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ABSTRACT

This paper presents a PSO-PIDA controller design for an electro-hydraulic actuation system
driven by a proportional valve and supplied by an independent constant-pressure hydraulic
source. The mathematical model of the actuator is derived from physical principles, incorporating
valve flow dynamics, fluid compressibility, and piston motion to obtain a third-order transfer
function. The Particle Swarm Optimization (PSO) algorithm is employed to determine the optimal
parameters of the PIDA controller, aiming to minimize a composite time-domain performance
index. Simulation results demonstrate that the proposed PSO-PIDA controller significantly
improves transient response, reduces overshoot, and enhances pressure stability compared with
Ziegler-Nichols-PID and PSO-PID controllers. The large parameter values obtained from PSO
tuning are interpreted in terms of acceleration compensation, which increases control effort but
yields faster settling and higher precision. The study confirms that PSO-PIDA control offers a
practical and effective approach for high-performance electro-hydraulic systems and provides a
clear foundation for future experimental validation.
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1. INTRODUCTION

Electro-hydraulic actuation systems are widely used in aerospace, construction, and defense
applications due to their high power density, fast response, and precise control capability.
However, the nonlinear characteristics caused by fluid compressibility, valve dead zones, and
internal leakage make controller design a challenging task [12-14]. Classical proportional-integral-
derivative (PID) controllers remain dominant in industrial applications because of their simplicity
and robustness [7]. Yet, conventional tuning rules, such as the Ziegler-Nichols (ZN) method, are
often insufficient for systems with high nonlinearity or varying dynamics, leading to overshoot,
oscillation, or slow convergence. To overcome these limitations, advanced control structures and
intelligent optimization algorithms have been introduced. Among them, the Proportional-Integral-
Derivative-Acceleration (PIDA) controller extends the conventional PID by adding an acceleration
feedback term, which improves damping and transient precision for higher-order systems [1, 2].
Early studies demonstrated the analytical design of PIDA controllers for third-order plants,
providing better phase margin and tracking accuracy compared with conventional PID schemes.
However, analytical tuning approaches require accurate system parameters, which are often
unavailable or uncertain in electro-hydraulic systems.

In parallel, metaheuristic optimization techniques, including Genetic Algorithms (GA),
Differential Evolution (DE), and Particle Swarm Optimization (PSO), have proven effective for
automatic controller tuning without requiring gradient information [3-6]. These algorithms can
efficiently explore large search spaces and identify near-optimal parameters that balance
overshoot, rise time, and energy consumption. In particular, PSO, inspired by the collective
behavior of bird flocks, offers a simple structure and fast convergence with fewer control
parameters than GA [6, 8]. Recent studies have successfully applied PSO to enhance PID control
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performance in nonlinear and electro-hydraulic systems. Chang and Shih [5] introduced an
improved PSO approach for nonlinear systems, while Wang and Li [9] and Xiao et al. [14]
demonstrated that PSO-tuned PID controllers can significantly improve transient response and
robustness in hydraulic servo applications. Unnithan et al. [10] applied PSO to a semi-active
electro-hydraulic damper, highlighting its potential for real-time control. Similarly, Guo et al. [12]
and Skarpetis et al. [11] confirmed the efficiency of PSO-based methods for hydraulic actuators
under parameter uncertainties. In Vietnam, Nguyen et al. [4] successfully implemented a genetic
optimization algorithm for a vehicle-mounted hydraulic balancing system, indicating growing
local interest in intelligent control for electro-hydraulic applications.

Motivated by these findings, this paper proposes a PSO-PIDA controller for an electro-
hydraulic actuator system driven by a proportional valve under constant pressure supply. The
system model is derived from physical principles, including valve flow dynamics, oil
compressibility, and piston motion, resulting in a third-order transfer function. The PSO algorithm
is utilized to automatically optimize the PIDA controller gains (K, K;, K4, K,;) according to a
composite time-domain performance index. The proposed controller is then compared with ZN-
PID and PSO-PID controllers to evaluate improvements in displacement response, control effort,
and pressure stability.

2. SWARM OPTIMIZATION ALGORITHM

2.1. Introduction to the swarm optimization algorithm

PSO is a metaheuristic optimization technique inspired by the collective behavior of biological
swarms. Each particle adjusts its position in the search space based on its best experience and that
of the entire swarm. The algorithm iteratively updates velocity and position as in (1) - (3), ensuring
convergence to the global optimum (figure 1).
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Figure 1. Describes PSO’s velocity and position updates in space.

