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ABSTRACT The electro-hydraulic actuator (EHA) system generates a trajectory by transferring high force
densities in the form of pressurized fluid flows to a hydraulic actuator. Moreover, the sliding mode control
(SMC) approach has been discovered as a potential method for the EHA trajectory tracking control system.
However, high-frequency proportional valve activity has occurred during the practical application of the
conventional SMC approach, resulting in tracking performance degradation. Furthermore, a preferable SMC
sliding surface design is necessary to improve the precision of trajectory tracking performance, and the SMC
designs involve complicated procedure and mathematical formulations. Therefore, this paper proposes a
hybrid optimized fuzzy logic (FL) SMC with a proportional-integral-derivative (PID) structure (FLSMCPID)
for trajectory tracking control in an EHA system. The proposed control strategy was designed with the
switching function modification based on an FL approach in the conventional SMC algorithm. Due to the
difficulty of concurrent hybrid design, a particle swarm optimization (PSO) algorithm was employed to
determine the optimal control variables value. Simulations utilizing a linear EHA system model obtained
using the grey-box identification approach and experimentation on an EHA system workbench for various
trajectories and under the consequences of variation in supply pressure were conducted to evaluate the
performance of the proposed control strategy. The simulation and experimental results demonstrate that
higher effectiveness, precision, and robustness were achieved by the EHA system with the proposed control
strategy.

INDEX TERMS High-frequency proportional valve, fuzzy logic sliding mode control with PID structure,
Lyapunov theory, nonlinear system, nonlinear controller, particle swarm optimization.

I. INTRODUCTION fluid power technology, which is also called hydraulic sys-
Electrohydraulic actuator (EHA) system evolved from the tems, was initially published by Merritt in 1967 and followed
development of fluid power technology at the beginning of by Maskrey and Thayer in 1978 [1]. The first generation
the 20" century, which was first introduced by the French of hydraulic systems comprised of a flow control device

scientist Blaise Pascal in 1663. The informative overview of driving an open loop hydraulic actuator. In line with the
technology revolution, the EHA system is formed by the

The associate editor coordinating the review of this manuscript and combination of the hydraulic system with electrical systems
approving it for publication was Wonhee Kim . that control pressurized fluid flows from the motor pump to
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the electrohydraulic control valve by an electrical signal, and
it will be transferred to the hydraulic actuator to generate a
precise trajectory.

Modelling and control are the most critical procedures in
the engineering design strategy for realizing advanced tech-
nology. In general, it is challenging to establish an accurate
dynamic model when the EHA system is inherently uncer-
tain, highly non-linear, and time-varying, which complicates
modeling and controller design. Non-linear flow and pressure
characteristics, backlash in control valves, actuator friction,
fluctuations in trapped fluid volume caused by piston move-
ment, and fluid compressibility all contribute significantly to
the actuation system’s non-linearity [2].

Even though the EHA system has several drawbacks, its
current applications show how important hydraulic actuators
are to modern technology. As can be observed from the
literature, various articles have been published by academics
and researchers about trajectory tracking control utilizing the
EHA system due to its broad variety of applications [3], [4],
[5], [6], [71, [8], [9], [10], [11]. Therefore, the emphasis of
this research will be on various types of EHA system control
strategies, specifically for trajectory tracking control.

Recently, the EHA systems have been broadly utilized in
industrial hydraulics such as hydraulic presses [12], work-
holding systems [13], injection molding machines [14],
electrohydraulic excavators [15], and drill rigs [16] due to
their high power, force, and linear mobility. Meanwhile,
according to Industry 4.0, which was established by the Ger-
man government in 2013 [17], [18], the industrial hydraulic
systems were set up with higher standards to produce
intelligent EHA systems. As a result of advancements in man-
ufacturing technology, electronic equipment, and computers,
the development of EHA control systems is critical to meeting
new needs, particularly in terms of high-frequency response,
which has become the motivation for this study.

Intensive studies have been observed relating to the EHA
for a wide variety of applications in current industrial tracking
systems, for instance in robotics [19], [20], motion simu-
lators [21], [22], [23], [24], fatigue testing systems [25],
and mining [26], [27]. Nowadays, with the rapid devel-
opment in computer technology and control theory, the
process of modeling the non-linear dynamic behavior of
the EHA systems can be expected to be implemented in
excellent circumstances and produce highly precise mod-
els. Consequently, conventional feedback controls, such as
proportional-integral-derivative (PID) controllers, that have
the advantage of being easy to tune, can be replaced with
advanced model-based control methods such as the sliding
mode control (SMC) approach, so that high performance
tracking control can be formed, which has also become a
motivation for this study.

The SMC is a variable-structure controller whose pri-
mary design is based on the Lyapunov stability theory,
assuring the overall stability of the EHA system’s bounded
input and bounded output [28], [29]. However, the undesired
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characteristic of oscillations with finite frequency and ampli-
tude has emerged in practical applications of the SMC
associated with EHA systems, which cause damage to the
system’s final control element and degrade the tracking con-
trol performance [30]. As a result, improvement approaches
such as modifications to the sliding surface design, reaching
law methods, higher order designs, and hybrid designs can
be explored and developed to improve the conventional SMC
controller performance in terms of tracking and disturbance
rejection capabilities which turned out to be another motiva-
tion for this study.

The trajectory tracking control using the SMC approach
has been discovered as a very potential method for the EHA
control systems due to its significant robustness to uncertain-
ties and disturbances. However, high-frequency proportional
valve activity which is in the maximum range of 50 to 150 Hz
has occurred in practical applications of the conventional
SMC approach in the EHA system, resulting in performance
degradation of the trajectory tracking control [31], [32].
Numerous studies have been undertaken to improve the tra-
jectory tracking control performance, and it was determined
that the discontinuous signum function in the conventional
SMC algorithm was the cause of the issue. To overcome this
issue, a well-designed continuous switching function in the
SMC algorithm has to be developed. In addition, a preferable
structure design of the sliding surface in the SMC algorithm
can effectively improve the precision of trajectory tracking
performance in the EHA system. Thus, it is necessary to
design a hybrid sliding surface with linear control in the SMC
algorithm that consequently will improve the precision of
trajectory tracking with significant robustness in the EHA
system under variation of supply pressure. Besides, the SMC
designs are involved with complicated rules and mathemat-
ical formulations due to their strong reliance on analytical
approaches [33]. Therefore, numerous researchers find it
difficult to implement analytical approaches for the SMC
controller design into practice. In certain circumstances, the
analytical approaches must be revised for each change in the
EHA system’s dynamic behavior, particularly when supply
pressure varies, which is inefficient in practical implementa-
tions. Recently, Han, showed that the metaheuristic approach
is efficient for optimizing the control variables of SMC
design [34].

