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Abstract: Water has the disadvantages of low viscosity, poor lubrication, and easy leakage, which
leads to many problems in water hydraulic flow control valves, such as low working pressure and
large flow fluctuations. To address these issues, this paper proposes a novel digital flow control
valve. The valve uses a linear stepper motor as the driving device. Compared to proportional
electromagnets, the thrust and stroke of the linear stepper motor are larger, making the valve more
suitable for high-pressure working conditions. Simultaneously, the valve innovatively incorporates a
set of pilot valve spool strings at the front end of the pilot valve damping hole. Through controlling
the two pilot valves to regulate the pressure difference before and after the damping hole, the flow
passing through the pilot valve is maintained stable, thereby making the pressure of the upper
chamber of the master valve spool more stable. In comparison to a single pilot valve structure, this
design ensures a more stable main valve core position and reduces flow fluctuation. A mathematical
and simulation model of the valve has been established, confirming the performance advantages
of the new structure. The impact of structural parameters (such as valve core diameter, spring
stiffness, and diameter of damping hole) on the stability of flow regulation has been investigated.
A genetic algorithm has been employed to optimize the key parameters that influence valve flow
stability, resulting in the identification of optimal parameters. The simulation results indicate that
the optimized parameters lead to a reduction of approximately 45% in the maximum overshoot
oscillation amplitude of the valve flow regulation. A prototype of the new flow control valve was
developed, and a test system was established for conducting tests. The test results also confirmed the
performance advantages of the valve and the accuracy of the optimal design.

Keywords: water hydraulic system; flow control; digital flow control valve; genetic algorithm;
optimization

1. Introduction

Water hydraulic technology is a crucial area of development with a wide range of
applications in marine exploration, coal mining, and other fields [1-3]. However, hydraulic
components used in water media are susceptible to issues such as leakage, inadequate
lubrication, and cavitation [4,5]. Therefore, the development of water hydraulic components
based on the characteristics of water hydraulic systems holds significant importance.

Flow control plays a crucial role in hydraulic systems, and the speed regulating valve
is a commonly used type of valve for flow control. Typically, a speed regulating valve
consists of a series arrangement of a differential pressure reducing valve and a throttle
valve. As the load pressure changes, the opening of the differential pressure reducing
valve adjusts accordingly to maintain the pressure difference before and after the throttle
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valve constant. This ensures that the flow controlled by the speed regulating valve remains
stable and unaffected by load changes [6,7]. However, the speed regulating valve has
poor anti-interference ability, leading to significant flow overshoot when the load changes.
Additionally, it suffers from drawbacks such as slow response speed and poor adjustment
accuracy [8,9]. These limitations are particularly pronounced in water hydraulic systems,
making the speed control valve unsuitable for such applications.

The throttle valve is also a common flow control valve in hydraulic systems, and it
can be categorized into two types based on the driving mode: direct drive type and pilot
stage control type [10]. The direct drive throttle valve adjusts the opening of the valve
core directly through the proportional electromagnet and other driving devices, which
has the characteristics of high control precision and fast response speed [11,12]. However,
the limited thrust and stroke of the proportional solenoid make it difficult to apply this
structure under high-pressure conditions. As a result, many scholars have proposed a
two-stage proportional valve structure with pilot stage control in order to address this issue.

Anderson initially proposed a two-stage flow control valve with displacement and
hydraulic feedback. The pilot stage of the valve is directly proportional to the main stage
flow, and the main stage flow can be adjusted by manipulating the pilot stage flow. Despite
its wide range of applications, this valve also has some drawbacks. For instance, it exhibits
low flow regulation accuracy when the load undergoes significant changes [13]. In order
to address this issue, scholars have conducted research. Han et al. proposed the use of
displacement sensors to directly detect the displacement of the main valve core and control
the valve core opening through feedback algorithms in order to enhance the accuracy of
main valve core position control. However, this approach complicates the structural design
of the valve and necessitates higher pressure resistance characteristics and stability of the
displacement sensor [14]. Other scholars have proposed precise flow control methods
based on various compensators. For example, Erikson proposed a mechanical pressure
compensation controller, Huang proposed a digital pressure compensation controller, and
Tian proposed an artificial neural network compensation controller [15].

