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Abstract: The periodic flow and pressure pulsation of the axial piston pump can lead to periodic
vibration, noise, and even damage to various components in the hydraulic system. Therefore,
the dynamic characteristics analysis of the axial piston pump in the hydraulic system is of great
significance for reducing vibration and noise in the hydraulic system and improving efficiency. The
double-compound axial piston pump is the key component of a high power and large flow hydraulic
power system, which has a special power control mode. In this paper, the working and control
principles of the double-compound axial piston pump are analyzed, the numerical model of the
double-compound axial piston pump is established, and the effectiveness of the model is verified
through experimental tests. The constant power control characteristics of the double-compound axial
piston pump under different power settings and the variable power control characteristics under the
rated load pressure are analyzed. By analyzing the dynamic characteristics of the double-compound
axial piston pump, the influence of different working conditions on the dynamic characteristics is
investigated. The results show that the output efficiency of the double-compound axial piston pump is
higher when the output flow is larger. When the piston chamber works in the closed pre-compression
pressure zone and the closed pre-release pressure zone, oil backflow occurs. The oil backflow in the
piston chamber seriously intensifies the outlet flow pulsation of the double-compound axial piston
pump. The flow pulsation rate is positively correlated with load pressure and power control pilot
pressure, while negatively correlated with spindle speed. The paper provides a basis for the analysis
and optimization of power control, flow pulsation, fluid vibration, and noise of the double-compound
axial piston pump.

Keywords: double-compound axial piston pump; power control; dynamic characteristics; flow
pulsation; oil backflow

1. Introduction

As a common power transmission mode, hydraulic transmission is more compact,
reliable, and controllable than electric and mechanical transmission [1,2]. Therefore, the
hydraulic power system is widely used in engineering machinery, transportation, aerospace,
and other fields. The axial piston pump is the main power source of the hydraulic system.
Because of its structural characteristics, the axial piston pump becomes the main noise
source of the hydraulic system [3–5]. Adverse vibration and noise not only affect the
stability of the hydraulic system, but also affect the mental state and physiological function
of the operator, and even lead to human diseases [6,7]. The noise of the axial piston pump
is mainly divided into fluid noise and structural noise. When the low-pressure oil in the
piston chamber is pressed into the high-pressure oil discharge chamber, it can be instantly
compressed. The oil in the oil discharge chamber instantaneously flows back to the piston
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chamber, which is called oil backflow or hydraulic return stroke, forming the oil hammer,
which leads to the destruction of uniformity in the oil discharge flow waveform of the
piston pump. Similarly, the piston chamber on the barrel block discharges oil, enters
the dead zone, and the high-pressure oil in the dead volume cannot be discharged. The
piston chamber is instantly connected to the low-pressure oil suction chamber, and the
high-pressure oil in the dead volume expands instantaneously, resulting in oil hammer to
the oil suction chamber. Excessive flow pulsation can weaken the performance and service
life of the pump. Due to the periodic connection of piston chambers with oil suction and
discharge chambers, the pressure step is formed, and even positive and negative pressure
overshoot occurs, which leads to aeration and cavitation. Flow pulsation, oil backflow,
aeration, and cavitation can cause vibration and fluid noise [8]. Structural noise is mainly
caused by collision and friction between parts.

The piston is pressed on the swash plate by the slipper retainer through the slipper.
As the piston rotates with the barrel block and the swash plate tilts relative to the barrel
block shaft, the piston reciprocates in their respective piston chambers. On the other side
of the barrel block opposite to the swash plate, a port plate is installed, which is provided
with an inlet main groove, an outlet main groove, and a damping structure. The volume of
each piston chamber expands and compresses alternately, and the duration of each process
is slightly less than half of the spindle rotation period, and there is a short conversion
process between the two processes, so that the opening groove of the piston chamber can
be connected from one main groove of port plate to another. During the volume expansion
of the piston chamber, the hydraulic oil is sucked from the tank through the inlet main
groove of the port plate. The squeezing action causes hydraulic oil to be transmitted to the
load oil circuit with load pressure through the outlet main groove. Since the processes of
the oil suction and oil discharge in the piston chamber are discrete, the flow and pressure
at the outlet of the piston pump fluctuate around the average value. These fluctuations
are usually called flow pulsation and pressure pulsation, which cause adverse vibration
and noise. This periodic flow and pressure pulsation can lead to periodic vibration, noise
and even damage of various components in the hydraulic system. Therefore, the dynamic
stability of flow and pressure of the double-compound axial piston pump, which is the
main power source of construction machinery, directly affects the working the stability of
the hydraulic system.

In recent years, international scholars have carried out a lot of theoretical, simulation,
and experimental research on the flow pulsation and pressure pulsation of the axial piston
pump. Edge et al. [9] established an axial piston pump model which considered the
influence of oil momentum in the port plate region, and analyzed the influence of the port
plate and the damping groove structure on the pressure and flow pulsation of the piston
chamber. Manring et al. [10–12] established a mathematical model for the flow rate of
the quantitative axial piston pump, which considered the compressibility, the leakage of
the fluid, and the damping groove of the port plate, and analyzed the flow and pressure
characteristics of the piston chamber. Mandal et al. [13] analyzed the influence of the
damping groove volume of manifold on pressure pulsation and flow pulsation. Bergada
et al. [14] established a mathematical model for the axial piston pump which considered
the swash plate angle, leakage gap, speed, and damping groove, and accurately modeled
the pressure distribution characteristics in the port plate area during movement. The
pressure distribution and flow leakage between the barrel block and the port plate and
the force and torque of the barrel block were analyzed, and the double peaks of torque
fluctuation were predicted. Tong et al. [15] used the Kane–Huston method to establish the
multi-body dynamic model of the axial piston pump under mechanical–hydraulic coupling.
According to the fluid characteristics and control principle of the axial piston pump, the
hydraulic system model was established, and the joint virtual prototype was constructed.
The motion characteristics, outlet flow and pressure pulsation characteristics, and flow
control characteristics of the axial piston pump under mechanical–hydraulic coupling
were analyzed. Bergada et al. [16] established the clearance leakage model of the axial
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piston pump, and designed an experimental platform for the experimental study of the
dynamic pressure of the piston chamber. The study showed that the main leakage sources
of the axial piston pump were the port plate–barrel block pair and the slipper–swash plate
pair. Fu et al. [17] established the simulation model of the electro-hydraulic pump and
analyzed the flow characteristics of the electro-hydraulic pump. Xu et al. [18] established
the simulation model of the axial piston pump based on cross-angle, and studied the
influence of cross-angle on the inlet and outlet flow pulsation and piston chamber pressure.

In order to simulate the fluid characteristics of hydraulic volumetric machinery more
accurately, Casoli et al. [19] analyzed the fluid modeling method in the numerical model of
the swash plate axial piston pump. The research showed that the fluid model containing
cavitation of gas and vapor is consistent with the experiment in a wider range of working
conditions. Ye et al. [20] established a dynamic model of axial piston pump, which simu-
lated the fluid characteristics in detail to reflect the air release and cavitation phenomenon,
analyzed the causes and influencing factors of different noise sources, and studied the influ-
ence of port plate parameters on noise sources. Ouyang et al. [21] analyzed the difference
in the pressure pulsation of the piston pump between the fully coupled model and the
ordinary model, and discussed the causes of the swash plate vibration and its relationship
with the pressure pulsation. Karpenko et al. [22] studied the hydrodynamic process char-
acteristics in the hydraulic system “axial piston pump–pipeline–fittings”, and analyzed
the fluid pulsation characteristics of the piston pump and the pressure loss at the fittings.
Pan et al. [23] established the theoretical model of outlet flow and pressure pulsation of the
constant power variable piston pump, analyzed the influence of swash plate vibration on
outlet flow and pressure pulsation of the axial piston pump, and investigated the optimiza-
tion of port plate based on the theoretical model of outlet flow pulsation. Wang et al. [24]
established a dynamic model for the spring reset piston pump, and analyzed the leakage
of plunger vice, motion state, pressure, and flow characteristics of the piston pump under
different working conditions. Hong et al. [25,26] analyzed the influence of the depth angle
and width angle of the triangular damping groove on the flow pulsation and the influence
of the width radius, as well as the depth and length angle of the U-shaped damping groove
on the flow pulsation. Furthermore, they proposed an evaluation criterion of the flow
pulsation performance of the damping groove based on the time domain characteristics,
and then optimized the structure of the damping groove of the port plate to reduce the flow
pulsation at the outlet. Lyu et al. [27] proposed a method to reduce the harmonic amplitude
of specific order flow pulsation by using piston non-uniform distribution. Deng et al. [28]
established a kinematic model, a piston chamber pressure model, a dynamic model, and an
external return spherical bearing pair lubrication model for the double-row axial piston
pump, and studied the kinematic characteristics of the piston pump and the lubrication
characteristics of external return mechanism under multiple working conditions. The
research results of many scholars above show that the numerical simulation method has
the characteristics of high efficiency and low cost in analyzing the dynamic characteristics
of the axial piston pump compared with the experimental test, so the numerical simulation
is a more efficient analysis method.

