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Abstract: In the field of fully mechanized coal mining equipment, the hydraulic valve used in the
hydraulic support is an on/off directional valve. There are many problems caused by the valve such
as large pressure shock and discontinuous flow control. Therefore, a novel two-position three-way
hydraulic proportional valve suitable for high-pressure and large-flow conditions is proposed to
overcome the above problems. The novel valve utilizes a two-stage structure and the displacement
follow-up principle is adopted between the pilot stage and the main stage to meet proportional control.
In this paper, a simulation model of the novel proportional valve was established after a simplified
analysis of the structural principle. Its reliability and the feasibility of the design were verified by
the test results under different working conditions. Then, the step response characteristics of the
proportional valve under different strokes were predicted and analyzed. Nonlinear characteristics
were presented, and the closing time was shorter than the opening time because of the influence of
nonlinear flow force. Under different ramp signals, the displacement of the main inlet spool was
always approximately equal to the displacement of the pilot stage. Then, the motion relationship
between the pilot stage and the main stage was studied, and the influence of the structural parameters
on the stability was analyzed.

Keywords: water hydraulic; proportional control valve; directional valve; large-flow; simulation

1. Introduction

Compared with the traditional oil hydraulic system, water hydraulic system has many
outstanding advantages such as being non-pollutive, low-cost, and non-flammable [1,2].
As the key component of water hydraulic systems, water hydraulic valve is widely used
in deep sea equipment, coal mining machinery, oil exploration, steel manufacturing, and
other fields [3–6]. In the fully mechanized coal mining face, the working pressure of the
hydraulic valve used for the hydraulic support is 31.5 MPa, and the working flow is higher
than 200 L/min (∆p < 7 MPa) [7]. However, with the development of hydraulic supports
in the direction of much larger mining height and accurate posture control, higher flow
rates and accurate flow control are put forward for the directional valves for the hydraulic
support [8]. The on/off directional valve currently used has many problems such as high
pressure shock, and discontinuous and unsmooth flow [9], therefore, a high-pressure,
large-flow water hydraulic proportional valve is needed, which has the characteristics of
anti-pollution, high control accuracy of flow, and low pressure shock.

In the existing research, the traditional oil hydraulic directional valve is mainly a slide
structure [10,11], which adopts gap seal and is easy to leak, so it is difficult to achieve
high pressure in water medium. The seat valve has good sealing performance and large
flow capacity, but most of them are two-position two-way structures that cannot meet the
function of the hydraulic support [12,13]. Oil hydraulic valves cannot be directly used for
hydraulic supports because of the above problems, but the design method of oil hydraulic
proportional valve is still worth learning.
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Under high-pressure and high-flow conditions, in order to achieve high-precision
control, electromechanical conversion devices are often used to drive the pilot stage to
accurately control its displacement or flow. Then, the displacement or flow of the main stage
is proportional to the pilot stage through different control principles. Eriksson of Linköping
University in Sweden divided the control principle between the main stage and the pilot
stage into mechanical feedback, electrical feedback, hydraulic feedback, and hydraulic
follow-up feedback [14]. Hydraulic feedback has been extensively developed [15,16], while
hydraulic follow-up feedback follows behind, but it has many advantages such as good
controllability, high integration, and simple structure. Zhang et al. [17], proposed an ultra-
high-pressure proportional cartridge valve based on the displacement follow-up principle.
Its working pressure is 70 MPa, and the rated flow reaches 1900 L/min (∆p = 0.5 MPa),
which verifies the feasibility of the displacement follow-up principle and the advantage of
the large flow capacity of the seat valve.

