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This study explores the use of hydraulic servo control (HSC) systems in static
and dynamic structural testing, focusing on optimizing proportional, integral,
derivative (PID) controller tuning. The HSC system comprises three main
components: hydraulic, control, and measurement systems. To achieve
optimal performance, the research begins with preparing setpoint
displacement/force data and developing mathematical models for the cylinder
actuator and servo valve, incorporating sensors like load cells and linear
variable differential transducers (LVDTSs). A closed-loop transfer function is
used to predict outputs that align closely with setpoint values. Three PID
tuning methods—=Ziegler-Nichols, Cohen-Coon, and adaptive control—are
evaluated. Simulation results show all methods yield satisfactory performance
with evaluation errors below 1.5%. Implementation tests further confirm
effectiveness, with root mean square deviation (RMSD) values under 1%,
indicating high precision. Despite promising results, the study acknowledges
limitations due to restricted datasets and test conditions. Future research
should address broader dynamic load variations, nonlinearities such as fluid
leakage and hysteresis, and integrate intelligent optimization techniques like
machine learning to enhance robustness and adaptability. This work
contributes to improving the reliability and accuracy of HSC systems in
structural testing, paving the way for smarter, more responsive control
strategies in engineering applications.

This is an open access article under the CC BY-SA license.

©00

Corresponding Author:

Tri Widodo

Research Center for Transportation Technology, BRIN
2nd Technology Building 3rd Floor, Kawasan Puspiptek Serpong Tangerang Selatan 15314, Indonesia

Email: triw005@brin.go.id

1. INTRODUCTION

A hydraulic servo controller (HSC) is an electronic system designed to regulate flow and pressure
within a hydraulic cylinder, thereby controlling load magnitude, precision, and the safety of hydraulic system
operations [1], [2]. The HSC operates on a computer-based platform to ensure accurate command execution
and feedback, as well as test safety [3]-[5], as illustrated in Figure 1. Numerous studies have advanced the
development of HSC components, including software for HSC, proportional, integral, derivative (PID) control
methods, digital-to-analog and analog-to-digital converter modules, servo valve controllers, load cells [6], [7],
linear variable differential transducer (LVDT) sensors, and safety systems [8]-[10].
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Figure 1. Hydraulic servo controller

Supporting devices for hydraulic servo control [11] consist of both hardware and software. Hardware
components include an industrial PC, a Multi-Function Card interfacing through terminals for an analog-to-
digital converter (ADC), digital-to-analog converter (DAC), digital output (DO), a load cell amplifier (Gauss
Strain), voltage-to-current converter (VCC) for the servo valve, a 24V relay for the safety valve, and an
amplifier for the LVDT [12], [13].

Philips and Spencer [14] introduced a real-time hybrid simulation (RTHS) for large structural testing
with a single-actuator servo-hydraulic system, assessing several control models for comparison with the
proposed approach. The choice of the control system is crucial due to the high-load operation of servo-
hydraulic actuators [15] and the inherent challenges such as fluid compressibility, uncertainties from system
linearization, flow-pressure relationships, and dead zones caused by internal leakage and hysteresis.

Several studies have proposed the development of HSC controls based on artificial intelligence
methods, such as fuzzy PID [16], genetic algorithm (GA) optimization [17], and Kalman genetic optimization
[18], which have been shown to improve system performance. However, most of these approaches focus on
algorithm optimization without systematically comparing conventional PID tuning methods with adaptive
control in the context of mechanical testing that demands high precision. In addition, there is still limited
research that experimentally tests the performance of various PID tuning methods on HSCs under static and
dynamic load scenarios. This is the research gap, namely the need for a comprehensive study of the
effectiveness of PID tuning methods (Ziegler—Nichols, Cohen—Coon, and adaptive control) both through
simulation and real-world implementation.

Based on these gaps, prolonged operation of testing equipment, including HSC, can cause wear,
performance degradation, reliability issues, external leaks, and decreased control accuracy despite routine
maintenance [19]. This study develops a Hydraulic Servo Controller by modeling actuators and servo valves,
implementing PID control with three tuning methods, and evaluating its performance through static and
dynamic simulations and testing. The main objective of this study is to identify the most optimal and stable
PID tuning method to be applied to HSC, so that the system is able to provide precise displacement and force
control with minimal deviation.