The double-compound axial piston pump adopts a power control mode, so the output
flow can be adjusted according to the load pressure, and the flow variation is determined by
the power control curve. Therefore, the dynamic characteristics of the double-compound
axial piston pump are greatly affected by the working conditions. Most of the existing
researches focus on the characteristics analysis of the quantitative piston pump or the
variable piston pump with specific displacement. There are few studies on the control and
dynamic characteristics of the power-controlled double-compound axial piston pump, and
there is no analysis of the influence of working conditions on the dynamic characteristics,
which greatly limits the analysis and optimization of flow pulsation, pressure shock, and
vibration noise in the double-compound axial piston pump. In this study, by analyzing the
working and control principle of the double-compound axial piston pump, the numerical
model of the double-compound axial piston pump is established, and the numerical
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simulation model is established and verified by experiments. The constant power control
and variable power control characteristics of the double-compound axial piston pump are
analyzed. By analyzing the dynamic characteristics of the double-compound axial piston
pump, the influence law of different working conditions on the dynamic characteristics
of the double-compound axial piston pump is clarified. It provides a theoretical basis
and research basis for the analysis and optimization of power control and the analysis
and control of flow pulsation and fluid vibration and noise of the double-compound axial
piston pump.

2. Description of Physical System

The hydraulic system of the double-compound axial piston pump is shown in Figure 1.
The pump is mainly composed of a front pump, a rear pump, a front pump controller,
a rear pump controller, an intermediate, a pilot pump, and an electromagnetic propor-
tional pressure-reducing valve. The control of the swash plate angle is a key objective
of displacement control for the variable displacement pump. The control mode of the
double-compound axial piston pump requires a combination of power control and negative
flow control.
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Figure 1. Principle diagram of the hydraulic system for the double-compound axial piston pump.

The structures of the front pump and the rear pump, the front pump controller, and
the rear pump controller are the same, and are symmetrically installed relative to the
intermediate. Figure 2 shows the internal structure of the front pump and the front pump
controller. The pump has nine pistons, which are installed in the piston chamber of the
barrel block. Each piston is hinged with the slipper through the ball head, and the slipper
is pressed on the surface of the swash plate by the slipper retainer to maintain reasonable
contact with the surface of the swash plate. The barrel block is connected to the spindle to
make the piston and barrel block rotate relative to the port plate fixed on the intermediate.
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Figure 2. Structure diagram of the front pump and controller for the double-compound axial piston
pump: (a) front pump; (b,c) front pump controller.

The port plate structure mainly includes inlet main groove, outlet main groove, and
damping structure, as shown in Figure 3. Suppose the pump starts working when a piston
is at zero baseline. When the volume of the piston chamber is the smallest, i.e., when the
z-axis coordinate value of the piston is the smallest, this position of the piston is called
the top dead center. When the volume of the piston chamber is the largest, i.e., when the
z-axis coordinate value of the piston is the largest, this position of the piston is called the
bottom dead center. The damping structure mainly includes the damping groove and the
damping hole. In the process of connecting the opening groove of the piston chamber
from the inlet main groove to the outlet main groove, the pre-compression operation of
the low-pressure oil in the piston chamber is carried out using the two methods of closed
mechanical compression and the introduction of high-pressure oil through the damping
structure. In the process of connecting the opening groove of the piston chamber from the
outlet main groove to the inlet main groove, part of the residual high-pressure oil in the
piston chamber is extracted from the damping structure to the low-pressure area, and the
other part is depressurized by the mechanical expansion of the piston chamber, so as to
complete the pre-release pressure operation.
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Power control means that when the working load of the double-compound axial
piston pump is small, the output power of the piston pump (the sum of the power of the
front pump and the rear pump) does not exceed the set power, and the piston pump works
with the maximum displacement to ensure the rapid operation of small load. When the
load increases and the output power of the piston pump exceeds the set power in advance,
in order to avoid overload of the prime motor, it is necessary to reduce the displacement
of the piston pump to realize heavy load and low speed operation and keep the power
of the piston pump basically constant. Negative flow control means that the flow rate of
the double-compound axial piston pump decreases with an increase in the pilot control
pressure. When it is in the non-working state, reducing the output flow can effectively
reduce the overflow loss and throttling loss.

The power control system is composed of a power control valve, a power control
spring, a servo valve, a power control link, a feedback fork, and an actuator piston, as
shown in Figure 2b. The power control valve core has two annular surfaces with equal
action area, which are connected to the load oil circuit of the front pump and the rear pump,
respectively. Therefore, the regulating force of the working load of the front pump and
the rear pump on the power control system is equal. Then, the right end of the valve core
is connected with the power control pilot pressure of the electromagnetic proportional
pressure-reducing valve. When the piston pump starts to work, the swash plate reaches
the maximum swash plate angle under the pilot pressure, so the pump starts with a large
swash plate angle. The negative flow control system is composed of a negative flow control
valve, a negative flow control spring, a negative flow control link, a feedback fork, and an
actuator piston, as shown in Figure 2c. The right end of the negative flow control valve
core is connected to the negative flow control pilot oil circuit.

Take the front pump as an example to illustrate the power control process of the
double-compound axial piston pump, as shown in Figure 2. When the pressure on the right
side of the power control valve core is small, the preload of the power control spring at
the left end cannot be overcome. At this time, the power control valve core does not move,
and the piston pump still outputs at the maximum displacement. When the load pressure
gradually increases and reaches the power setting starting point, the power control valve
core moves to the left, the outer spring of the power control spring is compressed, and the
inner spring is still in a free state. Driven by the power control link and the feedback fork,
the servo valve controls the working oil circuit to connect to the large cavity of the actuator
piston. The actuator piston moves to the left, the inclination angle of the swash plate
decreases, and the displacement of the piston pump decreases. While the displacement is
reduced, the actuator piston drives the servo valve through the feedback fork to close the
oil inlet channel of the large cavity in the actuator piston, and the adjustment is completed.
As the power control valve core moves to the left, the output flow of the piston pump
decreases rapidly with an increase in the load pressure. When the load pressure continues
to increase, the core of the power control valve continues to move to the left, and the outer
spring and inner spring of the power control spring act at the same time, changing the
balance state of the force. At this time, the output flow of the piston pump decreases slowly
with an increase in the load pressure. When the load pressure decreases, the core of the
power control valve moves to the right, and the servo valve controls the execution of oil
drainage in the large cavity of the actuator piston. When the actuator piston moves to the
right, the inclination angle of the swash plate increases and the displacement of the piston
pump increases. In order to achieve more precise operation requirements, the power of the
piston pump can be reduced. At this time, the electromagnetic proportional reducing valve
outputs a certain pilot pressure, and the force on the right end of the power control valve
core increases. The power setting starting point of the piston pump decreases, the control
curve moves to the left, and the output flow of the piston pump decreases under the same
load pressure.

When the negative flow control pilot pressure on the right end of the negative flow
control valve core is small, the preload of the negative flow control spring at the left end
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cannot be overcome, and the negative flow control valve core does not move. When the
pilot control pressure increases gradually and reaches the set starting point, the negative
flow control valve core moves to the left. Driven by the negative flow control link and the
feedback fork, the servo valve controls the working oil circuit to connect to the large cavity
of the actuator piston. The actuator piston moves to the left, the inclination angle of the
swash plate decreases, and the displacement of the piston pump decreases. When the pilot
control pressure decreases, the negative flow control valve core moves to the right, and
the servo valve controls the execution of oil drainage in the large cavity of the actuator
piston. The actuator piston moves to the right, the inclination angle of the swash plate
increases, and the displacement of the piston pump increases. The negative flow control
pilot pressure is generally generated by the bypass pressure detection unit. Moreover, the
bypass pressure detection unit is composed of a damping hole and its parallel overflow
valve, and the damping hole is connected to the tank.