Some scholars have also proposed different water hydraulic proportional valve struc-
tures; Han et al. [18] proposed a 2/2-way hydraulic proportional valve based on the
hydraulic half-bridge circuit principle. Its pilot stage uses two 2/2-way water hydraulic
proportional valves, and the main stage uses a 2/2-way cartridge valve. Its rated pressure
is 25 MPa, and its rated flow is 1100 L/min (∆p = 1 MPa). Zhao et al. [19] proposed a
two-position three-way hydraulic proportional valve based on the famous Valvistor valve.
The pilot stage adopts a high-speed on/off valve, and the main stage adopts a seat valve
structure with large flow capacity. Its rated pressure is 31.5 MPa, and the rated flow is
293 L/min (∆p = 7 MPa). The former cannot realize the directional function, and the rated
flow of the latter is lower than 1000 L/min. In addition, both the former and the latter use
high-speed switching valves as the pilot stage, which will cause pressure fluctuations in
the control chamber of the main valve. Therefore, a complex control strategy is required to
achieve precise control of the spool. In the existing research, there are various electrome-
chanical conversion devices used to drive the pilot stage of the proportional valve [20–24].
The combination of a motor and screw nut with the characteristics of large force and large
stroke is suitable for high pressure and large flow conditions. Therefore, it is feasible to
combine this electromechanical conversion device and a seat valve structure to meet the
special condition of the water hydraulic system for the hydraulic support.

Above all, the existing proportional valves cannot be directly applied to the hydraulic
support. Therefore, a novel water hydraulic proportional directional valve suitable for high
pressure and large flow conditions based on the principle of displacement follow-up is
proposed in this paper. Then, the static and dynamic characteristics are studied through a
combination of simulation and experiment, and the stability of the system affected by the
structural parameters is analyzed.

2. Structure and Working Principle

A novel two-position and three-way water hydraulic proportional valve is designed
based on the principle of displacement follow-up. The electromechanical conversion device
is composed of a DC servo motor and a screw slider, and the pilot stage is composed of two
2/2 valves. Its main stage adopts a seat structure with large flow capacity. On the whole,
the new proportional valve is a cartridge valve with a high degree of integration.

Figure 1a shows the initial state of the water hydraulic proportional directional valve.
The structure of the screw slider is ignored in the schematic diagram because its structure
is not important here. The screw slider and the drive rod are connected by a thread. In the
initial state, the servo motor and the solenoid on/off valve receive no input signal, and the
port O is connected to the working port A.



Machines 2022, 10, 37 3 of 18Machines 2022, 9, x FOR PEER REVIEW 4 of 17 
 

 

 

 

 
Figure 1. Principle of the water hydraulic proportional directional valve: (a) initial state; (b) open-
ing process; (c) closing process. 
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Figure 1. Principle of the water hydraulic proportional directional valve: (a) initial state; (b) opening
process; (c) closing process.
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Figure 1b shows the schematic diagram of the opening process of the proportional
valve. The solenoid on/off valve is energized and closed. A positive signal is input to the
motor and the screw slider, which drive the drive rod in the positive direction of the x-axis,
and the drive rod pushes the pilot inlet valve spool. As a result, the high-pressure liquid
from the port P enters the control chamber, through the check valve, and pushes the main
outlet valve spool to move in the positive x direction until the main outlet valve port is
closed. Then, the pressure of the control chamber gradually increases until it reaches the
opening pressure of the main inlet valve spool, and the main inlet valve spool moves in
the positive direction along the x-axis. In this process, the pilot outlet valve follows the
movement of the main inlet valve spool under the force of the pilot spring and always
keeps the pilot outlet valve port closed. When the moving distance of the main inlet valve
spool is equal to the moving distance of the pilot inlet valve spool, the pilot inlet valve
port is closed to prevent high-pressure liquid from entering the control chamber. Thus, the
main inlet valve spool stops moving and maintains a balanced state. In this state, the port
O is closed, and the port P is connected to the working port A, realizing the directional
function. During the opening process, the displacement of the pilot inlet valve determines
the opening of the main inlet valve. Therefore, in the steady state, the displacement of the
main inlet valve is always approximately equal to the displacement of the pilot inlet valve.