Various combinations of fuzzy logic, SMC, and PID tech-
niques have been investigated in recent works on tracking
control of EHA system in order to manage the system’s
inherent nonlinearities, parameter fluctuations, and external
disturbances. Although they are straightforward and provide
dependable steady-state performance, conventional PID con-
trollers frequently have trouble with nonlinear behaviors and
abrupt load changes in EHA system. Because of its durability
and strong rejection of disturbances, SMC has been used;
nonetheless, it has high-frequency valve activity issue and
may need precise system modeling. Although fuzzy logic
controllers (FLCs) are more flexible and can handle system
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uncertainties without exact modeling, they are not as good
at tracking in steady-state scenarios [35]. Current hybrid
techniques, including fuzzy-PID and fuzzy-SMC, try to capi-
talize on each technique’s advantages [36]. However, because
of the difficulties in rule-based optimization and computing
complexity, these approaches frequently have limitations in
terms of real-time performance. The practical applicability of
many existing studies is limited due to their lack of thorough
validation on physical EHA systems, despite their promising
nature. Creating real-time implementable, low-complexity
hybrid controllers that can provide high precision, resilience,
and flexibility in dynamic EHA situations is still a key gap.
Therefore, it is crucial to design an effective, precise, and
robust control strategy in the EHA system based on the
SMC approach for trajectory tracking control by employing a
well-established metaheuristic approach with fewer complex
mathematical formulations. The main contributions of this
work are itemized below.

« This paper investigates the modified fuzzy logic sliding
mode control (FLSMC) designed based on the switch-
ing function modification in the conventional SMC
algorithm using the FL approach.

« This paper also contributes to the design of a hybrid slid-
ing surface in the FLSMC algorithm with PID control
called FLSMCPID, to improve the precision of tracking
control performance for various trajectories with con-
siderable robustness. The variables for the FLSMCPID
control strategy are optimized using the PSO proce-
dure. Simulation and experimental results demonstrate
that the proposed FLSMCPID control strategy in the
EHA system can achieve great precision improvement in
trajectory tracking control performance with significant
robustness.

The rest of the paper is organized in the following manner.
Experimental design is briefly introduced and defined in
Section II. The EHA system model is described in Section III.
The control strategy designs are defined in Section IV. Sim-
ulation and experimental results are presented and analyzed
in Section V. Finally, conclusions and future works are given
in Section VI.

Il. EXPERIMENTAL DESIGN

An EHA system workbench with an instrumented experimen-
tal system, as shown in Fig. 1, was designed for experimental
measurements of assessment and verification. The EHA sys-
tem workbench consists of a real-time control system based
on MATLAB and PCle-6321, a moving cylinder, and a
hydraulic power supply with an 8 MPa supply pressure and
16.6 L/min flow capacity. The hydraulic cylinder has a 40 mm
bore and a 25 mm rod. It is controlled by a proportional
directional valve with a maximum flow rate of 80 L/min and a
maximum supply pressure of 31.5 MPa. A wire displacement
sensor is used to measure the cylinder’s displacement in real
time.
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FIGURE 1. The EHA system experimental design.

In general, while building an EHA system workbench, the
proportional directional valve is positioned sufficiently near
to the double-acting hydraulic actuator so that the pipeline
dynamics may be neglected. Input-output behavior is unaf-
fected by pipeline effects during low-frequency operation.
Consequently, the power supply unit is designed such that the
systems maintain a consistent power supply pressure across a
certain operating range. In addition, a well-designed propor-
tional directional valve was used to eliminate non-linearities
and uncertainties in dynamic performance. Due to the faster
speed of dynamic reaction of the proportional directional
valve compared to the dynamic response of the actuator, the
dynamics of the proportional directional valve are always
neglected.

The control system for the EHA system is shown in phys-
ical detail in Fig. 2. It represents the hardware and software
configuration for data collection for this research. The control
hardware consists of a host computer, a PCle-6321 16-bit A/D
and D/C card for receiving sensor signals and transmitting
control signals, as well as various additional devices.

The host computer serves as an operator interface
for human-computer interaction and integrates with the
PCle-6321 card. The proposed control algorithm is pro-
grammed and executed on the host computer using
MATLAB/Simulink, together with the comparative
approaches. In order to assure acceptable performance, 1 kHz
has been selected as the sample rate for the experimental
system. During the experiment execution, the computer’s
digital output was sent to the DAQ system, which generated
a voltage signal and delivered it to the proportional direc-
tional valve. The proportional directional valve then controls
the flow of pressurized fluid to the double-acting hydraulic
actuator, resulting in a controlled piston displacement. The
wire displacement sensor measured the piston’s trajectory.
Finally, the sensor signal was transformed into a digital signal
by the DAQ system and transmitted back to the computer
unit. The collected data from the experiments was analyzed
and compared to the simulation data analysis in time domain,
where the response patterns were observed and compared,
to validate the results. The closed-loop experiments were also
carried out at various supply pressures to assess the proposed
controller’s performance and robustness.
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FIGURE 2. Control schematic diagram for EHA system workbench.

lll. EHA SYSTEM MODEL

The EHA system’s model linearization has been used for
decades to deal with the non-linearities that exist in the
modeling process. Numerous researchers have successfully
employed linear models in their proposed control strate-
gies [37], [38], [39], [40], [41], [42], [43]. In practice, most
physical systems will have unpredictable dynamic behavior
and non-linearities. Therefore, the mathematical model may
likewise be expressed in a non-linear structure. For further
exploration, it is necessary to represent both the physical
system and the mathematical model as a linear model, which
can represent the essential dynamic characteristics at least
within one operational point. It is well-known that a linear
model is sufficient for tracking control with advanced control
strategies to achieve high performance of an EHA system
in trajectory tracking applications, and Merritt [1] also con-
cludes that the linear model of an EHA system is often valid
across a relatively broad range.

In this research, a parametric method was utilized since it
emphasizes more on the mathematical aspect of obtaining a
practical linear model of the EHA system. Furthermore, when
utilizing a non-parametric method, the findings are simple to
acquire, but the resultant model may be inaccurate at times.
The parametric grey-box approach is used for identifying the
linear EHA system model by considering prior knowledge of
the system, which produces more accurate parameter estima-
tions. This approach is associated with the physical modeling
of the double-acting EHA system based on first principle of
physical laws and parameter estimation processes [44], [45].

VOLUME 13, 2025

In this section, physically based modeling of the EHA
system is performed to provide prior knowledge on math-
ematical model structure with regard to related dynamics
and non-linearities. The mathematical model is derived from
fundamental physical laws such as the laws of Newton and
equilibrium equations. In addition, contributions from the
literature on the theoretical modeling of hydraulic systems
are used and considered. As described in [46], a mathematical
model of the EHA system in Fig. 3 can be derived by ignoring
non-linearities such as internal or external leakage and the
dynamics of the valve. The system consists of a 4/3-way
proportional valve, a double-acting cylinder, and a variable
load force. The load involves of a mass that is adjustable.
The supply pressure (P) is assumed to be constant, and the
control purpose is the trajectory of the payload. In addition,
Q4 and Qp are the net flow rates through the control ports
A and B, respectively. The mathematical model is derived
from the proportional valve’s flow rate equation, the con-
tinuity equation, and the balance of forces at the cylinder
piston. The valve flow rate equation is extremely non-linear
and is proportional to the input voltage (1) and the pressure
drop (Pr) across the load. As a result, the dynamics of the
double-acting EHA system for total oil flow rates (Qr) are
obtained from a Taylor series linearization depicted by (1),
where K, and K are flow-gain coefficient and flow-pressure
coefficient, respectively.

oL = Kqu — K.Pr, (D

Displacement , x,,

Hydraulic Cylinder —p
Load
Mass
Proportional T T
Valve F%ﬁ >< % P Input
= signal, u

4

Motor
FIGURE 3. Schematic diagram of the double-acting EHA system.

