. Conversion of the state-space to a 
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linearised transfer function is as presented in Equation 5. 

 
Figure 1: Experimental setup of the servo pneumatic system 

 

Table 1: Experimental plant equipment list 

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 Double acting, 12 

inch/ 304.80 mm 

stroke length 

Pressure sensor Gems Sensor 1200SGG 0 to 10 volts, 0-150 

PSI 

Safety limit switch Tezuo AZ8104 Contact on 

DAQ Box National Instrument PCI-6221 37 Pin PCI 

Matlab / SIMULINK Version 2016b N/A 

 𝐀 = [
−𝟎. 𝟐𝟗𝟐𝟏 −𝟎. 𝟎𝟐𝟎𝟓𝟔 −𝟎. 𝟎𝟎𝟎𝟎𝟖𝟓

𝟏 𝟎 𝟎
𝟎 𝟏 𝟎

]  𝐁 = [
𝟏
𝟎
𝟎

]                     (1)  

 𝐂 = [𝟎. 𝟎𝟑𝟒𝟔𝟖 𝟎. 𝟏𝟒𝟔𝟖 −𝟎. 𝟎𝟎𝟐𝟎𝟒𝟏] 𝐃 = [𝟎]                      (2) 

𝐱 = 𝐀𝐱 + 𝐁𝐮                                            (3) 

𝐲 = 𝐂𝐱 + 𝐃𝐮                                             (4) 

A are the state vectors, B is the measured output, C are the measured 

input and D is noise. 

     G(s) =
0.03468s2+0.1468s−0.002041

s3+0.2921s2+0.02056s+0.000085
                       (5) 

 

3.0 CONTROLLER DESIGN: NONLINEAR HYPERBOLIC 

PID CONTROLLERS 
Three controllers are compared to with the classical PID controller as 

reference. All the controllers in comparison are based on the classical 

PID controller. Th PID algorithm is presented in Equation 5, and the 

schematic of the PID with the plant’s transfer function is illustrated in 

Figure 2(a).  NH-PID adapts a nonlinear hyperbolic function in the 
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strategy in Figure 2 (b), and the function stated in Equation 6 [12]. T-

NPID+SIFLC is based on the T-NPID controller [13], but with an 

additional SIFLC module, as shown in Figure 2(c). Since the research 

employs a friction compensation method, a static friction compensation 

feedback module (FSS) is adapted to the two-base control strategy. The 

proposed control strategy, in turn, utilizes the Generalized Maxwell Slip 

(GMS) friction compensation module, as previously researched (FGMS) 

[12] . 

 

The nonlinear functions of the T-NPID are stated in Equations 7 to 9. 

Equation 10 presents the error algorithm for all of the nonlinear 

hyperbolic calculations. The tuned PID parameters are tabulated in 

Table 2. Extensions to the PID parameters, which include all the 

nonlinear hyperbolic parameters that were tuned heuristically and 

stochastically optimized using particle swarm optimization (PSO) [14], 

are tabulated in Tables 3 and 4. 

        GPID(s) = KP +
KI

s
+ KDs                                        (5)  

Table 2: Parameters of the PID 

PID Parameter 

Parameter Value 

KP 10 

KI 0.005 

KD 0.5 

 

 
       (a) 

 
      (b) 
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(c) 
Figure 2: Schematic diagrams of the control strategy (a) PID+FSS, (b) NH-

PID+FSS, and (c) T-NPID+SIFLC+FGMS 

K(e) = 1 + x × [1 − sech(y × e)]                             (6) 

KP(e) = 1 + f × [1 − sech(g × e)]                            (7) 

KI(e) = 1 ÷ [p + q × (1 − sech(r × e))]                       (8) 

KD(e) = 1 ÷ [a + b × (1 − sech(c × e))]                       (9) 

error, e = {
e, |e| ≤ emax

emax ∙ (sign(e)), |e| > 𝑒max
                      (10) 

Table 3: Parameters of the NH-PID 
Parameter Value 

x 9.450 

y 3.050 

emax 0.5 

 

Table 4: Parameters of the T-NPID      
Parameter Value 

f 3.042 

g 9.045 

p 1 

q 33.200 

r 34.000 

a 1 

b 9.867 

c 6.333 

emax P, I, D 0.5 

 

Designing of the T-NPID+SIFLC integrates SIFLC as a control 

mechanism to vary one of the parameters in the nonlinear function. The 

integration improves the controller's flexibility and provides several 

gain changes [9]. For the KP(e), two parameters are available for rate 

variation, f and g. g is selected to be in line with the previous concept. 