The process of updating the velocity and position of the elements is performed according to the
following formulas:

virb=wof, + clrand(O,l)(Pbesti’m — Xfm) + cprand(0,1) (Gbesti,m - xit’m) (1)
xirl=xim +vin i=12..,N;m=12..,D 2)

Where: N is the number of swarms; D is the population size; t is the number of iterations; vl-t,m

is the velocity of the i-th element in loop #; w is the inertial weight coefficient; ¢4, c, are the
acceleration coefficients of each element and the whole swarm; rand(0,1) is the random function
with values in the range (0,1); x{m is the position of the i-th element in loop #; Ppegy,  is the best

position of the i-th individual; Gpeg;; ., 1s the best position of the i-th individual in the population.

To balance the global and local search capabilities of the PSO algorithm, use equation (3) to
adjust the inertial weight coefficient [9].
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Wmax — Wmin
W= Wnax =5 t (3)
max

2.2. Design of PID, PIDA controllers with swarm algorithm

The PIDA controller (figure 2) is useful in improving phase margin, steady-state accuracy, and
stability for higher-order systems. Its transfer function is shown below:

K:
C(s) =K, + ?‘ + K;s + K52 4)

Or (4) rewrite in the form:
(s+a)(s+b)(s+2)

C(s) =K S (5)
-
) K
e(t) 5
L k = %

Figure 2. Structure of PIDA controller.
We have the following closed-loop transfer function system :
G(s)C(s)
PRI YRYaToY (6)
1+ G(s)C(s)
Then 1+ G(s)C(s) is the characteristic equation reflecting the quality of the system
response process.

T(s) =

According to [1], the process of designing a PIDA controller for a third-order system using the
root locus method includes the following steps:

Step I: Determine éw,,, the dominant solution, from the characteristics of the settling time Ty =
2 Thus, the dominant pair of complex conjugate poles is s =q va §, with g = =éw,, +

Wn
JwpyJ1 — &2,
Step 2: Determine the attenuation coefficient & according to the characteristics of the overshoot

PO =100 - exp (— \/%)

Step 3: Choose a real pole R with a value such that R = Re{q} < —éw,,.

Step 4: Choose a real pole r with a value such that r << —éw,,

Step 5: Write the characteristic equation :
1+G(s)C(s)=0and(s+7r)(s+R)(s+q)(s+3) =0

Step 6: Find the unknowns by identifying the coefficients of the two equations in step 5.

Step 7. Draw a graph to observe the system’s output response. If the overshoot is not
satisfactory, increase the coefficient K.

Thus, to design a PID or PIDA controller by mathematical analysis method mainly depends on
the designer's experience, but the solution has not yet achieved optimality in the root locus space.
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Figure 3 presents the block diagram of the PID, PIDA controller design based on the PSO
algorithm. The two controllers, PSO-PID, PSO-PIDA, differ only in the population size. This
process continues until the objective function J is achieved in the last iteration.

The objective function J is the function used to evaluate the solution of the problem, where the
error e(t) between the set signal and the feedback signal quickly converges to 0 in a certain period
of time. According to the ISE integration criterion (7), we have :

J = f;ez(r)dr M

Initial
parameters
_ PSO " Objective

algorithm function J
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Figure 3. PID, PIDA controller design diagram based on PSO algorithm.
The PSO algorithm to optimize the PIDA controller parameters is performed as follows:

A4

Step 1: Initialize population size D, swarm number V, inertial weight coefficient limit, and
acceleration coefficient ¢y, ¢;, limit the search space for K, K;, K4, K, (Up, - Upper
bound, L, - Lower bound), maximum number of iterations T;,,,. Initialize each
individual in the population with a random position value and, velocity value
Pbest: Gbest-

Step 2:  Start loop, calculate the value of the objective function.

Step 3:  Evaluate the position of the i-th individual at iteration k, i.e X, lk according to the
objective function value. Then update Ppegs, Gpest-

Step 4. Update the inertial weight coefficient according to equation (3).

Step 5:  Update the velocity and position values for each individual according to equations
(1), (2). Check the search space limits for position and speed.

Step 6. Repeat step 2 until enough iterations are completed. Then Gps is found, and
corresponding to it is the best position (i.e, the optimal set of parameters
Ky, Ki, K4, K, optimal) of the individual in the population.

3. SIMULATION AND DISCUSSION

3.1. System model

The control object includes the electric valve is supplied with voltage u(t) to control the
displacement x(t) for the jack cylinder with piston area A. The hydraulic source (pump) always
provides sufficient source pressure; the difference pressure between the 2 valves’ gates is p(t).

