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Fluid power control systems are widely used in automated systems like
manufacturing, biomedical treatments, and food handling, as well as in
optimizing aircraft wing design, mobile applications, and thermal
management in electronic devices, energy transformation, and aerospace

applications. This study investigated the static and dynamic characteristics
of a linear fluid power control system utilizing either a servo control valve
(SV) or a proportional directional flow control valve (PV). The study
Servo Control Valve: focused on evaluating performance differences between these two valve
Proportional Flow Control types while maintaining a constant oil temperature at 30°C. Experimental
Valve: tests were conducted under varying supply pressures, loads, and valve
Hydraulic Control Valve types. A system was built to conduct real-time experiments. In this paper
we studied the effect of valve flow rate at full opening, the actual supply
pressure-decay, and studied the effect of the loading system on the
performance. The aim of this paper is to find out which control valve is
better in static and dynamic performance in real-world. Through comparing
two hydraulic control valves designs, the experiment results show that the
servo control valve (SV) offers a clear advantage over the proportional
directional flow control valve (PV) in linear fluid power control systems
operating at a constant temperature. The SV designs demonstrated superior
performance in terms of flow rate, pressure retention, and dynamic
response. This makes SV an optimal choice for applications requiring high
flow rates, consistent pressure, and precise, rapid adjustments, especially
in high-speed operations.
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1. Introduction

Fluids have been used for the benefit of humans, such water supply, agricultural promotion, and
resilience, in urban areas since antiquity, long before humans developed a deep understanding of
science and how to harness it [1]-[3]. Fluid power is the technology that involves the production,
control, and transmission of forces to move mechanical elements or systems using pressurized fluids
in a safe environment [4]-[7]. Fluid power hydraulic circuits are critical components in various
industrial applications, enabling precise movement and force. These include basic circuits,
directional control circuits, flow control circuits, and combination circuits. Several real-world
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applications use combinations of these fundamental circuits to perform specialized tasks [7], [8]. In
hydraulic circuits, a reservoir stores hydraulic fluid. The hydraulic pump supplies fluid throughout
the system and converts the mechanical energy into hydraulic energy. Valves regulate fluid flow and,
when necessary, release excess pressure from the system. The hydraulic actuator converts the stored
energy into mechanical energy [7].

Fluid power systems offer a superior power-to-weight ratio and high power density compared
to electric systems, along with precise control, making them valuable in modern industries, especially
mobile machines [9]-[13]. Fluid power control systems are widely used in automated systems like
manufacturing, biomedical treatments, and food handling, as well as in optimizing aircraft wing
design, mobile applications, and thermal management in electronic devices, energy transformation,
and aerospace applications [14]-[18]. Despite its precision, hydraulic control system faces more
challenges than electronic systems. Acquiring precise control over position, speed, or pressure
necessitates sophisticated valve arrangements and modern controllers. Energy-saving solutions to
hydraulic control systems have made substantial progress because of the increasing demand for
efficiency in various industrial applications. Recent studies have highlighted advancements in control
strategies, system designs, and hybrid technologies that collectively contribute to energy
conservation [19]-[23]. Traditional hydraulic systems predominantly employ analog spool valves,
including proportional and servo valves, functioning as directional control valves in a range of
industrial and aerospace applications necessitating elevated precision and rapid response [24]-[28].
The proportional and servo valve mechanisms are continuously regulated by an analog voltage.
These systems offer superior control accuracy and excellent dynamic response [29], [30].

Electrohydraulic servo valves are divided into two types: single-stage and two-stage. In the
single-stage design, the sliding spool is directly controlled by integrated electronics via a linear force
motor. In the two-stage design, the sliding spool is positioned in the main stage and is controlled
indirectly by electronics using a pilot stage. The last of these can be outfitted with either a centralized
spring for mechanical feedback or a linear variable differential transformer (LVDT) sensor for
electrical feedback [31], [32]. Servo valves offer fast dynamic performance, precise control, compact
size, excellent load matching, high environmental stiffness, a wide range of adjustable speeds, and
increased reliability while maintaining rapid response times and high flow rates [33]. On the contrary,
proportional valves are often a single-stage system in which the sliding spool is centered by springs
within the valve body and immediately activated by two proportionate solenoids located on either
side of the valve [34], [35]. There are detailed analyses available to investigate the fluid dynamic
behavior of commercial hydraulic proportional valves. These calculations allow us to understand
how flow forces and cavitation events affect the efficiency of this type of spool valve [36].

