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Abstract: Most energy-saving testing methods for plunger pumps use hydraulic motors. The loading
test of coal mine emulsion pumps generally uses an overflow valve as the loading unit, which is
characterized by high energy consumption. The coal mine emulsion pump uses emulsion as the
transmission medium, and the viscosity and lubricity of the emulsion are much lower than those
of hydraulic oil, which creates great difficulties in the development of high water-based hydraulic
products. The nominal flow rate of the emulsion motor is much smaller than that of the emulsion
pump, and there is no mature and reliable water-based flow control valve. Based on the above reasons,
traditional energy-saving testing methods cannot be utilized for the testing process of emulsion
pumps. The loading test of emulsion pumps generally uses an overflow valve as the loading unit,
and during the testing process, all electrical energy is converted into internal energy, resulting in very
high energy consumption. This article proposes an energy-saving testing system for emulsion pumps
based on multiple emulsion motors in parallel. In order to solve the flow regulation problem of each
parallel branch, a flow-intelligent control algorithm is proposed that utilizes the pressure difference
flow characteristics of digital relief valves combined with artificial neural network predictive control.
Firstly, the feasibility of the proposed system and method is theoretically verified through the analysis
of the mathematical model of the digital relief valve. Secondly, further verification is carried out by
establishing simulation and testing platforms. The simulation results show that the energy recovery
efficiency of the system exceeds 53%. The experimental results show that the proposed testing system
has a pressure control error of less than 1%, a flow control error of about 5%, and a maximum
overshoot of about 9 L/min relative to the steady-state flow rate. The control accuracy and system
stability are high.

Keywords: emulsion pump; energy saving testing; water-based hydraulic system; digital relief valve;
flow control

1. Introduction

With the continuous development of society, the use of various types of energy is
significantly increasing, leading to a sharp increase in carbon dioxide emissions. The
global temperature rise and deterioration in ecological environments have become a global
problem facing humanity [1,2]. The literature suggests that the growth in electricity demand
is one of the fundamental reasons for the increase in greenhouse gas emissions and global
temperature rise in recent years [3]. In this context, if scientific means and methods can be
used to reduce electricity consumption in industrial production, it is of great significance
for the reduction carbon emissions.
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The coal mine emulsion pump provides power for the hydraulic support of a fully
mechanized mining face [4]. The Chinese coal industry standards have strict regulations
on the performance testing methods of the emulsion pump. Before leaving the factory,
each emulsion pump needs to be tested for a certain period of time under 25%, 50%,
75%, and 100% of its nominal pressure conditions, with the test duration under full load
conditions of not less than 3 h. Moreover, when there are significant improvements in the
structure or process of the emulsion pump, a durability test of 500 h is required under full
load conditions. With the continuous development of coal mining technology, in order to
improve the rate of mining, the fully mechanized coal mining face is constantly developing
in the direction of larger mining heights [5,6], which leads to the technical parameters
of the emulsion pump also constantly developing in the direction of high pressure and
large flow. There is a previous study indicating that the largest emulsion pump sold in
the Chinese market has a nominal pressure and flow rate of 45 Mpa and 1250 L/min [7],
with an overall power of nearly 1000 KW, while the nominal pressure and flow rate of
mainstream products have also exceeded 31.5 MPa and 400 L/min. If non-energy-saving
loading testing methods are used, huge energy consumption will be generated.