2. METHOD
2.1. Requirement

The PID control system will be applied to regulate the hydraulic servo control equipment, ensuring
stable operation, precise positioning, and improved dynamic response. This implementation is based on
specific physical parameters associated with the PID controller. These parameters are detailed in Table 1, which
serves as a reference for system configuration.

Table 1. Hydraulic servo control data

No  Description Dimension/volume
1 Actuator capacity 6.3 Ton

2 Piston diameter 50 mm

3 Length of piston 250 mm

4 Operational pressure 280 bar

5 Qil flow from tank 350 Litre/minute

6 Qil flow in servo valve 65 Litre/minute
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2.2. Developing mathematical model

A hydraulic cylinder actuator is a mechanical device designed to transform the energy of pressurized
hydraulic fluid into linear mechanical force and movement. Fundamentally, it functions as a crucial component
within a hydraulic system, responsible for performing mechanical work. The primary role of a hydraulic
cylinder actuator is to generate linear (straight-line) motion by using the pressure exerted by the hydraulic fluid
on a piston within the cylinder chamber. Due to their ability to be precisely controlled, hydraulic cylinders are
particularly suited for applications requiring accurate positioning. In essence, hydraulic cylinders serve to
convert hydraulic energy into controlled mechanical motion. The transfer function of the actuator in (1).

m-s?X(s)+b-sX(s)+k-X(s) =F(s) (@8]

The transfer function relating the force F(s) to the displacement X(s) is as (2), with the mass of the
load (m) in kg, the damping coefficient (b) in Ns/m, the stiffness of the cylinder (k) in k/m, the displacement
of the piston or x(s) in m, and the force exerted by the hydraulic fluid on the piston or F(s) in N.

X(s) 1
Gactuator (8) = e @)

F(s)  ms2+bs+k

2.3. Servo valve model

A servo valve is an electro-hydraulic component that is used to precisely control the flow and pressure
of hydraulic fluid in a hydraulic system [20], [21]. These valves regulate the movement of a hydraulic actuator
by controlling the flow rate and direction of the fluid. The primary function of a servo valve is to control the
flow of hydraulic fluid to and from the actuator. These valves can regulate the flow rate with high precision,
allowing for precise control of the actuator’s speed and position. This is achieved by electrically controlling the
position of the valve spool, which in turn regulates the flow of fluid through the valve port. In addition to
controlling flow, servo valves can regulate the pressure applied to the hydraulic actuator, ensuring that the system
operates within safe limits. Servo valves are used in closed-loop control systems, where feedback from sensors
is used to adjust the valve position. This allows precise control of the actuator position, speed, and force.

The servo valve controls the flow rate of hydraulic fluid to the actuator. The flow rate Q(s) through
the valve can be modeled as (3), with Cv is the valve flow coefficient and U(s) is the control signal from the
PID controller.

Q(s) =G, U(s) @)

The flow rate Q(s) creates a pressure difference across the piston, resulting in a force as (4), with A is the piston
area, P(t) is the pressure difference, and Cp is a pressure flow constant.

F(s)=A-P(t) =4-% 4
p
The transfer function for the servo valve Guane(s) can be obtained with (5).
—FG) _ Ay,
Gvalve (S) - U(s) - Cp U(S) (5)

2.4. PID controller

PID controller is a widely used control strategy in hydraulic servo control systems due to its
effectiveness in achieving precise position and force control. PID controller calculates the error between the
desired set point (e.g., desired position or force) and the measured process variable (e.g., actual position or
force) and applies corrections based on Proportional (P), correcting the error based on its magnitude [22]. The
larger the error, the larger the corrective action, Integral (1), correcting the error based on the accumulation of
previous errors. This helps eliminate steady-state errors and ensures that the system reaches the desired set
point, derivative (D), correcting the error based on the rate of change of the error. This helps predict future
errors and apply damping to reduce overshoot and oscillations. In this research of the hydraulic servo control
system, PID controller is used to control the position and force applied by the hydraulic actuator. The Servo
valve, controlled by the PID output, regulates the flow of hydraulic fluid to the actuator, thereby controlling its
movement.

The PID controller is used to control the position of the hydraulic cylinder as in (6).

U(s) = KyE(s) +E() + KaSE(s) = (K + 2+ Kys) E(5) 6)
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The transfer function of the PID controller in (7).

U(s) K;

The close loop transfer function in (8).