The recently developed proportional directional valve, equipped with an independently
regulated pilot stage, significantly enhances dynamic properties and control precision by reducing
dead space and damping influences, while simultaneously improving response velocity and tracking
fidelity [37]-[41]. The proportional flow control valve was designed to mitigate leakage, thereby
achieving an energy efficiency improvement [42]. Many research projects have examined the static
and dynamic behaviors of hydraulic valves, which are crucial to their performance in various
applications. Static characteristics like static pressure control relate to the valve's behavior under
steady-state conditions. Dynamic characteristics, on the other hand, involve the valve's ability to
adapt to changing conditions to improve response time and bandwidth [43]-[48]. On the other side,
the viscosity of a fluid decreases as its temperature increases. In liquids, cohesive forces between
molecules dominate molecular momentum transfer due to the close proximity of the molecules [10].
Conversely, the viscosity of fluids increases as their pressure increases. Therefore, when designing
hydraulic systems that operate over a wide range of pressures, it is essential to consider the effects
of viscosity variation. Numerous articles investigate the impact of various factors, such as
temperature, pressure, and flow rate, on hydraulic system performance [49]-[54]. This research
presents a comparative investigation of the static and dynamic characteristics of fluid power control
systems when using either a servo control valve or a proportional directional flow control valve in
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connection with system design. The study explores the various factors that influence the system's
ability to achieve linear, position-controlled movement.

In summary, this paper navigates the theoretical and experimental investigation of the effect of
linear fluid power control system design on its static and dynamic performance. This study focuses
on the hydraulic circuit's control stage, examining the performance and characteristics of two
different designs of hydraulic control valves to determine which is most effective for regulating
hydraulic actuators. The most suitable system design can be selected based on cost, optimal
performance, and energy consumption. The findings give useful information for selecting the right
valve for a variety of industrial applications in the real world. The contributions that the study
introduces are listed below:

e The paper investigates the dynamic and static behavior of the servo control valves and
proportional directional control valves when considering the constant temperature.

e  The performance comparison analysis identified the strengths and weaknesses of each hydraulic
control valve.

e The study showed that the servo control valve has a higher response time compared to the
proportional control valve.

e  The study may be expanded to include different types of hydraulic control valves.

The research study is described as follows: Section 2 outlines the system design and components
of the fluid power control system, which is connected to two hydraulic control valves. Section 3
describes experimental methodologies for measuring variations in the system supply pressure and
pressure response in the two chambers of the hydraulic actuator during piston movement and
displacement. Section 4 evaluates the static and dynamic flow rate performances, supply pressure
degradation, and stroke period throughout the system operation. The experimental results are
compared. The comparison is between attaching a proportional directional flow control valve and
connecting it to a servo flow control valve. Finally, Section 5 presents the conclusions.

2. System Design and Calibration

The system was designed to provide linear hydraulic movement with a controlled speed for
various loads such as no-load and 5100 N, with a constant oil temperature. To achieve this study, a
fluid power control system was designed.

2.1. Component of the Hydraulic System

The system contains a fluid power supply unit, which provides the required flow rate at a
specific supply pressure; ps to a hydraulic cylinder through a servo control valve or a proportional
directional flow control valve (PV) to study its effect on system performance. The oil reservoir and
piping of the unit are designed according to standard specifications. The heating and cooling units
are connected to keep the temperature constant. Fig. 1 demonstrates a block diagram of the fluid
power control system.

The pump rotational velocity can be changed using a frequency inverter as an input signal to
vary the output of the electrical motor. The flow rate and direction are controlled using a servo control
valve operated by an electronic amplifier using a potentiometer or a proportional directional flow
control valve operated through two directional forward and backward switches. Therefore, the
displacement of the hydraulic linear actuator can be controlled.

