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Abstract 

Current researches mainly focus on the investigations of the valve plate utilizing pressure relief grooves. However, 
air‑release and cavitation can occur near the grooves. The valve plate utilizing damping holes show excellent perfor‑
mance in avoiding air‑release and cavitation. This study aims to reduce the noise emitted from an axial piston pump 
using a novel valve plate utilizing damping holes. A dynamic pump model is developed, in which the fluid properties 
are carefully modeled to capture the phenomena of air release and cavitation. The causes of different noise sources are 
investigated using the model. A comprehensive parametric analysis is conducted to enhance the understanding of the 
effects of the valve plate parameters on the noise sources. A multi‑objective genetic algorithm optimization method 
is proposed to optimize the parameters of valve plate. The amplitudes of the swash plate moment and flow rates in 
the inlet and outlet ports are defined as the objective functions. The pressure overshoot and undershoot in the piston 
chamber are limited by properly constraining the highest and lowest pressure values. A comparison of the various 
noise sources between the original and optimized designs over a wide range of pressure levels shows that the noise 
sources are reduced at high pressures. The results of the sound pressure level measurements show that the optimized 
valve plate reduces the noise level by 1.6 dB(A) at the rated working condition. The proposed method is effective in 
reducing the noise of axial piston pumps and contributes to the development of quieter axial piston machines.
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objective optimization
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1 Introduction
Axial piston pumps are broadly applied in industrial and 
mobile applications to convert mechanical energy into 
fluid power energy [1]. Axial piston pumps are advanta-
geous in terms of their efficiency, compactness and reli-
ability [2, 3]. The prominent disadvantage is a high noise 
level. The noise emitted from an axial piston pump can 
be divided into structure-borne noise, fluid-borne noise 
and airborne noise [4]. The structure-borne noise is gen-
erated by various internal forces and moments, and the 
fluid-borne noise is produced by flow ripples in the inlet 
and outlet ports [5]. Both structure-borne noise and fluid-
borne noise contribute to the generation of airborne noise.

For an axial piston pump, the valve plate is the main 
component affecting the noise generation, especially 

the transition regions between the outlet and inlet 
ports. In many industrial applications, the pressure 
relief grooves are machined in the transition regions 
to smooth the piston chamber pressure. It is desirable 
to find the optimum type of pressure relief groove of 
those that can be manufactured. The effects of dif-
ferent types of cross-sectional grooves on the piston 
chamber pressure were investigated, and the results 
showed that a steeply sloping triangular cross-sec-
tional groove was the optimal design to reduce the 
pressure overshoot in the piston chamber [6]. Three 
different types of slot geometries were compared con-
sidering their effects on the pressure transient in the 
piston chamber, and the results indicated that the 
quadratic varying slot geometry had no clear advan-
tages compared with the constant and linearly varying 
slot geometries [7]. In addition to the type of pres-
sure relief groove, the groove volume, slope and angu-
lar extent of the pressure relief groove also have great 
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effects on the pressure ripple [8]. The optimal match 
between the pre-compression angle and cylinder-
kidney angle was determined based on a parametric 
analysis at one particular operating pressure level to 
maximize the outlet flow rate and minimize the pres-
sure ripple [9]. The valve plate parameters were found 
to affect the volumetric efficiency, fluid-borne noise 
sources, structure-borne noise sources and control 
characteristics of an axial piston pump [10, 11], and 
a multi-objective optimization method using genetic 
algorithm was proposed to optimize the parameters 
of valve plate [12–14]. The valve plate’s effect on the 
volumetric efficiency and pressure pulsations of an 
asymmetric axial piston pump was investigated [15], 
and the valve plate was designed for a dual-acting axial 
piston pump [16].

