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Abstract – This study evaluates the effectiveness of a fuzzy PD+I (FPD+I) controller for robust and adaptive position control of 
pneumatic artificial muscles (PAMs), addressing the challenges arising from system nonlinearity and hysteresis. Experiments were 
conducted under varying loads, setpoints, and actuated distances to assess the robustness and adaptability of the controller under 
diverse conditions. As part of the evaluation, the results were compared with those obtained using a conventional PID controller. 
The FPD+I controller consistently demonstrated superior transient response characteristics, improved trajectory-tracking accuracy, 
and greater adaptability to dynamic operational changes. Notable improvements include a 21% reduction in settling time and a 
22% reduction in rise time under constant loads, as well as a 49% improvement in root mean square error and a 24% reduction in 
rise time during trajectory-tracking tasks. The controller also exhibited enhanced resilience to continuous load disturbances and 
maintained stable performance under varying signal amplitudes. These findings suggest that the FPD+I controller is a promising 
solution for precision control applications in robotics and industrial systems employing PAMs, particularly in dynamic and uncertain 
environments, where both robustness and adaptability are critical.
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1.	 	INTRODUCTION

A pneumatic artificial muscle (PAM) is a type of soft 
actuator that mimics the function of biological muscles 
using compressed air to generate force and motion. 
A PAM consists of a rubber tube encased in a braided 
mesh, which creates a contraction motion when pres-
surized [1]. When air is pumped in, the rubber tube ex-
pands radially and contracts longitudinally, generating 
pulling force and torque [2]. PAMs have the advantages 
of being lightweight, flexible, and capable of produc-
ing forces many times greater than their weight [3, 4]. 
These characteristics make PAMs ideal choices for ap-

plications in robotics [5], medical rehabilitation devices 
[6, 7], and industrial automation systems [8, 9]. How-
ever, controlling PAMs presents challenges because of 
their nonlinear characteristics, variability in pneumatic 
pressure parameters [10, 11], and dynamic hysteresis 
[12]–[14], which complicate the control process [15-
17]. Additionally, air temperature and pressure also 
affect the PAM performance [18], [19]. Therefore, de-
veloping adaptive and efficient controllers to address 
these limitations is essential for fully exploiting the po-
tential of PAMs in practical applications. This research 
area has attracted significant attention from both the 
scientific and engineering communities. 
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Over the past decade, various control approaches 
have been proposed to address these challenges. One 
major direction involves hysteresis compensation to 
overcome the system's nonlinearity and dynamic hys-
teresis. Many hysteresis compensation methods were 
proposed based on different variants of Prandtl-Ishlinskii 
(PI) models. Among them, based on the extended un-
parallel Prandtl-Ishlinskii, an integral inverse-proportion-
al-integral-derivative controller can improve the control 
precision by 43.86% in comparison with a conventional 
proportional–integral–derivative (PID) controller with-
out hysteresis compensation [15]. The feedforward and 
feedback combined control strategies demonstrated a 
maximum translational error of approximately 0.9 mm 
(i.e., 0.604% of the full stroke) [20] and a maximum track-
ing error of the rotation angle of the delta mechanism of 
± 0.7° [16] in response to a low-frequency input sinusoi-
dal signal of 0.1 Hz. However, these approaches require 
complex PAM modeling in real-world systems. Feasible 
employment of such controllers also requires them to 
withstand external disturbances and variations in oper-
ating conditions [21], which were not comprehensively 
reported in recent studies.

Although model-based identification methods have 
also been proposed and demonstrated promising re-
sults in accurately modeling the nonlinear dynamics of 
PAM actuators [22, 23], methods integrating hysteresis 
modeling and compensation have recently attracted re-
search focus. For instance, Zhang et al. (2024) developed 
a dynamic model capturing coupled, stiffness- and rate-
dependent hysteresis in soft PAM manipulators [24]. Their 
decoupled inverse compensation strategy improved 
positioning accuracy and highlighted the complexity of 
controlling variable-stiffness actuators. Another promis-
ing approach is model predictive control (MPC), which 
can anticipate system behavior and adjust control actions 
accordingly. Brown and Xie (2025) proposed a PSO-opti-
mized MPC framework that outperformed traditional PID 
and iterative learning controllers in terms of accuracy and 
responsiveness in a rehabilitation setting [25]. Zhang et 
al. (2024) further demonstrated the potential of a distur-
bance preview-based predictive control strategy, which 
combined with hysteresis compensation and high-order 
differentiators, enabled robust trajectory tracking and 
model simplification for PAM-driven robots [26].