 

Fuzzy logic is able to be initially designed linguistically. The linguistic 

expression of the system's error range is expressed as Equation 11 and 

Equation 13, for all of the membership functions α as Equation 12 and 

Equation 14 show. The error range is set from zero (0) to one (1), whereas 
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the output of the fuzzy logic system is set from zero (0) to negative one 

(-1). 

|𝐞𝐱| ∈ {|𝐞𝟏|, |𝐞𝟐|, |𝐞𝟑|, … . . |𝐞𝐧|, }                                    (11) 

𝛂𝐱 ∈ {𝛂𝟏, 𝛂𝟐, 𝛂𝟑, … . . ∆|𝛂𝐧|}                                       (12) 

𝐞 = {𝐞𝐱|𝐞𝐱 → [𝟎, 𝟏]∀𝐱= 𝟎, … . . 𝟏}                                   (13) 

𝜶 = {𝜶𝒙|𝜶𝒙 → [𝟎, −𝟏]∀𝒙= 𝟎, … . . −𝟏}                               (14) 

The conversion of fuzzy logic to single-input fuzzy logic applies to the 

research by [15]. Commonly for a dual input fuzzy logic input is error e, 

and the error rate, Δe. The main advantage of SIFLC compared to 

standard fuzzy logic is the dismissal of the membership function of (Δe). 

Δe is converted into switching function s1, as Equation 15 and Equation 

17 shows. The aggressiveness of the relationship between e and Δe is 

tuned by λ. The membership functions (MFs) are able to be drastically 

reduced from 49 sets (α2) to only 7 sets(α). The SIFLC MFs are tabulated 

in Table 5. 

𝐬𝟏 = ∆𝐞𝐧 + 𝛌𝐞𝐧                                               (15) 

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

𝟐                         (16) 

𝐝𝟏 =
|𝐞̇𝟏+𝛌𝐞𝟏|

√𝟏+𝛌𝟐
                                                  (17) 

Table 5: SIFLC input and output MF function values 
Input, e LNB LS1 LS2 LM LB1 LB2 LB3 

MF value 1, 

 0.15 

0.05,  

0.20,  

0.35 

0.20, 

0.35,  

0.50 

0.35, 

0.50, 

0.65 

0.50,  

0.65, 

 0.80 

  0.65,  

  0.80, 

  0.95 

0.85,  

1 

Output, α Z S1 S2 M B1 B2 B3 

MF Value 0 -0.167 -0.334 -0.5 -0.667 -0.834 -1 
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Designing the the symmetrical SIFLC follows the research by [16]. 

A rule table based on the input (error) of the system is created as 

tabulated in Table 6. The output membership function is a Sugeno 

type. All the MF’s are spread symmetrically, hence the name 

symmetrical SIFLC. The control surface in Figure 3 shows the 

SIFLC relation between the input and output, and the whole 

figure is known as the piecewise linear function (PWL). According 

to Salam et al., [17], SIFLC is able to reduce calculation time. 

Consolidating the claim of computational savings, the C code (.c) 

generated via Simulink Coder yielded a 34.38% reduction in logic 

lines for the SIFLC controller compared to classical fuzzy logic 

(273 versus 416 lines). The corresponding header files (.h) also saw 

a 7.04% reduction. The reduction for both programming logic 

lines aligns with the reduction of fuzzy rules from 49 to 7 and 

confirms the structural simplicity of the single-input fuzzy logic 

design. 

 
Figure 3: Control surface and PWL from the SIFLC MF 

 

A simple adaptation formula is adapted within the SIFLC module 

to cater the simplicity of tuning the control strategy. The input of 

the SIFLC adapts Equation 14, from the systems error, e. The 

output of the SIFLC is adapted by Equation 15. Adapting Equation 

14 and 15, allows the tuning to be performed without having to 
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constantly adjusting the fuzzy logic membership function, 

reducing setup complexity [9]. 