However, the majority of the aforementioned research focuses on oil hydraulic systems.
The proportional throttle valves utilized in these studies all feature a slide valve structure
in their pilot stage. Due to the low viscosity of water and its propensity for easy leakage,
they may exhibit internal leakage under high-pressure conditions, thereby impacting flow
regulation effectiveness and stability. In order to achieve flow control in water hydraulic
systems, scholars have conducted research on developing a water medium proportional
speed control valve based on the structure of the oil medium proportional speed control
valve. Park has optimized the gap between the main valve core and valve sleeve, and
added a pressure equalization groove in the main valve core to prevent hydraulic locking.
Subsequently, experiments were conducted to verify the feasibility of the developed water-
based proportional speed control valve. However, the maximum flow rate of the valve is
only 14 L/min, which is not suitable for hydraulic systems with high flow rates [16]. Park
also proposed a water flow control valve that utilizes a high-speed on/off valve as the pilot
stage. The valve employs the leakage flow between the main valve core and valve sleeve
as the pilot liquid flow, and can achieve flow control by adjusting the pulse frequency.
However, the maximum pressure of the valve is 14 MPa, which makes it unsuitable for
high-pressure working conditions [17].

Based on the literature analysis above, it is evident that existing flow control valves
may encounter issues such as leakage and poor flow stability when utilized in high-pressure
water conditions. To address these challenges, this article presents a novel high-pressure
water medium flow control valve that utilizes a two-stage valve core structure. This new
design incorporates two pilot stages to enhance flow control stability and employs a slide
valve structure to minimize leakage. The main stage employs a plug-in valve structure. The
performance advantages have been confirmed through the establishment of mathematical
models and simulation models. The key structural parameters of the digital flow control
valve were optimized using a genetic algorithm, thereby improving the dynamic response



Machines 2024, 12, 640

30f16

characteristics of the valve. The performance advantages and accuracy of the optimized
valve design have been confirmed through experimental validation.

2. New Structure Digital Flow Control Valve
2.1. Structure and Principle of Valves

Figure 1 illustrates a typical proportional flow control valve in an oil hydraulic system,
with its pilot stage adopting a slide valve structure. However, due to the low viscosity of
water, there is a high likelihood of leakage at the pilot spool. Additionally, there exists a gap
between the main spool and the valve sleeve, resulting in a pressure difference between the
upper cavity of the main spool and working port A. This allows water medium to easily
enter the gap, thereby affecting the stability of the main spool position. Furthermore, a
variable damping hole is formed between the main spool and valve sleeve. As a result
of this unstable position of the main spool, both pressure and flow rate of water medium
through the variable damping hole are prone to fluctuation. Consequently, it becomes
challenging to apply this structure in high-pressure water hydraulic systems.

Pilot stage

Pilot valve

core Proportional

) solenoid
variable
orifice
Main stage

—»— A

Figure 1. Typical structure of a proportional flow control valve.

Figure 2 depicts the structural diagram of the new high-pressure water hydraulic
flow control valve proposed in this paper. The valve features a two-stage spool structure,
with the main stage comprising a main spool. The main spool inlet P is connected to the
high-pressure water, while outlet A is connected to the load. Additionally, the main spool
is equipped with a sealing ring slot and installed with a sealing ring to prevent leakage
between the main spool and the valve sleeve, thereby ensuring effective adjustment of the
valve spool position. The pilot stage consists of two pilot valves and three damping holes.
Damping hole 1’s inlet is connected to the main spool inlet, and its outlet is connected
to pilot valve 1’s inlet and damping hole 2’s inlet. Damping hole 2’s outlet is linked to
damping hole 3’s inlet and pilot valve 2’s inlet, while damping hole 3’s outlet connects to
the main spool upper cavity. Finally, both pilot valves’ outlets are directly connected to
the liquid tank. Considering the traditional slide valve structure’s tendency to experience
significant leakage under high-pressure water conditions, each pilot valve adopts a ball
valve structure. Additionally, the pilot spring is directly compressed by the linear stepping
motor in order to control the pressure value of the valve inlet.
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Figure 2. Structure of a new high-pressure water hydraulic flow control valve.