3. Numerical Model of the Double-Compound Axial Piston Pump

According to the physical system of the double-compound axial piston pump, the
dynamic model and control model of the double-compound axial piston pump are established.

3.1. Dynamic Model of Axial Piston Pump Body

Each piston chamber is modeled as a capacitive volume model, as shown in Figure 4,
and its pressure is obtained by integrating the expression of time derivative [9,29]. Different
from the models established in previous studies, the model established in this study regards
the leakage of the slipper–swash plate pair and the piston–barrel block pair as coming from
the piston chamber, and the leakage of the port plate–barrel block pair as coming from the
oil suction chamber and the oil discharge chamber. Therefore, only the slipper–swash plate
pair and the piston–barrel block pair are considered in the oil leakage in the capacitive
volume model of the piston chamber, and the transient pressure in the piston chamber is
expressed as:

dpp,i

dt
=

E
Vp,i

(
−Qpin,i −Qpout,i −Qlpbb,i −Qlssp,i −

dVp,i

dt

)
(1)

where pp,i is the pressure of piston chamber, Vp,i is the volume of piston chamber, E is the
bulk modulus of hydraulic oil, Qpout,i is the outlet flow of piston chamber, Qpin,i is the inlet
flow of piston chamber, Qlpbb,i is the leakage flow of the piston–barrel block pair, and Qlssp,i
is the leakage flow of the slipper–swash plate pair.
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Between the piston chamber and the port plate is regarded as a thin-walled hole.
Therefore, the flow between the piston chamber and the inlet and outlet of the port plate is
turbulent. The flow Qpout,i and Qpin,i through the orifice are expressed as [9]:

Qpin,i = Cd Apin,i

√
2|pp,i−ps|

ρ sign
(

pp,i − ps
)

Qpout,i = Cd Apout,i

√
2|pp,i−pd|

ρ sign
(

pp,i − pd
) (2)

where pd is the pump outlet pressure, ps is the pump inlet pressure, Cd is the flow coefficient,
Apin,i is the flow area between the inlet main groove and the ith piston chamber, and Apout,i
is the flow area between the outlet main groove and the ith piston chamber.

The piston makes compound movement with the main shaft, and the volume of the
piston chamber is expressed as:

Vp,i = V0 + V1 +
π

4
d2

pR tan β sin(ωt) (3)

V1 =
πd2

p

4
R tan βmax (4)

where dp is the piston diameter, R is the piston distribution radius, β is the inclination angle
of the port plate, ω is the rotational speed of the spindle, V0 is the structure dead volume
of the piston chamber, and V1 is the volume of the piston cavity at zero position.

The flow rate of piston chamber generated by piston movement is expressed as:

Qp,i =
dVp,i

dt
=

πd2
p

4

[
ωR tan β cos(ωt) + β′R sec2 β sin(ωt)

]
(5)

The internal kinematic pair leakage of axial piston pump is mainly composed of
three parts: piston–barrel block pair leakage, slipper–swash plate pair leakage, and port
plate–barrel block pair leakage [16]. In order to accurately calculate the outlet flow rate,
it is necessary to numerically calculate the leakage of the piston–barrel block pair, the
slipper–swash plate pair, and the port plate–barrel block pair. The total leakage flow is
expressed as:

Ql =
N

∑
i=1

Qlpbb,i −
N

∑
i=1

Qlssp,i −Qlppb (6)

where Qlppb is the leakage flow of the port plate–barrel block pair.
The leakage flow of the piston–barrel block pair is obtained as:

Qlpbb,i =
πdphp

4µp,ilpc,i

(
pp,i − pc

)(h2
p

24
+

e2
p

4

)
+

πdphp

2
up,i (7)

where hp is the diameter gap between the piston and the piston chamber, ep is the eccentricity
distance between the piston and the piston chamber, lpc,i is the contact length between the
piston and the piston chamber, µp,i is the dynamic viscosity of the piston–barrel block pair
gap, and up,i is the Couette effect of the piston speed on the leakage flow.

The leakage flow of the slipper–swash plate pair is obtained as [13]:

Qlssp,i =
π
(

pp,i − pc
)
h3

sspd4
tp

µp,i

[
6d4

tp ln
(
rspo/rspi

)
+ 128h3

sspltp

] (8)

where hssp is the gap between slipper and swash plate, dtp is the diameter of piston damping
orifice, ltp is the length of the piston damping orifice, rspo is the outer radius of the slipper,
and rspi is the inner radius of the slipper.
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The leakage of the port plate–barrel block pair is divided into two parts: the leakage
Qlpbi between the port plate inlet and the barrel block and the leakage Qlpbo between the
port plate outlet and the barrel block. The leakage caused by triangular damping grooves
should also be included, but the studies of Bergada et al. [14,16] show that such leakage
can be negligible compared with the port plate main groove. The leakage flow of port
plate–barrel block pair is obtained as [14]:

Qlppb = Qlpbi + Qlpbo = −
θinh3

ppb(ps−pc)

12µ

(
1

ln(rext1/rext2)
− 1

ln(rint1/rint2)

)
−

θouth3
bpp(pd−pc)

12µ

(
1

ln(rext1/rext2)
− 1

ln(rint1/rint2)

) (9)

where pc is the pressure of leakage cavity, hppb is the gap between the barrel block and the
port plate, θin is the angle range of the inlet main groove of the port plate, θout is the angle
range of the outlet main groove of the port plate, rint1 is the outer radius of the internal
port plate, rint2 is the inner radius of the internal port plate, rext1 is the inner radius of the
external port plate, rext2 is the outer radius of the external port plate, and µ is the dynamic
viscosity.

The inlet and outlet flow of the pump is the sum of the inlet and outlet flow of all the
piston chamber through the port plate. The phase angle of each piston is considered:

Qin =
N

∑
i=1

Qpin,i(ϕi) −Qlpbi (10)

Qout =
N

∑
i=1

Qpout,i(ϕi) −Qlpbo (11)

Given the working conditions of the inlet and outlet of the pump, the power input of
the spindle and the working state of the swash plate, the model can calculate the pressure
of the piston chamber according to Equation (1), and then calculate the inlet and outlet flow
of each piston chamber by using the equation. Finally, Equations (6), (10) and (11) are used
to calculate the leakage flow and the inlet and outlet flow of the piston pump.

The oil pressure in each piston chamber acts on the bottom surface of the piston, and
the equivalent force Fp,i is applied to the middle of the bottom surface of the piston and is
perpendicular to it (i.e., along the z axis). The viscous friction Fvlpc,i caused by the leakage
of the piston–barrel block pair is also applied to the piston along the z axis. Fp,i = pp,i

d2
p

4

Fvlpc,i = 2π
(
dp − hp

)( pp,i−pc
8 hp − 1

hp
µp,ilpc,iup,i

) (12)

Therefore, the resultant force acting on each piston is obtained as:

Fpt,i = Fp,i + Fvlpc,i (13)

The viscous friction generated by the rotation of each slipper on the swash plate is
obtained as:

Fvls,i =
πµp,iωR

hssp

(
r2

spo − r2
spi

)
(14)

The torque applied by the piston to the swash plate is obtained as:

Tsp =
N

∑
i=1

yp,i
(

Fptz,i + Fvlsz,i
)
−

N

∑
i=1

zp,i

(
Fpty,i + Fvlsy,i

)
(15)

where yp,i is the force arm of the resultant force along the z axis in the y direction, zp,i is
the force arm of the resultant force along the y axis in the z direction, Fptz,i and Fpty,i are



Machines 2022, 10, 411 10 of 33

the projections of the resultant force Fpt,i on the z and y axis, and Fvlsz,i and Fvlsy,i are the
projections of the resultant force Fvls,i on the z and y axis.