Figure 1c shows a schematic diagram of the closing process of the proportional valve.
The solenoid on/off valve is still energized and closed. A reverse signal is input to the
motor and the screw slider, which pulls the drive rod to move in the negative direction of
the x-axis, and the drive rod pulls the follower rod. Then, the pilot outlet valve spool moves
in the negative x direction at the same time. As a result, the control chamber is connected to
port O through the pilot outlet valve port, and the pressure in the control chamber decreases.
Then, the main inlet valve spool moves in the negative direction along the x-axis under the
pressure force. In this process, the pilot inlet valve is always kept closed under the spring
force. When the displacement of the main inlet valve spool is equal to the displacement of
the pilot outlet valve spool, the pilot outlet valve port is closed. The main inlet valve spool
stops moving and maintains a balanced state. The opening of the main inlet valve can be
reduced to zero through this process. During the closing process, the displacement of the
pilot outlet valve determines the opening of the main inlet valve. Therefore, in the steady
state, the displacement of the main inlet valve is always approximately equal to that of
the pilot outlet valve. Because of the special mechanical structure, the displacement of the
driving rod in the negative direction of the x-axis is always equal to the displacement of the
follower rod in the negative direction of the x-axis. In other words, the displacement of the
drive rod and the follower rod can be controlled by the electromechanical conversion device
named “three-spool” position follow-up mechanism to realize two different displacement
follow-up principles.

Where, x1: displacement of the pilot inlet valve; x2, displacement of the main outlet
valve; x3, displacement of the main inlet valve; x4, displacement of the pilot outlet valve; ps:
supply pressure; pk: pressure of the control chamber; po: outlet pressure; Ak: area of the
controlling chamber, Ah; Ap: metering area.

Figure 2 shows that the proportional valve is mainly composed of three parts: the pilot
inlet valve, the pilot outlet valve, and the main inlet valve. The pilot inlet valve spool and
the pilot outlet valve spool are small balls; the main inlet valve spool is the seat of the pilot
stage, and the opening of the pilot stage depends on the displacement difference between
the main stage and the pilot stage. Therefore, the control flow chart of the proportional
valve can be expressed as Figure 3.
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Where, v1 is the velocity of the pilot inlet stage; qk, flow rate of the control chamber;
v3, velocity of the main inlet stage; and qz, flow rate of port A.

The influence of the motor and the screw slider on the response characteristics of the
proportional valve is ignored to simplify the analysis. Therefore, the control flow chart can
be simplified to the relationship between the pilot valve and the main valve. It can be seen
from the flow chart that there is displacement feedback between the pilot stage and the
main stage.

3. Comparison between Simulation and Experiment
3.1. Methods and Materials

It is shown in Figure 4 that the test system is mainly composed of a water pump,
accumulators, pressure gauges, pressure transducers, displacement transducers, a data
acquisition collector, and so on. Ten 100 L accumulators are used to provide high pressure
and large flow for the prototype. The shut-off valve 4 should be opened, and the shut-off
valve 8 should be closed before the start of the test, and then the water pump is used
to supply liquid to the accumulator group. The supply pressure is determined by the
relief valve 7. The shut-off valve 4 should be closed, and the shut-off valve 8 should
be opened at the beginning of the test. Displacement transducers 15 and 16 are used to
measure the displacement of the pilot inlet valve spool and the pilot outlet valve spool.
The displacement of the main inlet valve spool is measured by linear variable differential
transformer (LVDT)14. Pressure transducers 10, 13, and 17 are used to measure the pressure
of the supply port, the control chamber, and the working port, respectively.



Machines 2022, 10, 37 6 of 18

Machines 2022, 9, x FOR PEER REVIEW 6 of 17 
 

 

is made of engineering plastics to achieve good sealing performance of the main inlet 
valve port, as well as impact resistance, corrosion resistance, and wear resistance. The 
other stainless steel material with better processing performance is used as the valve 
block, which also has good anti-corrosion properties. 

 
Figure 4. Principle of the hydraulic test system. 

 
Figure 5. The proportional valve prototype. 

The parameters of instruments used in the test are shown in Table 1. 

Table 1. The test device parameters. 

Device Parameters 

DC servo motor 
Rated power: 400 W 

Rated speed: 3000 rpm 
Rated torque: 1.27 Nm 

Screw Slider 

stroke: 100 mm 
lead: 5 mm 

maximum thrust: 452 N 
repeated positioning accuracy: ±0.02 mm 

Data collector 
Sampling channel: 8 channels 

Sampling frequency: <102.4 kHz 
resolution ratio: 0.01% 

Figure 4. Principle of the hydraulic test system.

