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Abstract: The electrohydraulic servo variable speed volume pump control system (hereinafter re-
ferred to as ESPCS) is integrated with a permanent magnet synchronous motor (hereinafter referred to
as servo motor), a fixed-displacement pump, and a hydraulic cylinder. By controlling the servo motor
speed, the output flow of the system can be controlled, as can the displacement, force, and speed of the
hydraulic cylinder. Compared with the traditional electro-hydraulic servo valve control system, the
ESPCS has the advantages of high power-to-weight ratio, energy saving, and environmental friendli-
ness. However, due to the extremely nonlinear flow output of the ESPCS, further improvement of
system control performance is greatly hindered. This paper focuses on the nonlinear characteristics of
servo motor, fixed-displacement pump, hydraulic cylinder, and other key components in the system.
A compensation method based on nonlinear characteristic mapping is proposed. Compared with the
traditional PID control method (pressure control accuracy ± 0.12 MPa), the pressure control accuracy
of the system is greatly improved (pressure control accuracy ± 0.037 MPa), which opens up a new
way to improve the pressure control accuracy of the ESPCS.

Keywords: electrohydraulic servo; pump control system; flow characteristic; nonlinearity mapping
model; experimental research

1. Introduction

We look at the nature of servo pump control from the perspective of system energy
transfer, as shown in Figure 1. The servo motor drives the flow required by the fixed
displacement pump output system and then controls the displacement, force, and speed of
the hydraulic cylinder output. In this process, the system flow is used as the medium of
energy transfer and conversion. Therefore, the essence of ESPCS to achieve high precision
control of hydraulic cylinder lies in the accurate control of system flow.

Figure 1. Schematic of servo pump-controlled energy transfer.
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The ESPCS is composed of electrical, hydraulic and mechanical parts. Due to the
large inertia of the servo motor and the fixed-displacement pump and the time lag of the
volumetric servo response, the static accuracy of the system is not high and the dynamic
performance is limited [1,2]. System response speed, bandwidth and positioning accuracy
are at a disadvantage compared with traditional valve-controlled system, which brings
certain challenges to high-performance control of the system [3,4]. A pump control system
is a typical strongly nonlinear system [5–7]. There are several parameter uncertainties and
uncertain nonlinearities in the system [8,9]. The study of the nonlinear characteristics of
the system flow output is a key factor in realizing high-precision control of the system.
In recent years, experts and scholars in the industry have done relevant research on the
high-performance control of ESPCS.

Quan Long (Taiyuan University of Technology) and other researchers, aiming at the
problem of poor dynamic and static characteristics in existing pump-controlled differential
cylinder technology, used an asymmetric pump to balance the asymmetric flow of the
differential cylinder and proposed a nonlinear dynamic feedforward compensation control
strategy. The results show that the control strategy can effectively improve the static
and dynamic characteristics of the stretching and retraction speeds of the differential
cylinder [10]. Jiawei of the Northwest Institute of Mechanical and Electrical Engineering
and other researchers established the concept and mathematical model of flow pulsation
volume in response to the problem of the flow pulsation of the electrohydraulic servo
system on the adjustment accuracy of the pitch gun system. Finally, the influence law of the
plunger pump swash plate inclination angle and input shaft speed on the plunger pump
flow pulsation is obtained [11]. Wang et al. of Beijing Special Engineering Design and
Research Institute proposed a method of using wavelet analysis to extract fault features and
building a classifier using a backpropagation neural network for the problem of leakage
fault diagnosis in hydraulic cylinders. The results show that the proposed method is
effective for fault diagnosis. Diagnosis has high recognition accuracy [12]. Li et al. of
the School of Automation Science and Electric Engineering, Beihang University designed
an SMC-fuzzy controller for high nonlinearity and external interference in an electro-
hydrostatic actuator system. The simulation results show that the SMC-fuzzy controller
has better tracking performance than the traditional PID controller, and the system control
input is smoother, reducing the occurrence of system chattering [13]. Jiao Zongxia of Beijing
Aerospace and Astronautics conducted a theoretical analysis of the pressure loss of an
aircraft hydraulic power system, established a flow and pressure loss model of typical
hydraulic components and hydraulic pipelines, and verified it with experimental data. The
results demonstrated that the model can accurately analyze the available pressure and flow
rate of the hydraulic system during the flight phase of an aircraft [14].

The investigation of high-precision control of the pump control system has shown
that most scholars have focused on the use of fuzzy control strategy [15–18], robust control
strategy [19–21], synovial control strategy [22,23], adaptive backstepping control [24,25],
and other control algorithms [26], without systematically and comprehensively analyzing
the methods for improving the control accuracy from the perspective of flow characteristics.
This study mainly focuses on improving the pressure control precision of the ESPCS.