The viscous friction torque between the port plate and the barrel block is obtained as:

Tvlpp =
θinµω

4hssp

[(
r4

int1 − r4
int2

)
+
(

r4
ext1 − r4

ext2

)]
+

θoutµω

4hssp

[(
r4

int1 − r4
int2

)
+
(

r4
ext1 − r4

ext2

)]
(16)

Therefore, the spindle torque of piston pump is obtained as:

Ts f =
N

∑
i=1

xp,i
(

Fpty,i + Fvlsz,i
)
−

N

∑
i=1

yp,iFvlsx.i + Tvlpp (17)

In the actual hydraulic system, hydraulic oil always contains some gas, which is air
in most cases. In a hydraulic system, when the pressure somewhere of the liquid is lower
than saturation pressure (or air separation pressure) Psat, the air dissolved in the liquid is
released, and a large number of bubbles are produced in the liquid, which is called aeration
(or air separation). Aeration is very important in hydraulic system simulation. In addition,
there is a separate phenomenon called cavitation. When the fluid pressure decreases to a
certain value, the fluid evaporates and produces a large amount of vapor, which is called
cavitation. This happens when the pressure reaches saturated vapor pressure. Generally,
the chemical properties of the fluid are not pure, so cavitation does not occur under a
single pressure, but within a certain pressure range [19,30]. Therefore, the pressure at the
beginning of cavitation is called high-saturation vapor pressure PH

vap, and the pressure at
the completion of cavitation is called low-saturation vapor pressure PL

vap.
When the pressure of hydraulic oil is higher than the saturation pressure, the air is

completely dissolved in the hydraulic oil, as shown in Figure 5. When the pressure of
hydraulic oil is lower than the saturation pressure, the air begins to separate out, and
part of the air in the hydraulic oil is dissolved and partially free. When the pressure of
hydraulic oil is lower than the high-saturation vapor pressure, the hydraulic oil begins to
evaporate to produce vapor. When the pressure continues to decrease to low-saturation
vapor pressure, the hydraulic oil is completely vaporized, and only air and vapor exist.
Aeration and cavitation can not be ignored for axial piston pump, so these phenomena
are considered in the double-compound axial piston pump model. The modeling of fluid
properties, as described in IMAGING [30], takes these phenomena into account.
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3.2. Model of Swash Plate Variable Displacement Control

The diagram of the linkage mechanism is obtained by simplifying the structure of the
double-compound axial piston pump controller, showing the pin position points on the
linkage mechanism, as shown in Figure 6. The power control process and negative flow
control process are obtained by analyzing the principle of the power control and negative
flow control of the double-compound axial piston pump, as shown in Figures 7 and 8.
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In the process of power control, according to the motion relationship between the
power control valve, the servo valve, and linkage mechanism, the motion equation of servo
valve is expressed as:

p f A f + pd1 Apcv1 + pd2 Apcv2 − Fpcv0 − Fsv0/k3k4 = a1
..
xsv + a2

.
xsv + a3xsv (18)

a1 = mpcvk3k4 + J1k3k4/l2
1 + J f 7/k3k4l2

4 + msv/k3k4 (19)

a2 = cpcvk3k4 + csv/k3k4 (20)

a3 = kpcvk3k4 + ksv/k3k4 (21)
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where pd1 is the load pressure of the front pump, pd2 is the load pressure of the rear pump,
pf is the power control pilot pressure, Apcv1 is the effective area of the load pressure of the
front pump acting on the power control valve, Apcv2 is the effective area of the load pressure
of the rear pump acting on the power control valve, Af is the effective area of the power
control pilot pressure acting on the power control valve, Fpcv0 is the spring preload of the
power control valve, Fsv0 is the spring preload of the servo valve, xsv is the displacement
of the servo valve, mpcv is the mass of power control valve core, and msv is the mass of
servo valve core. J1 is the moment of inertia of the power control link around O1; Jf7 is
the moment of inertia of feedback fork around O7; k3 = l1/l2, k4 = l3/l4, l1 is the distance
between O1 and O6; l2 is the distance between O1 and O4; l3 is the distance between O4
and O7; l4 is the distance between O3 and O7; cpcv is the damping coefficient of the power
control valve; csv is the damping coefficient of the servo valve; ksv is the spring stiffness of
the servo valve; and kpcv is the spring stiffness of the power control valve.

kpcv =

{
k1, 0 ≤ xpcv ≤ x0,

k1 + k2, x0 ≤ xpcv ≤ xlim.
(22)

where xpcv is the displacement of the power control valve core, x0 is the distance difference
between the zero position of the double springs of the power control valve, k1 is the spring
stiffness of the outer spring of the power control valve, k2 is the spring stiffness of the inner
spring of the power control valve, and xlim is the maximum displacement of the power
control valve core.

According to the motion relationship between the actuator piston, linkage mechanism,
and servo valve, the feedback motion equation of servo valve is expressed as:

pap Ad − pd Ax − (1/k4 − 1)Fsv0 − Fsp = a4
..
xsv f + a5

.
xsv f + a6

(
xsv − xsv f

)
(23)

a4 = mapk4/(1− k4) + J f 4k4/l2
3(1− k4) + msv(1/k4 − 1) (24)

a5 = capk4/(1− k4) + csv(1/k4 − 1) (25)

a6 = ksv(1/k4 − 1) (26)

where pap is the pressure of the large cavity of the actuator piston, Ad is the action area
of the large cavity of the actuator piston, Ax is the action area of the small cavity of the
actuator piston, Fsp is the force of the swash plate on the actuator piston, xcvf is the feedback
displacement of the servo valve, map is the mass of the actuator piston, Jf4 is the moment of
inertia of feedback fork around O4, and cap is the damping coefficient of the actuator piston.

The flow continuity equation between the servo valve and actuator piston is ex-
pressed as:

kq

(
xsv − xsv f

)
− kc pap = Ad

.
xap + cap pap +

Vap

β

dpap

dt
(27)

kq = Cdwsv

√(
pap − ps

)
/ρ (28)

kc = Cdwsv

(
xsv − xsv f

)
/2
√(

pap − ps
)
/ρ (29)

where xap is the displacement of the actuator piston, kq is the flow gain of the servo valve,
kc is the flow–pressure coefficient of the servo valve, Vap is the volume of the large cavity of
the actuator piston, and wsv is the flow area of the servo valve.

The motion equation of the swash plate is expressed as:

FspLsp − Tsp = Jsp
d2β

dt2 + csp
dβ

dt
(30)

where Lsp is the acting force arm of the actuator piston to the swash plate, Jsp is the moment
of inertia of the swash plate, and csp is the damping coefficient of the swash plate.
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In the process of negative flow control, according to the motion relationship between
the negative flow control valve, the servo valve, and linkage mechanism, the motion
equation of servo valve is expressed as:

pncv Ancv − Fncv0 − Fsv0/k3k4 = a7
..
xsv + a8

.
xsv + a9xsv (31)

a7 = mncvk4k5 + J2k4k5/l2
5 + J f 7/

(
k4k5l2

4

)
+ msv/k4k5 (32)

a8 = cncvk4k5 + csv/k4k5 (33)

a9 = kncvk4k5 + ksv/k4k5 (34)

where pncv is the negative flow control pilot pressure; Ancv is the effective area of the
negative flow control pilot pressure acting on the negative flow control valve; Fncv0 is the
spring preload of the negative flow control valve; mncv is the mass of the negative flow
control valve core; J2 is the moment of inertia of the negative flow control link around O2;
k5 = l5/l6, l5 is the distance between O2 and O5; l6 is the distance between O2 and O4; cncv is
the damping coefficient of the negative flow control valve; and kncv is the spring stiffness of
the negative flow control valve.

The feedback equation of the servo valve, the flow continuity equation between the
servo valve and the actuator piston, and the motion equation of the swash plate in the
negative flow control process are the same as those in the power control process.