1—Water tank; 2,9,19—Filter; 3—Pump; 4,8—Shut-off valve; 5—Pressure gauge;
6—Accumulator group; 7—Relief valve; 10,13,17—Pressure transducer; 11—Servo motor;
12—Screw slider; 14,15,16—Displacement transducer; 18—Throttle valve.

Figure 5 shows that the proportional valve prototype is mainly composed of a valve
spool, sleeve, servo motor, screw slider, and block. The cone, sleeve, and other parts are
made of stainless steel material because water is used as the medium in the proportional
valve, which has good corrosion resistance and rust resistance. The main inlet valve seat is
made of engineering plastics to achieve good sealing performance of the main inlet valve
port, as well as impact resistance, corrosion resistance, and wear resistance. The other
stainless steel material with better processing performance is used as the valve block, which
also has good anti-corrosion properties.
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The parameters of instruments used in the test are shown in Table 1.

Table 1. The test device parameters.

Device Parameters

DC servo motor
Rated power: 400 W

Rated speed: 3000 rpm
Rated torque: 1.27 Nm

Screw Slider

stroke: 100 mm
lead: 5 mm

maximum thrust: 452 N
repeated positioning accuracy: ±0.02 mm

Data collector
Sampling channel: 8 channels

Sampling frequency: <102.4 kHz
resolution ratio: 0.01%

Pressure transducer
Pressure range: 0–60 MPa

Sampling frequency: <100 kHz
accuracy class: 0.5%FS

Displacement transducer
Displacement range: 0–100 mm

resolution ratio: 0.02%
Sampling frequency: <500 Hz

LVDT
Displacement range: 0–10 mm

linearity: ±1%

3.2. Simulation Method

Digital simulation methods based on modern control theory are suitable for nonlinear
systems, which can easily include nonlinear factors and are suitable for multiple input and
output variables [15]. The simulation model of the proportional valve can be easily built by
the commercial software LMS AMESim compared with other software [19].

The following simplifications were made when the simulation model in Figure 6
was built:

1. The influence of the pipeline is ignored.
2. The friction generated by sealing rings of pilot valves is ignored.
3. The flow force of the pilot valve port is ignored.
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Water is used as the working medium. when there is no load, the load relief valve
is set to be zero. The influence of the electromechanical conversion device on the system
characteristics is ignored, and the displacement of the pilot stage is used as the input signal
of the proportional valve to simplify the analysis.

3.3. Results and Discussion

The maximum supply pressure is 25 MPa, and the rated flow rate is less than 1000 L/min
because of the limitation of the test conditions. Therefore, the response speed of the propor-
tional valve is slower than expected and the full stroke test cannot be completed. The supply
pressure and flow rate in the simulation model are adjusted to make them consistent with
the test conditions in the following test, so as to compare the simulation results with the
test results.

Figure 7 shows the steady-state control characteristics of the proportional valve. The
displacement of the main inlet valve spool is also 0 mm when the displacement of the pilot
inlet valve spool is 0 mm. Then, the displacement of the main inlet valve spool gradually
increases to 4.3 mm with the displacement of the pilot inlet valve spool. There is a good
linear relationship between the displacement of the pilot inlet valve spool and the main
inlet valve spool, which indicates that there is good position control characteristics of the
proportional valve.
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Figure 7. Test results of steady-state control characteristics.

Figures 8–10 shows the approximate step response of the proportional valve under
different supply pressures. Figure 8 shows the comparison between the test and the
simulation results under 4.3 mm step signal. The test result is carried out at 14 MPa. The
response speed in simulation is faster than the test result because the delay characteristics
of the motor and the lead screw nut are ignored in the simulation process. Besides, the flow
of the accumulator gradually decreases with the time. Therefore, the response time and
delay time of the second cycle are obviously longer than that of the first cycle. However,
the test results and the simulation results are still in good agreement, which proves the
correctness of the simulation model under 14 MPa.