In order to improve the system pressure control precision, the main factors restricting
the system pressure control precision improvement are analyzed. We raise the following
question: when the system is given a pressure command, and the system shown in Figure 1
has reached the set steady-state pressure, what is the state of the system at this time? We
then propose the following hypothesis: owing to the internal leakage of the hydraulic
cylinder, to retain the pressure of the hydraulic cylinder constant, we need a continuous
flow to balance the leakage of the cylinder. The fixed-displacement pump has to contin-
uously output flow, but the fixed-displacement pump has a dead flow zone and leakage;
therefore, the servo motor must continuously output speed to balance the leakage of the
fixed-displacement pump and ensure that the flow exceeds the dead-zone boundary and
continues to be supplied to the hydraulic cylinder. This assumption was ideal. The internal
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leakage and flow dead zone of the fixed-displacement pump are affected by many factors,
and the low-speed jitter of servo motor makes it difficult to improve the pressure control
precision of the system. Therefore, accurately characterizing nonlinear phenomena in the
system is necessary.

In this study, the mechanism prediction model was combined with the experimental
mapping model. The mechanism prediction model establishes an accurate mathematical
model of the system components at the component level. Through the mathematical model,
the internal characteristics of the system are described, and the predicted value of the required
flow of the system is provided in real time. Through the experimental mapping model, the
nonlinear phenomena in the system are mapped and compensated to realize precise control
of the system flow, as shown in Figure 2.

Figure 2. ESPCS pressure control chart.

2. Introduction of ESPCS

The structural principle of the ESPCS studied herein is shown in Figure 3. Servo motor
1 axially drives the fixed-displacement pump. The suction and discharge ports of the fixed-
displacement pump are connected to the two load ports of the hydraulic cylinder, and the
fixed damping and electromagnetic switch valves are connected in series in the middle. The
controller output a control command to the servo drive, and then control the speed of the
servo motor, and then change the output flow of the fixed-displacement pump, adjust the
displacement, speed, and output of the hydraulic cylinder. The replenishment circuit uses
an accumulator and a one-way valve to replenish the system, and an electromagnetic switch
valve was used to solve the flow asymmetry problem of the asymmetric cylinder in the
ESPCS. The safety circuit uses an overflow valve to prevent pressure in the two chambers of
the hydraulic cylinder. The ESPCS specifically includes a servo motor, a fixed-displacement
pump, a hydraulic valve, an accumulator, a hydraulic cylinder, a servo drive, and a controller.

Figure 3. Schematic of the ESPCS structure: 1—servo motor; 2—fixed-displacement pump; 3—
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low pressure pressure sensor; 4.1/4.2/4.3/4.4/4.5—accumulator; 5.1/5.2/5.3/5.4—solenoid switch
valve; 6.1/6.2—safety relief valve; 7.1/7.2—check valve; 8.1/8.2/8.3/8.4—high pressure sensor;
9—hydraulic cylinder; 10—displacement sensor; 11—controller; 12—servo driver; 13.1/13.2—
hydraulic damping.

The system detects the actual position and pressure signal output from the hydraulic
cylinder through the sensor and transmits it to the controller. Through the integrated
processing of the pressure information, it outputs the speed control signal of the servo motor
and then controls the output flow of the fixed-displacement pump to control the pressure
change of the hydraulic cylinder. In this study, the fixed-displacement pump adopted an
axial piston pump, and the servo motor used was a permanent magnet synchronous motor.

3. Mechanism Prediction Mathematical Model Establishment
3.1. Servo Motor Load–Speed Characteristic Mathematical Model

The servo motor is the core component of the system control as the execution terminal
of the control algorithm.

The stator flux linkage equation of the servo motor is as follows:{
ψd = Ldid + ψ f

ψq = Lqiq
(1)

Servo motor stator voltage equation:{
Ud = Rsid +

d
dt ψd −ωeψq

Uq = Rsiq + d
dt ψq + ωeψd

(2)

Servo motor electromagnetic torque equation:

Te =
3
2

δn

[
ψ f iq +

(
Ld − Lq

)
idiq

]
(3)

Servo motor motion equation:

Te − TL = JL
dωm

dt
+ Dωm (4)

where ψd, ψq are the d-q axis components of the stator flux linkage, Ld, Lq are the d-q axis
equivalent inductance of the stator inductances, id, iq are the d-q axis components of the
stator current, ψ f is the permanent magnet flux linkage, Ud, Uq are the d-q axis components
of the stator voltage, Rs is the stator resistance, ωe is the motor rotor angular speed, Te is
the electromagnetic torque of the motor, δn is the number of pole pairs of the motor, TL is
the load torque of the motor, JL is the equivalent converted moment of inertia of the rotor
shaft, ωm is the mechanical angular velocity of the motor, and D is the damping coefficient
of the motor.