4. Numerical Simulation Model and Experimental Verification

According to the dynamic model of the axial piston pump body in the previous section,
the equations are compiled based on AMESet as the sub-model of the axial piston pump.
According to the model of swash plate variable displacement control, the variable control
sub-models of front pump and rear pump are established based on AMESim. Furthermore,
the numerical simulation model of the 115 × 2 double-compound axial piston pump is
established. The specifications of this type of double-compound axial piston pump and
the properties of hydraulic oil are shown in Tables 1 and 2. The model consists of an axial
piston pump sub-model, a variable control sub-model, a simulated loading sub-model,
and a simulated data collection sub-model, as shown in Figure 9. The simulation loading
sub-model is mainly composed of a safety valve, a reversing valve, a load cylinder, and a
bypass pressure detection unit.

Table 1. Specifications of the 115 × 2 double-compound axial piston pump.

Displacement
(mL/r)

Speed (rpm) Pressure (bar) Flow (L/min)

Rated Max. Rated Peak Max. Min.

2 × 115 ± 2 1800 2700 343 400 2 × 207 ± 3 2 × 30 ± 3

Table 2. Properties of hydraulic oil.

Parameter Value

Density (kg/m3) 876
Dynamic viscosity(Pa·s) 5.1 × 10−2

Bulk modulus (MPa) 1700
Temperature (◦C) 40~60

Gas content 0.1%
Saturation pressure (MPa) 7.1 × 10−2

High-saturation vapor pressure (MPa) 3.3 × 10−3

Low-saturation vapor pressure (MPa) 1.8 × 10−3
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Figure 9. Numerical simulation model of the double-compound axial piston pump.

The double-compound axial piston pump is taken as the experimental object, verifying
the accuracy and reliability of the numerical simulation model of double-compound axial
piston pump. Figures 10 and 11 show the schematic diagram and test rig of the double-
compound axial piston pump performance test system. The front pump, rear pump, and
pilot pump of the tested pump are jointly driven by the prime mover and loaded by the
electromagnetic proportional relief valve. Pilot pressure is generated by the pilot pump
and the pilot pressure unit. The oil recovery unit is used to filter and recover the external
leaked oil. In order to protect staff safety and reduce the impact of the test system on
the surrounding environment, the whole hydraulic system hardware is enclosed in the
isolation box, as shown in Figure 11a. The sensors, listed in Table 3, are installed on the test
rig to measure the spindle speed and torque, outlet flow, pressure, leakage flow, and so
on. The test rig allows the tested pump to adjust its rotational speed, load pressure, pilot
control pressure, etc.

Table 3. Technical characteristics of measuring sensors.

Tag Sensor Range Accuracy

n, T Torque speed sensor 0~4000 r/min, 0~2000 N·m 0.2% F·S
P1, P2 Pressure transmitter 0~450 bar 0.125% F·S

P3, P6, P7, P8, P9 Pressure transmitter 0~60 bar 0.125% F·S
P4 Pressure transmitter 0~10 bar 0.125% F·S
P5 Pressure transmitter −1~+5 bar 0.125% F·S

Q1, Q2 Flow meter 1.5~525 L/min 0.3% F·S
Q3, Q4 Flow meter 0.03~40 L/min 0.3% F·S

θ1 Temperature sensor −40~350 ◦C ±1.0 ◦C
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Figure 11. Performance test system for the double-compound axial piston pump: (a) test rig;
(b) tested pump.

In order to verify the numerical simulation model, numerical simulation and exper-
imental test are carried out under the same working conditions. For this purpose, three
working conditions are set: condition 1 (power control, spindle speed is 1800 rpm, power
control pilot pressure is 0.0 bar), condition 2 (power control, spindle speed is 1750 rpm,
power control pilot pressure is 4.3 bar), and condition 3 (negative flow control, spindle
speed is 1800 rpm, load pressure is 78 bar).

Figures 12–14 show the results of numerical simulation and experimental test of the
double-compound axial piston pump under conditions 1, 2, and 3. Under the same working
conditions, there is a certain deviation between the output flow of the front pump and the
rear pump before the power setting starting point, as shown in Figure 12a. This deviation
is mainly caused by the error of the actuator piston limit. The deviation of the second
inflection point in the control curve between the experimental results and the simulation
results is mainly caused by the setting error of the distance difference between the zero
position of the double springs of the power control valve. Under the negative flow control
mode, there is a significant difference between the upstream flow and the downstream flow,
as shown in Figure 14a. This phenomenon is called hysteresis, and the flow hysteresis is
mainly caused by the positive cover of the servo valve. Figure 15 shows the relative error
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between the experimental results and simulation results under various working conditions.
Under working condition 1, the relative error of flow calculation is less than 4.66%, and
the relative error of torque calculation in a large working range is less than 3.10%. Under
condition 2, the flow calculation error is less than 9.35%, and the torque calculation error
is less than 11.28%. Under condition 3, the relative error of flow calculation is less than
5.20%. The design results, experimental results, and simulation results of characteristic
flow points under three working conditions are shown in Table 4. The experimental results
and simulation results of the flow value of characteristic points are basically within the
design range, and there is a small deviation in the flow value of individual points, but this
deviation is acceptable.
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Table 4. Design value, test value, and simulation value of characteristic flow points.

Condition No.
Load Pressure/Pilot

Pressure (bar)

Flow (L/min)

Design Experiment Simulation

1
143 202 ± 5 198.39 201.03
246 111 ± 5 110.11 105.94
343 75 ± 5 70.75 69.97

2
119 198 ± 5 195.81 198.21
222 108 ± 5 113.08 110.80
343 66 ± 5 64.93 63.43

3
7.6 205 ± 3 202.15 205.98
34.2 30 ± 3 30.62 30.06

The curves of outlet flow, spindle torque, leakage flow, power, and overall efficiency
obtained by the numerical simulation and experimental test are compared. The numerical
simulation and experimental test results show the same trend, and the numerical simulation
results are in good agreement with the experimental results, and the error is within the
allowable range. Therefore, the numerical simulation method is accurate and reliable for
the characteristics analysis of the double-compound axial piston pump. The numerical
simulation model of the double-compound axial piston pump established in this paper is
accurate and effective for the analysis of the static, dynamic, and control characteristics of
the double-compound axial piston pump.

5. Analysis of Control Characteristics of the Double-Compound Axial Piston Pump
5.1. Analysis of Constant Power Control Characteristics

When the spindle speed and power control pilot pressure are determined, the upper
power limit of the double-compound axial piston pump is determined. The numerical
simulation of the double-compound axial piston pump is carried out under different setting
power. The working conditions are shown in Table 5.

Table 5. Parameters of working conditions.

Condition No. 1 2 3 4 5 6

Pilot pressure pf (bar) 0.0 2.8 4.3 5.9 9.0 9.0
Spindle speed n (rpm) 1800 1800 1750 1700 1600 1500

Figure 16 shows the constant power control curves of the double-compound axial
piston pump under different working conditions. The outlet flow curve is in a three-section
linear shape, and there are two inflection points on the curve. The first inflection point is
the power setting starting point. The curve of spindle torque and input power after the
power setting starting point is bimodal. The valley of the bimodal is the second inflection
point of the flow curve, and the difference between the peak and valley is small. It can be
considered that the power after the power setting starting point is basically constant. At
the same spindle speed, with an increase in the power control pilot pressure, the power
setting starting point decreases. Before the power setting starting point, the power control
pilot pressure has no effect on the spindle torque. However, after the power setting starting
point, the spindle torque decreases with an increase in the power control pilot pressure.
The input power of the pump shows the same trend as the spindle torque. Under the same
power control pilot pressure, a decrease in the spindle speed has no effect on power setting
starting point, but the output flow decreases with an decrease in the spindle speed. The
spindle torque is basically not affected by the spindle speed, but the input power decreases
with a decrease in the spindle speed. The power control pilot pressure controls the left
and right movement of the flow curve, while the spindle speed controls the up-and-down
movement of the flow curve. Both the power control pilot pressure and the spindle speed
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affect the input power, but the spindle speed has no effect on the spindle torque, and the
spindle torque is only affected by the power control pilot pressure.

Machines 2022, 10, x FOR PEER REVIEW 19 of 33 
 

 

Table 5. Parameters of working conditions. 

Condition No. 1 2 3 4 5 6 

Pilot pressure pf (bar) 0.0 2.8 4.3 5.9 9.0 9.0 

Spindle speed n (rpm) 1800 1800 1750 1700 1600 1500 

 

  
(a) (b) 

Figure 16. Constant power control curves of the double-compound axial piston pump under differ-

ent working conditions: (a) outlet flow and spindle torque; (b) input power. 