Despite their effectiveness, these methods often re-
quire complex system modeling, accurate hysteresis 
characterization, and high computational resources, 
making them less practical for real-time control in un-
certain and dynamically changing environments. This 
limitation has led to increasing interest in classical or 
intelligent control schemes that do not compensate for 
hysteresis but ensure control effectiveness under certain 
conditions. Conventional PID controllers have proven to 
be effective in applications that do not require fast re-
sponses or industrial processes, where highly accurate 
positioning is not very demanding [27, 28]. Phuc et al. 
(2022) demonstrated an acceptable translational posi-

tion control of a 25-kg payload with a settling time of 
only 1 s, insignificant overshoot, and a 0.35-mm steady-
state error  [27]. A rising time of 8.5 s and steady-state 
error of 5.129 mm were obtained by a PID controller 
when controlling the angle of an antagonistic dual-PAM 
system [28]. When higher positioning accuracy is pri-
oritized, intelligent control systems are generally imple-
mented to tackle PAM nonlinearity due to hysteresis. For 
example, high-order sliding mode control can be used 
to control a PAM-actuated robot arm that can follow 
an objective circular locus with a maximum error of ap-
proximately 11.3 mm [29]. To assist rehabilitation exer-
cises, an adaptive sliding controller with a PID compen-
sator can improve the tracking accuracy and reduce the 
steady-state tracking error of a robotic arm to below 5° 
[4]. A fuzzy sliding mode controller can be implemented 
with a steady-state error of 0.003°, satisfying the require-
ment of high accuracy for lower-limb systems [30]. Based 
on iterative real-time learning of Generative Adversarial 
Nets, a PID controller maintains effective tracking per-
formance of antagonistic pneumatic artificial muscles 
under variations in their initial conditions, target angles, 
and external disturbances, demonstrating an advance-
ment towards practical utilization of prostheses [31].

Despite advancements in PAM control strategies, 
several challenges remain in achieving robust and pre-
cise control under various operating conditions. A key 
area of focus is to improve the adaptability of control 
systems to handle a wider range of uncertainties and 
disturbances. For instance, the adaptive fixed-time fast 
terminal sliding mode control proposed by Khajeh-
saeid et al. (2025) demonstrated robustness against 
model uncertainties, assuming a 10% difference be-
tween actual and nominal link masses [32]. However, 
real-world applications may involve even greater varia-
tions in system parameters and external disturbances. 
Similarly, the adaptive control strategy presented by 
Sun et al. (2020) for PAM systems with parametric un-
certainties and unidirectional input constraints exhib-
ited resilience to more significant load variations from 
0.633 to 1.633 kg and external disturbances applied at 
specific time intervals [17]. Although these results are 
promising, further research is required to expand the 
range of uncertainties and disturbances that can be 
effectively managed. In the context of lower-limb ro-
botics, Tsai and Chiang (2020) demonstrated the effec-
tiveness of a fuzzy sliding mode controller in achieving 
high accuracy, with steady-state errors of 0.003° with-
out load and 0.00338° with a 2 kg load [30]. This level 
of precision is crucial for rehabilitation and assistive 
device applications. However, the performance of such 
controllers under more dynamic conditions, particu-
larly when subjected to unexpected external forces, 
requires further investigation.

Another issue is that an effective control system must 
adapt to the continuous changes of the system dynam-
ics. This capability enhances the operational perfor-
mance and broadens the application range of PAM in di-
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verse environments and tasks. Possible solutions include 
adaptive control or fuzzy-based strategies, as they have 
proven to be effective for external disturbances and 
varying system parameters [17], [30], [32]. Among fuzzy-
based approaches, a combination of a fuzzy and PID 
controller is a feasible control scheme offering a com-
pelling blend of simplicity, adaptability, good transient 
response, and accurate control. The fuzzy PD+I (FPD+I) 
controller, with its inherent adaptability and potential 
for high accuracy and quick response of position control, 
has emerged as a promising solution to meet the essen-
tial need for control strategies that can adapt to chang-
ing conditions in real time while maintaining adequate 
accuracy. Compared with a conventional PID controller 
with three branches of proportional, integral, and de-
rivative components, the FPD+I controller comprises an 
adjustable fuzzy PD branch and a nonfuzzy integral com-
ponent. The fuzzy PD branch is critical for the control sys-
tem to dynamically adapt to the inherent nonlinearities 
and disturbances of the PAM and enable a fast response, 
whereas the nonfuzzy integral branch helps reduce the 
steady-state error [33]. This cumulative capacity is more 
pronounced than that of the PID controller. Thus, high 
control performance, flexible adaptability, and robust-
ness can be achieved with FPD+I controllers in practical 
applications [34, 35]. Chan et al. (2003) further demon-
strated that coupling an FPD+I controller with a learn-
ing control scheme enables accurate tracking control of 
PAMs [36], reinforcing its potential for robust and adap-
tive position control. 

Despite these advancements, existing studies have not 
fully explored the potential of FPD+I controllers to ad-
dress the combined challenges of nonlinearity, complex 
trajectory tracking, and continuous and complex distur-
bances in PAM systems. Therefore, this study specifically 
addresses the challenge of improving the accuracy and 
adaptability of PAM control under more complex oper-
ating conditions, particularly under different initial posi-
tions, tracking trajectories, and particularly continuously 
varying loads in a greater range, by deploying an FPD+I 
controller without any online learning scheme.

The main contributions of this study are summarized 
as follows:

•	 Development and real-time implementation of 
a fuzzy PD+I controller for PAM position control, 
eliminating the need for complex dynamic models 
or online adaptation mechanisms.