2.1.1. Fluid Power Supply Unit

The fluid power supply unit fed the control system with fluid with a controlled flow rate and
pressure. The system consists of an electric motor (7.5 kW) and a fixed displacement hydraulic gear
pump, which produces fluid at a maximum rate of 30 L/min under pressure to the actuator. The
supply pressure, ps is changed from 10 to 50 bar, and the flow rate is controlled by the value of the
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electric signal to the flow control valves. The supply unit contains an oil reservoir with accessories,
such as a temperature indicator and oil level, in addition to a pressure relief valve, check valve,
accumulator, and filters. The oil used in the system of this investigation was of type CO-OP
Hydraulic 4 ISO VG 68. The working oil temperature of the system was 30 °C. The hydraulic fluid
power control circuit is shown in Fig. 2.
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Fig. 1. Block diagram of a fluid power control system
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Fig. 2. Hydraulic circuit of the fluid power control system
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1: Inverter 2: Electric motor 3: Gear pump 4: Pressure filter 5: Pilot Operated Pressure Relief Valve 6:
Non return valve 6: Manometer. 250 bar 8: Pressure transducer, 100 bar 9: Shut: Off valve 10: Electronic
amplifier 11: Servo Control valve 12: Hydraulic cylinder 13: Pressure transducer, 50 bar 14: loads 15: Return
filter 16: Fluid level and temperature gauge 17: Thermostst and heating unit 18: Cooling unit 19: Oil reservoir,
110 L 20: Accumulator 21: Springs 21: Displacement transducer 23: Proportional directional control valve.

2.1.2. Cooling Power

The oil temperature affects its viscosity. Variations in oil viscosity during system operation
affect the system performance. Therefore, it is important to maintain the oil temperature constant
during system operation to maintain the oil viscosity constant. Since the oil temperature increases
during system operation, a cooling unit should be attached to the system. According to the
conductivity lows, the cooling power can be calculated as:

P = Cy * Ay * AT (1)
Where,
P = cooling power; [W]
Ch = thermal conductivity coefficient; [kcal. /m?2.hr. °C]
At = tank surface area; [m?]
AT = temperature difference; [°C]

Hence, a cooling unit could be designed. The unit also includes a heating unit for the system's
initial operating duration, as well as a thermostat to control the on/off times of the cooling/heating
elements to maintain a steady temperature throughout the system.

2.1.3. Frequency Inverter

The frequency inverter is used to control the speed of the electrical AC motor to control the
supply pressure and flow rate of the hydraulic pump. The fluid power supply unit was calibrated by
changing the input signal to the frequency inverter and measuring the output supply pressure; ps of
the hydraulic pump using a manometer and Digibar pressure transducer. Fig. 3 shows a block
diagram of the fluid power supply unit.

Freguency Pressure

Digibar

Torgue
& Speed Wolt

Fig. 3. Block diagram of the supply pressure calibration process

2.1.4. Servo Control Valve

An electro-hydraulic servo control valve was used in this investigation. a schematic of the valve
is shown in Fig. 4.
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Fig. 4. Symbol and schematic drawing of the servo control valve

This valve is a Bosch servo solenoid valve; it is an electro-hydraulic continuous-action valve
that is directly controlled with integrated control electronics. The spool position sensor is of the
LVDT type. It is developed from proportional directional flow control valves. It is in no way inferior
to a servo valve in terms of the static and dynamic performances. The flow rate of the valve is 40
I/min, with a nominal pressure drop of 35 bar, and a maximum pressure of 315 bar. The valve
amplifier card which is compatible with the proportional valve, is powered by 24-volt DC with a
maximum current of 1.5 A. The valve command signal is in the range of +10 V. As it is a continuous
action valve, an important requirement for its use is zero-lap in the mid-position area. A zero-lap
orifice requires high manufacturing precision and hard-wearing materials.

2.1.5. Proportional Directional Flow Control Valve

The flow control valve was chosen as a 4/3 proportional pilot-operated valve. This type is a 4-
way valve operated by proportional solenoids. The valve type is: REXROTH 4WRZ 10 W 50-40. It
is a closed-canter, overlapped spool valve design. This value was used to compare the servo-control
valve performance in the same investigation. A schematic of the valve is shown in Fig. 5.

A B

V 9 A V

AV
T A P B Y

Fig. 5. Symbol and schematic drawing of proportional directional flow control valve
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2.2. Measurement Devices and Calibration

An inductive displacement transducer is used to measure the piston displacement in the
hydraulic cylinder. Pressure Digibar transducers are used to measure the inlet and outlet pressure
values. A four-channel USB recorder/logger was used to convert the received voltage and current
signals from the transducers to the computers to be evaluated.

2.2.1. Transducers Calibration

This section discusses how to calibrate the transducers used in the experimental setup. The
pressure transducers are calibrated by measuring various pressure values and recording the
corresponding voltage using a 4-channel USB recorder/logger. The flow rate of the system was
calibrated using the bucket-stop-watch technique to measure the output flow rate of the control
valves. The displacement transducer was calibrated by pushing the plunger a known distance and
measuring the resulting voltage. A calibration curve is then generated to determine the relationship
between the distance traveled and the received voltage.