5.2. Analysis of Variable Power Control Characteristics 

In order to realize the variable power control of the double-compound axial piston 

pump, the active control quantities are the rotational speed of the prime motor and the 

power control pilot pressure. The rated pressure of the double-compound axial piston 

pump is 343 bar, so it is representative to analyze the power control characteristics of the 

pump under the load pressure of 343 bar. 

Figures 17 and 18 show the output flow, volumetric efficiency, output power, and 

overall efficiency of the double-compound axial piston pump when the load pressure is 

343 bar. The outlet flow of the double-compound axial piston pump decreases with an 

increase in the power control pilot pressure, but increases with an increase in the rota-

tional speed. The output power shows the same trend as the outlet flow, as shown in Fig-

ures 17a and 18a. The volumetric efficiency and overall efficiency of piston pump decrease 

with an increase in the power control pilot pressure, but increase with an increase in the 

rotational speed. In other words, the double-axial piston pump has higher output effi-

ciency when the output flow is larger. The contour lines of the surface in Figures 17a and 

18a indicate the same output flow and the same output power. Therefore, the accurate 

matching between the output flow and working rate of the hydraulic system can be 

achieved by comprehensively adjusting the power control pilot pressure and the rota-

tional speed of the prime mover. 

Figure 16. Constant power control curves of the double-compound axial piston pump under different
working conditions: (a) outlet flow and spindle torque; (b) input power.

5.2. Analysis of Variable Power Control Characteristics

In order to realize the variable power control of the double-compound axial piston
pump, the active control quantities are the rotational speed of the prime motor and the
power control pilot pressure. The rated pressure of the double-compound axial piston
pump is 343 bar, so it is representative to analyze the power control characteristics of the
pump under the load pressure of 343 bar.

Figures 17 and 18 show the output flow, volumetric efficiency, output power, and
overall efficiency of the double-compound axial piston pump when the load pressure is
343 bar. The outlet flow of the double-compound axial piston pump decreases with an
increase in the power control pilot pressure, but increases with an increase in the rotational
speed. The output power shows the same trend as the outlet flow, as shown in Figures
17a and 18a. The volumetric efficiency and overall efficiency of piston pump decrease
with an increase in the power control pilot pressure, but increase with an increase in the
rotational speed. In other words, the double-axial piston pump has higher output efficiency
when the output flow is larger. The contour lines of the surface in Figures 17a and 18a
indicate the same output flow and the same output power. Therefore, the accurate matching
between the output flow and working rate of the hydraulic system can be achieved by
comprehensively adjusting the power control pilot pressure and the rotational speed of the
prime mover.

Figure 19 shows the spindle torque and input power of the double-compound axial
piston pump under a 343 bar load pressure. Under the same load pressure, the spindle
torque decreases with an increase in the power control pilot pressure, but increases with an
increase in the rotational speed. Moreover, the input power shows the same trend as the
spindle torque. The contour lines of the surface in figure indicate the same spindle torque
and the same input power. When matching the characteristic curve of the piston pump and
the engine, the surface diagram has important guiding significance.
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6. Dynamic Characteristics Analysis of the Double-Compound Axial Piston Pump

Taking a cycle under the load pressure of 343 bar as an example, the flow pulsation
and pressure shock of a single piston chamber in a cycle are analyzed. The movement
of the piston chamber is divided into eight stages, so there are eight critical positions, as
shown in Figure 20. Figure 21 shows the dynamic characteristics of a single piston chamber
in one cycle.
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Figure 21. Dynamic characteristics of the piston chamber in one cycle. a–h are critical positions
between work stages.

In stage 1, the piston chamber begins to separate from the oil suction area, the flow
area of the piston chamber gradually decreases, and it is completely separated from the oil
suction area at position b. In stage 2, the piston chamber enters the closed pre-compression
pressure zone, and carries out mechanical expansion before crossing the top dead center.
Starting from the top dead center, the volume is compressed by mechanical method. The
piston chamber is connected to the high-pressure area through the damping hole and the
triangular damping groove, and mechanical expansion occurs at the same time, resulting
in the oil backflow from the high-pressure area to the piston chamber. In the initial stage,
the pressure in the piston chamber is negatively overshoot due to mechanical expansion.
The pre-compression pressure process ends at position c, and there is a positive pressure
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overshoot at this position, which is mainly caused by mechanical compression and oil
backflow. Due to oil backflow and pressure overshoot, oil hammer and noise occur in the
piston pump. In stage 3, the flow area of the piston chamber increases rapidly, and the
pressure of the piston chamber is rapidly balanced with the pressure of the oil discharge area.
The piston chamber fully enters the oil discharge area at position d. In stage 4, the flow area
of the piston chamber is constant. Because the volume change rate of the piston chamber
first increases and then decreases, the instantaneous flow peak of oil discharge occurs in
this stage. In stage 5, the piston chamber is gradually separated from the oil discharge area,
and the flow area gradually decreases, while the volume of the piston chamber continues to
decrease. When the flow area is too small, the mechanical compression occurs, the pressure
of the piston chamber increases, and the pressure is positive overshoot. In stage 6, the piston
chamber enters the closed pre-release pressure zone. The piston chamber is connected to
the low-pressure area through the damping hole and the triangular damping groove, and
the pressure of the piston chamber decreases rapidly to carry out the pre-release pressure of
the piston chamber. When the piston chamber is connected to the low-pressure area, the oil
backflow from the piston chamber to the low-pressure area occurs. In stage 7, in the initial
stage, the flow area of the piston chamber is small, and the mechanical volume expansion
occurs, resulting in negative pressure overshoot. The pressure overshoot is mainly caused
by mechanical expansion and oil backflow. Then, the oil in the low-pressure area flows
back to the piston chamber. In stage 8, the flow area of the piston chamber is constant.
Since the volume change rate of the piston chamber first increases and then decreases, there
is an instantaneous flow peak of oil suction in this stage.

Figure 22 shows the dynamic flow characteristics of the piston pump and nine piston
chambers in one cycle. At the same time, four or five piston chambers are connected to
the oil discharge area of the port plate, while the other piston chambers are disconnected
from the oil discharge area of the port plate. A change in the number of piston chambers
connected to the oil discharge area and the sinusoidal motion of the piston generate the
structure flow pulsation of the piston pump. In addition, the oil backflow in the piston
chamber can cause dynamic flow pulsation, especially the oil backflow in the closed pre-
compression pressure zone, which is usually the main cause of the flow pulsation at the
outlet of the piston pump, as shown in region A in the figure. Additionally, the number of
outlet flow pulsations of the piston pump is the same as the number of piston chambers in
a cycle.
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6.1. Influence of Load Pressure on Dynamic Characteristics

The same load pressure is set for the front pump and the rear pump to analyze the
influence of different load pressures on the dynamic characteristics of the piston pump. The
spindle speed is 1800 rpm; the power control pilot pressure is 0 bar; and the load pressure
is 70, 143, 200, 246, 300, and 343 bar, respectively.

Taking the front pump as an example, the outlet flow and the pulsation rate of the
piston pump are shown in Figure 23. Since the double-compound axial piston pump adopts
the power control mode in the working state, before the power setting starting point, the
inclination angle of the swash plate is the largest, and the piston pump operates with largest
flow rate. The flow rate of the piston pump is basically unchanged. After the power setting
starting point, the flow rate of the piston pump decreases with an increase in the load
pressure. Due to the same spindle speed, the piston pump has the same frequency under
different load pressures, so the frequency of flow pulsation is also the same. The pulsation
range of the outlet flow of the piston pump changes little with load pressure, while the
flow pulsation rate increases with load pressure, as shown in Figure 23b. Therefore, the
load pressure has a great influence on the flow pulsation of the piston pump.
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Figure 23. Outlet flow pulsation and pulsation rate under different load pressures: (a) outlet flow;
(b) flow pulsation rate.