Machines 2022, 10, 37 9 of 18

Machines 2022, 9, x FOR PEER REVIEW 8 of 17 
 

 

is a good linear relationship between the displacement of the pilot inlet valve spool and 
the main inlet valve spool, which indicates that there is good position control character-
istics of the proportional valve. 

 
Figure 7. Test results of steady-state control characteristics. 

Figures 8–10 shows the approximate step response of the proportional valve under 
different supply pressures. Figure 8 shows the comparison between the test and the 
simulation results under 4.3 mm step signal. The test result is carried out at 14 MPa. The 
response speed in simulation is faster than the test result because the delay characteris-
tics of the motor and the lead screw nut are ignored in the simulation process. Besides, 
the flow of the accumulator gradually decreases with the time. Therefore, the response 
time and delay time of the second cycle are obviously longer than that of the first cycle. 
However, the test results and the simulation results are still in good agreement, which 
proves the correctness of the simulation model under 14 MPa. 

 
Figure 8. Step response test under 14 MPa. 

0 1 2 3 4 5
0

1

2

3

4

5

 experiment
 simulation

D
isp

la
ce

m
en

t o
f m

ai
n 

in
le

t v
al

ve
 sp

oo
l(m

m
)

Displacement of pilot inlet valve spool(mm)

0 2 4 6 8 10 12
0

1

2

3

4

5

D
isp

la
ce

m
en

t(m
m

)

Time(s)

 x1    x3 (simulation)   x3 (expriment)

Figure 8. Step response test under 14 MPa.
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Figure 9 shows the approximate step response characteristics of the proportional valve
at 2 mm, 3 mm, and 4 mm when the supply pressure is 25 MPa. In the 2 mm step response,
the simulation results are in good agreement with the test results, however, the supply flow
is smaller and the response speed significantly decreases as the stroke increases. The test
result proves the correctness of the simulation model under 25 MPa.

Figure 11 is the ramp response of the proportional valve. The displacement of the main
inlet valve spool always approximately coincides with that of the pilot inlet valve spool
under a ramp signal of 600 ms, which indicates that there is good follow-up characteristics
between the main inlet valve and the pilot inlet valve. It also indicates that the principle
of displacement feedback is feasible. The maximum value of the displacement difference
between the pilot stage and the main stage is 0.25 mm during the opening and closing
process. In other words, under the ramp signal, the pilot stage always maintains a small
valve opening, indicating that the displacement of the main stage spool can be controlled
in real time by the pilot stage.
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There is a high agreement by comparing the simulation and test results. Therefore, the
reliability of the simulation model can be verified at 14 MPa and 25 MPa respectively.

4. Performance Prediction

In this section, the performance of the proportional valve under rated conditions will
be predicted through the simulation model verified in the previous section. The rated flow
rate is set to be 1000 L/min, and the nominal pressure is 31.5 MPa.

4.1. Performance Analysis

Figure 12 depicts the step response characteristics of the proportional valve. t1 mainly
represents the response time of the main outlet valve from the initial position to the right
end, which is about 31 ms. t2 is the full stroke opening time of the main inlet valve of
the proportional valve, and it is about 46 ms. The proportional valve has good response
characteristics without obvious overshooting under different strokes.
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The pressure of the control chamber under the full stroke step signal is shown in
Figure 13. First, the pressure rises to 0.5 MPa, and the main outlet valve moves to the
end. Then, the pressure of the control chamber rises again to about 22 MPa, reaching the
opening pressure of the main inlet valve, and the main inlet valve spool starts to move.
It takes the time t3 + t4 when the pressure of the control chamber drops from the highest
point to the lower level, which presents a non-linear characteristic. The reason for this
phenomenon is caused by the flow force, which is analyzed in Figure 15 and Equation (1)
in the flowing content.
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Figure 13. The pressure of the control chamber.

The main outlet valve spool always remains closed in normal operation, and its
characteristics are obtained from Figure 13. Therefore, the simulation model of the main
outlet valve is deleted, and its dynamic characteristics are ignored in the following analysis,
so that a more accurate response characteristic of the proportional valve can be obtained.