3. Experimental Procedures

In this experimental investigation, the performance of a linear hydraulic control system was
studied using an electrohydraulic servo control valve (SV) and a proportional directional flow control
valve (PV). The system was designed to measure variations in the system supply pressure and the
pressure response in the two chambers of the hydraulic actuator during piston movement.

The displacement, velocity, and flow rate of the piston were experimentally evaluated under
various operating conditions, including supply pressures of 10, 20, 30, 40, and 50 bar, system
stiffness’s of 0.0, 18, and 32 N/mm, temperature of 30°C, and loads of no-load and 5100 N.

3.1. Methods of Conducting Experiments

A system was built to run the experiments in real-time. In this experimental investigation, an
electrohydraulic servo control valve (SV) was connected to the hydraulic system, and the experiment
was conducted. Then the system was disconnected, the proportional directional flow control valve
(PV) was connected, and the experiment was repeated. The performance of the system was studied
using hydraulic actuator. Fig. 6 and Fig. 7 show photographs of the system under investigation.

Fig. 6. Front photograph of the linear hydraulic control system

First, we studied the effect of valve flow rate at full opening. Second, the actual supply pressure-
decay; psa has been recorded for different values of the supply pressure ps. Finally, to study the effect
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of the loading system on the performance, experiments were carried out under no-load condition
when connecting either the SV or the PV. The system was loaded with 5100 N.

P1. P2
Digibar

Pressure 3 — — : ,.- Electrical
relief valve Ak Motor

Fig. 7. Photograph of the rear view of the linear hydraulic control system

3.2. Control Valves Performance

The performances of both the SV and PV were investigated by measuring the output flow in 1
minute according to a specific value of the input voltage signal to the solenoid of the valves under a
specific value of the supply pressure.

The servo control valve receives an electrical signal from a DC power supply through an
electronic amplifier card and a 10 kQ potentiometer. The 10 kQ potentiometer is used to adjust the
desired displacement and speed of the hydraulic cylinder piston. The proportional valve (PV)
receives an electrical signal from a power supply through two directional forward and backward
switches, which control the direction of the hydraulic cylinder.

3.3. Statistical Methods

In this study, after accumulating the measured data from all the tests, the difference between the
data for the two hydraulic valves was established as an objective function. The paired t-test was used
to evaluate significant differences in the SPSS program.

4. Results and Evaluation

The performance of the spool valve, the flow force effect, and the supply pressure decay during
system operation are discussed. The effect of stroke period on the static and dynamic performance is
investigated.

The results of the experimental work are compared. The comparison is made in the case of
connecting the proportional directional flow control valve and the servo flow control valve.

4.1, Evaluation of System Flow Rate

The system performance was evaluated by the relationship between the flow rate; Q versus valve
opening. A comparison of the two system designs at ps = 50 bar under no load is given by Table 1.
Furthermore is illustrated in Fig. 8.

The paired t-test p-value indicates a significant difference between the SV and PV systems in
terms of the flow rate and valve opening percentage. The result show that SV systems consistently
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generate higher flow rates than PV systems at all valve-opening percentages. Furthermore, there is a
strong positive relationship between valve opening and flow rates in both the SV and PV systems.
These data highlight the effectiveness of the SV systems in terms of high flow rates.

Table 1. Variation of system flow rate; Q about valves-opening ®s and ®y; for supply pressure; ps = 50 bar
under no-load conditions at T = 30 °C

valve opening; ® SV flow rate; Q PV flow rate; Q

[%] [mL/s] [mL/s]
10 4751 31.90
30 78.03 64.80
50 84.84 71.85
80 89.47 73.98
100 91.33 75.00
—— 5V
901 PV
80
= 701
£
E 60 -
g
50 1
40 1
30 1 I 1 1 ] T
20 40 60 80 100

Opening Percentage (%)

Fig. 8. Variation of system flow rate; Q about valves-opening (®s) to (®p); for supply pressure; ps = 50 bar
under no-load conditions at T = 30 °C

For illustration, at a supply pressure of 50 bar and no-load circumstances of 30°C, the SV's flow
rate at full opening is 91.33 mL/s, whereas the PV system delivers 75 mL/s. Fig. 9 and Table 2 show
that the SV design improved the flow rate by 21.77% compared to the PV design.