Figure 24 shows the variation of dynamic flow and pressure of the piston chamber
with load pressure in one cycle. At this time, the power starting pressure of the piston pump
is 143 bar. Before the starting pressure, the dynamic flow of the piston chamber decreases
slightly with an increase in the load pressure, which is mainly caused by leakage. After the
starting pressure, the instantaneous flow rate of the piston chamber also decreases with
an increase in the load pressure because the inclination angle of the swash plate decreases
with an increase in the load pressure. The oil backflow in the closed pre-compression
pressure zone still exists even under a low load pressure, and the backflow flow increases
with an increase in the load pressure. When the piston chamber begins to discharge oil to
the high-pressure zone, namely at the position c, the discharge flow shows a peak-shaped
mutation, and the mutation discharge flow decreases with an increase in the load pressure.
The oil backflow in the closed pre-release pressure zone exists under low and high load
pressures, and the backflow flow increases with an increase in the load pressure. When the
piston chamber starts to suck oil from the low-pressure area, i.e., when the piston position
angle is 285 deg, there is a wedge-shaped mutation in the waveform of oil suction flow, and
the mutation value of oil suction flow decreases with an increase in the load pressure.
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Figure 24. Flow and pressure characteristics of the piston chamber under different load pressures:
(a) dynamic flow; (b) dynamic pressure.

The positive pressure overshoot of the piston chamber at position c decreases with an
increase in the load pressure, and the positive pressure overshoot at position f decreases
with an increase in the load pressure. The position angle which the pressure of low-pressure
piston chamber begins to rise decrease with an increase in the load pressure, while the
position angle of the piston chamber falling from high pressure to low pressure increases
with an increase in the load pressure.

The internal leakage of the axial piston pump is mainly composed of three parts:
port plate–barrel block pair leakage, slipper–swash plate pair leakage, and piston–barrel
block pair leakage. Figure 25 shows the variation of leakage flow of the piston pump
and kinematic pairs with load pressure. Under a constant load pressure, the leakage flow
fluctuation of the piston pump is small, and the leakage flow rate is basically constant. By
comparing the leakage flow of kinematic pairs, it is found that the leakage flow of the piston
pump mostly comes from the leakage of the port plate–barrel block pair. There is a linear
positive correlation between leakage flow of the port plate–barrel block pair of the piston
pump and load pressure. The change trend of leakage flow of the slipper–swash plate pair
is the same as that of piston chamber pressure. The leakage flow of the piston–barrel block
pair is not only related to the pressure of the piston chamber, but also to the axial velocity
of the piston. Therefore, the leakage flow of the piston pump is basically linearly positively
correlated with the load pressure.
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(a) leakage flow rate of the piston pump; (b) leakage flow rate of the port plate–barrel block pair;
(c) leakage flow rate of the slipper–swash plate pair; (d) leakage flow rate of the piston–barrel block
pair.

6.2. Influence of Spindle Speed on Dynamic Characteristics

The front pump and rear pump are set with the same load pressure, and the influence
of different spindle speed on the dynamic characteristics of the piston pump is analyzed.
The load pressure is 343 bar; the power control pilot pressure is 0.0 bar; and the spindle
speed is 1500, 1600, 1700, 1800, 1900, and 2000 rpm, respectively.

For the front pump, for example, the outlet flow and pulsation rate of the piston
pump are shown in Figure 26. Under the same load pressure and power control pilot
pressure, with an increase in the spindle speed, the outlet flow increases and the flow
pulsation frequency increases. The flow pulsation range of the outlet flow of the piston
pump increases with an increase in the spindle speed, but the flow pulsation rate decreases
with an increase in the spindle speed, as shown in Figure 26b. Therefore, increasing the
spindle speed of the piston pump can effectively reduce the outlet flow pulsation.

Figure 27 shows the variation of dynamic flow and pressure of the piston chamber
with spindle speed in one cycle. Since the load pressure is greater than the power starting
pressure, the piston pump operates at a small displacement. The oil backflow flow in the
closed pre-compression pressure zone increases with an increase in the spindle speed. At
position c, the discharge flow mutation is not obvious. The change in spindle speed has
little effect on the oil backflow in the closed pre-release pressure zone. When the piston
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chamber begins to suck oil from the low-pressure area, i.e., when the piston position angle
is 285 deg, there is a wedge-shaped mutation in the waveform of oil suction flow, and the
mutation value of oil suction flow increases with an increase in the spindle speed.
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Figure 27. Flow and pressure characteristics of the piston chamber under different spindle speeds:
(a) dynamic flow; (b) dynamic pressure.

The pressure overshoot of the piston chamber at position c increases slightly with an
increase in the spindle speed. The position angle of the pressure of low-pressure piston
chamber begins to rise, which is not obviously affected by the spindle speed, while the
position angle of the piston chamber falling from high pressure to low pressure increases
slightly with an increase in the spindle speed. When the piston chamber is in the oil
discharge area, the pressure in the chamber fluctuates slightly. The pressure pulsation
frequency increases with an increase in the spindle speed, while the amplitude of pressure
decreases with an increase in the spindle speed.

Figure 28 shows the variation of leakage flow of the piston pump and kinematic pairs
with spindle speed. Under the same load pressure, the leakage flow of the piston pump
presents a small pulsation. The leakage pulsation frequency increases with an increase in
the spindle speed, but the pulsation amplitude decreases with an increase in the spindle
speed. The leakage flow of the piston pump increases slightly with an increase in the
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spindle speed. The leakage flow of the port plate–barrel block pair also presents a small
pulsation. The pulsation frequency increases with an increase in the spindle speed, while
the pulsation amplitude decreases with an increase in the spindle speed. The influence
of the spindle speed on the leakage flow rate of the port plate–barrel block pair is small.
The change trend of leakage flow in the slipper–swash plate pair is the same as that of
piston chamber pressure. The leakage flow of the piston–barrel block pair increases with
an increase in the spindle speed. Therefore, increasing the spindle speed can effectively
reduce the leakage flow pulsation of the piston pump.
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Figure 28. Leakage flow of the piston pump and kinematic pairs under different spindle speeds:
(a) leakage flow rate of the piston pump; (b) leakage flow rate of the port plate–barrel block pair;
(c) leakage flow rate of the slipper–swash plate pair; (d) leakage flow rate of the piston–barrel
block pair.

6.3. Influence of Power Control Pilot Pressure on Dynamic Characteristics

The same load pressure is set for the front pump and the rear pump, and the influence
of different power control pilot pressure on the dynamic characteristics of the piston pump
is analyzed. The load pressure is 343 bar; the spindle speed is 1800 rpm; and the power
control pilot pressure is 0.0, 1.5, 3.0, 4.5, 6.0, and 7.5 bar, respectively.

The outlet flow and pulsation rate of the piston pump are shown in Figure 29. Under
the same load pressure and spindle speed, the outlet flow decreases with an increase in
the power control pilot pressure. The flow pulsation range of the outlet flow of the piston
pump decreases with an increase in the power control pilot pressure, but the flow pulsation
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rate increases with an increase in the pilot pressure, as shown in Figure 29b. Therefore, an
increase in the power control pilot pressure can aggravate the outlet flow pulsation of the
piston pump.
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Figure 29. Outlet flow pulsation and pulsation rate under different power control pilot pressures:
(a) outlet flow; (b) flow pulsation rate.

Figure 30 shows the variation of dynamic flow and pressure of the piston chamber
with power control pilot pressure. Since the load pressure is greater than the power starting
pressure, the piston pump operates at a small displacement. The oil backflow in the closed
pre-compression pressure zone and the closed pre-release pressure zone is less affected by
the power control pilot pressure. Furthermore, at position c, the mutation of oil discharge
flow is not obvious. When the piston chamber starts to suck oil from the low-pressure area,
i.e., when the piston position angle is 285 deg, the mutation value of the oil suction flow
decreases slightly with an increase in the pilot pressure. The power control pilot pressure
has little effect on the dynamic pressure in the piston chamber, as shown in Figure 30b.
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Figure 30. Flow and pressure characteristics of the piston chamber under different power control
pilot pressures: (a) dynamic flow; (b) dynamic pressure.