•	 Comprehensive experimental validation under a 
wide range of practical conditions, including fixed 
and continuously varying loads, multiple setpoints, 
and diverse trajectory profiles, to assess controller 
adaptability and robustness.

•	 Quantitative comparison with a conventional PID 
controller, demonstrating that the proposed FPD+I 
approach significantly improves tracking accuracy, 
reduces rise and settling times, and maintains per-
formance under dynamic disturbances.

•	 A simple and practical controller design using a 
compact fuzzy rule base and no learning phase, 
enabling straightforward deployment in real-time 
embedded systems.

The remainder of this paper is organized as follows. 
Section 2 describes the experimental setup, system 
configuration, and the design of the proposed FPD+I 
control algorithm. Section 3 presents the experimen-
tal results along with a detailed performance analysis 
and a comparative evaluation against a conventional 
PID controller. Finally, Section 4 concludes the study by 
summarizing the key findings and outlining potential 
directions for future research.

2.	 MATERIALS AND METHODS 

2.2. Experimental setups

The experiment was conducted on a PAM with a di-
ameter of 20 mm and an initial length of 200 mm (MAS-
20-200N, FESTO). The PAM could shrink up to 20% of 
its original length, that is, a 40-mm distance, although 
a maximal 25% shrinkage at 6 bar has been reported 
for a new PAM [2]. The PAM displacement and pres-
sure applied to the PAM were measured using an Ac-
curacyTM KTC 100 rangefinder and Georgin SR13002A 
pressure sensor, respectively. Compressed air was sup-
plied through a 5/3 proportional-directional control 
valve (MPYE-5-1/8-HF-101B; FESTO). The control and 
measurement algorithms were implemented using 
the MATLAB/Simulink software. All I/O data were trans-
ferred by using a Texas Instruments C2000 microcon-
troller (TMS320F28379D LaunchPAD). An overview of 
the proposed model is presented in Fig. 1. 

(a)

(b)

Fig. 1. Experimental setup with (a) constant load 
and (b) varying load
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Six experiments were conducted in this study with 
two main goals: to investigate the effect of the load and 
the effect of different amplitudes and amplitude shifts 
of the input signal; hence, the setpoints and PAM’s actu-
ated distance on the position responses of the system. 
The experimental conditions and objectives are listed in 
Table 1. In Experiments 1.2 and 2.2, the robustness of the 
system was evaluated in response to direction changes 
in PAM actuation. This was done using 0.1 Hz rectangular 
pulse trains as reference inputs, formulated as

(1)

where sgn(.) is the sign function, A is the signal ampli-
tude representing half the required actuated distance 

of the PAM, and c is the amplitude shift defining the 
initial position around which the bidirectional displace-
ment of the PAM occurs. Both A and c were selected 
such that the reference input remained within the con-
trollable range of the PAM.

To further explore the robustness of the system to con-
tinuously varying disturbances, a spring was added to 
the PAM’s actuating head in Experiments 1.3 and 2.3, as 
shown in Fig. 1b. This spring was preloaded to create 
an initial elastic force simulating an equivalent static 
mass. As the PAM was actuated, the spring displace-
ment increased, generating a continuous load distur-
bance that tested the robustness of the system under 
dynamic loading conditions.

Table 1. Conditions and goals of the position control experiments

Conditions

Experiment No. Main goal Description Reference input (mm) Mass (kg)

1.1

Investigate the 
effect of various 
disturbances on 

the load

Step input with various fixed loads 20 {15, 20, 25}

1.2 Rectangular pulse train with various fixed 
loads S5,10 (t)=5 sgn(sin(πt/5))+10 {15, 20, 25}

1.3 Step input with disturbances to different 
simulated loads 20

Varying load from an 
initial equivalent load of  

{15, 20, 25} kg

2.1
To investigate the 
effect of different 
amplitudes and 

amplitude shifts of 
the input signal

Step input of different amplitudes {10, 20, 30} 20

2.2 Rectangular pulse trains of different 
amplitudes and amplitude shifts 

SA,c (t)=A sgn(sin(πt/5) )+c where 
c∈{15,20,25}, A∈{3,5}

20

2.3 Step input of different amplitudes with  
disturbances to a simulated load

SA,c (t)=A sgn(sin(πt/5) )+c where 
c∈{15,20,25}, A∈{3,5}

Varying load from an 
initial equivalent load 

of 20 kg

2.2. Control algorithms

As shown in Fig. 2, the control system includes two 
nested control loops. The inner control loop employs 
a PI controller to regulate the air pressure, ensuring 
stability for the outer loop to govern the PAM position. 

The PI controller receives the control signal u and the 
measured air pressure P from a pressure sensor to gen-
erate a pressure control signal, which is then applied to 
the proportional electro-pneumatic valve, maintaining 
consistent and stable pressure regulation. 