Table 2. Comparison of the system flow rate; Q for the two systems designs SV and PV for supply pressure;
ps = 50 bar under no-load

System designs SV PV
Flow Rate Q; [mL/s] 9133 75
Improvement of Servo Flow rate; [%] 21.77 %

Due to the zero-lap configuration between the spool land and the valve body ports of the servo
control valve, even minor spool displacement causes the flow to occur immediately. As a result, the
hydraulic actuator responds faster to any control signal.

A higher flow rate allows the actuators to move faster, thereby increasing the system efficiency.
This characteristic is critical for high-speed applications, such as robotic arms and hydraulic presses.
However, in applications that require precision control, such as aerospace, a balanced flow rate
provides exact movement.

4.2. Evaluation of System Supply Pressure Decay

The supply pressure decays differently when the SV or PV is connected. A comparison of the
two cases is achieved. The percentage of the actual supply pressure to the initial value of the supply
pressure psa/ps is calculated for both cases in Table 3 furthermore, plotted in Fig. 10.
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Fig. 9. Improvement of servo flow rate; [%)]

Table 3. Pressure ratio; psi/ps for different system cases at maximum flow rate and under no-load

Pressure ratio psa/ps; [%0]

ps; [bar]

SV PV
10 61.518800 61.884310
20 46.876275 42.509520
30 44532567 36.500160
40 40.911600 33.903425
50 38.507220 32.385120
—e— 5V (Servo Valve)
6ok —®- PV {Proportional Valve)

55

S0

Pressure Ratio (psa/ps %)

10 15 20 25 30 35 30 25 50
Supply Pressure (bar)

Fig. 10. Pressure ratio; psa/ps for SV and PV at T = 30 °C, maximum flow rate, under no-load

The statistical examination of the pressure ratios at various pressure levels demonstrates that the
pressure ratios for both the SV and PV systems consistently decrease as the pressure increases. Paired
t-tests revealed statistically significant differences in the pressure ratios between the SV and PV
systems at lower pressure levels, as shown by p-values less than the 0.05. These results show that
SV systems are more efficient at pressure retention than PV systems.

The comparison of the results of this investigation in the case of connecting the SV to that in
the case of connecting PV, declared that the actual supply pressure in the case of the SV at 30 °C and
ps = 50 bar is 19.25 bar, and in the case of the connecting PV is 16.19 bar. This illustrates that by
connecting the servo control valve there is an improvement in the value of the actual supply pressure
by 18.90 % as shown in Fig. 11.

Pressure decay can slow actuator movement, resulting in increased cycle times and lower
productivity, particularly in industrial automation and construction. Thus, assessing and managing
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pressure decay is critical for ensuring constant performance and safety in hydraulic systems,
especially in high-demand applications.

20 19.25

5

= 10

&

0
Valve type
Bsv Bpv
Fig. 11. Percent increase in the actual supply pressure at ps = 50 bar due to variation in the system valve

design

4.3. Effect of System Design on the Stroke Period

The effect on the system dynamics is determined when either the SV or PV is connected to the
hydraulic. Comparison of the two system designs for ps = 10, 20, 30, 40, and 50 bar at no-loading is
recorded in Table 4 furthermore is illustrated in Fig. 12.

Table 4. Comparison of stroke period to SV and PV for different supply pressure values under no-load and
without springs

Supply pressure; SV stroke period; PV stroke period;

ps[bar] t [sec] t [sec] Improvement
10 59.6 98.5 40%
20 32.6 375 13%
30 22.3 24 7%
40 17.2 17.6 2%
50 13.6 13.8 1.5%
100+ —8— 5V Stroke

—#— PV Stroke

80

60 1

Stroke Period (sec)

40 A

204

lb 1|5 Zb 2'5 3|0 3|5 4ID 4‘5 5I[1

Supply Pressure (bar)
Fig. 12. Relationship between stroke period and supply pressure for both the SV and PV at no-load and
without spring stiffness

It could be remarked that from Table 4, the stroke period in the case of connecting the SV or
PV has a slight difference in values at the same stroke distance, specifically at high supply pressure;
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ps = 50 bar. But at the low values of supply pressure; ps = 10 bar, the values of the stroke period
values differ between the two system designs. The stroke period values in the case of connecting the
SV are less than 40 % in the case of connecting the PV. The relationship is inverted between supply
pressure and the Stroke period. Maintaining a proper ratio of the pressure and stroke period is critical
in precision applications, such as robotics, to achieve accurate and controlled motions.