Figure 31 shows the variation of leakage flow of the piston pump and kinematic pairs
with power control pilot pressure. Under the same load pressure and spindle speed, the
leakage flow of the piston pump presents small pulsation. The leakage flow pulsation
frequency under different pilot pressure is the same. The pulsation amplitude increases
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with an increase in the pilot pressure, and the leakage flow of the piston pump decreases
slightly with an increase in the pilot pressure. The leakage flow of the port plate–barrel
block pair also presents small pulsation. The leakage pulsation frequency of the port
plate–barrel block pair under different pilot pressures is the same. The pulsation amplitude
increases slightly with an increase in the pilot pressure, but the leakage flow of the port
plate–barrel block pair decreases slightly with an increase in the pilot pressure. The leakage
flow change trend of the slipper–swash plate pair is the same as that of the piston chamber
pressure, which is less affected by pilot pressure. The leakage flow of the piston–barrel
block pair decreases with an increase in the pilot pressure.
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Figure 31. Leakage flow of the piston pump and kinematic pairs under different power control pilot
pressures: (a) leakage flow rate of the piston pump; (b) leakage flow rate of the port plate–barrel block
pair; (c) leakage flow rate of the slipper–swash plate pair; (d) leakage flow rate of the piston–barrel
block pair.

7. Conclusions

In this paper, by analyzing the working and control principle of the double-compound
axial piston pump, the numerical model of the double-compound axial piston pump is
established. In this model, the leakage of the slipper–swash plate pair and the piston–
barrel block pair is thought to come from the piston chamber, while the leakage of the
port plate–barrel block pair is thought to come from the oil suction chamber and the oil
discharge chamber. Numerical simulation and experimental tests are carried out under the
same working conditions. The results show that the simulation results and experimental
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results show the same trend, and the numerical simulation results are in good agreement
with the experimental results, and the error is within the allowable range. The established
numerical model of the double-compound axial piston pump can effectively analyze the
control and dynamic characteristics of the double-compound axial piston pump. Moreover,
compared with the traditional practical experiments, the numerical method is more efficient,
convenient, and cost-effective in the design stage.

Under various working conditions, the constant power and variable power control
characteristics of the double-compound axial piston pump are analyzed. The results show
that under the power control mode, the power control pilot pressure controls the left and
right movement of the flow curve, while the spindle speed controls the up-and-down
movement of the flow curve. Under the rated load pressure, the output efficiency of the
double-compound axial piston pump is higher when the output flow is larger. The accurate
matching of the output flow and working rate of the double-compound axial piston pump,
input power, and power characteristics of prime mover can be realized by comprehensively
adjusting the power control pilot pressure and the rotational speed of prime mover.

The influence laws of different working conditions on the dynamic flow and pressure
characteristics of the double-compound axial piston pump are clarified by analyzing the
dynamic characteristics of the double-compound axial piston pump. When the piston
chamber works in the closed pre-compression pressure zone, the oil in the high-pressure
area flows back to the piston chamber, and the backflow flow increases with an increase
in the load pressure and spindle speed, which is less affected by the power control pilot
pressure. When the piston chamber works in the closed pre-release pressure zone, the oil
backflow from the piston chamber to the low-pressure area occurs, and the backflow flow
increases with an increase in the load pressure, which is less affected by the spindle speed
and power control pilot pressure. The oil backflow of the piston chamber is the main reason
for the outlet flow pulsation of the double-compound axial piston pump. An increase in
load pressure and power control pilot pressure can aggravate the outlet flow pulsation,
while increasing the spindle speed can effectively reduce the outlet flow pulsation.

Although this work obtained some research results, there are still some deficiencies.
Due to the limitations of the experimental test and the difficulties associated with the flow
pulsation test, the outlet flow pulsation has not been accurately tested. These need to be
further refined in future research. In addition, for further research, it is also our main job to
propose methods that can reduce flow pulsation on the basis of this study.
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Nomenclature

Ad, Ax
action area of large cavity and action area of small cavity of the actuator
piston (m2)

Af
effective area of the power control pilot pressure acting on the power
control valve (m2)

Ancv
effective area of the pilot control pressure acting on the negative flow
control valve (m2)

Apcv1, Apcv2
effective area of load pressure of the front/rear pump acting on power
control valve (m2)

Apin,i, Apout,i
flow area between the inlet/outlet main groove and the ith piston
chamber (m2)

cap damping coefficient of the actuator piston (N/(m/s))
cncv damping coefficient of the negative flow control valve (N/(m/s))
cpcv damping coefficient of the power control valve (N/(m/s))
csp damping coefficient of the swash plate (N/(m/s))
csv damping coefficient of the servo valve (N/(m/s))
Cd flow coefficient
dp piston diameter (m)
dtp diameter of the piston damping orifice (m)
E bulk modulus of the hydraulic oil (MPa)
ep eccentricity distance between the piston and the piston chamber (m)
Fncv0 spring preload of the negative flow control valve (N)
Fp,i equivalent force of the oil pressure on piston (N)
Fpcv0 spring preload of the power control valve (N)
Fpty,i, Fptz,i projections of the resultant force Fpt,i on the z and y axis (N)
Fsp force of the swash plate on the actuator piston (N)
Fsv0 spring preload of the servo valve (N)
Fvlpc,i viscous friction caused by leakage of the piston–barrel block pair (N)
Fvlsy,i, Fvlsz,i projections of the resultant force Fvls,i on the z and y axis (N)
hp diameter gap between the piston and the piston chamber (m)
hppb gap between the barrel block and the port plate (m)
hssp gap between the slipper and the swash plate (m)
J1 moment of inertia of the power control link around O1 (kg·m2)
J2 moment of inertia of the negative flow control link around O2 (kg·m2)
Jf 4, Jf 7 moment of inertia of feedback fork around O4/O7 (kg·m2)
Jsp moment of inertia of the swash plate (kg·m2)

k1, k2
spring stiffness of the outer–inner spring of the power control
valve (N/m)

kncv spring stiffness of the negative flow control valve (N/m)
kpcv spring stiffness of power control valve (N/m)
ksv spring stiffness of servo valve (N/m)
lpc,i contact length between the piston and the piston chamber (m)
Lsp acting force arm of the actuator piston to the swash plate (m)
ltp length of piston damping orifice (m)
map mass of the actuator piston (kg)
mncv mass of the negative flow control valve core (kg)
mpcv mass of the power control valve core (kg)
msv mass of the servo valve core (kg)
pap pressure of the large cavity of the actuator piston (MPa)
pc pressure of leakage cavity (MPa)
pd pump outlet pressure (MPa)
pf power control pilot pressure (MPa)
PH

vap, PL
vap high/low-saturation vapor pressure (MPa)

pncv negative flow control pilot pressure (MPa)
pp,i pressure of piston chamber (MPa)
ps pump inlet pressure (MPa)
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Psat saturation pressure (MPa)
Ql total leakage flow (L/min)
Qlpbb,i leakage flow of the piston–barrel block pair (L/min)
Qlppb leakage flow of the port plate–barrel block pair (L/min)
Qlssp,i leakage flow of the slipper–swash plate pair (L/min)
Qpin,i, Qpout,i inlet/outlet flow of piston chamber (L/min)
R piston distribution radius (m)
rext1, rext2 inner/outer radius of the external port plate (m)
rint1, rint2 outer/inner radius of the internal port plate (m)
rspi, rspo inner/outer radius of the slipper (m)
Tsf spindle torque of piston pump (N·m)
Tsp torque applied by the piston to the swash plate (N·m)
Tvlpp viscous friction torque between the port plate and the barrel block (N·m)
up,i Couette effect of the piston speed on the leakage flow (m/s)
V0 structure dead volume of the piston chamber (m3)
Vap volume of the large cavity of the actuator piston (m3)
Vp,i volume of piston chamber (m3)
ω rotational speed of the spindle (rad/s)
wsv flow area of the servo valve (m2)

x0
distance difference between zero position of double springs of the power
control valve (m)

xap displacement of the actuator piston (m)
xcvf feedback displacement of the servo valve (m)
xlim maximum displacement of the power control valve core (m)
xpcv displacement of the power control valve core (m)
xsv displacement of the servo valve (m)
yp,i force arm of the resultant force along the z axis in the y direction (m)
zp,i force arm of the resultant force along the y axis in the z direction (m)
β inclination angle of the port plate (rad)
θin, θout angle range of the inlet/outlet main groove of the port plate (rad)
µ dynamic viscosity (kg/m·s)
µp,i dynamic viscosity of the piston–barrel block pair gap (kg/m·s)
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