3.2. Mathematical Model of Generalized Dead-Zone Characteristics of Fixed-Displacement Pump

The pump used herein was an axial plunger pump. According to the principle of
the axial plunger pump, if an accurate model of the pump output flow is obtained, an
accurate mathematical model must be established for each plunger suction and discharge
process. Schematics of the working principle of the plunger pump and the single plunger
oil discharge principle are shown in Figures 4 and 5, respectively.
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Figure 4. Schematic of the working principle of the plunger pump.

Figure 5. Schematic of single plunger oil discharge principle.

According to the Bernoulli equation, the classic orifice flow equation for a single
plunger is derived as follows:

Qn = sign(Pn − Pd)Cd Ao

√
2
ρ
| Pn − Pd | (5)

The flow generated by the multi-plunger of the fixed-displacement pump is as follows:

∧
Q = (

π

NAp tan(α)w
)

n′

∑
n=1

sign(Pn − Pd)Cd Ao

√
2
ρ
| Pn − Pd | (6)

where Ap is the compression area of a single piston, A0 is the cross-sectional flow discharge
area for the nth piston chamber, Cd is the flow coefficient, N is the number of pistons
in the pump body, n′ is the number of plungers above the oil discharge port, Pn is the
pressure of the nth piston chamber, Pd is the pressure of the oil outlet of the pump, Q̂ is
the instantaneous flow of the fixed-displacement pump, ρ is the fluid density, w is the
rotational angular velocity of the pump body, and α is the swash plate angle.

However, in the actual working process of the plunger pump, the cylinder body
rotates at a high speed, and the oil between the cylinder body and the plunger is also in
a fast-switching state of high and low pressure. In addition, owing to the manufacturing
precision, there are inevitable leaks between each structural part; however, the amount of
leakage has a positive correlation with the system pressure to a certain extent. Based on
these factors, the fixed-displacement pump itself has a dead-zone characteristic of flow,
and this dead-zone characteristic is mainly related to leakage, and we mainly analyze the
leakage of the fixed-displacement pumps below. The internal leakage of the disc-type axial
piston pump mainly occurs between the three main friction pairs; therefore, carrying out
accurate modeling of the leakage model of the three friction pairs is necessary.

3.2.1. Shoe Pair Leakage Model

The leakage of the sliding shoe pair of the plunger pump can be regarded as the flow
of the gap between the parallel disks. The oil flows through the center oil cavity of the
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sliding shoe and along the gap between the supporting surface of the swash plate, as shown
in Figure 6.

Figure 6. Sketch of the pair of skates.

As shown in Figure 6, the pressure difference flow is formed under the action of the
pressure difference between the oil cavity pressure in the center of the shoe and the shell
pressure. The relative movement between the shoe and the swash plate generates shear
flow, but for the shear generated at this time, the flow will not affect the leakage of the shoe
pair, and the leakage of the shoe swash plate can be expressed as:

QL11 =
πh3(pr − p0)

6µ ln r2
r1

(7)

where h is the oil film thickness between the stator and the slipper, r1 is the inner radius
of the slipper oil sealing belt, r2 is the outer radius of the slipper oil sealing belt, pr is the
slipper chamber pressure, and p0 is the shell pressure.

3.2.2. Plunger Pair Leakage Model

The leakage model of the plunger pair is shown in Figure 5. The leakage flow rate of
the plunger pair is expressed as:

QL12 =
πdδ3

1 P1

12µL1
(1 + 1.5ε3) (8)

where P1 is the pressure difference inside and outside the plunger cavity, µ is the dynamic
viscosity of the oil, L1 is the contact length between the plunger and the cylinder block, d is
the diameter of the plunger, δ1 is the gap between the plunger and the inner wall of the
plunger hole of the rotor, and ε is the eccentricity.

3.2.3. Port Flow Leakage Plate Model

Port flow leakage plate model is expressed as:

QL13 =
aδ3

3
6µCe

[
1

ln(r12/r11)
+

1
ln(r14/r13)

]
P3 (9)

where α is the covering angle of the valve plate waist groove, δ3 is the gap between the
valve plate and the cylinder surface, r12 is the pore size of the valve plate, r11 is the inner
radius of the valve plate waist groove, r14 is the outer diameter of the valve plate, r13 is the
outer radius of the valve plate waist groove, Ce is the flow coefficient of the valve plate,
and P3 is the pressure difference between the pores of the valve plate.
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Therefore, the flow rate output by the pump port can be expressed as:

∧
Q = ( π

NAp tan(α)w )
n′

∑
n=1

sign(Pn − Pd)Cd Ao

√
2
ρ | Pn − Pd | −QL11 −QL12 −QL13

= ( π
NAp tan(α)w )

n′

∑
n=1

sign(Pn − Pd)Cd Ao

√
2
ρ | Pn − Pd | −

πh3(pr−p0)