Fig. 3. Structure of the fuzzy PD+I control system

In the outer loop, an FPD+I controller manages the 
position control. It receives the position error signal e, 
calculated as the difference between the reference in-
put y_ref and the measured PAM displacement y. The 
error is normalized by a Norm block to scale its magni-
tude appropriately. The FPD+I controller then process-
es the normalized error ems to generate the control 
signal u for the inner PI control loop. The normalized er-
ror is measured as the percent error with respect to the 
maximal shrinkage from its idle position, calculated as:

The combined action of the outer FPD+I controller 
and the inner PI controller enables precise control of 
the PAM position while compensating for pressure fluc-
tuations and external disturbances. The displacement 
sensor continuously measures the actual position y, 
thereby closing the outer feedback loop. A summary of 
the signals shown in Fig. 2 is presented in Table 2.

(2)
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Table 2. Main signals in the control system

Parameter Description Unit
yref Reference displacement input mm

y Measured displacement output mm

e Position error (e = yref − y) mm

ems Normalized error %

u Control signal applied to the inner 
control loop %

P Measured air pressure inside PAM bar

2.2.1. PI controller

The pressure inside the PAM depends on the non-
linearity of the airflow through the proportional direc-
tional control valve, volume variation, air temperature, 
and air leakage through the valve. Therefore, to ensure 
a stable air pressure, a PI controller was implemented. 
The controller gains were empirically determined and 
kept constant in all experiments at KP = 2 and KI = 4.6.

2.2.2. PID controller

The PID controller computes the control signal uPID(k) 
at each discrete time step k based on the time-domain 
error between the desired position and actual mea-
sured position of the PAM, as follows:

(3)

where KP, KI, and KD are the proportional, integral, and 
derivative gains of the PID controller, respectively, and 
ems(k) is the percent error at time step k.

The gains of the PID controller were empirically de-
termined to be KP = 0.2, KI = 1.0, and KD = 0.01. The sam-
pling period Ts was 0.01 s.

2.2.3. Fuzzy PD+I controller

An FPD+I controller, whose structure is shown in Fig. 
3, was built to control the position of the PAM. A Mam-
dani fuzzy inference system (FIS) was implemented us-
ing the Fuzzy Logic Toolbox, MATLAB. 

Fig. 3. The FPD+I structure

The output from the fuzzy PD branch of the FPD+I 
controller at time k is calculated as:

(4)

where F(.) denotes the mapping realized by the fuzzy 
rule base with the Gaussian membership functions.

(5)

The control output of the FPD+I controller is a com-
bination of the outputs from the fuzzy PD and integral 
branches, calculated as follows:

(6)

where GU is the overall gain-scaling factor.

Seven Gaussian membership functions were defined 
based on the percent error ems and the derivative of the 
percent error. Fuzzy control rules were established, as 
listed in Table 3. The response surface based on these 
control rules is shown in Fig. 4. The crisp output of the 
FPD+I controller obtained from the fuzzy variables 
agrees with that of a previous report [37].

The range of the control output u was [0, 100%], cor-
responding to the airflow capacity of the pneumatic 
valve. The proportional gains GE, GCE, GIE, and GU (Fig. 
2) were determined to satisfy the operating limit of the 
controller’s input so that [38]

(7)

(8)

(9)

where KP = 0.2, TI = 0.2, and TD = 0.05, which were empiri-
cally selected and remained unchanged during the tests.

Fig. 4. The response surface

Table 3. Fuzzy rules for controlling PAM position

ems ∈ [-100, 
100%] dems ∈ [-100, 100%]

NL NM NS Z PS PM PL
VVS VVS VVS VVS VVS VS S M

VS VVS VVS VVS VS S M L

S VVS VVS VS S M L VL

M VVS VS S M L VL VVL

L VS S M L VL VVL VVL

VL S M L VL VVL VVL VVL

VVL M L VL VVL VVL VVL VVL

VVS: very very small; VS: very small; S: small; M: medium; L: large; VB: very 
large; VVB: very very large; NL: negatively large; NM: negatively medium; 
NS: negatively small; Z: zero; PS: positively small; PM: positively medium; 
PL: positively large.

The output from the integral branch of the FPD+I 
controller component is defined as
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A conventional PID controller was designed through 
trial and error for comparison with the FPD+I controller. 
The initial proportional, integral, and derivative gains 
of the PID controller were empirically determined and 
adjusted to balance the rise time, settling time, and 
overshoot, thereby ensuring its effectiveness under 
typical operating conditions without excessive oscilla-
tions or delays.

2.3.	 Evaluation of the model 
	performance

Root mean squared error (RMSE) is selected to quan-
titatively evaluate the response of the position control-
ler, calculated as

(10)

where ŷi is the response of the corresponding set-point 
value ŷi in the dataset of N samples. In this study, the PAM 
displacement and RMSE were computed in millimeters.

The system performance was also evaluated based on 
the transient response characteristics, including the per-
cent overshoot (POT), rise time, and settling time, under 
various experimental conditions and setups. Because of 
the low response characteristic of PAM, the rise time was 
calculated as the time required for the response to in-
crease from 0% to 90% of its reference value (rather than 
its final value). For better reference, the percent of im-
provement (PoI) was calculated to show the relative per-
formance improvement in a certain performance metric, 
including RMSE, POT, rise time, and settling time, as

(11)

where mFPD+I and mPID are the values of a performance 
metric (i.e., RMSE, POT, rise time, or settling time) obtained 
using the FPD+I and PID controllers, respectively. A posi-
tive PoI indicates an enhancement in control performance 
compared to the baseline PID controller, whereas a nega-
tive PoI implies a deterioration of the desired response.