In addition to the valve plate that utilizes pressure 
relief grooves in the transition regions, the valve plate 
that utilizes damping holes in the transition regions 
also exhibits several unique advantages, such as avoid-
ing air-release and cavitation [17], which is crucial 
for the good performance of an axial piston pump. 
However, this type of valve plate has not been widely 
investigated. In this study, a valve plate utilizing two 
damping holes (directly linked to the outlet port) in 
the transition region from the inlet port to the outlet 
port and one damping hole (directly linked to the pump 
case) in the transition region from the outlet port to the 
inlet port is investigated. The remainder of this paper 
includes the following:

1. A dynamic pump model is developed, in which the 
fluid properties are carefully modeled to reflect the 
phenomena of air-release and cavitation.

2. The causes of and factors affecting the noise sources 
are identified based on the pump model.

3. A comprehensive parametric analysis is conducted to 
analyze the effects of the valve plate parameters on 
the generation of noise sources.

4. A multi-objective optimization method using a 
genetic algorithm is proposed to optimize the valve 
plate parameters.

It will be shown that the noise sources and noise level 
can be reduced at high pressure levels by a compari-
son between the original and optimized valve plates, 
and the noise level is reduced by 1.6 dB(A) at the rated 
working condition.

2  Pump Modeling
2.1  Description of the Pump
The investigated swash plate axial piston pump uti-
lizes nine pistons as shown in Figure  1. For simplicity, 

only one piston is shown, and the control piston used 
to regulate the displacement of the pump is not shown. 
At normal operating conditions, the shaft and cylinder 
rotate at a constant speed. Because the swash plate plane 
inclines, the piston executes sinusoidal motion along the 
x direction. The piston discharges fluid to the outlet as 
it advances into the piston chamber, and it sucks fluid 
into the piston chamber as it draws back from the piston 
chamber. This process enables the fundamental task of 
fluid power transmission.

A loud noise is emitted by the pump from different 
noise sources, and the leakages across different friction 
interfaces, i.e., the piston/cylinder interfaces, slipper/
swash-plate interfaces and cylinder/valve-plate interface, 
have impacts on the noise sources because the pressure 
build-up in the piston chamber depends on them [18]. To 
fully capture the leakages across the friction pairs, special 
effort is required for the modeling of the piston/cylinder 
interfaces [19, 20], slipper/swash-plate interfaces [21, 
22], and cylinder/valve-plate interface [23]. However, the 
classical analytical equations used to describe the leak-
ages are acceptable because they are easier and faster to 
solve [24].

2.2  Valve Plate
Figure  2 shows the geometry of the valve plate used in 
this study. Although damping holes one and two both 
directly link to the outlet port, their functions differ from 
each other. The function of the first damping hole is to 
supply fluid to the piston chamber to avoid cavitation 
when the piston chamber disconnects to the inlet port. 
The function of the second damping hole is to make the 
pressure in the piston chamber increase faster to avoid 
the sudden flow reduction that occurs when the piston 
chamber connects to the outlet port by providing extra 
fluid to the piston chamber.
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Figure 1 Diagram of the axial piston pump
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Damping hole three does not connect with the inlet 
port but instead links directly to the pump case. This 
design reduces the pressure in the piston chamber by 
bleeding off a small amount of fluid directly to the pump 
case. In many cases, air is released from the oil when the 
piston chamber pressure falls below the saturation pres-
sure. With ordinary valve plate design using a pressure 
relief groove in the transition regions, the released air is 
stored in the piston chamber. In contrast, air is released 
directly into the pump case which enables the released air 
to dissolve into the fluid [17].

The valve plate influences the pumping dynamics by 
controlling the communication areas between the piston 
chamber and the inlet and outlet ports. The communica-
tion areas are calculated by piecewise functions accord-
ing to the relative position of the piston chamber to the 
ports as shown in Figure  3(a), and the communication 
areas are divided into seven segments as expressed by:

where rk is the radius of the cylinder port, lk is the line-
arized length of the cylinder port, and ϕ1 and ϕ2 are func-
tions of θ, as described in Guan et al. [25]. θ1, θ2, θ3, θ4, θ5 
and θ6 can be easily calculated based on the starting and 
ending locations of the inlet and outlet ports ( ϕs1, ϕe2, ϕs3 
and ϕe4) by referencing to Figure 3(a).