The emulsion pump is a fixed displacement reciprocating high-pressure plunger
pump [8]. Scholars have conducted extensive research on energy-saving loading testing
methods for plunger pumps. In summary, the research mainly includes three energy-saving
testing methods: mechanical compensation power recovery, hydraulic compensation power
recovery, and electrical compensation power recovery. The mechanical compensation power
recovery method connects the tested pump and hydraulic motor through a dual-axis motor.
The motor drives the tested pump to rotate, and a portion of the flow output from the
pump drives the hydraulic motor to rotate. The rotation of the hydraulic motor drives the
motor to output torque, thereby reducing the loss of electrical energy. This method requires
the tested pump and hydraulic motor to have the same rotational speed [9]. The hydraulic
compensation power recovery method connects the hydraulic motor to the shaft of the
tested pump, and the medium discharged by the pump drives the motor to rotate, thereby
driving the pump to rotate and discharge the medium, thus achieving the goal of saving
electrical energy. Due to the volume loss and mechanical loss of both the hydraulic pump
and hydraulic motor, the system also needs to install a flow compensation pump. This
method also requires the tested pump and hydraulic motor to have the same rotational
speed, and requires the motor’s flow rate to be greater than the pump’s flow rate [10]. The
electric compensation power recovery method connects the hydraulic motor to the outlet
of the test pump, and the medium discharged by the test pump drives the hydraulic motor.
In turn, it drives the generator to rotate to generate electrical energy, which is fed back
to the power grid or stored in energy storage components [11–13]. This method does not
require the hydraulic motor and the tested pump to have the same rotational speed, but it
requires the rated flow rate of the hydraulic motor to be greater than the rated flow rate
of the tested pump. Otherwise, the hydraulic system needs to install a flow distribution
unit to ensure that the hydraulic motor operates below its rated flow rate, but this will also
reduce the energy recovery efficiency of the system [14,15].

In order to achieve energy-saving testing of plunger pumps, hydraulic motors are
used regardless of the testing method. However, due to the fact that most coal mines
use underground mining methods [16,17] in the process of coal mining, the coal seam is
damaged, and the gas stored in the coal seam will flow into the mine. Because the mine
environment is very closed, it is very prone to fire and explosion [18–20]. In order to
avoid these safety accidents, the transmission medium of the hydraulic system of the fully
mechanized working face is generally emulsion, which is usually composed of 95% water
and 5% hydraulic oil [21,22]. At present, the rated flow rate of emulsion motor products
is mostly within 100 L/min, the rated working pressure does not exceed 28 MPa, and the
rated speed does not exceed 600 r/min [23]. Obviously, there is a certain gap between the
nominal flow rate and nominal pressure parameters of emulsion motors and emulsion
pumps, especially with the significant difference in nominal flow rate. In addition, due to
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the pressure and flow difference between the emulsion pump and the emulsion motor, the
energy recovery efficiency of electric power recovery is very low.

Based on the above reasons, non-power recovery testing methods are commonly used
for emulsion pump loading testing [24,25], resulting in a large amount of energy consump-
tion during the testing process. In addition, due to the limited application scenarios of
emulsion pumps, few scholars have conducted targeted research on their energy-saving
testing methods. This article focuses on the specific working conditions of the emulsion
medium hydraulic system and analyzes the key issues faced by the energy-saving testing
of emulsion pumps. A new electric power recovery testing system suitable for emulsion
pumps is proposed. The system adopts multiple emulsion motors in parallel to improve
energy recovery efficiency during the testing process, and utilizes the differential pressure
flow characteristics of the digital relief valve combined with an artificial neural network
predictive control algorithm to achieve intelligent flow control of each parallel circuit.
Finally, the feasibility of the system and control algorithm were verified through simulation
and experimentation.

2. Analysis of Key Issues and Proposal of New Solutions
2.1. Analysis of Key Issues

Figure 1 is the schematic diagram of the energy-saving testing system for an electri-
cally compensated power recovery hydraulic pump. The medium discharged by the test
pump directly enters the hydraulic motor, which drives the generator to rotate for power
generation. The generated electrical energy can be rectified and fed back to the power grid.
By adjusting the torque of the servo generator, the outlet pressure of the test pump can be
adjusted, achieving performance testing of the test pump under different pressures.
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Figure 1. Electric compensation power recovery hydraulic pump testing system.