K,
x(t) a
)
“© A
Proportional
control valve Hydraulic x(t)
power supply p(t)

p(t)
Figure 4. Electro-hydraulic actuation systems (EHAS).
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Piston force (according to Newton):
M3i(t) + Bx(t) + Kyx(t) = Ap(t) — Fioaa(t) ®)
With: K, is the mechanical stiffness; Fj, ;4 is the external force. The equivalent viscous friction
is B. The piston and load masses are M. The valve has a linear flow coefficient K;; and a pressure-
damping coefficient K. (describing the flow reduction due to back pressure).

Volumetric continuity equation (compression and leakage):

Ve s) + Cop(0) + A4%(0) = 4() ©)

e
Where, V; is the volume of the oil chamber; (5, is the effective volume modulus; C; is the
leakage coefficient. Linear valve characteristics (linearization around operating point):

q(t) = Kqu(t) — Kcp(t) (10)
With K, is the valve gain coefficient - flow when u = 1V; K. is the pressure feedback
coefficient to flow.
Take the Laplace transform without an external force Fj,,4. From (8):
(Ms? + Bs + K,)X(s) = AP(s) (11)
From (9) and (10):
%
(—ts L+ KC) P(s) + AsX(s) = K,U(s) 12
e
With setting D(s) = ;—ZS +C, + K, = D(s)P(s) + AsX(s) = K,U(s)

Take P(s) from (12) and combine with (11):
KqU(s) — AsX(s)

(Ms? +Bs + K )X(s) = A D) (13)
Arrange to withdraw X (s)/U(s):
5 A%s AK,
X(s) <Ms +Bs+Kx+m> =mU(s) (14)
Multiply both sides of (14) by D(s):
X(s)[D(s)(Ms? + Bs + K,) + A%s] = AK, U(s) (15)
X(s) AK, (16)

U(s) D(s)(Ms2+ Bs +K,) + A%s

The formula (16) is the 3™ order transfer function. The convention of p.u. (per unit) is the

control input normalized to U,qteq = 10V (displayed by u(t)/Uyqteq)- Pressure is globally

normalized to the maximum value obtained to facilitate dynamic comparison between controllers.

The simulation is conducted with M =1.0kg; B=14N-s/m; a =V, /B, = 0.2; Cotar =

1.12; A =+/0.432 m?% K, = 0.456 m3/(s - V). Applying the reduced dynamics model (17), the
system model has been achieved in (18).

aMx + (aB + CrorgM)% + (CroriB + A®)% = AKg u(t) (17)
Thus, the foot jack drive mechanism achieved is similar to the transfer function in [5]:
0.3
G(s) = (18)

0.2s3 + 1.4s2% + 2s
The process of running the PSO algorithm is simulated on MATLAB software with the signal
set as a unit step function. In addition, the parameters for the PSO algorithm are taken from table 1.
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It can be seen that the foot jack drive mechanism is a high-order system (order 3) in which the
PIDA controller will give better control quality than the conventional PID.

Table 1. Parameters for PSO algorithm.
N D Tmax €1, 62 Winax Winin Up Ly
20 4 30 2,05 1 0,1 1000 0
The PSO algorithm works based on the interaction between individuals in the herd during the
foraging process, so the search space is infinite. To implement the algorithm, it is necessary to
limit the search space and only find the optimal solution in that space, which means (L, Up) = (0,
1000). The choice of U is based on the analysis results using Jung's method [2]. Thus, the
coefficients Ky, K;, Kq, K, will always be within the limit range (Lp, Up).

3.2. Model evaluation
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Figure 5. The process of evaluating the objective function J.

Figure 5 shows that after 30 iterations, the objective function defined by equation (7) has a
decreasing value and gradually converges at the beginning of the 6th iteration, when J,i =
0,01002. Table 2 shows that the parameter set of the PIDA controller is considered optimal with
(Kp, Ki, Kq, Kq) = (10005 0; 1000; 302,05). It can be seen that the coefficient K, = K; = Up =
1000 proves that they are always in the search space (L, Up) and the coefficient K; = 0 is found
by metaheuristic algorithms because the transfer function of the actuator has an ideal integral, so
the closed-loop system always keeps up with the change of the input signal as a unit step function
with steady-state error e,; = 0.

Table 2. Coefficients of PID and PIDA controllers.

Coefficients ZN-PID GA-PID PSO-PID PSO-PIDA
K, 28 31.7 33.8 1000
K 28 0.44 0 0
K, 7 27.0 35.1 1000
K, - - - 302.05

Based on table 3 and figure 6, with the same controller, the metaheuristic algorithms will give
relatively similar results; the system response quality criteria are not significantly different, such
as the GA-PID settling time is 1.39 seconds and PSO-PID is 1.38 seconds, much better and more
optimal than the ZN-PID method (5.8 seconds).

Table 3. Comparison of system response quality.