6µ ln r2
r1

−(
πdδ3

1 P1
12µL1

(1 + 1.5ε3)

)
− aδ3

3
6µCe

[
1

ln(r12/r11)
+ 1

ln(r14/r13)

]
P3

(10)

3.3. Mathematical Model of Energy Storage Characteristics of Accumulator

In hydraulic systems, irregular pressure pulsation significantly affects the transmission
performance of the hydraulic system, and pressure pulsation is widely present in hydraulic
systems. The structure principle of the servo motor and axial piston pump changes the
discharge flow with the internal operation of the pump body, i.e., there is a phenomenon of
flow pulsation. Owing to the existence of liquid resistance, the flow pulsation will further
evolve into pressure pulsation. Therefore, the source of the pressure pulsation is the flow
pulsation. The flow pulsation phenomenon is more serious in the ESPCS under low-speed
working conditions. When there is flow pulsation in the hydraulic system, the accumulator
can absorb the peak flow in the hydraulic pipeline to compensate for the trough flow in the
pipeline to reduce the flow pulsation, thereby effectively reducing the pressure pulsation
in the pipeline. Therefore, an in-depth study of the energy storage characteristics of the
accumulator is crucial for analyzing the nonlinear characteristics of the system flow. The
mathematical model of the accumulator is established as follows:

To obtain an accurate description of the outlet flow of the accumulator, it is first
necessary to accurately model the gas model pre-charged in the accumulator. A function
diagram of the accumulator is shown in Figure 7.

Figure 7. Function diagram of the accumulator.

The nonlinear model of the DDVC electro-hydraulic servo system has the characteris-
tics of strong nonlinearity and many other characteristic parameters. Consequently, it is
difficult to directly solve the problem. Therefore, it is necessary to linearize the nonlinear
model of the system.

First, we provide the state equation of the ideal gas:

PgVk
g

T
= R (11)

where Pg denotes the absolute pressure of the gas, Vg is the volume of the gas, k is the
thermal insulation coefficient, T is the thermodynamic temperature of the gas, and R is the
gas constant.
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When the accumulator is used to absorb flow and pressure fluctuations, it can be under-
stood as an adiabatic process. Therefore, the ideal gas state equation can be expressed as:

P1V1 = P2V2 = R (12)

where V1, V2 are the instantaneous gas volumes at any two moments, and P1, P2 are the
instantaneous gas pressures at any two moments.

According to Figure 7, we establish the force equation of the system.

(Ph − Pg)A = kg
Vg

A
+ Cg

1
A

.
Vg (13)

where kg is the gas stiffness coefficient of the bladder at any time, and Cg is the gas damping
coefficient of the bladder at any time.

kg = A2 dP
dV

= A2 kPgVk
g

Vk+1
g

(14)

where Pg is the instantaneous pressure of the gas in the accumulator and Vg is the instanta-
neous volume of the gas in the accumulator.

Cg = 8πµg
Vg

A
(15)

where µg is the gas viscosity coefficient.
The oil flow rate at the outlet end of the accumulator is QS, and the change in the oil

flow rate at the outlet end is negatively related to the rate of change in the gas volume.

Qs = −
.

Vg =
kg A3PgVk+1

g − (Ph − Pg)AVk+1

8πµgVgVk+1 (16)

3.4. Mathematical Model of Friction and Leakage Characteristics of Hydraulic Cylinder

To accurately describe the load flow of the hydraulic cylinder, we first need to accu-
rately analyze the working principle of the hydraulic cylinder and subsequently establish
an accurate mathematical model of the hydraulic cylinder. Although there are many types
of existing hydraulic cylinders, their working principles are essentially the same. Based
on the double-acting single-piston rod servo hydraulic cylinder, this study establishes a
dynamic model. A schematic of its working principle is shown in Figure 8.

Figure 8. Schematic of hydraulic cylinder.

Taking the piston moving to the right as an example, the flow equation of the rodless
cavity and rod cavity of the hydraulic cylinder can be expressed as

QL8i = V1 + Cip(p1 − p2) + (V1/βe)p1 (17)

QL8o = −V2 + Cip(p1 − p2)− Cep p2 − (V2/βe)p2 (18)
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where V1 is the volume of the rodless cavity (V1 = V10+A1y), V2 is the rod cavity volume,
y is the piston displacement, V10 is the initial volume of the rodless cavity oil, V20 is the
initial volume of oil with rod cavity, Cip is is the internal leakage coefficient of the hydraulic
cylinder, Cep is is the external leakage coefficient of the hydraulic cylinder, and βe is the
effective volumetric elastic modulus of hydraulic oil.