4.4, Effect of Temperature on Stroke Period

The relationship between supply pressure; ps = 10, 20, 30, 40, and 50 bar at full stroke and stroke
period (t) is used to evaluate the system dynamics of stroke period performance. Comparison of the
three conditions of operation temperature; T = 30, 40, and 50 °C under no-load conditions without
springs in the case of the connecting SV. The experimental data were extracted from Table 5
furthermore, plotted in Fig. 13.

Table 5. Variation in the system stroke period; t to the variation of supply pressure; ps under load; W = 0.0
N, without stiffness; K furthermore, temperature conditions

Supply pressure; Stroke period; Stroke period; Stroke period;
ps [bar] tlseclat T=30°C t[sec]atT=40°C t[seclatT =50°C
10 54.60 40.90 33.80
20 26.30 20.10 16.90
30 18.10 13.80 12.20
40 13.40 10.50 9.20
50 10.90 8.40 7.60
—8- 30°C
40°C
50 = 50°C
40
&.:J 30 A
20
101
lll) 1|5 Zb 2I5 3|U 3|5 4I0 4‘5 5r0

Supply Pressure (bar)

Fig. 13. Variation in the system stroke period; t in relation to the supply pressure at temperature values; T =
30, 40, and 50 °C

Paired t-tests revealed a significant difference in stroke duration between 30°C and 40°C (p
= 0.045) and a marginally significant difference between 30°C and 50°C (p = 0.052). These data
imply that pressure and temperature have a major impact on stroke duration, with greater pressures
and temperatures typically resulting in shorter stroke durations. This suggests that ideal operating
conditions can be achieved by carefully controlling both parameters. The percentage stroke time for
50 bar was calculated for the temperature range and is presented in Table 6 and plotted in Fig. 14.

Table 6. Comparison of stroke period; t for the temperature is operating conditions at T = 30, 40, and 50 °C
for supply pressure; ps = 50 bar under no load without springs at full stroke

Temperature; T[°C] 30°C 40°C 50°C
Decreasing percentage of
stroke time; [%]

Ref. 2134% 41.17%
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10.90

10
760

41.17 %

Stroke period; t[sec]
(¥ ]

Temperature conditions; T [°C]

Fig. 14. Relationship between system stroke period; t to temperature conditions; T = 30, 40, and 50 °C at
supply pressure; ps = 50 bar

According to Table 6 and Fig. 14, the stroke period decreases as the temperature and supply
pressure increase to achieve the same stroke distance. This occurs because the oil viscosity decreases.
Hence, higher power from the motor and pump is required to achieve the same pressure. Accordingly,
with this higher power, the piston of the hydraulic cylinder moves faster than that at low
temperatures.

4.5. Effect of Load on System Dynamics

According to the present experimental investigation, system loading affects the dynamic
performance. The operating condition of the fluid power control system is investigated. This section
discusses the effects of applying a 5100 N load to different system designs. The results are presented
in Table 7 and plotted in Fig. 15.

Table 7. Relationship between stroke periods; t and supply pressure; ps under load; W = 5100 N

Supply pressure; SV Stroke period; t [sec] PV Stroke period; t [sec]

ps [bar] W=00N W=5100N W=00N W=5100N
10 59.60 63.10 98.50 103.30
20 32.60 31.80 37.50 38.50
30 22.30 22.70 24.00 24.70
40 17.20 16.60 17.60 18.00
50 13.60 13.80 13.80 14.30

The T-test findings showed no statistically significant difference between the stroke periods of
the SV and PV valves under the each load condition (0.0 N or 5100 N), as evidenced by the p-values
of 0.62 and 0.60, respectively. This indicates that, under the specified experimental conditions, the
valve type has no significant effect on the stroke period when the supply pressure and load are
changed. These results suggest that the SV and PV valves function similarly under various load
conditions. Future studies should consider other factors or extended settings to further confirm these
results, particularly when applying large loads greater than 5100 N.

According to Table 7 and Fig. 15 at low supply pressures when the system is loaded, the system
requires more power to move the actuator. This higher power requirement indicates that the system
may require more time to get over the load's inertia and resistance, resulting in longer stroke duration.
Larger loads often result in longer system response times because hydraulic actuators require more
force and time to reach the desired position. This may result in control latency or poor performance
in fast-paced systems, including manufacturing automation.