Further factors that affect the Q; include changes in oil vol-
ume owing to compressibility as well as cylinder movement
and leakage oil flow as given by

A
O = Apip + T -PL +f(PL) @

4Be
where V;, A, X5, Be, and f(Pp) are the total compressed oil
volume, cylinder piston surface area, cylinder piston velocity,
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effective bulk-modulus coefficient, and function of internal
and external oil leakage non-linear influence, respectively.
Itis assumed that the piston’s rod and head are of equal size in
this situation. If the leakage function f(Pr) is approximated
by a linear relation, (2) can be written as (3), where Cy, is the
total leakage coefficient of the cylinder piston.

4.

P =
L v,

(QL — Apxp — CypPL) 3

In the absence of non-linear effects of dry and adhesive
friction, the force F, generated by the cylinder piston and
directed to the load mass M, positioned on the piston’s end
is determined by

Fa = APPL = Mtjép (4)

Finally, the mathematical model structure based on the trans-
fer function depicted by (6) is obtained by combining (1),
(3), and (4) and applying the Laplace transformation to the
resultant third-order differential equation in (5).

Mx, 48 M3
2 e tXp .
K = Vl (Kqu - (KC + Ctp)? —Apxp)xp
4APﬂe 4,36 . 2 4,3e .
= Ku— — (K. + C —A
M, V; at V; ( et tp) i thVtxp
= axu — arx, — aopkp 5)
X
$*X, (5) = axU (s) — a15%X,, (5) — aosX,, (s) Xp )
U (s)
aj
= ©)
s (s +ais + ao)
where the abbreviations are as follows
4A2B,
ap = —— ()
M, V;
4
a) = ‘ (Kc + Ctp) (®)
t
4AP,Be
= K 9
az M.V, q 9

Furthermore, the parameter estimation of the mathemat-
ical model in (6) is obtained using the MATLAB System
Identification toolbox. The EHA system workbench with
configuration shown in Fig. 2 was used to collect data for the
open-loop experiment and the sum of sinusoidal signals was
employed as an input signal for this process. This form of sig-
nal was also used in [47] during the identification procedure,
specifically for the EHA system. The general representation
for the sum of sinusoidal signals can be seen in (10), where
b; is the signal amplitude, and f; is the input frequency. The
value p is determined by the number of the model parameters.

p
u(t) =Y bisinrfit) (10)

i=1

It can be seen in (6) that there are three model parameters
that need to be estimated. Therefore, the input signal in (11)
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was developed and used for the open-loop experiment, which
was generated at three different frequencies and amplitudes.

u(t) = 0.5sin (270.05¢) + 1.5 sin (270.2¢) + 2sin(27t)
(11)

Then, the collected data was loaded into the MATLAB Sys-
tem Identification toolbox and trend filtering was performed.
The model structure based on (6) was then chosen, and finally,
model fitting was performed for parameter estimates and
validation.

IV. CONTROL STRATEGY DESIGN

This section describes and formulates in detail the design
algorithm of the FLSMC and FLSMCPID control strate-
gies. This includes the process of obtaining optimal control
variables using a PSO algorithm and the Lyapunov theo-
rem for theoretical stability analysis of the designed control
strategies. Furthermore, the SMC and hybrid SMC with PID
(SMCPID) approach are briefly explained as benchmarking
control schemes to further verify the effectiveness, precision,
and robustness of the proposed control strategies.

A. SMC AND FLSMC DESIGNS

The block diagram of the closed-loop EHA system can be
seen in Fig. 4, where 1 and x, are the reference trajectory
and piston trajectory signals, respectively. Meanwhile, e is the
system tracking error, which is defined as

e=r—x (12)

Optimization

FIGURE 4. The closed-loop block diagram of an EHA system.

Controller
design

u EHA *p
system

v

The most important step in the SMC and FLSMC designs
is known to be coming up with the mathematical equation
for the sliding surface. Therefore, (13) was considered in this
research to represent the sliding surface, s for the SMC and
FLSMC design, where A is the control gain coefficient factor
of the sliding surface and # is the order for the model of the
EHA system [48].

d n—1
sz(k—i—a) e;A>0,n>1 (13)

The linear EHA system model was developed as a
third-order mathematical model structure in (6). Hence, (13)

can be revised as
d 2
= )\4 —_—
s ( + dt) e

=Ae+2X0e+¢ (14)
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Furthermore, the differentiation of (14) and incorporating
with (5) and (12) can be represented as in (15). Additionally,
a reaching law is required to compel the EHA system output
x, to follow the design sliding surface (14) and keep the
EHA closed-loop system in stable condition. The reaching
law-based for sliding mode involves a reaching phase and a
sliding phase. During the reaching phase, the system is bound
to reach the sliding surface in a finite amount of time from any
initial state, whereas during the sliding phase, the system is
constrained to slide on the sliding surface.

§=2%e+228+¢
=Me+ 208+ (F —X)
=)+ 208+ 7 —autari, fapk, (15

According to [28], there are four established reaching laws
which are constant rate, exponential, power rate, and general
reaching laws. However, the exponential reaching law, as rep-
resented in (16), where ¢ and k are constants and sign(s) is the
signum function, was employed in this research. This law was
utilized as it consists of proportional rate term -ks, which can
compel the state of the EHA system to approach the sliding
phase more quickly when s is large.

§ = —esign (s) — ks; sign (s)

1 fors>0
=10 fors =0 (16)
-1 fors <0

By solving for (15) and (16), the control algorithm for the
SMC approach was established and can be expressed as
A%e +20é + ¥ 4 aiX, + aoky
az
esign (s) + ks
4 &8 (s)

usmc =

(7)
az

However, the SMC causes high-frequency proportional
valve activity due to discontinuity in the signum function
that occurs throughout the control operation. To address this
issue, this research utilized a continuous FL-based function
to replace the signum function in the control algorithm of
the SMC approach. The MATLAB Fuzzy Logic toolbox
was used to establish the continuous FL function with a
single-input and single-output structure, where the sliding
surface range was estimated between —1 x 107 and 1 x 107,
which used as the input. As shown in Fig. 5, three triangular
input membership functions (MFs) were used, which are
denoted as fuzzy logic negative input (FLNI), fuzzy logic zero
input (FLZI), and fuzzy logic positive input (FLPI). Mean-
while, as indicated in Fig. 6, three output MFs: fuzzy logic
negative output (FLNO), fuzzy logic zero output (FLZO), and
fuzzy logic positive output (FLPO) were used to represent the
output structure of the continuous FL function.