According to the definition of load traffic QL = QL8i, the load traffic can be deduced:

QL = A1y− Csp ps + Ctp pL + Ve pL/4βe (19)

where Csp is the additional leakage factor (Csp = (1− n)Cip/(1 + n)), Ctp is the equivalent
leakage coefficient (Ctp = 2Cip/(1 + n)), Ve is the equivalent volume (V10 = 4V1/(1 + n));
generally, the equivalent volume is the volume when the piston is in the middle position,
Ve = 2(2V0 + A1L)/(1 + n), L is the stroke of the piston.

QL8i = Cip(p1 − p2) + Cep p1 +
V1

βe

dp1

dt
+ A1

dy
dt

(20)

QL8o = Cip(p1 − p2)− Cep p2 −
V2

βe

dp2

dt
+ A2

dy
dt

(21)

3.5. Flow Mechanism Prediction Model of Electrohydraulic Servo Pump-Control System

We established a mechanism prediction model for the core components of the system.
Based on the schematic shown in Figure 9, we need to build a mechanism prediction model
for the entire system.

Figure 9. Schematic of ESPCS.

According to the flow characteristics of the small hole, Equation (22) is obtained.
Qs1 = Cds1 As1

√
2
ρ (P1 − PL)

Qo1 = Cdo1 Ao1

√
2
ρ (P2 − P1)

Qo2 = −Cd02 A02

√
2
ρ (P3 − P4)

(22)

According to the flow continuity equation, Equation (23) is obtained.
Qo −Qs1 −Qs2 = dV1

dt + V1
βe

dP1
dt

Qo1 −Qs3 −QL8 = dV2
dt + V2

βe

dP2
dt

QL8 −Qo2 −Qs6 = dV3
dt + V3

βe

dP3
dt

Qo2 −Qs5 = dV4
dt + V4

βe

dP4
dt

(23)
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V1, V2, V3, V4 can also be defined in the form shown in Equation (24).
V1 = V10 + A1y1
V2 = V20 + AR1y + A2y2
V3 = V30 − AR2y + A6y6
V4 = V40 + A5y5

(24)

Now let us define the state of the system as:

x1 = y, x2 =
.
y, x3 = P1, x4 = P2, x5 = P3, x6 = P4

The equation of state for the whole system is:

.
x1 = x2
.

x2 = AR1x4−AR2x5−Cx2−Kx1−F
m.

x3 = Qo−Qs1−Qs2−A1V1
(V10+A1y1)/βe.

x4 = Qo1−Qs3−QL8−A2V2−AR1x2
(V20+AR1x1+A2y2)/βe.

x5 = QL8+Qo2−Qs6−A6V6−AR2x2
(V40+A5y5)/βe

(25)

4. Experimental Study

We herein explore the influence of the nonlinear characteristics of the various com-
ponents of the ESPCS on the nonlinear characteristics of the system flow, as well as the
influence of the coupling characteristics between the system components on the system
pressure control. We conducted experimental research on the strong nonlinearity in the
system, such as the load–speed characteristics of the servo motor, generalized dead-zone
characteristics of the hydraulic pump, energy storage characteristics of the accumulator,
and the friction characteristics of the hydraulic cylinder, and subsequently obtained the
corresponding mapping model. Finally, the experimental research on the pressure control
accuracy based on the nonlinear flow prediction and mapping model is carried out, and it
is verified that the model can significantly improve the pressure control accuracy.

4.1. Experimental Research Conditions

Based on the experimental platform of pump-controlled hydraulic actuators, we herein
conducted experimental research on the nonlinear characteristics of the system flow. The
hydraulic experiment platform included motor pump units, functional valve blocks, and
hydraulic cylinders. The electrically integrated cabinet includes electrical components such
as axis controllers and servo drives. The mechanism prediction model and experimental
mapping mathematical model can be imported into the axis controller using MATLAB. The
composition of the experimental platform is shown in Figure 10.

4.2. Experimental Curve Analysis and Research
4.2.1. Experimental Study on Load–Speed Characteristics of Servo Motor

In the actual control process, the coincidence degree between the actual speed and
the target speed of the servo motor will affect the control precision of the system to a great
extent. There are two main factors causing the fluctuation of servo motor speed: on the one
hand, the fluctuation of servo motor speed will be significantly different under different
speeds. On the other hand, the disturbance of external load will also cause the fluctuation
of servo motor speed. These two factors are difficult to express by means of microscopic
mechanism modeling at present. So, we established the experimental mapping model of
servo motor speed fluctuation through two groups of experiments.
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Figure 10. Schematic of the experimental platform. (a) Control system test platform; (b) hydraulic
electrical system test platform.

First, at a constant speed, the fluctuation of the servo motor speed under different
loads was obtained by adjusting the load sizes, as shown in Figure 11.
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Figure 11. Fluctuation of servo motor speed (constant speed/variable load).

According to the experimental data in Figure 11, the speed fluctuation of the servo
motor is shown to be positively correlated with the load and approximately linear. We
define the speed fluctuation of the servo motor as Vvolatility, and we then establish the linear
mapping equation of the speed fluctuation of the servo motor and the load as follows.