Similarly, the communication areas between the piston 
chamber and damping holes are divided into five seg-
ments, as shown in Figure 3(b), and as expressed by:
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where rh is the radius of the damping hole, ϕ3, ϕ4, ϕ5 and 
ϕ6 are functions of θ, as described in Guan et al. [25]. α1, 
α2, α3 and α4 can also be easily calculated based on the 
starting and ending locations of the damping holes ( ϕl5,  
ϕl6 and ϕl7) and the radii of the damping holes (r1, r2 and r3)  
by referencing to Figure 3(b).

2.3  Dynamic Model
The instantaneous pressure in the piston chamber is 
determined by applying continuity equation in integral 
form [26], as expressed as:

where βe is the bulk modulus of the hydraulic oil, Vpci 
is the fluid volume in the piston chamber, Qlpi and Qhpi 
are the flow rates between the piston chamber and the 
inlet and outlet ports, respectively, and Qli is the leakages 
across different friction pairs.

The flow rates between the piston chamber and the 
inlet and outlet ports are expressed as

where C is the flow coefficient, pl and ph are the pressures 
in the inlet and outlet ports, respectively, Alpi and Ahpi are 
the communication areas between the piston chamber 
and the inlet and outlet ports, respectively, and ρ is the 
density of the hydraulic oil.

(3)
dpi

dt
=

βe

Vpci

(

Qlpi − Qhpi − Qli −
dVpci

dt

)

(4)Qlpi = CAlpi

√

2|pi − pl|

ρ
· sign(pi − pl)

(5)Qhpi = CAhpi

√

2|ph − pi|

ρ
· sign(ph − pi)

The volume in the piston chamber varies with the loca-
tion of the piston, which is expressed as:

where V0 is the fluid volume of the piston chamber in the 
outer dead center (ODC), dp is the piston diameter, R is 
the distribution radius of the piston hole, β is the swash 
plate inclination angle, θi is the rotational angle.

2.4  Fluid Properties
The accurate calculation of the fluid properties is essen-
tial for the modeling of an axial piston pump, especially 
when the pressure is low [27]. In real hydraulic systems, 
the hydraulic oil contains air that is dissolved in the 
fluid or is free in the form of bubbles, depending on the 
pressure and temperature of the hydraulic oil. Adequate 
modeling of the hydraulic oil can accurate capture the 
phenomena of air-release and cavitation, which is critical 
to the design of a quieter axial piston pump [28]. In this 
study, the fluid model is developed considering the air-
release and vapor cavitation, in which different types of 
mixtures of the hydraulic oil are defined according to the 
variation of the pressure. There is no vapor if the pressure 
is larger than the saturation pressure (psat), whereas the 
oil starts to boil if the pressure is smaller than the satu-
ration pressure. The boiling occurs over a wide pressure 
range because the fluid is a mixture. Thus, the pressure 
at which cavitation starts is defined as the high saturated 
vapor pressure (pVAPH), and the pressure at which cavi-
tation occurs completely is defined as the low saturated 
vapor pressure (pVAPL) [28]. As the pressure becomes 
lower than the low saturated vapor pressure, all of the liq-
uid is vaporized, and there is only vapor and air. In line 
with the assumptions, the fluid density is defined as
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π
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The detail description of the parameters in determining 
the density of the hydraulic oil can be found in Ref. [29]. 
And the bulk modulus of the hydraulic oil is expressed as 
[29]

3  Generation of Noise
To understand the generation of noise from different 
sources in the axial piston pump, it is desirable to identify 
the factors contributing to the generation of flow ripples 
in the inlet and outlet ports and the fluctuation of the 
swash plate moment.