Furthermore, the Mamdani type min-max inference and
the center of gravity defuzzification approach were applied
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FIGURE 5. Input membership functions.

Output of Continuous FL Function
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FIGURE 6. Output membership functions.
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FIGURE 7. Input-output surface plot.

in this research. The consequent action of the input output
profile is shown in Fig. 7, implying a rule-based design.
In this research, the developed FL function is denoted as

fuzz(). Therefore, the exponential reaching law in (16) can

be modified as in (18), where the output range of fuzz(s) is
between -0.67 and 0.67 as can be seen in Fig. 9.

§ = —efuzz (s) — ks (18)

By solving for (15) and (18), the control algorithm of
the FLSMC control strategies was established and can be
expressed as

A2+ 208 + 1 + arky + ao,

aj

e k

n fuzz (s) + ks
a

UFLSMC =

19)

B. SMCPID AND FLSMCPID DESIGNS

The sliding surface in the FLSMC algorithm written in (14)
was altered to a hybrid sliding surface with PID control,
which resulted in the FLSMCPID algorithm. For both FLSM-
CPID and SMCPID control strategies, the sliding surface is
based on the modification in (14) to a hybrid sliding surface
with PID control, which is written as

d n
§ = (kp+ki/dt+kda) e (20)
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where k, k;, and k; are constant and n is the order for the
model of the EHA system.

The linear EHA system model was developed as a
third-order mathematical model structure in (6). Hence, (20)
can be revised as

d 2
s = (kp+ki/dt+kd5) e

2
= kye + 2kyk; / edt + 2kpkge + 2kgkie + kP ( / edt)
+ k3¢ 1)

Furthermore, the differentiation of (21) and incorporating
with (5) and (12) can be represented as in (22).

§ = kye + 2kpkie + 2kpkg? + 2kgkié
+ kize/ edt + ke
= kyé + 2kykie + 2kpka? + 2kgkié
2 2 e “ee
+ k; e/edt + k;(r —xp)
= kyé + 2kpkie + 2kykaé + 2kakié + ke / edt

+k3(F — agu + ar%, + aoip) (22)

By solving for (22) and (16), the control algorithm of the
SMCPID approach was established and can be expressed as

k3é + 2kpkie + ke [ edt
USMCPID = 3
a2kd
esgn (s) + ks
& 5% ( )2
azkd
N 2kpé + 2k;e
azky
+ a4 aoi
N r apz, apxp (23)
2

Besides, by solving for (22) and (18), the control algorithm
of the FLSMCPID control strategy was established and can
be expressed as

kZe + 2kykie + ke [ edt
azkg
efuzz (s) + ks
n fuzz ( )2
azkd
2kpé + 2k;e
arky
r+ aix, + apx
+ I a1ty T dodp
a

UFLSMCPID =

(24)

C. LYAPUNOV THEOREM: STABILITY ANALYSIS
The primary objective of the controller design is to guar-
antee that the feedback control of EHA system operates
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continuously in a steady manner. Consequently, the Lyapunov
theorem approach can be applied to confirm the stability
of the designed controllers. In dynamic system and control
theory, this theorem is often used for stability analysis. The
Lyapunov function with the constraint of V (0) = 0 and
V (¢) > Ofors # O written as in (25) is used in this research.
According to the Lyapunov stability theorem, the controller
stability is ensured by a reaching condition expressed in (26).
The reaching condition occurred when the trajectories from
the reaching phase can reach the sliding phase which can be
seen in Fig. 6.

V—12 (25)
._Es
V=ss<0, s#0 (26)

Therefore, to guarantee controller stability with smooth
trajectory transitions from the reaching to the sliding phase,
the exponential reaching law in (16) that was used for the
SMC and SMCPID controller designs and the new modified
exponential reaching law in (18) that was used for the FLSMC
and FLSMCPID controller designs must adhere to the reach-
ing condition.

By substituting the exponential reaching law in (16)
into (26) produces

V= —s(esign (s) + ks) 27
While s > 0, sign (s) = 1, and (27) yields

V = —1s| (le| (1) + k| |s])
= — sl (el + k| Is]) < 0 (28)

While s < 0, sign (s) = —1, and (27) yields
V =—s(lel (=1) + |kl s)
= —s(—|e| + |k|s) (29)

By assume that s = — |A| to represent the condition of s < 0,
(29) can be expressed as

V = —(=|AD(— lel + k| (= A])
= —|Al(lel + k| |A]) <0 (30)

As revealed by (28) and (30), V < 0, which state that
the design of the SMC and SMCPID approaches for tracking
control in the EHA system using the exponential reaching
law in (16) will be stable for the entire trajectory tracking
operation.

Furthermore, by substituting the modified exponential
reaching law in (18) into (26) produces

V = —s(efuzz (s) + ks) GD

While s > 0, the output of FL function is bounded by
a range of positive real numbers. Hence, by assuming that
fuzz (s > 0) = |V|, (31) can be expressed as
V = — sl (le| fuzz (s) + IK| Is1)
= — sl (fel VI + |k[Is]) <O (32)
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While s < 0, the output of FL function is bounded by a
range of real negative numbers. Therefore, by assuming that
fuzz (s < 0) = —|V]and s = — |A[, (31) can be expressed
as

V = —s (lel fuzz (s) + lk| 5)
= —(=AD (el (= V) + Ik (= |A])
= —|Al (el V] + k| |A]) <0 (33)

As revealed by (32) and (33), V < 0, which state that
the design of the FLSMC and FLSMCPID control strategies
using the modified exponential reaching law in (18) will be
stable for the entire trajectory tracking operation.

D. PSO ALGORITHM
The PSO algorithm was utilized to obtain optimum values
for the SMC, FLSMC, SMCPID, and FLSMCPID controls
design variables, and its algorithm was designed by mim-
icking the swarm social behavior of bird flocking and fish
schooling. A swarm of individuals called particle i move
through a high-dimensional search space among the entire
population, p towards the global optimal solution with a
specific position and velocity. Each particle i in the swarm
offers a great solution and adheres to a simple principle by
replicating its own previous success.

Furthermore, the personal best position, pbest;; in a neigh-
borhood influences the position of particle i and the optimal
solution among the personal best positions is known as the
global best position, gbest;;. The searching process starts
with two initial particle parameters, namely position, Xé.\'
and velocity, Viy where N is the number of iterations. The
new particle velocity, Vév +

and particle position, Xl.lj\.’ +1, are
adjusted and updated as

VéVH = wViy +c1n (pbestij — XI/JV)
+ cara(gbestj — X}}) (34)
Xy =xl + vyt (35)

where w had been designed as in (36), for better particle
exploration and exploitation, starting at 0.9 and decreasing
linearly to 0.4 at the maximum iteration. Moreover, r; and
ry represent random function values, while C; and C, are
positive learning factors that control the strength of cognitive
and social acceleration coefficients, respectively.