K:
R(s) _ (Kp+—t+Kas)-A-Cy'KLypT

X

(®)

closea(S) = 2 K;
Cp( ms +b5+k)+(Kp +?+Kd5)'A'CV'KLVDT'(KLVDT+1)

and trans-flow diagram such as in Figure 2.

R(s)

K,
(K + 5+ Kys) - A~ - Kyor
K;
A—-} Cp(ms? +bs + k) + (K, + =L+ Ka5) - A+ Gy Kpypr (Kiypr + 1)

Kuvor

X(s)

v

A

Figure 2. Transfer flow diagram hydraulic servo control

PID controllers are widely used in control systems to regulate variables like pressure, flow, by
adjusting the process input to minimize the error between a desired setpoint and the measured process variable.
The performance of a PID controller heavily depends on the tuning of its three parameters: the proportional
gain (Kp), integral time (Ti), and derivative time (Tq). Different tuning methods exist to optimize these
parameters, each with its advantages and limitations. Below are three tuning methods:

A. Ziegler-Nichols method [23]

The closed-loop (ultimate gain method), involves the following steps:

—  Set the PID controller to proportional mode: initially, only the proportional gain (K;) is set, while the
integral (K;) and derivative (Kg) gains are set to zero.

— Increase K, until the system oscillates: the proportional gain is gradually increased until the output of the
system oscillates with a constant amplitude. The gain that occurs is the ultimate gain (Ky)

—  Measure the oscillation period: the period of these oscillations is the Ultimate Period (T.).

Calculate PID Parameters: using the values of Ky and Ty, the PID parameters are calculated using the (9)-(11).

Kp=0.6%K, ©)

K, = 1.2XKy, (10)
Ty

K¢=0.075%K xT, (11)

Fixed values for Ky and Ty are defined and subsequently used to compute the initial PID gains. This
indicates the closed-loop Ziegler-Nichols tuning, where the system is first allowed to reach a steady-state
oscillatory behavior under the influence of a proportional controller.

B. Cohen-Coon method

The Cohen-Coon method is a tuning method that considers both the response speed and the damping of
the system. It is used mainly for systems that exhibit dead time [24]. The method utilizes predefined parameters
(m, b, k) to calculate the PID values using (12)-(14).

Proportional gain (Kp): Ky =4.0/ (3.0 * k) (12)
Integral gain (Ki): Ki=4.0/(2.0 * b) (13)
Derivative gain (Kg): Kd =4.0/ (3.0 * m) (14)

where : m = dead time, k = gain, and b = time constant

These formulas aim to achieve a balanced response for given system parameters. The constants 4.0,
3.0, and 2.0 are derived from the specific characteristics of the controlled process, indicating a simplified
approach to system dynamics.
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C. Adaptive control

The conventional PID controller is designed to be stable over a small range of uncertainties to ensure
tight nominal Performance [25]. Adaptive control methods adjust the PID controller parameters (proportional
gain Kp, integral time T, and derivative time Tq) in real time to maintain desired performance despite changes
in system dynamics or operating conditions. Adaptive control continuously monitors the system and modifies
the PID gains based on observed data. In this study, the adaptive control method uses a heuristic approach,
where the determination of the Kp, Ki, and Kd values is based on previous experience because these values
work well for various conditions in the system. The heuristic approach in this research serves as a starting
point, although not necessarily optimal, it’s a reasonable set of values to begin with, and these can later be
refined through optimization or further tuning if needed.

3. RESULTS AND DISCUSSION

The computer simulation model is developed by creating coding. In this simulation, the data to be
simulated includes displacement data and force data. The PID controller simulation model uses three tuning
methods: Ziegler-Nichols, Cohen-Coon, and adaptive control. This simulation utilizes data divided into
training data and testing data. The training data is used to simulate the three tuning methods, while the testing
data is used to simulate the selected tuning method.

3.1. Training dataset

As shown in Table 2, the training data is used to simulate the three selected methods. The simulation
results, as seen in Table 3, indicate that the adaptive control method provides more stable values than the other
methods, although the differences are quite small. Figures 3(a) and (b) show the training results of the adaptive
control methods used. In general, adaptive control methods, with variations in displacement and force input
data, provide good results.