4.6. Dynamics Performance of Different Hydraulic Control System Design

This experimental work investigates the effect of the system valve type on the dynamic
performance of a fluid power control system. During this investigation, the effect of connecting each
of the two different valves to the hydraulic control system on the dynamic was studied. Data are
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shown in Table 8 and Table 9 under no-load conditions, without springs, and temperature; T = 30 °C
at different supply pressure; ps = 10, 20, 30, 40, and 50 bar when connecting the SV or PV to the
hydraulic actuator. Results are registered in Table 8 and Table 9.

60

40

Stroke period; t [sec]

10 20

30

40

Supply pressure; ps [bar]

30

W sv
[y

Fig. 15. Relationship between stroke periods; t and supply pressure under load; W = 5100 N

The corresponding percentage and in dB for displacement amplitude are calculated and
registered in the same Table. Semi-log charts of the amplitude versus frequency plots are shown in
Fig. 16 and Fig. 17. Comparing the results in Table 8 to those in Table 9 for the same operating
conditions of load, supply pressure, and temperature, it could be recognized that the frequency of
piston displacement decreases with connecting PV more than SV at low values of supply pressure,
but it differs slightly at high values of supply pressure for the two system designs. To discuss the
effect of system design, for connecting each one of the two different valves on the bandwidth
frequency of the system, the bandwidth values were extracted at -3 dB from the dynamic curves in
Fig. 16 and Fig. 17 at different supply pressure values, presented in Table 10, and plotted in Fig. 18

and Fig. 19.

Table 8. Variation in the system displacement amplitude and frequency under no-load, without springs at

temperature; T = 30 °C versus different supply pressure values with SV connection

SV Amplitude
ps, [bar] Time of Stroke; Frequency; o
Stroke t [sec] £ 1/t [H] IX] X [%] X [dB]

Full 59.60 0.016779 185 100 0

10 3/4 44,70 0.022371 138.75 75 - 2.498775
1/2 29.80 0.033557 92.50 50 - 6.020600
1/4 14.90 0.067114 46.25 25 - 12.041200
Full 32.60 0.030675 185 100 0

20 3/4 24.45 0.040899 138.75 75 - 2.498775
1/2 16.30 0.061350 92.50 50 - 6.020600
1/4 8.15 0.122699 46.25 25 -12.041200
Full 22.30 0.044843 185 100 0

30 3/4 16.75 0.059702 138.75 75 - 2.498775
1/2 11.15 0.089686 92.50 50 - 6.020600
1/4 5.58 0.179212 46.25 25 -12.041200
Full 17.20 0.058140 185 100 0

40 3/4 12.90 0.077519 138.75 75 - 2.498775
1/2 8.60 0.116279 92.50 50 - 6.020600
1/4 4.30 0.232558 46.25 25 -12.041200
Full 13.60 0.073529 185 100 0

50 3/4 10.20 0.098039 138.75 75 - 2.498775
1/2 6.80 0.147059 92.50 50 - 6.020600
1/4 3.40 0.294118 46.25 25 - 12.041200
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Fig. 16. Relationship of system amplitude; X versus frequency; f for supply pressure; ps = 10, 20, 30, 40, 50

bar under no-load conditions, without springs and T = 30 °C with SV connection

Table 9. Variation in the system displacement amplitude and frequency under no-load, without springs at

temperature; T = 30 °C versus different supply pressure values with PV connection

PV Amplitude
ps, [bar] Time of Stroke; Frequency; o
Stroke t [sec] £; 1/t [Hz] X X[%] X [dB]

Full 98.50 0.010152 185 100 0

10 3/4 74.00 0.013514 138.75 75 - 2.498775
1/2 49.25 0.020305 92.50 50 - 6.020600
1/4 24.65 0.040568 46.25 25 -12.041200
Full 37.50 0.026667 185 100 0

20 3/4 28.00 0.035714 138.75 75 - 2.498775
1/2 18.75 0.053333 92.50 50 - 6.020600
1/4 9.35 0.106952 46.25 25 -12.041200
Full 24.00 0.041667 185 100 0

30 3/4 18.00 0.055556 138.75 75 - 2.498775
1/2 12.00 0.083333 92.50 50 - 6.020600
1/4 6.00 0.166667 46.25 25 -12.041200
Full 17.60 0.056818 185 100 0

40 3/4 13.20 0.075758 138.75 75 - 2.498775
1/2 8.80 0.113636 92.50 50 - 6.020600
1/4 4.40 0.227273 46.25 25 -12.041200
Full 13.80 0.072464 185 100 0

50 3/4 10.35 0.096618 138.75 75 - 2.498775
1/2 6.90 0.144928 92.50 50 - 6.020600
1/4 3.45 0.289855 46.25 25 -12.041200