N
w=09—- —(09-04) (36)
max N

In addition, Fig. summarized the overall design process
using the PSO algorithm. In this process, the particle’s pop-
ulation size, maximum iteration, cognitive coefficient, and
social coefficient were set as 20, 50, 2, and 2, respec-
tively [49]. In relation to the SMC and FLSMC controllers’
variables, as can be seen in (17) and (19), the position, Xl.]]‘.
was specified as

N N N N
Xij = [*5 &b k5] (37
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Meanwhile, in relation to the SMCPID and FLSMCPID
controllers’ variables, as can be seen in (23) and (24), the
position, Xl.]]‘. was identified as

S A R

Furthermore, a fitness function based on the sum of square
error (SSE) represented in (39) was used to evaluate the
performance of each individual particle where the particle
was required to has a minimal fitness value.

J=>0r—-x) (39)

Start @

Initializing particles with a Update new particle velocity and
random position and velocity position referring to (34) and (35)

i

L

Evaluate each particles by executing
Simulink Model of controller design

v

Compute fitness value, J
using equation (39)

Fr>

No Yes
v

Acquire optimal design
control variable

Personal and global best
positions are updated

FIGURE 8. The overall design process using PSO algorithm.

E. TRAJECTORY TRACKING PROFILE

Several trajectories were developed to demonstrate the effec-
tiveness of the proposed control strategies for tracking control
in the EHA system. In both simulation and experimental
exercises, four trajectories with their own unique signal
design characteristics were developed. The sinusoidal, multi-
sinusoidal, point-to-point, and chaotic trajectories will be
employed to evaluate the proposed control strategies tracking
control performance.

Sinusoidal trajectory, also known as the bandwidth test,
is used to verify the highest frequency at which the control
strategy can reliably track a specified trajectory’s amplitude.
However, the bandwidth test of the EHA system for tracking
control is limited to 1 Hz due to hardware limitations. Thus,
the performance of the investigated system may be evaluated
to its limitations and capabilities under certain operating con-
ditions. The sinusoidal trajectory generates a varying range
of velocity and acceleration in the signal waveform, with the
highest frictional effects occurring during the low-velocity
condition and while reversing the actuator motion in the EHA
system.

Meanwhile, the multi-sinusoidal trajectory was designed
to generate a varying range of velocity and acceleration in
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the signal waveform with various specified amplitudes and
operating frequencies. In addition, this trajectory is used to
verify the proposed control strategies’ tracking control per-
formance to track a specified trajectory’s amplitude within
various operating frequency conditions. The multi-sinusoidal
trajectory was developed with three different frequencies:
0.05 Hz, 0.1 Hz, and 0.2 Hz, which generated a varying
range of velocity and acceleration in the signal waveform
with several specified amplitudes and will be used to test the
performance of the proposed control strategies in the EHA
system. In addition, this trajectory also will be employed
for validation of the dynamic model. In addition, the related
sinusoidal-based trajectory tracking for the EHA system was
used by many previous studies to examine the effectiveness
of the designed control strategies [50], [51].

Furthermore, point-to-point tracking control is extensively
used in robotic and industrial applications since it is the most
established method of tracking. The point-to-point or path
trajectory takes into consideration the actuator’s large stroke
span. Besides, the aim of this trajectory is to demonstrate the
proposed control strategies’ performance and capabilities in
attaining high tracking performance for different set points
throughout the actuator stroke. A continuous point-to-point
trajectory, as illustrated in Fig. 9, is developed to facilitate
a practical reference trajectory for tracking control in the
EHA system where the actuator may track the required path
accordingly. Furthermore, this form of trajectory is used to
validate the proposed control strategies’ ability to keep the
actuator in a certain position under a variety of operating
situations. Several studies have employed the related point-
to-point-based trajectory tracking for the EHA system to
assess the control strategies’ efficacy [51], [52].

10! Point-to-point Trajectory
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FIGURE 9. Point-to-point trajectory.

Meanwhile, a chaotic trajectory is designed by combining
the characteristics of both a sinusoidal and a point-to-point
trajectory [53], [54]. This trajectory can evaluate tracking
performance for various set points during the actuator stroke.
As a result, this trajectory is utilized in this research to
evaluate the robustness of the EHA system with the proposed
control strategies.

F. PERFORMANCE INDICATORS
The performance of the designed control strategies will
be thoroughly studied and reported in time domains. Most
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tracking studies in the EHA system provide basic perfor-
mance measures as an indication of the control strategies’
capabilities, including absolute error (AE) [55], root mean
square error (RMSE) [9], and mean square error (MSE)
[7], [56], [57]. Consequently, the MSE and RMSE perfor-
mance indicators written in (40) and (41), respectively were
employed to provide performance metric that indicate the
time-domain trajectory tracking capabilities.

n _ 2
MsE = Zi=1 " =) (40)
n
n _ 2
RMSE = 2z = %) (41)
n

The proposed control strategies’ effectiveness and pre-
cision for the tracking control issue is defined by these
performance indicators, which includes the tracking error
written in (12) and the number of samples (n) obtained.
In the next section, these performance indicators are utilized
to analyze and discuss the performance of the EHA sys-
tem with the proposed control strategies in comparison to
the established control approaches, where a lower value of
the RMSE indicator implies a better precision of trajectory
tracking control in the EHA system with the designed control
strategy.

In addition, the tracking control performance of the EHA
system also requires investigations under various operating
conditions to evaluate the robustness of the proposed control
strategies. Therefore, a robustness test for the EHA system
with the proposed control strategies was conducted in this
research by reducing the supply pressure to reflect parame-
ter fluctuations. The robustness measurement index (RI) is
evaluated by determining the MSE obtained for the nominal
(NOM) and variation (VAR) operating conditions which can
be expressed as

IMSE (r, NOM, T) — MSE (r, VAR, T)|
MSE (r, NOM, T)

RI(r,T) =
(42)

where r and T are reference trajectory and tracking pro-
cess period, respectively. The nominal operating condition
is referred to the EHA system’s nominal operating supply
pressure 8 x 10° Pa, and the variation operating condition
is referred to 50% of the EHA system’s nominal operating
supply pressure [58]. The robustness index RI will be used
to compare the tracking performance of the EHA system,
where a lower value of the RI implies better robustness and
demonstrates the capability of the proposed control strate-
gies for the EHA system under uncertainty and disturbance
conditions.

V. RESULTS AND DISCUSSIONS

This section presents and discusses the findings of simula-
tions and real-time implementations of the SMC, FLSMC,
SMCPID and FLSMCPID control strategies for the track-
ing control in the EHA system throughout four trajectories:
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TABLE 1. Estimated parameters.

TABLE 2. Optimized variables values using PSO algorithm.