As mentioned earlier, due to the nominal flow rate and pressure of the emulsion motor
being smaller than that of the emulsion pump, the system shown in Figure 1 cannot be
directly applied to the testing of the emulsion pump; it is necessary to set up a shunt and
pressure-reducing structure, and the energy generated by a single emulsion motor is also
very limited. Simply, we can connect multiple emulsion motors connected in parallel to the
outlet of the emulsion pump to improve the energy recovery efficiency of the system [26].
Therefore, this article proposes an emulsion pump energy-saving testing system as shown
in Figure 2.
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Figure 2. Energy saving testing system for emulsion pumps.

The outlet of the emulsion pump is connected to an emulsion motor 1 and multiple
flow-regulating valves (Figure 2 only shows two as a schematic). The outlet of the flow-
regulating valve is connected to an emulsion motor, and the shaft of each emulsion motor is
connected to a loading servo generator through a coupling. The generated electricity is fed
back to the power grid through a feeding device. Taking Figure 2 as an example, adjusting
the loading servo generator 1 can adjust the inlet pressure of emulsion motor 1, as well as
the outlet pressure of the emulsion pump and the inlet pressure of the flow control valve.
The outlet pressure of flow-regulating valves 1 and 2 can also be adjusted by adjusting the
loading of servo generators 2 and 3. During the process of adjusting the inlet and outlet
pressure of the flow-regulating valve, the flow through each parallel hydraulic circuit can
be adjusted by controlling the opening of the valve core of the flow-regulating valve.

Obviously, the flow-regulating valve is the key to this system. Through review of
the literature, it has been found that proportional flow valves are mainly used for flow
regulation in hydraulic systems. Proportional flow valves are mainly divided into the
flow feedback control type and pressure difference compensation control type [27]. The
flow feedback control type is greatly affected by the accuracy and response frequency of
the flow sensor, resulting in the poor dynamic response characteristics and stability of
this type of valve. There are also two main valve structures for the pressure difference
compensation control type, as shown in Figure 3a, which is a traditional pressure difference
compensation control flow control valve structure with a proportional throttle valve at the
outlet of the pressure-reducing valve. The flow-regulating valve with this structure has a
lag in the response of the pressure-reducing valve core. When the inlet and outlet pressure
changes, there will be a significant sudden change in flow, which affects the stability of the
entire system. Moreover, the proportional solenoid directly drives the throttle valve core,
which requires the proportional solenoid to have a very large driving force, making the
valve unsuitable for high-pressure working conditions. In addition, traditional pressure
differential compensation flow control valve structures are also developed based on oil
medium conditions and cannot be applied to high water-based media. As shown in
Figure 3b, this is a proportional flow control valve with a pilot stage, mainly composed
of three parts: the main valve, pilot valve, and the compensation controller. The flow
liquid enters the upper chamber of the main valve core through the channel and variable
throttle hole on the main valve core, and flows into the outlet of the main valve through
the pilot throttle valve. The pressure sensor at the inlet and outlet of the main valve is
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used for pressure measurement and transmitted to the compensation controller. Then, the
compensation controller changes the control voltage of the proportional solenoid of the pilot
valve and adjusts the displacement of the pilot valve core. The change in displacement of
the pilot valve core will cause the displacement of the main valve core to change, ultimately
regulating the flow rate of the main valve port [28]. This structure has high flow control
accuracy and stability, and can adapt to high-pressure working conditions. However, the
principle and structure of this valve are relatively complex. The pilot valve core and main
valve core both adopt a slide valve structure. Due to the low viscosity of water, leakage
occurs easily, which can lead to the valve being unable to function normally under water
medium working conditions or with the flow regulation ability being weakened.
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2.2. Proposal of New Solutions

Throughout all the literature and market research, there is very little research on water-
based flow control valves, and there is also a lack of products in the market that can be
applied to water medium and high-pressure conditions. However, research on water-based
pressure control valves is relatively mature, and many scholars have proposed design
schemes for water-based proportional relief valves and digital relief valves [29,30]. In
order to achieve the normal operation of the emulsion pump energy-saving testing system
proposed in this article, a solution using a water-based digital relief valve as a flow control
valve was proposed, which mainly utilized the pressure difference flow characteristics of
the digital relief valve. Figure 4 shows the structural diagram of a water-based digital relief
valve, which consists of a main valve and a pilot valve. The main valve core is equipped
with a fixed damping hole, and the compression amount of the pilot valve spring can be
adjusted by a linear stepper motor. Firstly, this article analyzes the mathematical model of
the digital relief valve to verify that it can be used as a flow-regulating valve.