The step response characteristics of the valve under full stroke are shown in Figure 14.
It takes 4 ms for the pressure of the control chamber to build-up. The opening time to is
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about 50 ms, and the closing time tc is about 35 ms. The main inlet valve spool follows the
displacement of the pilot inlet valve spool, and the pilot outlet valve spool and the main
inlet valve spool move together during the opening process of the proportional valve. Then,
the main inlet valve spool follows the pilot outlet valve spool, and the pilot inlet valve
spool and the main inlet valve spool move together during the closing process. It shows a
good displacement follow-up performance between the pilot stage and the main stage.
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Figure 14. The step response characteristics of the valve under full stroke.

Figure 15 shows the relationship between the flow force of the poppet valve and the
valve opening under the step response of the proportional valve. The direction of the flow
force is along the direction of the closing process of the main inlet valve, which is the same
direction with the main spring force. When the supply flow remains constant, the flow
force increases linearly with the opening of the main inlet valve and then decreases in an
inversely proportional trend. It reaches the maximum value when the displacement of the
main inlet valve spool is between 1.5–2 mm. This is consistent with the conclusion in the
literature [25].
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The dynamic equations of the main inlet spool are expressed in the opening process
and the closing process as follows:

pk Ak = m
d2x3

dt2 + Bv
dx3

dt
+ kpx3 + Ff (x3) (1)

kpx3 + Ff (x3) = m
d2x3

dt2 + Bv
dx3

dt
+ pk Ak (2)

where, m, is the equivalent mass of the main inlet valve; Bv, viscous friction coefficient; kp,
spring stiffness of main spring; and Ff(x3), flow force on the main inlet valve

The flow force is expressed as a function of x3. It is a resistance, and its value increases
from 0 N in the opening process of the proportional valve. However, the flow force is the
driving force in the closing process, which starts to increase from the initial value of 1000 N,
which can be seen from Figure 8. Therefore, the closing time of the proportional valve is
much shorter than the opening time. Moreover, the pressure of the control chamber also
has a nonlinear trend, which can be seen from Figure 6, because the change of flow force
is in a nonlinear trend. The transient flow force during the closing process is greater than
the transient flow force during the opening process, because the velocity of the closing
process is bigger than the opening process, and the transient flow force is approximately
proportional to the velocity. Therefore, the flow force during the closing process is bigger
than that during the opening process.

The instantaneous opening and closing of the valve will cause water hammer under
high flow conditions, which can easily cause accelerated aging and failure of hydraulic
components, so the proportional valve often works under ramp signals. The opening time
of the main inlet valve spool is about 50 ms under step signal. Therefore, the time of the
input ramp signal should be greater than 50 ms.

Figure 16 demonstrates the response of the proportional valve under the ramp signal
of 50 ms, 100 ms, and 200 ms. The displacement of the main inlet valve spool approximately
coincides with the pilot inlet valve spool under different ramp signals. In other words,
the input signal can be adjusted in real time to change the output signal under normal
operating conditions. The displacement difference between the pilot inlet valve and the
main inlet valve under the ramp signal is less than 0.6 mm, and its value decreases as the
time increases.

Machines 2022, 9, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 16. The ramp response of the proportional valve. 

It can be seen from the ramp response characteristics of the proportional valve that 
the main inlet valve can approximately follow the pilot inlet valve during the opening 
process when the response time of the control signal is greater than 50 ms. In other 
words, the period of the input signal should be greater than 100 ms to maintain good fol-
low-up characteristics. Then, the frequency response characteristics of the proportional 
valve at 1 Hz, 5 Hz, 10 Hz, and 20 Hz will be studied. 

Figure 17 shows the response characteristic of the proportional valve to the sinusoi-
dal signal. The output signal can follow the input signal when the frequency of the input 
signal is less than 10 Hz. Figure 17c shows that the displacement amplitude ratio be-
tween the main inlet valve spool and the pilot inlet valve spool is 0.996 when the re-
sponse frequency of the pilot inlet spool is 10 Hz. The pilot inlet valve port cannot be 
completely closed during a complete period, and the system becomes unstable as the 
frequency continues to increase. Therefore, the normal operating frequency of the pro-
portional valve should be less than 10 Hz to stay stable. 