Parameter Model
Nominal Variation
a, 7855 7805
a; 3723 370.9
a, 144400 143000

(1) sinusoidal, (2) multi-sinusoidal, (3) point-to-point,
and (4) chaotic. In simulation, the designed SMC, FLSMC,
SMCPID, and FLSMCPID control algorithms as in (17), (19),
(23), and (24) were applied to the linear model of EHA
system as described in (6) for the feedback configuration
shown in Fig. 5. Meanwhile, the real-time implementations
were performed using the EHA system workbench which is
illustrated in Figs. 1 and 2 to verify and validate the trajectory
tracking control performance of the designed control strate-
gies. In addition, the linear nominal and variation models of
the EHA system obtained from the grey-box identification
approach and details on the robustness evaluations conducted
based on the chaotic trajectory tracking under different oper-
ating supply pressures are included. Moreover, a discussion
on the discrepancy between simulation and experimental
works are also provided.

A. EHA SYSTEM: LINEAR MODEL

A linear mathematical model of an EHA system for both
nominal and variation conditions were obtained using the
grey-box identification approach. The nominal and variation
conditions represent the operating supply pressure of 8 MPa
and 4 MPa, respectively. It is estimated that the linear model
of nominal and variation conditions can effectively represent
the real EHA system dynamics at 89.01% and 89%, under the
operating supply pressure of 8 MPa and 4 MPa, respectively,
for 100 s of operation duration. The results are summarized in
Table 1. Itis revealed that decreasing nominal supply pressure
by 50% decreased the value of the estimated parameters
variation model relative to the nominal model. Therefore, the
mathematical model structure based on the transfer function
for nominal and variation conditions are expressed in (43)
and (44), respectively.

X, (s) 144400
= 43)
U(s) s (s2+ 37235+ 7855)
X 143000
() _ (44)

U(s)  s(s>+370.95 + 7805)

B. PSO ALGORITHM: OPTIMUM VARIABLES VALUE

The PSO algorithm was used to determine the optimal vari-
ables value for the designed SMC, FLSMC, SMCPID, and
FLSMCPID control algorithms. In summary, the values of
the variables that reached the minimum fitness value upon
the completion of the iteration procedure are considered the
final optimum values of the designed control algorithms vari-
ables and are listed in Table 2. These variables values were
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Variable Value
SMC FLSMC SMCPID FLSMCPID

A 299.9836 299.9859 - -

& 10.6086 9.5970 1.6175 2.9700
k 0.0830 0.2761 6.6351 10.4652
k, 50.2076 50.1914
k; 33.1126 33.5840
kg - - 0.1932 0.2065

subsequently enrolled into (17), (19), (23), and (24), respec-
tively, for simulation and experimental implementation.

During the PSO implementation, the variables value was
revised with each iteration to get the minimum fitness value.
It is revealed that the FLSMC variables converge at 111
iteration, followed by the FLSMCPID variables at 15% jter-
ation, the SMCPID variables at 17th iteration, and the SMC
variables at 20" iteration. In addition, it is justifiable that the
various convergence solutions emerged due to the action of
the FL and signum functions.

C. SIMULATION AND EXPERIMENTAL RESULTS

The tracking responses of the EHA system are eval-
uvated for 100 s for sinusoidal, multi-sinusoidal, point-
to-point, and chaotic trajectories using 1 ms sample
time. Trajectory tracking responses are observed and
their related quantitative indicator values were collected.
In addition to the simulations and experiments, the con-
ventional SMC approach was assessed for performance
comparisons with the FLSMC control strategy by imple-
menting the control variables described in the previous
section. Meanwhile, the performance of the SMCPID
approach was compared to that of the FLSMCPID control
strategy.

The simulated and experimental responses of the tracking
performances for FLSMC are illustrated in Figs. 10, 11, 12,
and 13. Comparing the FLSMC control strategy which utiliz-
ing a continuous fuzzy logic switching function to the SMC
controller design which employing discontinuous signum
switching function, the EHA system with the SMC approach
produces a trajectory tracking performance that is inferior to
that of the FLSMC control strategy. It is evident that using
the SMC approach as opposed to the FLSMC control strategy
resulted in a significant deviation from the reference trajec-
tory during the tracking process due to the non-linearities
such as backlash and friction in the EHA system. While the
SMC approach showed significant effort in achieving the
lowest tracking error, the FLSMC control strategy was able
to maintain an acceptable performance.

Furthermore, Table 3 summarizes the quantitative indicator
value of the MSE, RMSE, and RI achieved during all trajec-
tories tracking in the EHA system with the designed control
strategies and under the nominal and variation conditions for
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TABLE 3. Summary of trajectory tracking performances.

Simulation - MSE (mm2)

Experiment - MSE (mm?2)

Trajectory SMC FLSMC __ SMCPID FLSMCPID SMC FLSMC __ SMCPID FLSMCPID
Sinusoidal — 0.25 Hz 0.0792 0.0691 0.0048 0.0026 8.6913 2.3738 0.1380 0.0759
Multi-sinusoidal 3.1382 2.3793 0.0841 0.0482 3.1545 1.0783 0.0763 0.0479
Point-to-point 1.2450 0.6485 0.0642 0.0841 10.1512 6.3620 0.0266 0.0173
Chaotic (NOM) 2.7105 1.5180 0.3015 0.2118 20.5785 5.5345 0.1037 0.0694
Chaotic (VAR) 2.8361 1.5685 0.3193 0.2262 14.7318 5.5642 0.1372 0.0892
Simulation - RMSE (mm) Experiment - RMSE (mm)
Sinusoidal — 0.25 Hz 0.2814 0.2629 0.0693 0.0510 2.9481 1.5407 0.3715 0.2755
Multi-sinusoidal 1.7715 1.5425 0.2900 0.2195 1.7761 1.0384 0.2762 0.2189
Point-to-point 1.1158 0.8053 0.2534 0.2900 3.1861 2.5223 0.1631 0.1315
Chaotic (NOM) 1.6464 1.2321 0.5491 0.4602 4.5364 2.3526 0.3220 0.2634
Chaotic (VAR) 1.6841 1.2524 0.5651 0.4756 3.8382 2.3589 0.3704 0.2987
Simulation - RI Experiment - RI
0.0463 0.0186 0.0066 0.0053 0.2841 0.0014 0.0016 0.0010
10 0.25 Hz Sinusoidal Trajectory Tracking Response (Simulation) Tracking Performance for Point-to-point Trajectory (Simulation)
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FIGURE 10. FLSMC: Tracking performance for sinusoidal trajectory.
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FIGURE 11. FLSMC: Tracking performance for multi-sinusoidal trajectory.

chaotic profile. It reveals that the proposed FLSMC control
strategy is more capable of coping with reducing 50% of
the supply pressure in the EHA system for 100 s of the
real-time trajectory tracking implementation as compared to
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Tracking Performance for Point-to-point Trajectory (Experiment)
Reference trajectory
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FIGURE 12. FLSMC: Tracking performance for point-to-point trajectory.