The balance of forces on the main spool can be expressed as:

p1 A1 = p2 A2 + k1(x1 + x0) + mg + Fbs1 + Ff (1)

where p1 is the inlet pressure of the main valve core, A1 is the working area of the lower
chamber of the main valve core, p2 is the upper chamber pressure of the main valve, A2 is
the working area of the upper chamber of the main valve core, k1 is the stiffness of the main
valve spring, x1 is the displacement of the main valve core, x0 is the initial compression
amount of the main valve spring, m is the quality of the main valve core, Fbs1 is the steady-
state hydraulic force of the main valve core, and Ff is the frictional force acting on the main
valve core.
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The steady-state hydraulic force of the main valve core Fbs1 can be calculated using
the following formula:

Fbs1 = 2π·d1·(p1 − p3)·Cd·x1·cosθ (2)

where d1 is the diameter of the main valve core, p3 is the outlet pressure of the overflow
valve, Cd is the flow coefficient at the main valve core, and θ is the half cone angle of the
main valve core.

The friction force on the main valve core Ff is mainly generated by the O-ring. Ac-
cording to the literature review [31], the friction force at the O-ring is mainly caused by the
deformation of the O-ring and the pressure difference between the two ends of the valve
core. This can be expressed by the following formula:

Ff = f1 + f2 (3)

where f1 is the frictional force generated by the compression deformation of the O-ring,
during the action of the valve core the compression deformation rate of the O-ring is almost
constant, so it can be considered as a constant value; f2 is the frictional force generated by
the pressure difference between the two ends of the valve core, which can be expressed as
a function relationship as follows:

f2 = F(p1, p2) (4)

The continuous equation for the flow rate at the main valve port can be expressed as:

Q = Cd·π·d1·x1·sinθ·

√
2(p1 − p3)

ρ
(5)

where Q is the flow rate through the main valve core.
The pressure of the pilot valve core is also balanced by force, which can be expressed

as the following formula:
p3 A3 = k2x2 + Fbs2 + f2 (6)

where A3 is the acting area of the pilot valve core, k2 is the stiffness of the pilot spring, x2 is
the pilot spring compression amount, Fbs2 is the steady-state hydraulic force of the pilot
core, and f2 is the friction force on the pilot valve core. Considering the small diameter
and flow rate of the pilot valve core, the steady-state hydraulic force and friction force of
the pilot valve core can usually be ignored.
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Equation (7) can be obtained by combining Equations (1)–(6):

Q =
[p1 A1 − p2 A2 − k1x0 − mg − f1 − F(p1, p2)]·cd·π·d1·sinθ

k1 A3 + 2πcdd1cosθ(p1 A3 − k2x2)
·

√
2A3(p1 A3 − k2x2)

ρ
(7)

From the formula, it can be seen that the flow rate of the main valve core through
the digital relief valve is determined by the inlet pressure and outlet pressure of the relief
valve, as well as the amount of compression of the pilot valve spring. The compression
of the pilot spring is numerically equivalent to the extension length of the linear stepper
motor shaft. This theoretically proves that the flow regulation of the hydraulic circuit can
be achieved by utilizing the pressure difference flow characteristics of the overflow valve.
When the inlet and outlet pressure difference changes, the position of the main valve core
can be adjusted by adjusting the extension of the pilot valve’s linear stepper motor shaft
through the compensation controller, thereby regulating the flow through the main valve
core. The working principle is shown in Figure 5.
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3. Control Algorithm Development

For this system there are many controlled objects, including various digital overflow
valves and the loading servo motors of various emulsion motors. In order to achieve
intelligent control of system pressure and flow rate and improve system stability, this article
proposes an intelligent control algorithm as shown in Figure 6.