To evaluate the effect of load disturbances, the percent 
of degradation (PoD) was formulated to show the perfor-
mance degradation in a performance metric as follows:

(12)

where m̄dis and md̄isfree are the mean values of a per-
formance metric (i.e., POT, rise time, or settling time) 
obtained with and without the load disturbances, re-
spectively. The PoD reflects the extent to which exter-
nal disturbances degrade the system with respect to 
a performance metric. Therefore, PoI and PoD provide 
a systematic and quantitative basis for assessing both 
the effectiveness of the proposed control strategy and 
its robustness under varying operating conditions.

3.	 Results and discussion

3.1.	 Effect of load on the position 
	response

3.1.1.	 Experiment 1.1: Step response 
	 analysis under different loads

In Experiment 1.1, a set-point position of r = 20 mm was 
applied to the system under loads of 15 kg, 20 kg, and 25 
kg. The corresponding step responses are shown in Fig. 5. 
The performance of the FPD+I and PID controllers are list-
ed in Table 4. Compared with the PID controller, the FPD+I 
controller had a lower POT, shorter rise time, and shorter 
settling time of at least 14%, 22%, and 21%, respectively, 
than the PID controller. These results demonstrate its su-
perior performance compared with the PID controller in 
transient responses under different loads.

3.1.2.	 Experiment 1.2:  
	 Trajectory tracking with  
	 a rectangular pulse train under 
	 varying loads

In this experiment, a 0.1-Hz rectangular pulse train 
S5,10 (t)=5 sgn(sin(πt/5) )+10 was applied as the reference 
input to the system under different loads of 10, 20, and 25 
kg. In addition to evaluating the load effects on the posi-
tion control performance, this experiment was conducted 
to partly evaluate the robustness of the control system in 
response to a tracking trajectory of higher complexity.

As shown in Fig. 6, the FPD+I controller exhibits 
quicker responses than the conventional PID controller. 
Compared with the PID controller, the FPD+I control-
ler reduced the RMSE and rise time by 49% and 24%, 
respectively (Table 5), demonstrating that the FPD+I 
controller was more accurate and robust for complex 
trajectory-tracking applications under significant load 
variations of 15–25 kg. 

It should be noted that an insignificant overshoot 
was observed with the FPD+I controller, whereas the 
system exhibited an underdamped response, that is, 
the PAM could not reach the desired setpoint when us-
ing the PID controller.

Fig. 5. Step responses under different loads 
(Experiment 1.1)
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Fig. 6. Position responses of the PAM with 
different loads to a 0.1 Hz rectangular pulse train 

(Experiment 1.2)

3.1.3.	 Experiment 1.3: Step response 
	 analysis under varying simulated 
	 loads with continuous load 
	 disturbances

Experiment 1.3 was conducted in alignment with Ex-
periment 1.1. However, the corresponding loads were 
simulated using the equivalent elastic force of a string 
with a proper displacement. Based on the setup shown 
in Fig. 1b, a continuous load disturbance can be applied 
to the system to evaluate the robustness of the FPD+I 
controller. As the PAM reached setpoint r = 20 mm, the 
elastic force increased, leading to equivalent load in-
creases of 130%, 131%, and 155% from the initial simu-
lated loads of 15, 20, and 25 kg, respectively. Fig. 7 shows 
the step responses of the PAM system under different 
simulated loads with continuous disturbances. The de-
tailed system performance is listed in Table 6. Because 

Fig. 7. Position response of PAM with varying elastic 
forces simulated by springs (Experiment 1.3)

of these significant and continuous load disturbances, 
minor POTs were observed, and the settling and rise 
times were greater than those of the corresponding dis-
turbance-free cases in Experiment 1.1 (Table 4). 

Based on the average performance metrics summa-
rized in Table 7, the FPD+I controller consistently out-
performed the PID controller under continuous load 
disturbances. Although both controllers exhibited per-
formance degradation in the presence of dynamic loads, 
the FPD+I controller demonstrated greater robustness, 
as reflected by the smaller increases in rise and settling 
times. Specifically, the FPD+I controller experienced in-
creases of only 0.5 s in rise time and 0.8 s in settling time, 
compared to larger increases of 0.7 s and 1.0 s, respec-
tively, for the PID controller. Furthermore, the slightly 
lower percent of degradation (PoD) values observed for 
the FPD+I controller (Table 8) further confirm its superior 
resilience to continuous external disturbances. 