The flow rates in the inlet and outlet ports are calcu-
lated by summing the flow rates from all of the piston 
chambers as:

At normal operating conditions, the inertia forces and 
frictional forces are far smaller than the pressure forces. 
The swash plate moment can be calculated by summing 
all of the forces acting on the swash plate generated by 
the prominent piston pressure forces, as given by

(8)βe(p,T ) = ρ(p,T ) ·
dp(p,T )

dρ(p,T )

(9)QLP =

Z
∑

i=1

Qlpi

(10)QHP =

Z
∑

i=1

Qhpi

where Z is the total number of pistons, pi is the piston 
chamber pressure.

3.1  Outlet Flow Rate
Figure 4 shows the schematic diagram of the flow enter-
ing and leaving the piston chamber near the ODC, 
which can be divided into seven stages. At the first stage 
(Figure  4(a)), the piston chamber sucks fluid from the 
inlet port before the piston reaches point A (Figure  5) 
(Qpc = Qlpi). The piston chamber pressure decreases when 
the provided fluid is less than that required because the 
communication area between the inlet port and piston 
chamber decreases. At the second stage (from points 
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Figure 4 Schematic diagram showing the flow entering and leaving the piston chamber near the ODC
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A to B), damping hole one is open to the piston cham-
ber, and fluid from the outlet port (Qhpi) enters into the 
piston chamber (Figure  4(b)). Therefore, the piston 
chamber pressure increases, and the pressure difference 
between the inlet port and piston chamber decreases, 
which makes the flow rate between the inlet port and pis-
ton chamber (Qlpi) decrease. When the piston chamber 
pressure becomes equal to the inlet pressure at point B, 
the flow rate between the inlet port and piston chamber 
(Qlpi) becomes zero. At the third stage (from points B to 
C), the piston chamber pressure is larger than the inlet 
pressure, and fluid enters into the inlet port. During this 
stage, the pressure difference between the piston cham-
ber and inlet port increases, whereas the communication 
area decreases. This makes the flow rate first increase 
and then decrease. At point C, the communication area 
between the piston chamber and inlet port becomes 
zero (Figure 4(c)), and the flow rate (Qlpi) becomes zero. 
At point D, damping hole two starts open to the piston 
chamber (Figure 4(d)), which increases the communica-
tion area between the piston chamber and outlet port, 
making the pressure in the piston chamber increase more 
rapidly. At point E, the piston chamber starts to connect 
to the outlet port (Figure  4(e)), and the communica-
tion area becomes larger. At point F, the piston chamber 

pressure is equal to the outlet pressure, and the piston 
starts discharging fluid to the outlet port (Figure 4(f )).

Figure 6 shows the variation in the outlet flow rate. The 
flow rate decreases rapidly when the piston chamber is 
connecting with damping hole one at point A. The sharp 
decrease (backflow 1) ends when the damping hole is 
fully open, after which the flow rate decreases smoothly 
because the pressure difference between the outlet port 
and piston chamber decreases. When the piston cham-
ber is connected with damping hole two at point D, the 
communication area between the outlet port and pis-
ton chamber increases more rapidly, and the flow rate 
decreases (backflow 2) sharply again. At point E, the pis-
ton chamber is connected with the outlet port, and the 
outlet flow rate further decreases (backflow 3) because 
the outlet pressure is still larger than the piston chamber 
pressure.