The neural network structure is shown in Figure 7, where P1 is the inlet pressure of
the digital relief valve, P2 is the outlet pressure of the digital relief valve, q is the flow rate
of the main valve core of the digital relief valve, and s is the extension of the linear stepper
motor shaft of the digital relief valve.
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4. Simulation and Experiment
4.1. Simulation Study
4.1.1. Simulation Model

In order to study the influence of digital relief valve inlet and outlet pressure and
linear stepper motor shaft extension on flow rate, this paper builds a simulation model
based on AMESim, as shown in Figure 8. At the same time, the simulation model also
includes sensors for energy loss and recovery, which are used to test the system’s energy
recovery situation.



Processes 2023, 11, 2632 9 of 15Processes 2023, 11, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 8. Simulation Model. 

The model consists of two emulsion motors and a digital flow control valve. The 
main technical parameters of the simulation model are shown in Table 1. 

Table 1. Main technical parameters of simulation model. 

Parameter Name Value 
Pilot valve seat diameter (mm) 5.5 

Pilot valve spool diameter (mm) 20 
Pilot valve spring stiffness (N/mm) 65 

Orifice diameter (mm) 0.8 
Orifice length (mm) 5 

Diameter of the lower end of the main valve core (mm) 14 
Diameter of the upper end of the main valve core (mm) 16 

Half cone angle of main valve core (°) 30 
Emulsion motor Volumetric efficiency 0.7 
Emulsion motor Mechanical efficiency 0.9 

Emulsion pump flow rate (L/min) 125 
Load Moment of inertia (kg·m2) 0.01 

Proportional gain of PID controller 10 
Derivative gain of PID controller 0.5 

4.1.2. Simulation Result 
Firstly, study the influence of the extension of the linear stepper motor shaft of the 

digital relief valve on the flow rate: Set the target pressures of the inlet and outlet of the 
digital relief valve to 7 MPa and 6 MPa, respectively. Record the flow rate through the 
main valve core and the energy consumption and recovery of the entire system under 
different linear stepper motor shaft extensions. These simulation results are shown in 
Figure 9a. Secondly, study the influence of inlet pressure of the digital relief valve on flow 
rate: Set the extension of the linear stepper motor shaft to 1.9 mm, and the outlet target 
pressure of the digital relief valve to 6 MPa. Record the flow rate through the main valve 
core of the digital relief valve under different inlet pressures, as well as the energy con-
sumption and recovery of the entire system, as shown in Figure 9b. Thirdly, study the 
influence of the outlet pressure of the digital relief valve on the flow rate: Set the exten-

Figure 8. Simulation Model.

The model consists of two emulsion motors and a digital flow control valve. The main
technical parameters of the simulation model are shown in Table 1.

Table 1. Main technical parameters of simulation model.

Parameter Name Value

Pilot valve seat diameter (mm) 5.5
Pilot valve spool diameter (mm) 20

Pilot valve spring stiffness (N/mm) 65
Orifice diameter (mm) 0.8

Orifice length (mm) 5
Diameter of the lower end of the main valve core (mm) 14
Diameter of the upper end of the main valve core (mm) 16

Half cone angle of main valve core (◦) 30
Emulsion motor Volumetric efficiency 0.7
Emulsion motor Mechanical efficiency 0.9