the SMC approach. Overall, comparing the simulation and
experimental outcomes shows a similar pattern of results
that verified the performance of the EHA system with the
proposed FLSMC control strategy in term of tracking control
effectiveness and precision evaluation. The results demon-
strated that the proposed FLSMC control strategy confirmed
superior effectiveness and precision as compared to the SMC
approach during all trajectories tracking in the EHA sys-
tem for both simulated and real-time implementations under
the variation condition. Furthermore, the robustness test is
performed with the purpose of analyzing the effect of plant
parameter changes on the EHA system tracking performance
with the designed control strategies. Comparison of the RI
index for the simulated and real-time tracking performance
shows that the EHA system with the FLSMC control strategy
is more robust as compared to the SMC approach towards
any changes in plant parameters and capable of maintaining
the performance even though the control strategy is designed
for a nominal point or certain operating range of actuator
stroke. Therefore, significant effectiveness, precision, and
robustness performance improvement of trajectory tracking
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FIGURE 13. FLSMC: Tracking performance for chaotic trajectory.
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FIGURE 14. FLSMCPID: Tracking performance for sinusoidal trajectory.

control in the EHA system can be seen by utilizing the
continuous FL-based function to replace the signum function
in the conventional SMC algorithm. The highest performance
percentage of tracking control improvement is produced dur-
ing the chaotic trajectory and is followed by the 0.25 Hz
sinusoidal, multi-sinusoidal, and point-to-point trajectories.
Observably, the point-to-point trajectory design feature con-
sisting of different set points over 200 mm actuator stroke is
the main cause that makes it difficult for the designed control
strategies to produce higher performance. It is also revealed
that the EHA system with the FLSMC control strategy is more
robust compared to the SMC approach towards any changes
in plant parameters and capable to maintain the performance
even though the control strategy is designed for a nominal
point or certain operating range of actuator stroke.
Meanwhile, Figs. 14, 15, 16, and 17 illustrate the simulated
and experimental responses of the tracking performances for
FLSMCPID. Observably, the EHA system with the SMCPID
approach yields a trajectory tracking performance that is infe-
rior to that of the FLSMCPID control strategy. It is evident
that using SMCPID approach as opposed to the FLSMCPID
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FIGURE 15. FLSMCPID: Tracking performance for multi-sinusoidal
trajectory.

Tracking Performance for Point-to-point Trajectory (Simulation)

Reference trajectory
- SMCPID
............... FLSMCPID

50

-50

Displacement (mm)
o

-100 I I L L I I I I I |

Time (s)
(2)

100 Tracking Performance for Point-to-point Trajectory (Experiment)

Reference trajectory
- - -~ SMCPID
............... FLSMCPID

50

-50

Displacement (mm)
=Y

2100 I | I | | L 1 1 1 |
Time (s)
(b)

FIGURE 16. FLSMCPID: Tracking performance for point-to-point trajectory.

control strategy resulted in a significant deviation from
the reference trajectory. While the EHA system with the
SMCPID approach shown significant effort in obtaining the
lowest tracking error, the FLSMCPID control strategy was
able to maintain a considerable performance.

Furthermore, based on Table 3, it is revealed that the
EHA system with the FLSMCPID control strategy provides
a significant improvement in tracking control effective-
ness, precision, and robustness performances as compared to
the SMCPID approach during the executions. Overall, the
experimental findings reveal a similar pattern of improve-
ment that validates the performance of the EHA system
with the FLSMCPID control strategy in terms of tracking
control effectiveness, precision, and robustness. Therefore,
significant effectiveness, precision, and robustness perfor-
mances improvement of trajectory tracking control in the
EHA system can be seen by utilizing the hybrid PID con-
trol. In addition, a comparative performance of real-time
tracking control between the FLSMC and FLSMCPID con-
trol strategies is details in Table 4. Moreover, Table 5 lists
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FIGURE 17. FLSMCPID: Tracking performance for chaotic trajectory.

the advantages and disadvantages of FLSMCPID control
strategy.

In summary a comparative performance analysis is nec-
essary to demonstrate the tracking control improvement
between the FLSMC and FLSMCPID control where a signif-
icant improvement of effectiveness, precision, and robustness
performances for the real-time trajectory tracking control
in the EHA system is provided by utilizing the hybrid
sliding surface with PID control in the FLSMC algorithm.
It is revealed that the FLSMCPID control strategy is more
effective and outperformed the FLSMC approach as it pro-
vided the lowest MSE indicator value during all trajectories
tracking. The integration of PID with fuzzy sliding mode con-
trol optimizes control performance by boosting steady-state
accuracy and transient response. The integral component of
PID eradicates steady-state error, and the proportional and
derivative components enhance transient response by mini-
mizing overshoot and augmenting damping. This enhances
the resilience and adaptability of fuzzy-SMC, yielding a
more accurate, stable, and responsive control system despite
nonlinearities and disturbances. The FLSMCPID control
strategy is capable to provide a significant of 96.8%, 95.6%,
99.7%, and 98.8% eftectiveness improvement for the 0.25 Hz
sinusoidal, multi-sinusoidal, point-to-point, and chaotic tra-
jectories tracking, respectively, as compared to the FLSMC
approach. In addition, the results also indicated that the
proposed FLSMCPID control strategy offered a better track-
ing precision as compared to the FLSMC approach. The
FLSMCPID control strategy provided a precise improve-
ment of 82.1%, 78.9%, 94.8%, and 88.8% for the 0.25 Hz
sinusoidal, multi-sinusoidal, point-to-point, and chaotic tra-
jectories tracking, respectively, as compared to the FLSMC
approach. Furthermore, the robustness test is performed with
the purpose of analyzing the effect of plant parameter changes
on the EHA system tracking performance with the designed
control strategies. Analysis of the RI index performance
reveals that the FLSMCPID control strategy is more robust
as compared to the FLSMC approach towards any changes in
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plant parameters and capable of maintaining the performance
even though the control strategy is designed for a nominal
point or certain operating range of actuator stroke. Compared
to the FLSMC approach, the FLSMCPID control strategy
improved the robustness performance by 33.3%. Therefore,
this robust control strategy can be used to any actuator state
that is known to be sensitive to non-linear uncertainties
and disturbances. Overall, the analysis of the data obtained
from the experimental implementations for the 0.25 Hz sinu-
soidal, multi-sinusoidal, point-to-point, and chaotic trajectory
tracking control reveals a consistent pattern of findings that
supports the improvement for the effectiveness, precision,
and robustness performances of the proposed FLSMCPID
control strategy as compared to the FLSMC approach.

D. DISCREPANCY BETWEEN SIMULATION AND
EXPERIMENTAL IMPLEMENTATIONS

It is widely acknowledged that testing and implementation of
SMC, FLSMC, SMCPID, and FLSMCPID controller designs
could not realistically predict perfect one-to-one agreement
or compliance between simulation and experimental execu-
tion due to various environmental factors such as modeling
inaccuracies and operating conditions.