Table 4. Performance of FPD+I and PID controllers under different loads (Experiment 1.1)

POT Rise time Settling time
Mass (kg) FPD+I (%) PID (%) PoI (%) FPD+I (s) PID (s) PoI (%) FPD+I (s) PID (s) PoI (%)

15 1.5 1.9 21 2.1 2.7 22 2.4 3.1 23

20 1.4 2.2 36 2.3 3.0 23 2.7 3.4 21

25 1.8 2.1 14 2.5 3.2 22 2.8 3.9 28

Table 5. Performance of FPD+I and PID controllers in response to a 0.1 Hz rectangular pulse train under 
different loads (Experiment 1.2)

RMSE Rise time

Mass (kg) FPD+I (mm) PID (mm) PoI (%) FPD+I (s) PID (s) PoI (%)

15 1.7 3.7 54 1.6 2.1 24

20 1.9 3.9 51 1.6 3.1 48

25 2.0 3.9 49 2.2 3.3 33

Table 6. Performance of the FPD+I and PID controllers under different simulated loads with continuous 
load disturbances (Experiment 1.3)

POT Rise time Settling time

Equivalent 
mass (kg) FPD+I (%) PID (%) PoI (%) FPD+I (s) PID (s) PoI (%) FPD+I (s) PID (s) PoI (%)

15 1.4 1.7 18 2.5 3.4 26 3.0 4.0 25

20 1.9 2.1 10 2.9 3.8 24 3.6 4.6 22

25 1.3 1.7 24 3.0 4.0 25 3.6 4.8 25
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Table 7. Average performance of FPD+I and PID 
controllers with and without continuous load 

disturbances

FPD+I controller PID controller

Metrics Exp. 1.1 Exp. 1.3 Exp. 1.1 Exp. 1.3

RMSE 3.6 mm 3.9 mm 4.0 mm 4.3 mm

POT 1.6% 1.5% 2.1% 1.8%

Settling time 2.6 s 3.4 s 3.5 s 4.5 s

Rise time 2.3 s 2.8 s 3.0 s 3.7 s

Table 8. Performance degradation of FPD+I and PID 
controllers due to load disturbances

Metrics FPD+I PID

POT -2,1% -11,3%

Settling time 29,1% 28,8%

Rise time 21,7% 25,8%

PoD was calculated without rounding up the mean values of a certain 
metrics

In addition to robustness, the FPD+I controller ex-
hibited better adaptability to dynamic load variations, 
as indicated by its smaller performance degradation 
relative to the conventional PID controller, without the 
need for controller retuning. Quantitatively, the FPD+I 
controller reduced the percent degradation in the rise 
and settling times by approximately 29% and 20%, re-
spectively, compared to the PID controller.

3.2.	 Effect of the amplitude of the 
	input  signal

3.2.1.	 Experiment 2.1: Step responses 
	 analysis with varying setpoints

The objective of this experiment was to evaluate the 
ability of the controller to maintain performance across 
different setpoints compared with a conventional PID 
controller. A fixed load of 20 kg was applied, and step 
responses were obtained at setpoint positions of 10, 
20, and 30 mm. It should be noted that the step re-
sponse for r = 20 mm was obtained in Experiment 1.1.

As shown in Table 9 and Fig. 8, the FPD+I controller 
generally exhibited faster transient responses than the 

PID controller, particularly at larger setpoint chang-
es. For the short actuated distance of r = 10 mm, the 
FPD+I controller did not outperform the PID control-
ler in terms of the rise time. The rise time of the FPD+I 
controller was slightly longer by approximately 2.4%. 
Although it achieved a significantly faster settling time, 
reducing it by approximately 2.4 seconds compared 
to the PID controller, the overshoot resulted in oscil-
lations, causing the final settling time to increase sub-
stantially to 5.9 seconds. This value was at least 200% 
longer than those observed at larger setpoints (r = 20 
mm and 30 mm, where settling times were 2.5 s and 2.8 
s, respectively).

At longer actuated distances (r = 20 and 30 mm), the 
FPD+I controller demonstrated substantial improve-
ments in rise time, achieving enhancements of more 
than 31% compared to the PID controller. However, 
no significant improvement was observed in the POT 
compared to the PID controller.

In all cases, the FPD+I controller consistently out-
performed the PID controller in terms of settling time. 
These results highlight the superior transient perfor-
mance of the FPD+I controller, particularly for larger 
signal amplitudes. Overall, the findings underscore the 
controller’s superior adaptability to varying setpoint 
commands and its robustness in maintaining the con-
trol performance under different operating demands.

It should also be noted that actuating the PAM initial-
ly from the zero position introduced a baseline delay 
because the muscle needed to inflate before contrac-
tion could generate an actuated force. This inflation 
delay averaged approximately 0.49 seconds and was 
included in the calculated rise and settling times.

Fig. 8. Position control performance across different 
setpoints under a 20 kg load (Experiment 2.1)

Table 9. Characteristics of transient responses of FPD+I and PID controllers across varying setpoints 
(Experiment 2.1)

POT Rise time Settling time

Position setpoint (mm) FPD+I (%) PID (%) PoI (%) FPD+I (s) PID (s) PoI (%) FPD+I (s) PID (s) PoI (%)

10 4.8 6.2 23 2.61 2.55 -2.4 5.9 8.3 29

20 2.3 2.2 -5 2.12 3.09 31.4 2.5 3.6 31

30 1.7 1.6 -6 2.27 3.5 35.1 2.8 4.5 38
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3.2.2.	 Experiment 2.2: Trajectory 
	 tracking with rectangular pulse 
	 trains of different amplitudes

This experiment aimed to assess the control system’s 
robustness and adaptability in tracking more complex 
trajectories. A 0.1-Hz rectangular pulse train was ap-
plied as the reference input, with varying amplitudes 
(A = 3 mm and 5 mm) and amplitude shifts (c = 10, 15, 
and 25 mm) to evaluate the system performance under 
different actuated distances of the PAM. The setup was 
similar to that of Experiment 1.2, but with additional 
variations to increase the tracking difficulty.