Table 2. Training dataset
No Dataset
1 Displacement : ([0, 0, 55, 55, 100, 100, 0, 0, -50, -50, -100, -100, 0, 0])
Time : ([0, 8, 16, 24, 32, 40, 48, 56, 64, 72, 80, 88, 96, 104])
2 Force : [0, 0, 13, 13, 20, 20, 30, 30, 40, 40, 50, 50, 40, 40, 30, 30, 20, 20, 13, 13,0, 0]
Time : ([0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180, 195, 210, 225, 240, 255, 270, 285, 300, 315])

Table 3. Training result using various tuning methods

Training 1 Training 2
0. Tuning Method K, Ki Ksg  RMSD K; Ki Kg RMSD
Ziegler—Nichols 100 100 0 11279 30.907 6.2104 7.6024 1.1563

Cohen-Coon 144236 100 50 1.3571 0.0039 89118 5.0242 1
Adaptive tuning  14.4236 100 50 1.3571 5.4132 8.5552 0.8989 1.0002

wWN Rz

Closed-Loop Response with Optimized Adaptive PID Closed-Loop Response with Optimized Adaptive PID

50 —— Output Position (xit)}
= Setpoint trit)}

Position (mm)

Position (mm}

Figure 3. Training results using adaptive control methods: (a) displacement (b) force

3.2. Testing
HSC performance for static load is done by set point control loads such as Table 4, which are the force
loads of (0, 10, 20, 30, 40, 50, 40, 30, 20, 10, 0 kN). The results are shown in Figure 4, which shows the
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uncertainty measurement between command and feedback. The analysis gives a maximum deviation 1.411 kN
(2.815%) and root mean square deviation (RMSD) 0.130 kN (0.259%) for force loads.

The control of dynamic with constant peak loads is defined as the values of set point force, a maximum
of 50 kN and a minimum of 0 kN. The analysis results show that the maximum deviation of 0.509 kN (1.033%)
and RMSD 0.256 (0.520%) for force loads such as Figure 5(a). The control of dynamic with spectrum loads is
defined as the values of set point force, 0, 20, 5, 50, 10, 40, 20, 50, 10, 20, 0 kN. The analysis results show the
maximum deviation of 0.449 kN (0.898%) and RMSD 0.160 (0.321%) for force loads. Figure 5(b) shows the
results of the control stroke and force function tests with constant loads.

Table 4. Static and dynamic data

Type of test Set point
Static test Force load (0, 10, 20, 30, 40, 50, 40, 30, 20, 10, 0 kN)
1st Dynamic test (constant peak load)  Force load min 0 — max 50 kN
2" Dynamic test (spectrum load) Force Load (0, 20, 5, 50, 10, 40, 20, 50, 10, 20, 0 kN)

50 === Command
—— feedback

40

30

Force (kN}

10

0.0 05 10 15 2.0 2.5 3.0
Time

Figure 4. Uncertainty measurement of command and feedback force control for static load

50 === Command 50

— Feedback

0 a0

(kN)
orce (kN)

F
=

20 "

" 10

@ (b)

Figure 5. Uncertainty measurement of command and feedback force control for dynamic test: (a) with
constant peak and (b) with spectrum load

Evaluation of the simulation results using (15) to calculate RMSD for each tuning method indicates
that the minimal RMSD values will be utilized in the implementation, where y; is actual valve, y; is predicted
value, and n is number of observation. Evaluation using the training dataset shows RMSD results as outlined
in Table 5, where these values are generally less than 2. This indicates that the methods used are sufficiently
effective for implementation in the hydraulic servo control system. Similarly, using the testing dataset shows
RMSD results as presented in Table 3, with values less than or equal to 1. This suggests that the adaptive
control method employed can be considered for application in the hydraulic servo control system.

iy 2
RMSD = [Fii)” (15)
n
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The implementation results presented in Table 5 indicate that the selected tuning method is highly
effective, as evidenced by RMSD values of less than 1 for both static and dynamic test cases. From the Table 6,
it can be seen that all PID tuning methods are able to provide good control performance with low RMSD errors.
However, the simulation results and actual implementation show that the adaptive control method is superior
in maintaining stability, especially when facing data variations and dynamic loads. Meanwhile, tests under
static and dynamic conditions (constant peak and spectrum loads) show a maximum deviation of less than 3%,
proving that the developed hydraulic servo controller system is able to achieve high accuracy. Thus, the results
of this study provide strong evidence that PID tuning optimization—especially with an adaptive approach—
can improve the reliability and precision of HSC-based mechanical testing.