Vvolatility = Kl Fload (26)

where Kl is the correlation coefficient of speed, and Fload is the servo motor shaft-end load.
In addition, at a constant pressure of 6 MPa, we obtained the fluctuation of the servo

motor speed at different speeds by adjusting the speed, as shown in Figure 12.
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Figure 12. Fluctuation of servo motor speed (constant load/variable speed).

According to the above experimental data, the fluctuation of the servo motor speed
also positively correlated with that of the speed, which can also be approximated as a linear
relation. Therefore, we establish the linear mapping equation of the servo motor speed
fluctuation and speed as follows.

Vvolatility = KaVactual (27)

where Ka is the servo motor speed correlation coefficient and Vactual is the servo motor
shaft-end speed.

4.2.2. Experimental Study on Generalized Dead-Zone Characteristics of
Fixed-Displacement Pump

A fixed-displacement pump is a direct output flow element of the hydraulic system,
and the output flow is extremely nonlinear. From the perspective of high-precision control,
the factors that affect the control accuracy mainly include the dead zone of the fixed-
displacement pump and the flow attenuation of the fixed-displacement pump. From a
broad perspective, the attenuation of the output flow of the fixed-displacement pump can
be seen as a result of the dead zone of the fixed-displacement pump flow, and the role of the
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dead zone exists anytime and anywhere. Therefore, we conducted a generalized dead-zone
experimental study for this aspect.

First, we carried out a system-pressure building experiment using a fixed-displacement
pump at low speed. A schematic of the experimental principle is shown in Figure 13.

Figure 13. Schematic of the dead-zone compression test. 1—servo motor; 2—fixed-displacement
pump; 3.1/3.2—pressure gage; 4.1/4.2/4.3—magnetic exchange valve; 5.1/5.2—one-way valve;
6—accumulator; 7.1/7.2—flow sensor.

In Figure 13, 3.1, and 3.2 record the inlet and outlet pressure of the fixed-displacement
pump; 5.1 and 5.1 work with accumulators to compensate the oil in the system when
the experimental conditions need to be revised; 4.2 and 4.3 need to be opened for sys-
tem unloading to ensure consistency of the initial pressure of the system; and 7.1 and
7.2 measure the output flow of the pump. Next, we pump A cavity through the electro-
magnetic directional valve closed 4.1, increasing speed, record the maximum pressure that
can be achieved in chamber A of the fixed-displacement pump; when the system pressure
remains unchanged, the internal leakage of the fixed-displacement pump to provide a
fixed-displacement pump, and the compression of the oil; under different rotational speeds,
the pressure of the experimental data is recorded, and the same operation is performed
when the pump is reversed. The experimental results are shown in Figure 14.

Figure 14. Dead-zone construction pressure curve.

To accurately express the dead zone and effectively compensate for the dead zone
effect, accurately characterizing the phenomenon caused by the dead-zone effect is neces-
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sary. Through the analysis of the experimental data, we applied a Gaussian function to fit
the experimental data and obtained the following Equation (28). The fitting effect of the
experimental data is shown in Figure 15. From this, we also obtained an accurate mapping
mathematical model of the dead-zone effect. The parameter values of Formula 28 can be
found in the Appendix A.

f (x) = a11 exp(−((x− b11)/c11)
2) + a12 exp(−((x− b12)/c12)

2)+

a13 exp(−((x− b13)/c13)
2) + a14 exp(−((x− b14)/c14)

2)+

a15 exp(−((x− b15)/c15)
2) + a16 exp(−((x− b16)/c16)

2)

(28)

Figure 15. Dead-zone build pressure mapping.

Given the attenuation problem of the fixed-displacement pump flow, we measured
the experimental data of the system output flow under different speeds and pressures, as
shown in Figure 16.

Figure 16. Experimental diagram of pump flow envelope surface.

The experimental data shows that if we accurately describe the envelope surface of the
output flow of the hydraulic pump, then we can perfectly provide real-time and accurate
flow mapping compensation for high-precision control. Next, we express the output flow
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envelope surface of the hydraulic pump obtained from the experiment through a third-
order polynomial, as shown in Equation (29), and the envelope surface of the mapping
mathematical model is shown in Figure 17. From this, we obtain a mapping model of the
output flow of the hydraulic pump. The parameter values of Formula 29 can be found in
the Appendix A.

f (x, y) = p00 + p10x + p01y + p20x2 + p11xy + p02y2+
p30x3 + p21x2y + p12xy2 + p03y3 (29)

Figure 17. Pump flow mapping.