The main working principle is as follows: In the initial state, high-pressure water
from the pump enters the lower chamber of the main spool and then flows into the upper
chamber of the main spool through damping holes 1, 2, and 3. At this point, with pilot
valves 1 and 2 in a closed state, both chambers of the main spool have equal pressure,
resulting in the main spool being in a closed state. With the opening of pilot valve 1, the
pressure in the upper chamber of the main spool is reduced due to throttle pressure loss
in damping holes 1 and 2. This leads to a disruption in the force balance of the main
spool, causing it to move upward until a new force balance position is reached. The linear
stepper motor adjusts the pilot valve 1, thereby changing the compression of the pilot
spring. This adjustment can alter the pressure of the upper chamber of the main spool,
subsequently leading to a change in the position of the main spool. Ultimately, this process
achieves flow regulation as intended. Compared to a proportional electromagnet, a linear
stepper motor offers greater thrust and stroke, making it better suited for high-pressure
conditions. Additionally, its control accuracy is also higher. Because of the low viscosity of
the emulsion, it will result in relatively large flow and pressure fluctuations as it passes
through the damping hole and pilot valve. This leads to fluctuations in the pressure of
the upper chamber of the main valve spool, which can easily cause oscillation of the main
valve spool and affect the flow regulation effect. Pilot valve 2 has been incorporated into
the structure to regulate the inlet pressure of damping hole 2 by controlling the linear
stepping motor of pilot valve 2. This ensures that the pressure difference between the
front and back of damping hole 2 remains constant, thereby maintaining a consistent flow
rate through both damping hole 2 and pilot valve 1. As a result, this approach reduces
pressure fluctuations in the upper chamber of the main valve core and enhances system
flow stability.

2.2. Mathematical Model

The flow rate through the main spool can be expressed by the following formula:

g1 = Cymdyx1sind 5

where ¢ is the flow through the main spool, C; is the flow coefficient, d; is the main spool
seal diameter, x; is the displacement of the main valve core, 0 is the half cone angle of the
main valve core, p; is the inlet pressure of the main valve core, p; is the outlet pressure of
the main valve core, and p is the density of water.

Upon analyzing Formula (1), it is evident that the flow rate through the main valve
core is primarily influenced by the inlet pressure, outlet pressure, and displacement of the
main valve core. The inlet pressure is controlled by the overflow valve at the pump outlet,
while the outlet pressure is determined by the load. The displacement of the main valve
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core can be analyzed by examining the force acting on it, which can be expressed using the
following formula:

p1A1 = p2Az +mg +ki(x1 +x0) + Fa + Fy )

where A; is the effective area of the lower chamber of the main valve core, p; is the
pressure in the upper chamber of the main valve core, A; is the effective area of the upper
chamber of the main valve core, m is the quality of the main valve core, g is the gravitational
acceleration, kq is the stiffness of the main valve spring, x is the initial compression amount
of the main valve spring, F, is the steady-state hydraulic force of the main valve core, and
Fy is the frictional force exerted on the main valve core.

Considering that factors such as friction, spring force, and hydraulic force are rela-
tively small, the opening of the main valve core is primarily influenced by the pressure
in the upper chamber of the main valve core. This pressure can be expressed by the
following formula:

3’3 [op

b P

where g7 is the flow rate through pilot valve 1, d; is the aperture of the pilot valve seat, x,
is the displacement of the pilot valve core, and D is the diameter of the ceramic ball of the
pilot valve core.