Table 10. System bandwidth frequency under different valve-type conditions

Supply pressure; SV Bandwidth; PV Bandwidth; Improvement
ps[bar] B [Hz] B [Hz]] P
10 0.025 0.015 65 %
20 0.045 0.039 15%
30 0.066 0.061 8 %
40 0.085 0.083 3%
50 0.108 0.106 1.5%
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Fig. 18. Relation between bandwidth frequencies and Supply pressure at temperature; T = 30 OC under no-
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The statistical study demonstrated substantial variation in bandwidth characteristics between the
SV and PV systems (paired t-test p-value = 0.028), showing separate performance patterns for the
two valve types. Both systems exhibit an important beneficial relationship between bandwidth and
supply pressure.

Fig. 18 and Fig. 19 show that the bandwidth frequency of the system in the case of connecting
the SV at lower values of supply pressure is 65% higher than in the case of connecting the PV, but
at high values of supply pressure, the bandwidth differs slightly. In hydraulic valves, bandwidth
refers to the frequency range the valve can efficiently regulate fluid flow and, by extension, actuator
movement. Greater bandwidth means that the valve can respond faster to changes in the control
signal, thereby allowing more accurate and dynamic control. Therefore, the servo valve was defined
by its fast response and high bandwidth.
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4.7. Comparison with Previous Studies

Energy-saving solutions to hydraulic control systems have significantly advanced in response
to the growing demand for efficient control systems in various industrial applications. Recent
research has highlighted the control strategies and system designs that influence energy use. When
comparing two types of hydraulic control valves, connecting a servo control valve enhances the
system performance in terms of the flow rate and pressure decay. Servo hydraulic control valves can
enhance the hydraulic system energy efficiency by accurately controlling the flow and pressure,
lowering the pump demand, generating less heat, and reducing fluid loss. As a result, servo-hydraulic
control valves play an important role in the establishment of energy-efficient hydraulic systems,
thereby resulting in lower operational costs and a smaller environmental footprint.

5. Conclusion

This study investigates the static and dynamic performance of linear position control in a fluid
power control system, with a focus on the effects of system design under various operating
conditions. The SV and PV flow control valves were connected to the system for comparison.
Connecting the SV results in a significant improvement in the system flow rate and actual supply
pressure compared to the PV. At a supply pressure of 50 bar under no-load conditions, the flow rate
improvement with SV was 21.77%. Additionally, the actual supply pressure is 18.90% higher with
SV than with PV. The dynamic characteristics of the system, particularly the stroke period, show
marked differences between the two e types of valves. At a supply pressure of 10 bar, the stroke
period was 40% shorter for SV than for PV. However, this improvement decreases as the supply
pressure increases. Piston displacement frequency is higher for SV than for PV, especially at low
supply pressures. At a supply pressure of 10 bar, the bandwidth frequency of the SV is 65% higher
than that of the PV. Hydraulic servo valve improvements such as higher flow rates, accurate pressure
control, and quick responses enhance several of applications. These innovations result in higher
output, reduced cycle times, increased safety, and lower operational costs. Hydraulic servo valves
are thus becoming increasingly dependable and efficient, making them vital components in sectors
such as aircraft, robotics, and manufacturing automation. The results provide useful information for
determining the best valve type for various industrial applications based on the desired performance
characteristics.

Further research could involve looking at various system designs by applying other control
techniques, loading the system with a wide range of loads higher than 5100 N, exploring the
performance of different types of valves, and studying the impact of compressibility on long-distance
control systems.
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Nomenclature

An Nozzle flow [mm?]

B Bandwidth [Hz]

Cu Discharge coefficient [%]

F Frequency [Hz]

K Spring stiffness [N/mm]

ps Supply pressure line [bar]

Psa Actual value of supply pressure [bar]

p1, p2  Cylinders inlet and outlet pressures [bar]
Ap Pressure difference through valve opening [bar]
Q System flow rate [L/min]

Qn Flow rate through valve nozzles [L/min]
T Temperature [°C]

T Time [sec]

\% Command signal value [volt]

% System load [N]

X Piston stroke [dB]

X Piston displacement [mm]

P QOil density [kg/m?]

) Valve opening Percentage [%]

(ON SV opening percentage [%]

@p PV opening percentage [%]
Abbreviations

A B Working lines

PV Proportional directional flow control valve
SV Electro hydraulic servo valve

DC Direct Current

AC Alternating Current
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