4.2.3. Experimental Study on Accumulator Energy Storage Characteristics

The accumulator is the key component of a system that absorbs pressure fluctuations.
To obtain the performance of the accumulator to absorb pressure fluctuations, we simulated
pressure fluctuations of different amplitudes and frequencies. Under the same inflation
pressure, the accumulator’s ability to absorb different amplitudes and frequencies was
experimentally studied. The hydraulic principle is shown in Figure 18. We adjust the
opening size of the throttle valve 7, and by setting the sinusoidal speed signal of the servo
motor (the sinusoidal speed here, the direction of the speed is not allowed to change), the
flow exhibits sinusoidal fluctuations owing to the existence of damping, and the pressure
also presents sinusoidal fluctuations. A control experiment for the accumulator to absorb
pressure fluctuations was obtained by controlling the on and off switch of the solenoid
valve 4.3. The experimental data are shown in Figure 19.

Figure 18. Schematic of accumulator experiment exploration. 1—servo motor; 2—fixed-displacement
pump; 3.1/3.2—pressure gage; 4.1/4.2/4.3—magnetic exchange valve; 5.1/5.2—one-way valve;
6.1/6.2—accumulator; 7—throttling valve; 7.1/7.2—flow sensor.
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Figure 19. Schematic of accumulator experiment exploration. (a) Pressure wave absorption effect
drawing (0.6 Hz); (b) pressure wave absorption effect drawing (0.8 Hz); (c) pressure wave absorption
effect drawing (1 Hz). 1, 2, 3, and 4 represent pressure fluctuations of different amplitudes while 5, 6,
7, 8 represent the performance control experiment of the accumulator to resume pressure pulsation.
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In Figure 19, the pressure fluctuation frequencies of the three experimental groups
from left to right are 0.6 Hz, 0.8 Hz, and 1 Hz. The experimental results show that under the
same charging pressure, the accumulator has a significant effect on the absorption capacity
of high-frequency pressure fluctuations but not on the absorption capacity of low-frequency
pressure fluctuations.

4.2.4. Experimental Study on the Friction Characteristics of Hydraulic Cylinder

We built a pump-controlled hydraulic cylinder friction characteristics test bench to
accurately describe the friction characteristics of a hydraulic cylinder. The hydraulic
principle is shown in Figure 20. Given the servo motor speed sinusoidal signal, the output
flow of the fixed-displacement pump shows sinusoidal periodic changes, and it then drives
the reciprocating motion of the hydraulic cylinder. The data of the hydraulic cylinder inlet
and outlet pressure, hydraulic cylinder displacement, hydraulic cylinder acceleration, and
hydraulic cylinder speed are shown in Figures 21 and 22, respectively, and the data curve
of the friction force of the hydraulic cylinder is obtained through the force equation of the
hydraulic cylinder. The curve of hydraulic cylinder friction varying with velocity is shown
in Figure 23.

Figure 20. Hydraulic schematic of the friction characteristics test of pump-controlled hydraulic
cylinder. 1—servo motor; 2—fixed-displacement pump; 3.1/3.2—pressure sensor; 4.1/4.2—
one-way valve; 5—accumulator; 6—hydraulic cylinder.

Figure 21. Hydraulic cylinder displacement–velocity–acceleration test curve. x denotes hy-
draulic cylinder displacement; v denotes the hydraulic cylinder speed; a denotes the hydraulic
cylinder acceleration.
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Figure 22. Pressure test curve of the two chambers of the hydraulic cylinder. Pa denotes the hydraulic
cylinder rod’s cavity pressure; Pb denotes the pressure of the piston chamber of the hydraulic cylinder.

Figure 23. Friction–speed test curve of hydraulic cylinder. Ff denotes the frictional force of the
hydraulic cylinder; V denotes the speed of the hydraulic cylinder.

The pressure signals of the two cavities of the hydraulic cylinder are collected by the
sine speed instruction of the servo motor, and the position information of the hydraulic
cylinder is also collected by the external displacement sensor

By collecting and processing the displacement information of the hydraulic cylinder,
the real-time velocity and acceleration of the hydraulic cylinder are obtained respectively.

The Fourier equation is used to express the friction characteristics, and the mathe-
matical expression of the friction force of the cylinder and the cylinder speed with the
time-independent variable is obtained as the mapping mathematical model of the friction
and velocity of the hydraulic cylinder. Figure 24 shows the fitting effect between the
mapping model and actual friction characteristics.

Mathematical model of cylinder friction mapping:

f f riction(x) = a00 + a21 cos(xw1) + b21 sin(xw1) + a22 cos(2xw1)+
b22 sin(2xw1) + a23 cos(3xw1) + b23 sin(3xw1)+
a24 cos(4xw1) + b24 sin(4xw1) + a25 cos(5xw1)+
b25 sin(5xw1)

(30)



Processes 2022, 10, 786 20 of 24

Figure 24. Friction−velocity mapping curve of hydraulic cylinder. B denotes the frictional force of
the hydraulic cylinder; C denotes the hydraulic cylinder mapping friction; D denotes the hydraulic
cylinder speed; E denotes the hydraulic cylinder mapping speed.