The pressure in the upper chamber of the main valve core is primarily influenced by
the flow rate through the pilot valve and the displacement of the pilot valve core. The flow
rate through the pilot valve core is equivalent to the flow rate through damping hole 2,
which can be represented by the following formula:

%2 = Cads, | W 4)

where dj is the diameter of damping hole 2 and pj, is the inlet pressure of damping hole 2.

In the structure of the flow control valve, the control algorithm can be utilized to adjust
pilot valve 2 in order to maintain a constant pressure difference between the front and back
of damping hole 2. This ensures that the flow rate through damping hole 2 and pilot valve
1 remains essentially unchanged, thereby enhancing the stability of pressure in the upper
chamber of the main valve spool and subsequently improving the stability of flow through
the main valve spool.

q2 = Cyrdax;

)

2.3. Simulation Model

To verify the flow regulation characteristics of the new structure flow control valve, a sim-
ulation model depicted in Figure 3 was constructed using AMESim2019.2 simulation software.

Pilot stage 2
————————— PID control

Pressure
sensor 2

Pressure e = )
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|ty
lo— = |T_L
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Orifice 2 I
|
|
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il Orifice 3

/ [ | =
Pump
i
@ c—a Relief valve 1
i

Figure 3. Simulation model.
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In the simulation model, a relief valve is connected in series at the outlet of the main
valve core to simulate the load. Additionally, a relief valve is connected in parallel at the
inlet of the main valve core to regulate the flow control valve inlet pressure. Pressure
sensors are installed at the inlets of pilot stage 1 and pilot stage 2, respectively, to adjust
the spring compression of pilot stage 2 based on pressure feedback. This ensures that the
pressure difference before and after damping hole 2 is always maintained at 10 bar. The
simulation model was utilized to validate the flow regulation capability and stability of the
flow control valve under high and low pressure conditions. The key technical parameters
of the simulation model are presented in Table 1. The simulation duration was set to 11 s,
and the simulation time interval was set to 0.01 s.

Table 1. Main technical parameters of simulation model.

Parameter Name Value
Pilot valve seat diameter (mm) 55
Pilot valve spool diameter (mm) 20
Pilot valve spring stiffness (N/mm) 70
Diameter of damping hole 1 (mm) 1.2
Length of damping hole 1 (mm) 6
Diameter of damping hole 2 (mm) 1
Length of damping hole 2 (mm) 6
Diameter of damping hole 3 (mm) 0.8
Length of damping hole 3 (mm) 6
Main valve core sealing diameter (mm) 14
Main valve core diameter (mm) 16
relief valve 1 cracking pressure (bar) 200
relief valve 2 cracking pressure (bar) 120
Main spring stiffness (N/mm) 23.5
Main valve core quality (kg) 0.1
Half cone angle of main valve core (°) 30
Proportional gain of PID controller 1
Emulsion pump flow rate (L/min) 200

Under low-pressure conditions, the relief valve at the inlet of the main spool is set
to open at 70 bar, while the relief valve at the outlet of the main spool is set to open at
15 bar. The spring compression of pilot stage 1 is depicted in Figure 4a. The extension
of the motor shaft is 1.5 mm in 0-3 s, and it varies uniformly from 1.5 mm to 1.45 mm in
3—4 s. The extension of the motor shaft is 1.45 mm in 4-7 s, and it varies uniformly from
1.45 mm to 1.4 mm in 8-9 s. The extension of the motor shaft is 1.4 mm in 9-11s. And
the flow rate through the main spool throughout the process is documented in Figure 4b.
Under high-pressure conditions, the opening pressure of the relief valve at the inlet of the
main spool is set to 200 bar, and the opening pressure of the relief valve at the outlet of
the main spool is set to 120 bar. The spring compression of pilot stage 1 is set as shown
in Figure 4a. The extension of the motor shaft is 1.4 mm in 0-3 s, and it varies uniformly
from 1.4 mm to 1.35 mm in 3-4 s. The extension of the motor shaft is 1.35 mm in 4-7 s,
and it varies uniformly from 1.35 mm to 1.3 mm in 8-9 s. The extension of the motor
shaft is 1.3 mm in 9-11 s. And the flow rate through the main spool during the whole
process is recorded as shown in Figure 4b. The curve demonstrates that the flow can
be adjusted by modifying the compression of the pilot spring. The flow curve remains
stable under low pressure conditions, with a slight increase in flow fluctuation under
high-pressure conditions. The proposed structure of the flow regulating valve is suitable
for controlling flow under high-pressure water medium conditions, and it exhibits high
stability in flow regulation.
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Figure 4. Simulation results. (a) Compression curve of pilot spring; (b) flow curve.