As shown in Fig. 9 and Tables 10–11, the FPD+I con-
troller consistently achieved faster responses than the 
PID controller, which is consistent with the observa-
tions from Experiment 1.2. Specifically, the FPD+I con-

troller achieved notable reductions in rise time, with 
average improvements of approximately 41% and 32% 
for amplitudes of 3 and 5 mm, respectively (Table 10).

In terms of positional accuracy, the FPD+I controller 
outperformed the PID controller, as indicated by the 
lower RMSE values. The average improvements in the 
RMSE were approximately 21% and 19% for amplitudes 
of 3 mm and 5 mm, respectively (Table 11).

It is worth noting that the FPD+I controller exhibited 
minimal overshoot, indicating good transient behavior, 
even under complex reference signals. In contrast, the 
PID controller produced an underdamped response, 
where the PAM failed to effectively reach the desired set-
points. These results demonstrate the superior robust-
ness and adaptability of the FPD+I controller for manag-
ing varying trajectory profiles and actuation distances.

Fig. 9. PAM position control performance under varying amplitudes (A = 3 mm and 5 mm) and amplitude 
shifts (c = 10–25 mm) using FPD+I and PID controllers (Experiment 2.2)

Table 10. Rise time comparison for the FPD+I 
and PID controllers with varying amplitudes and 

amplitude shifts (Experiment 2.2)

Amplitude A = 3 mm Amplitude A = 5 mm
Amplitude 

shift c (mm) FPD+I PID PoI (%) FPD+I PID PoI (%)

10 1.2 1.7 29 1.5 2.2 32

15 1.7 3.7 54 2.6 3.6 28

25 2.5 4.2 40 2.9 4.6 37

Average 1.8 3.2 41 2.3 3.5 32

Table 11. RMSE comparison for the FPD+I and PID 
controllers with varying amplitudes and amplitude 

shifts (Experiment 2.2)

Amplitude A = 3 mm Amplitude A = 5 mm
Amplitude 

shift c (mm) FPD+I PID PoI (%) FPD+I PID PoI (%)

10 2.0 2.4 17 3.0 3.7 19

15 2.0 2.6 23 3.3 4.0 18

25 2.1 2.7 22 3.3 4.2 21

Average 2.0 2.6 21 3.2 4.0 19

3.2.3.	 Experiment 2.3: Evaluation of system 
	 robustness in trajectory tracking 
	 under continuous load disturbances

Similar to Experiment 1.3, this experiment used a 
spring with an initial deformation to simulate a 20 kg 
load, introducing a continuous load disturbance due 
to the changing opposing elastic force during PAM 
contraction. However, rectangular pulse trains similar 
to those used in Experiment 2.2 were applied as refer-
ence inputs to evaluate the robustness of the system 
in complex trajectory tracking with varying actuated 
distances of the PAM under continuous disturbances.

The results in Tables 12 and 13 demonstrate that the 
FPD+I controller outperformed the conventional PID 
controller in terms of both the tracking accuracy and 
response speed under continuous load disturbances. 
Specifically, the FPD+I controller achieved lower RMSE 
values across all tested conditions, with average im-
provements of 18% and 21% for amplitudes A of 3 mm 
and 5 mm, respectively (Table 12). Similarly, the rise 
time was significantly reduced, with the FPD+I con-
troller achieving improvements of 34% and 35% com-
pared to the PID controller for amplitudes of 3 mm and 
5 mm, respectively (Table 13).
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In addition to the improved accuracy and faster re-
sponses, it is noteworthy that the FPD+I controller ex-
hibited only an insignificant overshoot, indicating good 
transient performance (Fig. 10). Conversely, the PID con-
troller resulted in an underdamped response, where the 

PAM struggled to reach the desired setpoints under the 
influence of varying load disturbances, particularly for 
longer actuated distances. These results further confirm 
the robustness and effectiveness of the FPD+I controller 
in complex trajectory-tracking scenarios.