𝐞𝐧 = {

𝐞𝐯𝐨𝐥𝐭

𝐞𝐦𝐚𝐱
∙ (𝐌𝐚𝐱|𝐞𝐱|), 𝐞 ≤ 𝐞𝐦𝐚𝐱

𝐞𝐦𝐚𝐱 ∙ (𝐌𝐚𝐱|𝐞𝐱|), 𝐞 > 𝐞𝐦𝐚𝐱

                      (14) 

𝐀𝐝𝐚𝐩𝐭𝐢𝐯𝐞 𝐠𝐒𝐈𝐅𝐋𝐂=𝐠𝐦𝐢𝐧 + [(𝐠 − 𝐠𝐦𝐢𝐧) ∙ 𝛂]                        (15) 

 

Figure 4 shows the full nonlinear function of the T-NPID with SIFLC. By 

observing the blue lines from the KP(e), there are multiple lines due to 

the Adaptive gSIFLC. The Adaptive gSIFLC adapts accordingly to the errors, 

allowing the the nonlinear function to vary between the minimum blue 

line (most bottom) and the maximum blue line (most top). The KI(e) and 

KD(e) are presented as the dark purple and dark red line, respectively. 

 
Figure 4: T-NPID+SIFLC nonlinear hyperbolic functions 

 

3.1 Lyapunov’s asymptotic tracking behaviour analysis  

 

The tracking behaviour of a control strategy on a system is able to be 

predicted via the Lyapunov asymptotic analysis. Two types of analysis 

are able to be performed; the direct method and an indirect method. 

Since modelling of the pneumatic system has been linearised as a 

transfer function, the indirect method suits the analysis. To add to the 

factor, the indirect method does not require the full system knowledge 

[18]. The Lyapunov indirect method assesses local stability of nonlinear 

systems via linearisation. Consider the system: 

ẋ = f(x, t), where f(0, t) = 0, for all t ≥ 0                               (16) 
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Linearisation at the origin yields the Jacobian:  

A(t) =
∂f(x,t)

∂x
|

x=0
                                                      (17) 

The residual terms: 

f1(x, t) = f(x, t) − A(t)x                                               (18) 

Equation 18 approaches zero as x → 0, but uniform convergence 

requires:  

lim
||𝑥||→∞

𝑠𝑢𝑝
𝑡≥0

||𝑓1(𝑥,𝑡)||

||𝑥||
= 0                                                (19) 

If satisfied, the linearised system: 

z = A(t)ż                                                           (20) 

Equation 20 is uniformly asymptotically stable, implying local stability 

of the original nonlinear system. For time-invariant systems, stability is 

guaranteed if all eigenvalues of A lie in the open left-half of the complex 

plane. Applying this to the proposed plant (neglecting time delay), the 

closed-loop matrix is  

AClosedLoop = A − B ∙ K                                         (21) 

with the PID gains: 

K = [10 0.5 0.005]                                         (22) 

⸫ where A and B follows Equation 1. Eigenvalues are computed via: 

det([A_ClosedLoop] − λI) = 0                                    (23) 

Table 6 summarises eigenvalues for PID, NH-PID, and T-NPID+SIFLC 

controllers. The eigenvalues are able to be represented as poles location 

on the pole-zero map (PZ-map). The pole-zero map as shown in Figure 

5 shows that all poles lie on the negative side of the real axis, confirming 

asymptotic stability. The figure also illustrates that the nonlinear 

controllers (NH-PID and T-NPID+SIFLC) yield faster convergence and 

reduced oscillation due to larger negative real parts, and smaller 

imaginary components[19]. T-NPID+SIFLC have minimum and 

maximum eigenvalues due to the variable parameter of the 

mathematical function. 
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Table 6: Eigenvalues for all the control strategies 

λ Λ for PID Λ for NH-PID Λ for T-NPID+SIFLC 

Max Min 

𝝀𝟏 -10.2562 -43.3419 -40.0419 -35.7408 

𝝀𝟐 -0.0179 

+0.0481i 

-0.0176 

+0.0471i 

-0.0046 

+0.0069i 

-0.0052 

+0.0071i 

𝝀𝟑 -0.0179 

-0.0481i 

-0.0176 

-0.0471i 

-0.0046 

-0.0069i 

-0.0052 

-0.0071i 

 
Figure 5: Poles of each control strategy 

 

4.0 RESULT AND DISCUSSION 

 
A sinusoidal wave of 0.1 Hz and an amplitude of 100 mm is used as the 

desired trajectory. The runs were performed for 100 seconds, and the 

error data were recorded for 100 seconds from t=50 seconds. Three types 

of controllers were compared for performance evaluation: the classical 

PID+FSS, NH-PID+FSS, and the novel T-NPID+SIFLC+FGMS. 