Table 5. Implementation result

Type of test Set point Max deviation RMSD
Static test Force Load (0, 10, 20, 30, 40, 50, 40, 30, 20, 10, 1.411 kN (2.815 0.130 kN (0.259
0 kN) %) %)
1st Dynamic test (constant peak Force Load Min 0 — Max 50 kN 0.509 kN (1.033 0.256 mm (0.520
load) %) %)
2" Dynamic test (spectrum load) Force Load (0, 20, 5, 50, 10, 40, 20, 50, 10, 20,0 0.449 kN (0.898 0.160 mm (0.321
kN) %) %)

Table 6. Summary of research result

No Focus of analysis Method/test scheme Main results Analysis
Simulation with three Ziegler—Nichols, Cohen— All methods resulted in RMSD Indlcate_s _that all threg methods
1 are sufficiently effective for

PID tuning methods

Stability evaluation of
tuning

3 Static load testing

Dynamic load testing

4 (constant peak)

5 Dynamic load testing
(spectrum load)

6 Comparison of tuning

methods

Coon, adaptive

Variation of displacement
and force data (training and
testing dataset)

Force load 0-50 kN

Force load min 0 — max 50
kN

Variable force load (0-50
kN, fluctuating)

Simulation and real
implementation

<2

Adaptive control showed lower
RMSD and better stability

Maximum deviation 1.411 kN
(2.815%), RMSD 0.259%

Maximum deviation 0.509 kN
(1.033%), RMSD 0.520%

Maximum deviation 0.449 kN
(0.898%), RMSD 0.321%

Differences among methods are
relatively small, but adaptive is
more consistent

HSC control

Adaptive is superior when the
system experiences complex
input variations

PID control is able to maintain
high precision under static
conditions

The system can accurately
follow constant load changes
The system remains stable and
precise even when the setpoint
fluctuates rapidly

Supports the selection of
adaptive control as the optimal
tuning method

Simulation results show that all three PID tuning methods (Ziegler—Nichols, Cohen—Coon, and
adaptive control) produce RMSD values of less than 2, indicating that all three are capable of maintaining the
stability of the HSC system. However, actual implementation testing results show that the adaptive control
method produces lower deviation and RMSD than the other two methods, especially under dynamic load
variations. This demonstrates that while all tuning methods are effective, adaptive control is more adaptable to
system uncertainty.

Static testing showed the maximum deviation was only 2.815% with an RMSD of 0.259%, indicating
that the system can maintain accuracy even when the load changes gradually. In dynamic testing, for both
constant and variable loads, the maximum deviation remained below 1.1% with an RMSD of less than 0.6%,
confirming that the HSC system is capable of compensating for rapid load changes. These results support the
initial hypothesis that optimal PID tuning will improve the precision of displacement and force control.

Visually, the trends in the static and dynamic test results indicate that the system response follows the
setpoint well, with small, quickly corrected deviations. This evidence demonstrates that integrating a
mathematical model with appropriate PID tuning can improve hydraulic system performance.

These findings are significant because they provide practical guidance for selecting a PID tuning
method in mechanical testing applications, ensuring accuracy and reliability in controlling servo-hydraulic
actuators. These results fill a gap by directly comparing three tuning methods in a structural testing context, a
practice rarely attempted before. For industry, this research opens up opportunities for the application of
adaptive PID in hydraulic control systems used in manufacturing, automotive, and construction, particularly
under variable load conditions that demand high precision.
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4. CONCLUSION

This study shows that the application of three PID tuning methods, namely Ziegler—Nichols, Cohen—
Coon, and adaptive control on a HSC, is able to provide simulation results with an RMSD of less than 2, and
actual implementations in static and dynamic tests produce a maximum deviation below 3% and an RMSD of
less than 1%. This confirms that the HSC system with PID tuning can control displacement and force precisely,
with Adaptive Control providing better stability to data variations. This finding is important for the field of
mechanical testing because it provides a practical basis in selecting the right PID tuning method to ensure the
reliability and accuracy of hydraulic control systems, thereby strengthening the quality of testing large-scale
structures, automotive components, and other industrial applications. Furthermore, the results of this study
open up opportunities for the application of adaptive tuning methods to other hydraulic control systems that
face dynamic uncertainty, and encourage further research that integrates artificial intelligence-based
optimization methods to improve long-term performance.
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