 
Figure 17. The frequency response characteristics of the proportional valve: (a) 1 Hz; (b) 5 Hz; (c) 
10 Hz; (d) 20 Hz. 

0 50 100 150 200 250 300
0

1

2

3

4

5

D
isp

la
ce

m
en

t(m
m

)

Time(ms)

 x1 (200 ms)   x1 (100 ms)   x1 (50 ms)
 x3 (200 ms)   x3 (100 ms)   x3 (50 ms)

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

 x1−x3 (200 ms)
 x1−x3 (100 ms)
 x1−x3 (50 ms)

D
isp

la
ce

m
en

t d
iff

er
en

ce
(m

m
)

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

0.0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

0.00 0.05 0.10 0.15 0.20 0.25
0

1

2

3

4

5

0.00 0.05 0.10 0.15
0

1

2

3

4

5

D
isp

la
ce

m
en

t(m
m

)

Time(s)

 x1   x3   x1−x3
a

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

D
isp

la
ce

m
en

t d
iff

er
en

ce
(m

m
)

D
isp

la
ce

m
en

t(m
m

)

Time(s)

 x1   x3   x1−x3

b

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

D
isp

la
ce

m
en

t d
iff

er
en

ce
(m

m
)

D
is

pl
ac

em
en

t(m
m

)

Time(s)

 x1   x3   x1−x3

c

-1.0

-0.5

0.0

0.5

1.0

D
isp

la
ce

m
en

t d
iff

er
en

ce
(m

m
)

D
is

pl
ac

em
en

t(m
m

)

Time(s)

 x1   x3   x1−x3
d

-6

-4

-2

0

2

4

6

D
isp

la
ce

m
en

t d
iff

er
en

ce
(m

m
)

Figure 16. The ramp response of the proportional valve.

It can be seen from the ramp response characteristics of the proportional valve that
the main inlet valve can approximately follow the pilot inlet valve during the opening
process when the response time of the control signal is greater than 50 ms. In other words,
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the period of the input signal should be greater than 100 ms to maintain good follow-up
characteristics. Then, the frequency response characteristics of the proportional valve at
1 Hz, 5 Hz, 10 Hz, and 20 Hz will be studied.

Figure 17 shows the response characteristic of the proportional valve to the sinusoidal
signal. The output signal can follow the input signal when the frequency of the input signal
is less than 10 Hz. Figure 17c shows that the displacement amplitude ratio between the
main inlet valve spool and the pilot inlet valve spool is 0.996 when the response frequency
of the pilot inlet spool is 10 Hz. The pilot inlet valve port cannot be completely closed
during a complete period, and the system becomes unstable as the frequency continues to
increase. Therefore, the normal operating frequency of the proportional valve should be
less than 10 Hz to stay stable.
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Figure 17. The frequency response characteristics of the proportional valve: (a) 1 Hz; (b) 5 Hz;
(c) 10 Hz; (d) 20 Hz.

4.2. Stability Analysis

According to the structural principle of the proportional valve, the pilot outlet valve
must be reliably closed to ensure the stability of the system during the opening process of
the proportional valve. Therefore, it is necessary to analyze the conditions for the reliable
closing of the pilot outlet valve.

The pilot outlet valve is simplified to a mass spring system according to Figure 18.
The external forces FL and FR acting on the pilot outlet valve can be expressed as:{

FL(t) = k(x0 − x(t))
FR(t) = pk(t)A4

(3)
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Figure 18. Simplification of the pilot outlet valve.

The condition for the pilot outlet valve to be reliably closed is FL(t) > FR(t) during the
opening process of the proportional valve. At the moment when the main inlet spool is
opened, FL0 and FR0 can be expressed as:{

FL0 = kx0

FR0 = A4
Ah−Ap

Ak
p

(4)

The pre-compression of the pilot spring should be greater than 5 mm, because the
maximum valve opening of the main inlet valve is 5 mm. Therefore, the pre-compression is
6 mm to ensure reliability in Equation (4), and the calculation result is k > 3 N/mm.