Emulsion pump flow rate (L/min) 125
Load Moment of inertia (kg·m2) 0.01

Proportional gain of PID controller 10
Derivative gain of PID controller 0.5

4.1.2. Simulation Result

Firstly, study the influence of the extension of the linear stepper motor shaft of the
digital relief valve on the flow rate: Set the target pressures of the inlet and outlet of the
digital relief valve to 7 MPa and 6 MPa, respectively. Record the flow rate through the main
valve core and the energy consumption and recovery of the entire system under different
linear stepper motor shaft extensions. These simulation results are shown in Figure 9a.
Secondly, study the influence of inlet pressure of the digital relief valve on flow rate: Set
the extension of the linear stepper motor shaft to 1.9 mm, and the outlet target pressure of
the digital relief valve to 6 MPa. Record the flow rate through the main valve core of the
digital relief valve under different inlet pressures, as well as the energy consumption and
recovery of the entire system, as shown in Figure 9b. Thirdly, study the influence of the
outlet pressure of the digital relief valve on the flow rate: Set the extension of the linear
stepper motor shaft to 1.9 mm, and set the inlet target pressure of the digital relief valve to
7 MPa. Record the flow rate through the main valve core of the digital relief valve under
different outlet pressures, as well as the energy consumption and recovery of the entire
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system, as shown in Figure 9c. From the flow curves under three operating conditions,
it can be seen that, as analyzed by the mathematical model above, the inlet and outlet
pressure of the digital relief valve and the extension of the linear stepper motor shaft both
have an impact on the flow through the main valve core. From the energy curve, it can be
seen that the changes in inlet and outlet pressure of the digital relief valve and the extension
of the linear stepper motor shaft have a slight impact on the energy recovery efficiency
of the system. However, the energy recovery efficiency of the system has exceeded 53%,
achieving good results.
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4.2. Experimental Study
4.2.1. Test Device

In order to further verify the feasibility of the proposed system and algorithm, this
article conducted further verification through experiments. Firstly, this article has designed
and developed a water-based digital relief valve as shown in Figure 10, whose main
structural parameters are consistent with the simulation model mentioned above.
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Before the experiment, in order to achieve precise flow control, it is necessary to collect
data on the inlet and outlet pressure of the digital relief valve, the flow rate of the main
valve core, and the extension of the stepper motor shaft for training and prediction. In order
to efficiently obtain training data, this article designed an experimental device as shown in
Figure 11. The emulsion pump here is driven by a variable frequency motor to regulate the
output flow rate of the pump. The digital overflow valve is connected directly to the outlet



Processes 2023, 11, 2632 11 of 15

of the emulsion pump, and there is a pressure sensor connected to each inlet and outlet of
the digital overflow valve for testing the inlet pressure of the emulsion motor. The inlet
of the emulsion motor is connected to a flow sensor for measuring the flow through the
main valve core of the digital overflow valve, and the extension of the linear stepper motor
shaft is recorded through a laser-ranging sensor. In order to improve the testing accuracy
high-precision sensors are used, and the measurement error is less than 0.5%.
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Figure 11. Experimental device for obtaining training data.

Adjust the frequency of the variable frequency motor through the frequency converter,
and adjust the flow rate through the digital overflow valve to 50 L/min, 60 L/min, 70 L/min,
and 80 L/min. By adjusting the torque of the loading servo motor, the inlet pressure of the
emulsion motor can be adjusted to 4 MPa, 8 MPa, 12 MPa, and 16 MPa, respectively. Due
to the constant flow rate of the tested pump, the inlet pressure of the overflow valve can be
adjusted by adjusting the extension of the linear stepper motor shaft. Adjust the pressure
difference between the inlet and outlet of the digital relief valve to 0.6 MPa, 0.8 MPa, 1 MPa,
and 1.2 MPa, and record the data results of each sensor, as shown in Table 2.

Table 2. Measured data.