3. Optimization of Key Parameters for a New Digital Flow Control Valve Structure
3.1. The Impact of Key Parameters on Flow Control Characteristics

Based on experience and the current literature, it has been found that valve parameters
(such as valve core diameter, spring stiffness, and diameter of damping hole) have a
significant impact on flow dynamic performance. Therefore, it is essential to conduct
detailed research and optimize the key parameters of the valve through algorithms in
order to improve its dynamic characteristics [14]. This paper presents the simulation model
depicted in Figure 5, which is developed based on AMESim. The outlet of the flow control
valve is connected to a pressure sensor, a flow sensor, and a proportional relief valve. The
proportional relief valve is utilized to regulate the outlet pressure of the flow control valve,
while the data from the pressure sensor and flow sensor are fed back to the controller. The
inlet of the flow control valve is connected to a relief valve in order to maintain constant
inlet pressure. Pressure sensors are respectively connected to the front and rear of damping
hole 2, and their feedback is sent to the controller.

Flow control valve

——— e e —

- I F . ,,’I
AP -
@ lHD : Pressure sensor ; %;,
AE = = s
rp= =] | -
|
I > '
1= [ M=
| ] I j
| | Hle
| - : Flow sensor: |

0 I— ‘

= Proportional
[ %I relief valve
[N )
® .
{ Relief valve

Pump .,

Figure 5. AMESim simulation model.

In this system, the flow target value through the main valve core is always set to
50 L/min, the outlet pressure target value of the flow control valve is always 40 bar, and the
inlet pressure target value steps from 60 bar to 70 bar. The changes in the flow rate through
the main valve core are monitored during the pressure change process. The main technical
parameters of digital sequence valves and hydraulic systems are shown in Table 1. In this
system, the target flow value through the main spool is consistently set at 60 L/min. The
inlet pressure of the flow control valve is maintained at 70 bar, while the outlet pressure
target value suddenly changes from 20 bar to 25 bar. It is important to monitor the change



Machines 2024, 12, 640

8 of 16

in flow rate through the main spool under different parameters during sudden pressure
changes. The primary technical parameters of the simulation model are presented in Table 1.
The simulation duration was set to 5 s, and the simulation time interval was set to 0.01 s.

3.1.1. The Influence of the Diameter of Damping Hole 1 on Flow Rate Variation

Figure 6 illustrates the impact of the diameter of damping hole 1 on the flow through
the main spool. The simulation results indicate that the diameter of damping hole 1 does
not affect flow regulation. As the diameter of damping hole 1 increases, there is minimal
change in both the amplitude and response time of flow regulation.

70

—— 1.0mm
— 1.Imm

q(L/min)

55 1 1 1 1

1(s)

Figure 6. Flow curve under various diameters of damping hole 1.

3.1.2. The Influence of the Diameter of Damping Hole 2 on Flow Rate Variation

Figure 7 illustrates the impact of the diameter of damping hole 2 on the flow through
the main spool. The simulation results indicate that the diameter of damping hole 2 has
minimal influence on flow regulation. As the diameter of damping hole 2 increases, there
is only a slight decrease in flow regulation amplitude, with almost no significant change.