Controller |/ pID[4] | GA-PID [4] | PSO-PID | PSO-PIDA
Target
Settling time (s) 5.8 1.39 1.38 0.0096
Rise time (s) 0.419 0.253 0.247 0.005
Overshoot (%) 59.4 13.8 14.17 0
Journal of Military Science and Technology, 108 (2025), 40-48 45



Electronics & Automation

16 T . : . . "
- - PSO-PID
14l —2zNPID
—GA-PID
—PSO-PIDA
—
=
3
=
5]
=]
£
g
0
4 5 6 7 8 9

Time (s)
Figure 6. System response to different controllers.

PSO-PIDA controller makes the best control quality: Simulation shows that the system has a
fast settling time of 0.0096 seconds, a rise time of 0.005 seconds, and an overshoot of 0%. The
system using PSO-PIDA shortens the settling time faster than ZN-PID by 604 times and compared
to GA-PID or PSO-PID by 145 times. Thus, with a third-order system, PSO-PIDA achieves high
efficiency in system control quality.
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Figure 7. Control input and pressure response comparison.

Although the optimal gains of the PSO-PIDA controller reach the upper bound (K, = Ky =
1000), these values are obtained within a normalized search range [0, 1000]. Physically, they
correspond to a higher control sensitivity without exceeding actuator limits, because the plant
model (18) already includes an internal integral term. Therefore, the controller requires a larger
proportional-derivative effort to achieve rapid convergence, at the cost of higher control energy.
This “trade-off” will be clarified by the control signal and pressure plots in figure 7. Accordingly,
the trade-off manifests as increased control effort during the initial transient, which is acceptable
for systems supplied by a constant-pressure hydraulic source.

The PSO-PIDA controller exhibits faster response with smooth pressure variation, confirming
that, despite larger gain magnitudes, actuator saturation is avoided. The control input remains
within = 10% of the supply voltage limit, ensuring physical feasibility.

4. CONCLUSIONS

This paper presented a PSO-PIDA controller design for an electro-hydraulic actuation system
driven by a proportional valve. The proposed approach integrates the PSO algorithm for automatic
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tuning of four control gains (K, K;, K4, K,;) to minimize a composite time-domain performance
index. Simulation results based on the physically derived third-order hydraulic model demonstrate
that the PSO-PIDA controller achieves superior dynamic characteristics compared to ZN-PID and
PSO-PID controllers. Specifically, the proposed controller yields shorter settling time, smaller
overshoot, and faster pressure response, while maintaining stability and acceptable control effort.
The large numerical values of the PSO-PIDA parameters, as discussed, reflect the controller’s
higher acceleration compensation capability rather than unphysical tuning. The trade-off manifests
as increased control effort during the initial transient, which is acceptable for systems supplied by
a constant-pressure hydraulic source. Future work will focus on implementing the proposed
controller in a real-time control platform to validate robustness under load variation and supply
pressure fluctuation, and to extend the approach to multiple-axis electro-hydraulic systems.
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TOM TAT

Téng hop bd diéu khién PSO-PIDA thich nghi tham s6 véi thudt toan téi wu biy dan
cho hé dieu khién chan kich thiay luc

Bai bdo trinh bay thiét ké bg diéu khién PSO-PIDA cho hé chdap hanh dién - thity luc siv
dung van ti 16, dwoc cdp dp sudt on dinh tir nguon thiy lyc dgc lap. Mo hinh todn hoc ciia
hé duoc xdy dung tir cdc nguyén ly vat Iy co ban, bao gom dong hoc van, dg nén ciia dau va
chuyén dong piston, dan dén ham truyén bdc ba dic trung cho hé. Thudt toan Particle
Swarm Optimization (PSO) duoc st dung dé xac dinh t6i wu cac hé sé cia bé diéu khién
PIDA nham cuec tiéu héa chi tiéu chat lwong tong hop theo mién thoi gian. Két qua mé
phong cho thdy bg PSO-PIDA cdi thién ré rét dép vmg qud do, giam dg qud diéu chinh va
tang on dinh ap sudt so véi cdc bé diéu khién ZN-PID va PSO-PID. Cac hé sé diéu khién
6 gid tri 16m phan dnh kha ning bu gia toc cia bg diéu khién, givip rit ngdn thoi gian xdc
lgp va tang d chinh xdc mdc du bién do diéu khién ting. Két qua nghién ciru khang dinh
tinh kha thi va hiéu qua cua bo diéu khién PSO-PIDA, lam co sé cho cdc thir nghiém thuc
nghiém tiép theo.

Tir khoa: Chip hanh dién - thuy lyc; T6i wvu PSO; Didu khién PIDA; Van ti 18; Diéu khién phi tuyén.
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