The parameter values of Formula 30 can be found in the Appendix A.
Cylinder velocity mapping mathematical model:

fvelocity(x) = a01 + a31 cos(xw2) + b31 sin(xw2) + a33 cos(2xw2)+
b32 sin(2xw2) + a33 cos(3xw2) + b33 sin(xw2)+
a34 cos(4, x, w2) + b34 sin(4xw2) + a35 cos(5xw2)+
b35 sin(5xw2) + a36 cos(6xw2)b36 sin(6xw2)+
a37 cos(7xw2) + b37 sin(7xw2) + a38 cos(8xw2)+
b38 sin(8xw2)

(31)

The mapping of Equations (31) and (32) express the functional relation between the
friction force of the hydraulic cylinder and the speed simultaneously. Subsequently, with
time as the link, we link the friction of the cylinder with the speed.

Fourier formula was used to fit the experimental data, and the fitting effect was shown
in Figure 24.

4.2.5. Experimental Verification of High-Precision Pressure Control Based on Flow
Nonlinear Compensation

The system mechanism prediction model was integrated with the experimental map-
ping mathematical model using MATLAB, and the control algorithm was downloaded to
the system axis controller using the MACS software to achieve real-time pressure control of
the test platform.

The accuracy of the pressure control was compared using two sets of experiments.
One set is a pressure control experiment using a compound control algorithm that combines
a mechanism prediction model and an experimental mapping model. Another group set
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up a PID control algorithm to perform a control experiment. The experimental results are
shown in Figure 25.

Figure 25. Experimental curve of pressure control.

Through the given pressure instructions, the traditional PID algorithm and the opti-
mized algorithm are respectively used for experiments. The experimental results show that
the method adopted herein has considerably improved the accuracy of pressure following
compared with the PID control algorithm. There was no overshoot phenomenon. The
accuracy of the PID control algorithm is ±0.12 MPa. The test accuracy of the method used
in this study was 0.037 MPa, and the steady-state control accuracy greatly improved.

5. Conclusions

To improve the pressure control accuracy of the ESPCS, in this study, we use a combi-
nation of a mechanism prediction model and an experimental mapping model to accurately
describe the flow nonlinear phenomenon in the ESPCS and achieve accurate and fast
tracking of the target trajectory. The steady-state pressure control accuracy of the system
was considerably improved. In addition, in this paper, the relation between the dead zone
of the hydraulic pump, flow attenuation of the full speed range, friction of the hydraulic
cylinder and the speed, through experimental research, has obtained an accurate mapping
mathematical model. We have ensured that the control algorithm accurately compensates
for nonlinear phenomena in the system. A comparison with the traditional PID control
algorithm shows that the method used herein to improve the pressure control accuracy can
significantly increase the pressure control accuracy. The results of this study have broad
application prospects in the fields of hydraulic quadruped robots and high-precision pres-
sure control military industry in the future. However, our research also had shortcomings.
It fails to express the relation between the accumulator’s energy storage characteristics
and its charging pressure and system pressure fluctuation characteristics with an accurate
mapping mathematical model. In future follow-up research, we will rebuild a set of experi-
mental platforms, to conduct a comprehensive experimental study on the energy storage
characteristics of the accumulator. Finally, a more accurate experimental mapping model
is obtained.
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Appendix A

Parameter Definition Table

Variable Name Parameter Values Variable Name Parameter Values

a11 250.7 a00 −664

b11 47.38 a21 2120

c11 17.13 b21 −865.1

a12 10.06 a22 −116.6

b12 −28.34 b22 5.931

c12 8.063 a23 −267.9

a13 218.6 b23 593.3

b13 −45.57 a24 84.01

c13 18.57 b24 −78.01

a14 46.14 a25 −83.38

b14 27.08 b25 −284.8

c14 11.51 w1 2.52

a15 12.43 a01 2.831 × 10−5

b15 16.09 a31 −0.3626

c15 9.141 b31 0.482

a16 27.45 a32 −0.0002265

b16 −20.04 b32 5.446 × 10−5

c16 11.17 a33 0.07728

p00 0.07542 b33 −0.005133

p10 −0.011 a34 0.0001464

p01 0.007577 b34 −0.0001172

p20 0.0001085 a35 −0.008805

p11 −5.464 × 10−6 b35 0.05138

p02 −5.951 × 10−7 a36 −0.0001165

p30 −3.689 × 10−7 b36 3.717 × 10−5

p21 2.583 × 10−9 a37 −0.03001

p12 7.639 × 10−10 b37 −0.01099

p03 1.645 × 10−10 a38 0.000395

w2 2.523 b38 5.017 × 10−5
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