70

——0.7mm

q(L/min)

55 1 1 1 1

1(s)
Figure 7. Flow curve under various diameters of damping hole 2.

3.1.3. The Influence of the Pilot Spring Stiffness on Flow Rate Variation

Figure 8 illustrates the impact of pilot spring stiffness on flow through the main spool.
The simulation results indicate that the stiffness of the pilot spring significantly influences
flow regulation. As the stiffness of the pilot spring increases, there is a noticeable decrease
in both the amplitude of flow overshooting and oscillation.
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Figure 8. Flow curve under various diameters of pilot spring stiffness.

3.1.4. The Influence of the Main Valve Spring Stiffness on Flow Rate Variation

Figure 9 illustrates the impact of the main spring stiffness on the flow rate through the
main spool. The simulation results indicate that the influence of the main spring stiffness on
flow regulation is minimal, and there is a slight decrease in the amplitude of flow overshoot
with an increase in main spring stiffness.

70

—— 20N/mm
—— 25N/mm
—— 30N/mm
— 35N/mm

g(L/min)

55 1 1 L 1

«s)
Figure 9. Flow curve under various diameters of main valve spring stiffness.

3.1.5. The Influence of the Main Spool Seal Diameter on Flow Rate Variation

Figure 10 illustrates the impact of the main spool seal diameter on the flow through
the main spool. The simulation results indicate that the main spool seal diameter has a
significant influence on flow regulation. As the main spool seal diameter increases, there is
a notable decrease in both flow overdrive and oscillation amplitude.
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Figure 10. Flow curve under various diameters of main spool seal diameter.

3.1.6. The Influence of the Main Spool Upper Cavity Diameter on Flow Rate Variation

Figure 11 illustrates the impact of the diameter of the upper end of the main spool seal
on the flow through the main spool. The simulation results indicate that the diameter of
the upper end of the main spool significantly influences flow regulation, with a decrease in
flow overshoot amplitude as the upper end diameter of the main spool increases.

70

— 15.0mm

q(L/min)

55 1 1 1 1

1(s)
Figure 11. Flow curve under various diameters of main spool upper cavity diameter.

3.2. Structural Parameter Optimization Design

Based on the simulation analysis above, it is found that the diameter of damping holes
1 and 2 and the stiffness of the main spring have minimal impact on the flow through the
main spool. On the other hand, the sealing diameter and upper end diameter of the main
spool, as well as the stiffness of the pilot spring, have a significant influence. Therefore, it
is essential to optimize these three parameters in order to enhance the dynamic response
characteristics of flow regulation in the flow control valve.

3.2.1. Optimization Objectives

The primary goals of flow control are to minimize overshoot and oscillation. The ITAE
(Integral Time Absolute Error) is a widely used performance evaluation index [18,19]. In
this paper, the ITAE performance index is adopted as the evaluation criterion, and the
objective function can be represented by the following formula:

min JiTAg = /Ooot|€(t)|df 5)



Machines 2024, 12, 640

11 of 16

where e(t) is the difference between real-time traffic and target traffic at time .

3.2.2. Optimal Results

The optimization of parameters for a new digital flow control valve presents a complex,
multi-parameter, and nonlinear optimization problem. A genetic algorithm is a method
used to search for the optimal solution by simulating the natural evolution process. It has
been successfully employed in the parameter optimization of hydraulic system [20,21]. In
this paper, AMESim is utilized to construct a simulation optimization model as depicted in
Figure 12. The simulation model employs a genetic algorithm to optimize the parameters
including the diameter of the main spool seal, the diameter of the upper end, and the stiff-
ness of the pilot spring. The evaluation standard is based on ITAE index, with Formula (5)
serving as the objective function.

Flow control valve

Sy | Object
ks :/ function
pAiesa o] 5 o :

Proportional
—  relief valve

Pressure sensor

® o0
| Relief valve

Figure 12. AMESim simulation optimization model based on genetic algorithm.