The dynamic change process of FR and FL during the opening process is analyzed
through the simulation model. FL should always be greater than FR to ensure the stability
of the system during the opening process. In other words, the FL curve should always stay
above the FR curve. The force change curve is shown in Figure 19 under step signal when
the stiffness of the pilot spring changes from 3 N/mm to 7 N/mm.
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It is shown in Figure 19 that the FL curve is always above the FR curve when the
stiffness of the pilot spring k ≥ 4 N/mm, ensuring FL(t) > FR(t) in the process of opening.
In other words, the pilot outlet valve is reliably closed during the opening process of the
proportional valve, and the system remains stable.

Under the 5 mm step signal, the FL and FR curves are shown in Figure 15 when
k ≤ 4 N/mm, and the red shaded part is FL < FR. Then, there will be a displacement
difference between the displacement curve of the main inlet valve and the displacement curve
of the pilot outlet spool after a certain delay time. It is expressed with blue shade in Figure 20.
The final displacement of the main inlet valve spool is 4.95 mm, and there is a 0.05 mm
displacement difference between the main inlet valve spool and the pilot inlet valve spool.
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Therefore, the pilot inlet valve port remains open. In addition, there is also a displacement
difference of 0.05 mm between the pilot outlet valve spool and the main inlet valve spool.
Therefore, the flow rate flowing into the control chamber through the pilot inlet valve is equal
to the flow rate flowing out of the control chamber through the pilot outlet valve, and the
system is in an unstable equilibrium state.
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Therefore, the stiffness of the pilot spring should be at least 4 N/mm to ensure that
the pilot outlet valve can be reliably closed during the opening process. The best structural
parameters can be obtained by the method of parameter matching under different working
conditions to ensure the stability of the system.

5. Conclusions

There are many problems such as high pressure shock and poor flow controllability
of the on-off valve for traditional hydraulic supports. A novel large flow water hydraulic
proportional valve with two-position and three-way function is proposed, which adopts
the displacement follow-up principle. The new valve has the special three spool follow-up
mechanism. The above problems can be solved by the new valve. It provides a certain
reference for the design and research of proportional valves. The following conclusions can
be drawn:

A novel proportional directional valve composed of two stages is creatively proposed.
The pilot stage composed of two pilot valves is used to control the chamber of the main
stage, and the main valve is composed of two main valve spools. An electromechanical
conversion device composed of a DC servo motor and a screw slider is used to drive pilot
stages. Then, the displacement follow-up principle is used between the pilot stage and the
main stage. Therefore, the displacement of the main inlet valve is always equal to that of
the pilot stage in the steady state. According to the research, there are good position control
characteristics and stability of the proportional valve.

The prototype of the high-pressure and large-flow proportional valve was processed,
and a high-pressure and large-flow test apparatus was built. The experimental dynamic
and static characteristics of the proportional valve are compared with the simulation results
under the same working conditions. The test results verify the reliability of the simulation
model and the feasibility of the design scheme.

A numerical simulation model is built to predict the static and dynamic performance of
the proportional valve under rated pressure and flow. The opening time of the proportional
valve is about 50 ms, and the closing time is about 35 ms with the step signal under rated
pressure and flow. The pressure trend of the control chamber is nonlinear with the opening
process of the main inlet valve, and the closing time of the proportional valve is shorter
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than the opening time, which is affected by the nonlinear flow force. When the ramp
signal inputted is greater than 50 ms, the displacement of the main inlet valve spool is
approximately equal to that of the pilot inlet valve spool during the opening process of the
proportional valve. Then, the working frequency of the proportional valve should be less
than 10 Hz to keep the valve stable through frequency analysis.

Finally, a parameter matching method between the pilot stage and the main stage is
proposed. The initial value of the structural parameters of the pilot outlet valve, which can
ensure the stability of the system, is analyzed through the mathematical model. The force
of the pilot outlet valve during dynamic operation is analyzed by the simulation model,
and the stiffness of the pilot spring of the proportional valve under no-load condition is
finally determined.
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