 

Two performance measures were taken for all the controllers: the 

maximum tracking error, MTE, and root mean square error, RMSE, as 

Equations 16 and 17 show accordingly. The simulation results for each 

controller, along with the corresponding performance measures, are 

tabulated in Table 7. 
𝐌𝐚𝐱𝐢𝐦𝐮𝐦 𝐭𝐫𝐚𝐜𝐤𝐢𝐧𝐠 𝐞𝐫𝐫𝐨𝐫, 𝐌𝐓𝐄 = 𝐌𝐚𝐱|𝐞(𝐭)|                 (16) 

𝐑𝐨𝐨𝐭 𝐦𝐞𝐚𝐧 𝐬𝐪𝐮𝐚𝐫𝐞 𝐞𝐫𝐫𝐨𝐫, 𝐑𝐌𝐒𝐄 =  √
𝟏

𝐧
∑ [𝐞(𝐭𝐢)]𝟐𝐍

𝐢=𝟏               (17) 

Figure 6 shows the output of each PID+FSS, NH-PID+FSS, and T-

NPID+SIFLC+FGMS, respectively, in response to the trajectory sine wave 
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input. Visually observed, the tracking performance is not observable, 

but the tracking errors presented are significantly noticeable. The error 

analysis improvement is reflected in Table 8. It is expected that the base 

PID controller will perform inadequately due to the mismatch between 

a linear controller and a nonlinear plant, resulting in a significant error. 

NH-PID and T-NPID+SIFLC perform exceptionally well, as the MTE is 

reduced drastically from the base controller. The formulation of the 

controller gains, which increase when the error increases, caters well to 

trajectory performance, particularly when the errors are significant 

during the peak amplitude of the sine wave. 

 
Figure 6: Simulation results for (a) PID+FSS tracking, (b) PID+FSS error, (c) NH-

PID+FSS tracking, (d) NH-PID+FSS error, (e) T-NPID+SIFLC+FGMS tracking, and 

(f) T-NPID+SIFLC+FGMS error 

 

T-NPID+SIFLC is able to reduce the MTE from 7.488 mm to 2.844 mm. 

NH-PID is between 3.131 mm. The T-NPID control strategy processes 

each error from the PID element (proportional error, integral error, and 

derivative error) accordingly. In contrast, the NH-PID processes the 

error in a lump-sum process only once. During the stability analysis 

using the Popov stability criterion [12], each PID component has a 

different maximum allowable gain, and the T-NPID is bounded by the 

condition [20], allowing it to perform better. The RMSE result mirrors 

the MTE as the accumulated error. RMSE decreases from 3.717 mm to 

1.762 mm for NH-PID, and 1.563 mm for T-NPID+SIFLC. 
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Table 7: Simulation results for MTE and RMSE for all control strategies 

Error 

Parameter 

PID 

+FSS 

NH-PID 

+FSS 

T-NPID+SIFLC 

+FGMS 
MTE (mm) 7.488 3.131 2.844 

RMSE (mm) 3.717 1.762 1.563 

Figure 7 shows the experimental validation of each control 

strategy. It is observable that noises from the sensors and 

vibration are shown in the figure. Nevertheless, T-NPID+SIFLC 

performs the best, suppressing the errors the most. 