The real-time implementation of the designed controllers
using a real EHA system should resemble the execution in
the simulation study using the EHA system model. Through
the literature study, it is known that the EHA system is a non-
linear system. However, a linear model for the EHA system
obtained through grey-box identification is used during the
simulation study. Moreover, the obtained linear model can
only approximate the dynamics of the real EHA system to
an extent of about 89%. As a result, it can be claimed that
linearization in the EHA system model is one of the factors
influencing performance discrepancy between simulations
and experimental studies.

Furthermore, to carry out the real-time implementation
of the designed controllers for various trajectory track-
ing, this research must compromise with the utilization of
already-existing physical facilities and the available tools
for designing and developing the EHA system workbench.
In addition, in real-time implementation using the EHA sys-
tem workbench, there are several disturbances that interrupt
the assessment of tracking control performance, such as noise
in the sensor, cylinder friction, and fluctuations in pressur-
ized fluid temperature. However, the disturbances are being
neglected in simulation studies. Therefore, it can be claimed
that the disturbances neglection in simulation studies are
also one of the factors influencing performance discrepancy
between simulations and experimental studies.

Although there were small differences that were noted in
the time-response, the simulation process provided charac-
teristic behavior closely with the experimental platform in
terms of quantitative measurements in which MSE, RMSE,
and RI were used. In addition, similar trends in the evaluation
process are obtained for both the implemented environments
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TABLE 4. Summary of comparative real-time performance between the FLSMC and FLSMCPID.

Tratecto MSE (mm?2) Improvement RMSE (mm) Improvement RI Improvement
jectory FLSMC  FLSMCPID (%) FLSMC  FLSMCPID (%) FLSMC  FLSMCPID (%)
S”(‘)“;g‘g‘;l - 2.3738 0.0759 96.8026 1.5407 0.2755 82.1185
Multi-sinusoidal ~ 1.0783 0.0479 95.5578 1.0384 0.2189 78.9195
Point-to-point 6.3620 0.0173 99.7281 2.5223 0.1315 94.7865
Chaotic (NOM)  5.5345 0.0694 98.7460 2.3526 0.2634 $8.8039
Chaotic (VAR) 5.5642 0.0892 98.3969 2.3589 0.2987 87.3373 0.0054 0.0036 333333

TABLE 5. Advantages and disadvantages of the proposed FLSMCPID.

Advantages

Disadvantages

Improves performance by combining PID precision and SMC
robustness.

Improved steady-state accuracy through PID integral action
Enhanced transient response with a reduced settling time

4 Increased adaptability through fuzzy logic in handling nonlinearities

Fuzzy inference delays control, especially in high-speed applications.

Fuzzy logic, PID, and SMC increase computing overhead.

Complexity in multiple parameter tuning (PID gains, fuzzy rules, SMC values)
The development of real-time systems may necessitate high-performance
hardware, hence constraining low-cost applications.

and indicate that validation performed to meet the ‘proof-of-
concept’ approach is acceptable.

VI. CONCLUSION AND FUTURE WORKS

An effective and precise trajectory tracking control with sig-
nificant robustness is essential in industrial environments for
the efficient operation of the EHA system. Due to its high
robustness to uncertainties and disturbances, the trajectory
tracking control employing the SMC approach has been iden-
tified as a very prospective solution for the EHA control
systems. However, in actual deployments of the conventional
SMC approach in the EHA system, high frequency-controlled
valve activity has occurred, which has significantly affected
the trajectory tracking control’s performance. In these cir-
cumstances, it is difficult for the EHA system to accurately
track the assigned trajectory with fast response operations.
To address these challenges, this paper proposes FLSM-
CPID approach for effective and precise tracking control
of a double-acting single-ended EHA system under varied
trajectories and supply pressure variations. Apart from pro-
viding satisfying results of the trajectory tracking, the results
revealed that the FLSMCPID control strategy provided higher
robustness as compared to the SMCPID, FLSMC, and SMC
approaches towards any changes in plant parameters and
could maintain the performance even though the proposed
control strategy is designed for a nominal point or certain
operating range of actuator stroke. This approach’s novel
contribution is the synergistic employment of PID tuning for
fine error correction, fuzzy logic for adaptive gain adjust-
ment, and SMC for robustness, resulting in a controller that
is both theoretically sound and practically practicable. This
makes the FLSMCPID controller particularly interesting for
real-world applications such as robotic systems, self-driving
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automobiles, and complex industrial processes that require
both precision and durability.

There is a substantial potential that this research could
be expanded to fulfill the desired industrial applications.
The following recommendations are potential future research
projects that would be advantageous for other researchers
pursuing this area of study.

o The development of a complete model that closely
resembles the real EHA system will offer the foundation
for a thorough investigation of the system’s dynamics.
Thus, the design of a robust control strategy on such a
model ensures the system can respond well under real
physical conditions and is more directly applicable to
real systems.

o Due to the limitations of the EHA system workbench,
the robustness test is limited to supply pressure varia-
tions, whereas the effects of payload are also insignif-
icant in the experimental study. Thus, it is desirable
in the future to study the robustness of the proposed
control strategy under a broader range of uncertainties
and disturbances.

o In this study, the switching function in the proposed
FLSMC control algorithm is designed based on the
continuous FL function with a single-input and single-
output structure, where three triangular input and output
membership functions are used. Therefore, it is rec-
ommended that future research study the effect of
expanding the input and output membership functions
on the EHA system’s performance.

o A comparison evaluation with related hybrid control
systems would enhance the positioning of the FLSM-
CPID strategy within the broader area in future work.
This may involve comparisons with methodologies
such neuro-fuzzy controllers and adaptive SMC. Such
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comparisons would provide a deeper comprehension
of the relative advantages and disadvantages of any
methodology. Moreover, enhancing the repeatability and
applicability of outcomes in practical control applica-
tions necessitates the incorporation of specified test
scenarios or benchmark systems.

In order to bridge the gap between simulation and oper-
ational deployment, future research should also concen-
trate on validating the FLSMCPID controller through
real-world applications. The controller’s computational
feasibility, adaptability, and robustness would be evalu-
ated under actual operating conditions, including sensor
noise, actuator limitations, and system uncertainties,
by applying it to systems such as robotic manipula-
tors, autonomous vehicles, or industrial process control.
Additionally, the controller’s efficacy would be demon-
strated through real-world implementation, which would
also assist in the identification of application-specific
challenges and the development of additional refine-
ments in design and tuning strategies.

Although PID with FLSMC improves precision and
robustness, some practical limitations must be addressed
in future research. Fuzzy inference control delay can
affect real-time performance in rapid or high-frequency
systems. The computational expense of real-time fuzzy
logic, sliding mode control, and PID may need high-
performance hardware, limiting their use in low-cost or
embedded devices. Scalability to multi-axis or higher-
order systems is difficult because rule bases and control
settings grow exponentially, causing instability or per-
formance degradation. Future research should optimize
fuzzy inference efficiency, reduce computing load using
reduced rule sets or adaptive algorithms, and design
scalable structures for complicated multi-input systems.
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