Flow sensor

In the simulation model, the population size was set to 40, which was determined
based on the number of parameters to be optimized combined with experience. The maxi-
mum number of iterations combined with computer performance and solution accuracy
was set to 50, and the crossover rate and variation rate were set to 0.4 and 0.05, respectively,
according to experience. Based on design experience of the hydraulic valve, initial values
and upper/lower limits for three parameters are shown in Table 2. Other main parameters
of the hydraulic system were set according to Table 1, while the parameters optimized
by the genetic algorithm are also presented in Table 2. The flow curve before and after
optimization is depicted in Figure 13.

Table 2. Upper and lower limits of parameters and parameters before and after optimization.

Sealing Diameter of lzlli‘;ﬁ:)ee:iszt;eell\]feﬁir Pilot Spring
Main Valve Core/mm Stiffness/(N/mm)
Valve Core/mm
Minimum value 13 15 60
Maximum value 15 17 90
Initial value 14 16 70
Optimal value 14.9 16.1 79.2

It is obvious from the comparison curve that the maximum overshoot percentage of
flow regulation is reduced from 11.2% to 7%, which is an improvement of about 37.5%. The
amplitude of oscillation was reduced from 9 L/min to 5.5 L/min, an improvement of about
45%. The frequency and response time of flow regulation oscillations are also somewhat de-
creased, and the optimized parameters exhibit improved dynamic response characteristics.
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Figure 13. Response curve of flow characteristics before and after optimization.

4. Experimental Study
4.1. Experimental Device

In order to better verify the feasibility and progressiveness of the developed flow
control valve, a test system was built as shown in Figure 14. The experimental system
consists of an emulsion pump, digital sequence valve, proportional relief valve, emulsion
motor, servo motor, rectifier device, pressure sensor, flow sensor, computer, controller,
etc. The emulsion discharged by the emulsion pump enters the digital sequence valve
and the proportional relief valve respectively. The inlet pressure of the digital sequence
valve can be adjusted by controlling the proportional relief valve, and the outlet pressure
of the digital sequence valve can be adjusted by controlling the servo motor. When the
pressure difference between the inlet and outlet changes, flow regulation can be achieved
by adjusting the linear stepper motor of the digital sequence valve. The emulsion pump in
this system is a fixed displacement pump with a nominal flow rate of 125 L/min.

Flow control

Pressure —Y
sensor 1 sensor
Al Controller
__ — — - Proportional i3
! I I reliefvalve e
| | Pressure
Safety sensor 2
valve
Electric i
motor H
Hydraulic Hydraulic ,
pump motor
Servo motor

Figure 14. Experimental platform. (a) Experimental system schematic diagram; (b) physical diagram
of the experimental system.

4.2. Experimental Study on Stability of Flow Regulation

A new prototype flow control valve was developed, and its three-dimensional model
and physical model are depicted in Figure 15. To validate the flow regulation stability of
the flow control valve, a comparison was made with a flow control valve featuring a single
pilot spool. The three-dimensional model and physical model of this comparison valve are
shown in Figure 16.
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Pilot valve core 1 Orifice 2 Pilot valve core 2

Figure 15. 3D model and prototype of a digital flow control valve with a dual pilot valve core
structure. (a) 3D model; (b) prototype model.

Orifice Pilot valve core

(a) (b)

Figure 16. 3D model and prototype of a digital flow control valve with a single pilot valve core
structure. (a) 3D model; (b) prototype model.