Fig. 10. PAM position response under elastic force with 0.1 Hz square wave input (Experiment 2.3)

Table 12. RMSE comparison for FPD+I and PID 
controllers with varying amplitudes and amplitude 

shifts (Experiment 2.3)

Amplitude A = 3 mm Amplitude A = 5 mm
Amplitude 

shift c (mm) FPD+I PID PoI (%) FPD+I PID PoI (%)

10 2.1 2.5 16 3.2 3.9 18

15 2.2 2.6 15 3.3 4.3 23

25 2.2 2.8 21 3.5 4.5 22

Average 2.2 2.6 18 3.3 4.2 21

Table 13. Rise time comparison for the FPD+I 
and PID controllers with varying amplitudes and 

amplitude shifts (Experiment 2.3)

Amplitude A = 3 mm Amplitude A = 5 mm
Amplitude 

shift c (mm) FPD+I PID PoI (%) FPD+I PID PoI (%)

10 2.4 3.9 38 2.5 3.7 32

15 2.9 4.4 34 3 4.8 38

25 3.5 4.9 29 3.5 5.4 35

Average 2.9 4.4 34 3.0 4.6 35

3.3.	 Adaptability analysis

To further evaluate the performance of the FPD+I con-
troller beyond individual experiments, its adaptability 
under dynamic and uncertain operating conditions was 
analyzed. In this context, adaptability refers to the control-
ler’s ability to maintain high tracking accuracy and stable 
transient responses despite variations in load, setpoint 
amplitudes, and external disturbances. As summarized 
in Table 14 and illustrated in Fig. 11, the FPD+I controller 
consistently maintained a lower RMSE, faster rise times, 
and shorter settling times across a wide range of operat-
ing conditions including fixed and varying loads, different 
setpoints (10–30 mm), and continuous load disturbances 
(up to 155% equivalent mass increase). Compared to the 
conventional PID controller, the FPD+I controller exhib-
ited significantly smaller performance variations, demon-
strating superior robustness and adaptability.

Fig. 11 shows that while the PID controller's tracking ac-
curacy and transient behavior degraded noticeably under 
changing conditions, the FPD+I controller maintained 
a stable performance with minimal degradation. These 
findings confirm that the FPD+I controller can dynamical-
ly adjust to real-time variations in system behavior with-
out requiring model-based compensation or parameter 

Table 14. Performance consistency of FPD+I controller across different operating conditions

Condition type Variation range Performance (RMSE, rise time, 
settling time) Evaluation remarks

Load variations 15–25 kg (fixed and varying) Consistent; low RMSE; rise/settling 
times slightly affected

Robust to large static and dynamic 
load changes

Setpoint variations 10–30 mm
Minimal impact on transient 

response; minor overshoot for the 
smaller setpoints

Good adaptability to different 
target positions; significant 

increase in settling time for small 
setpoint (r = 10 mm)

Signal amplitude and amplitude 
shift

Amplitude: 3–5 mm; Amplitude 
shift: 15–25 mm

Maintained fast response and low 
error

Well adapted to varying amplitude 
shifts

Continuous load disturbance 130%–155% equivalent mass 
increase Performance degradation <30% High resilience under dynamic 

external forces
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retuning. Overall, the results validated the effectiveness of 
the FPD+I controller in providing both robust and adap-
tive position control for pneumatic artificial muscles oper-
ating in dynamic and uncertain environments.

Fig. 11. Performance comparison of FPD+I and PID 
controllers across varying operating conditions in 

terms of RMSE, rise time, and settling time

4.	 CONCLUSIONS

This study investigated the robust position control 
of pneumatic artificial muscles (PAMs) using a fuzzy 
PD+I (FPD+I) controller to address the challenges aris-
ing from system nonlinearities, hysteresis, and external 
disturbances. The proposed controller was evaluated 
through a series of experiments involving various loads, 
setpoints, and actuated distances. The key results dem-
onstrate that the FPD+I controller significantly outper-
formed a conventional PID controller, achieving supe-
rior transient response characteristics, including reduc-
tions of at least 21% in settling time and 22% in rise 
time and improvements in trajectory tracking accuracy 
(up to 49% reduction in RMSE). The FPD+I controller 
consistently maintained strong performance under di-
verse operating conditions, including continuous and 
dynamic load disturbances, thereby validating its ro-
bustness against uncertainties and external variations. 
Simultaneously, its ability to sustain high tracking ac-
curacy and fast response across different setpoints, ac-
tuated distances, and complex trajectories confirmed 
its high adaptability without the need for model-based 
hysteresis compensation or retuning. 

To contextualize these results, relevant comparisons 
with findings from previous studies are discussed. For 
instance, Phuc et al. (2023) reported steady-state errors 
of approximately 0.35 mm and settling times around 1 
s using PID control under fixed load conditions [27]. In 
comparison, the present study demonstrated that simi-

lar or better levels of accuracy and responsiveness can 
be achieved without the need for retuning, even under 
dynamic and varying loads. Other approaches, such as 
the sliding mode controller used by Lin et al. (2021), 
showed maximum position errors of about 11.3 mm, 
whereas the proposed FPD+I controller achieved aver-
age RMSE values as low as 3.9 mm [29]. Moreover, while 
adaptive and fuzzy sliding mode controllers [4, 17, 30] 
have achieved high tracking accuracy, they often in-
volve complex system modeling and extensive param-
eter tuning. The FPD+I controller, by contrast, provided 
competitive performance with a simpler design and 
implementation. These qualitative comparisons high-
light the practical advantages of the proposed method 
in achieving robust and adaptive position control of 
PAMs across a wide range of operating conditions.
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