 
Figure 7: Experimental results for (a) PID+FSS tracking, (b) PID+FSS error, (c) 

NH-PID+FSS tracking, (d) NH-PID+FSS error, (e) T-NPID+SIFLC+FGMS tracking, 

and (f) T-NPID+SIFLC+FGMS error 

 

Table 8: Experimental results for MTE and RMSE for all control strategies 

Error  

Parameter 

PID 

+FSS 

NH-PID 

+FSS 

T-NPID+SIFLC 

+FGMS 
MTE (mm) 12.54 7.147 6.416 

RMSE 3.772 2.323 1.975 

 

The improvement gains of each control strategy based on the 

experimental performance measure are tabulated in Table 9. NH-PID 

and T-NPID improved by 43.01% and 48.84%, respectively, compared 

to the classical PID, while the RMSE improved by 38.41% and 47.64%, 

respectively. 
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Table 9: Percentage improvement gains over PID+FSS 

Performance 

parameter 

Percentage performance parameter 

improvement 

PID 

+FSS 

NH-PID 

+FSS 

T-NPID+SIFLC 

+FGMS 
MTE (%) -Ref- 43.01 48.84 

RMSE (%) -Ref- 38.41 47.64 

 

The robustness test is based on 1 kg, 5 kg, and 9 kg additional loading 

to the plant. The highest available external load disturbance is 9 kg, 

limited by the hardware's capabilities. PID and NH-PID are only able to 

withstand the additional disturbance of up to 1 kg. After 1 kg, the 

system becomes unstable with high-frequency (HF) oscillations. T-

NPID+SIFLC is able to withstand a maximum of 9 kg, as Table 10 

tabulates the performance measure. 

 

 

 
Figure 9: Errors for robust test (a) PID+FSS 0 kg, (b) PID+FSS 1 kg, (c) NH-

PID+FSS 0 kg, and (d) NH-PID+FSS 1kg 

 

Unstable 

(HF oscillations) 

Unstable 

(HF oscillations) 
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Figure 10: Errors for robust test (a) T-NPID+SIFLC+FGMS 0 kg, (b) 1 kg, (c) 5 kg, 

and (d) 9 kg 

 
The SIFLC module enhances the system's adaptability in response to 
additional external disturbances. NH-PID increases the gains when the 
error increases, and therefore, the system becomes aggressive to 
overcome the error. Adaptation of SIFLC reduces aggressiveness by 
varying the nonlinear gains based on the error and the membership 
functions during the design process. In the design, precautions are 
necessary when the parameter (g) is reduced excessively (loosened), as 
the accuracy of the strategy can be compromised. The same concept of 
variable gain rate has been presented previously by the same author in 
[9] and [21], where the gain rate is controlled by a classical fuzzy logic. 
Robustness for sine wave tracking has been experimentally tested up to 
17 kg, as shown in Figure 11. This research aligns with previous studies 
by varying the nonlinear gains or gain, which enables the strategy to 
become more robust. 
 

Table 10: Robustness test with external load disturbance 
Additional 

load 

PID 

+FSS 

NH-PID 

+FSS 

T-NPID+SIFLC 

+FGMS 
1 kg MTE 18.43 MTE 10.42 MTE 6.683 

RMSE 4.949 RMSE 4.585 RMSE 2.121 
5 kg Unstable 

(HF oscillations) 
Unstable 

(HF oscillations) 
MTE 6.924 

RMSE 2.187 
9 kg Unstable 

(HF oscillations) 
Unstable 

(HF oscillations) 
MTE 8.305 

RMSE 2.342 

 

 
        (a) 

 

 
(b) 

Figure 11: MN-PID, robust nonlinear PID by [21] (a), multi-rate α for the 

nonlinear function and (b) robustness sinewave experimental test 
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5.0 CONCLUSION 

 

The development and analysis of the T-NPID+SIFL+FGMS control 

strategy demonstrate its effectiveness in achieving both a more precise 

trajectory and robust performance in servo pneumatic actuators. 

Lyapunov’s asymptotic tracking analysis confirms the convergence of 

each strategy to zero error, where the NH-PID+Fss and T-

NPID+SIFLC+FGMS outperform the classical PID controller from the 

results of the eigenvalues. In simulation and experimental tracking 

performances, it is confirmed that the final and novel controller, T-

NPID+SIFLC+FGMS, performs the best, with the lowest MTE and RMSE, 

respectively. Where the PID and NH-PID are able to withstand only 0 

kg and 1 kg, the final T-NPID+SIFLC is able to withstand the maximum 

available up to 9 kg of external load disturbance. An additional smooth 

trajectory, such as multiple level S-curves, will able to consolidate the 

robustness and tracking performance. Additionally, an in-depth 

comparison of the friction compensation module FGMS and the FSS will 

facilitate a deeper discussion of the friction compensation effect on the 

entire control strategy. 
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