The experimental setup depicted in Figure 12 was utilized to conduct experiments
on two different structures of flow control valves. The testing method was as follows:
Firstly, the single-pilot flow control valve was selected as the specimen for testing. The
extension of the linear stepping motor shaft of the pilot stage was adjusted to 1.65 mm,
and the proportional relief valve was adjusted to maintain the inlet pressure of the main
spool at 80 bar. Additionally, the hydraulic motor servo motor was adjusted to keep the
outlet pressure of the main spool at 15 bar. The flow curve through the main spool was
then recorded, as depicted in Figure 17. Subsequently, the double pilot flow control valve
was replaced as the test piece. The axial extension of the linear stepping motor of pilot
stage 1 was adjusted to 1 mm. Based on the feedback from the pressure sensor in front of
the pilot valve spool, the linear stepping motor of pilot stage 2 was adjusted to maintain
a constant pressure difference before and after damping hole 2 at 10 bar. Similarly, the
inlet and outlet pressures of the main spool were set to 80 bar and 40 bar, respectively. The
flow curve through the main spool was recorded as shown in Figure 17. The experimental
results indicate that the spool structure with a double pilot stage exhibits a more stable
flow curve and better flow regulation stability compared to that with a single pilot stage.

From the experimental curve, it can be seen that the new structure sequence valve
has more obvious pressure flow characteristics compared to the traditional structure se-
quence valve, which is consistent with the simulation results. However, under the same
compression amount and flow rate of the pilot spring, the experimental data have a higher
pressure difference than the simulation data, which is due to the additional flow resistance
generated in pipelines, joints, and other areas.
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Figure 17. Flow curves of two types of flow control valves.

4.3. Experimental Study of Flow Regulation Characteristics

The test platform depicted in Figure 12 was utilized for testing both the double pilot
stage flow control valve and the single pilot stage flow control valve. The specific testing
methods were as follows: The target value of flow through the main spool was consistently
set at 60 L/min, while the target value of inlet pressure of the main spool of the flow control
valve was always set at 70 bar, and the target value of outlet pressure suddenly increased
from 15 bar to 20 bar. The change in flow through the main spool during the process of
pressure change was monitored, and a response curve of flow regulation was drawn, as
shown in Figure 18.

70

Experimental data of double pilot valve core structure
Experimental data of single pilot valve core structure

—— Simulation data of double pilot valve core structure
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50 " 1 " 1 L 1 L 1
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Figure 18. Flow characteristic response curve.

Based on the test results, it is evident that the flow curve of the optimized dual pilot
spool structure aligns closely with the simulation data. However, there was a reduction in
oscillation amplitude to some extent. This can be attributed to the fact that during actual
testing, the flow sensor records an average value over a certain period of time, and also
operates at a relatively low sampling frequency. It also can be observed from the curve
that the double pilot spool structure exhibits smaller flow regulation deviation and higher
adjustment stability compared to the single pilot spool structure. This demonstrates that
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the double pilot spool structure possesses superior dynamic influence characteristics and a
more effective flow regulation effect.

5. Summary

This paper introduces a novel digital flow control valve for high-pressure water
hydraulic systems. The valve utilizes a double pilot valve core structure and a linear
stepping motor as the driving device. In this paper, the mathematical model and AMESim
simulation model of the flow control valve are established. It is analyzed that the new
structure of the flow control valve can achieve flow regulation in both high- and low-
pressure water hydraulic systems, with high stability in flow regulation. Secondly, the
study investigates the influence of structural parameters on the dynamic characteristics
of flow regulation. It is emphasized that the stiffness of the pilot spring, the sealing area
of the main spool, and the diameter of the upper end of the main spool significantly
impact the dynamic response characteristics of flow regulation. A genetic algorithm
based on ITAE performance index was employed to optimize these three parameters. The
simulation results indicate that the optimized flow control valve reduces the maximum
overshoot amplitude of flow regulation by approximately 45%. This suggests a significant
improvement in the performance of the valve. Finally, this paper presents the development
of two types of prototypes for digital flow control valves: single pilot stage and double pilot
stage. Additionally, a test platform was established for conducting tests on these prototypes.
The test results were found to be in line with the simulation results, thus confirming the
performance advantages of the new structure digital flow control valve and the accuracy of
parameter optimization design.
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