Outlet Pressure of
Overflow Valve (MPa) Flow (L/min)

Pressure Difference between Inlet and Outlet of Overflow
Valve (MPa)

0.6 0.8 1 1.2

Shaft Extension of Linear Stepping Motor (mm)

4

50 1.14 1.20 1.24 1.29
60 1.13 1.18 1.22 1.28
70 1.11 1.16 1.21 1.26
80 1.09 1.14 1.19 1.24

8

50 2.36 2.41 2.45 2.53
60 2.34 2.39 2.43 2.52
70 2.32 2.37 2.42 2.50
80 2.30 2.35 2.40 2.48

12

50 3.56 3.61 3.68 3.74
60 3.54 3.59 3.65 3.72
70 3.53 3.58 3.63 3.70
80 3.51 3.56 3.61 3.69

16

50 4.76 4.81 4.86 4.91
60 4.75 4.79 4.85 4.90
70 4.73 4.78 4.84 4.88
80 4.71 4.76 4.82 4.86
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Train and validate the data in Table 2 using the MATLAB neural network toolbox.
Here, the number of hidden layers is set to one layer, and the number of hidden layer
neurons is set to 7. The training data set, validation data set, and test data set are set to
70%, 15%, and 15%, respectively. The training results are shown in Figure 12. The training
results indicate that the constructed artificial neural network can accurately complete the
prediction. Finally, generate and save the training results into code for the development of
control algorithms.
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4.2.2. Experimental Results and Analysis

Considering that the author’s laboratory only has a set of loading servo motors and
energy feedback devices, a testing platform is built as shown in Figure 13. A proportional
relief valve is connected in parallel at the inlet of the digital relief valve to regulate the
pressure at the inlet. The flow rate of the emulsion pump in this testing platform is
125 L/min. The output shaft of the emulsion motor is connected to a loading servo
generator, and the generated electrical energy is fed back to the power grid through a
rectifier device.

Given the limitations of the experimental conditions, this testing platform focuses on
verifying the proposed pressure and flow control algorithms. Firstly, adjust the proportional
relief valve and load the servo generator separately, and adjust the inlet and outlet pressures
of the digital relief valve to 5.8 MPa and 5 MPa, respectively. Set the target flow rate of the
main valve core of the digital overflow valve to 72 L/min, and calculate the extension of the
linear stepper motor shaft using an artificial neural network algorithm, so that the linear
stepper motor is controlled and operates at the calculated value. Subsequently, through
intelligent control algorithms, the inlet and outlet pressures of the speed control valve are
adjusted to 5.5 MPa and 6.5 MPa, and the target flow rate of the entire circuit is always
72 L/min. The changes in various system parameters during this process were recorded, as
shown in Figure 14.
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From the test results, we can see that the pressure adjustment of the system has almost
no error, and the flow rate through the main valve core remains basically unchanged
after the pressure change at the inlet and outlet of the overflow valve, maintaining about
68 L/min. This verifies that the flow control algorithm proposed in this article, which com-
bines the pressure difference flow characteristics of water-based digital relief valves with
neural network predictive intelligent control, can achieve accurate flow control. However,
there is an error of about 5% between the actual traffic and the target traffic. In analyzing
the reasons, this is mainly due to the accuracy error of the flow sensor and the small number
of samples used for neural network training data.
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5. Summary

This article analyzes the difficulties faced in achieving energy-saving testing of emul-
sion pumps under the working condition of emulsion as the transmission medium, and
proposes a new energy-saving testing system for emulsion pumps. In order to improve the
energy recovery efficiency of the entire testing system, the system adopts multiple emulsion
motors in parallel, and proposes the use of the pressure difference flow characteristics of
digital relief valves combined with an artificial neural network predictive control algorithm
to achieve flow control of each parallel circuit. This method overcomes the disadvantage
of having flow-regulating valves in oil-based hydraulic systems that cannot be applied
in water-based hydraulic systems. The feasibility and progressiveness of the proposed
test system and control algorithm are verified by building a simulation and test system.
The simulation and test results show that the proposed system has high energy recovery
efficiency and pressure and flow control accuracy. This provides an efficient and feasible
solution for the energy-saving testing of emulsion pumps.
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