3.2  Inlet Flow Rate
Figure 7 shows the schematic diagram of the flow enter-
ing and leaving the piston chamber near the inner dead 
center (IDC), which can be divided into four stages. In 
the first stage, the piston chamber does not connect with 
damping hole three before point G (Figure  7(a)), and 
the flow rate between the piston chamber and damping 
hole (Qc) is zero. In the second stage, the piston cham-
ber starts to connect with the damping hole (Figure 7(b)), 
and the fluid in the piston chamber (Qpc) begins to enter 
the pump case through the damping hole because the 
pressure difference between the piston chamber and 
pump case is large. In the third stage, the piston cham-
ber connects to the inlet port (Figure 7(c)). The commu-
nication area between the piston chamber and inlet port 
increases rapidly, and the amount of fluid entering into 
the inlet port (Qlpi) is large, making the piston chamber 
pressure decrease rapidly. The piston chamber pressure 
decreases to the inlet pressure at point I (Figure 7(d)), at 
which the piston starts to suck fluid from the inlet port.
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Figure 8 shows the variation in the inlet flow rate. The 
inlet flow rate decreases rapidly when the piston chamber 
is connected with the inlet port at point H, as shown in 
Figure 9. The fluid stops entering into the inlet port when 
the piston chamber is equal to the inlet pressure at point 
I. This is one cause of the inlet flow ripple; the other is 
the fluid entering from the outlet port into the inlet port 
when they connect with each other by the piston cham-
ber near the ODC, as shown in Figure 5 (from points B 
(195.28 = − 4.72 + 40 × 5) to C (202.58 = 2.58 + 40 × 5)).

3.3  Swash Plate Moment
Figure  10 shows the variations in the piston chamber 
pressure, pi, and the swash plate moment, Mz. The piston 
chamber pressure is larger than zero during a period of 
360°. The swash plate moment has four peaks, two maxi-
mum and minimum values in a circle. The amplitude 
of the swash plate moment is determined by the peaks. 
The four peaks occur at the points at which the piston 
chamber pressure starts to increase, equals the outlet 
pressure, starts to decrease and equals the inlet pres-
sure. As shown in Figure 10(b), the first maximum swash 
plate moment occurs when one piston chamber reaches 
point I (− 5.00 = 195.00 − 40 × 5), and the swash plate 
moment decreases after point I. The first minimum value 
occurs when one piston chamber reaches point A (7.46), 

after which the swash plate moment begins to increase 
because the piston chamber pressure increases. Then, 
the swash plate moment increases to its second maxi-
mum value when the moment generated by the piston 
(near the ODC) reaches its maximum at point F (17.00). 
After that position, the swash plate moment starts to 
decrease because the moment generated by the piston 
(near the IDC) decreases, and the swash plate moment 
decreases to the second minimum value at point G 
(24.48 = 184.48 − 40 × 4) when the moment generated by 
the piston reaches its minimum value.

These analyses identify that the piston chamber pres-
sure has a close relationship with the fluctuation of the 
swash plate moment, and the piston chamber pres-
sure is determined by the flow exchanges between the 
piston chamber and inlet port, the outlet port and the 
pump case, which are greatly affected by the valve plate 
parameters.

4  Parametric Study
A comprehensive parametric analysis is conducted to 
enhance the understanding of the effects of the valve 
plate parameters on the pump noise sources. In the 
parametric analysis, when the effect of one parameter is 
investigated, the other parameters remain the same. The 
default values (original valve plate) of the parameters are 
shown in Table 1, and the optimized values obtained in 
Section 5 using multi-objective optimization method are 
also shown here. Special attention is paid on the effects 

Rotational angle θ/°

10
Fl

ow
ra

te
Q

/(L
. m

in
-1
)

Qlpi

Qc

Qpc

0

-10

-20
022091081

G H I

200 210

Figure 8 Variations in the flow rate near the IDC

Rotational angle θ/°

022091081 200 210

Fl
ow

ra
te

Q
LP

/(L
. m

in
-1
)

85

90

95

100

105

110

H I CB

Figure 9 Flow rate in the inlet port

-90
-5
0
5

10
15
20
25
30
35

Rotational angle θ/°

P
re

ss
ur

e
p/

M
Pa

Sw
as

h
pl

at
e

m
om

en
tM

z/(
N

.m
)

-150

-100

-50

0

50

100

S
w

as
h

pl
at

e
m

om
en

tM
z/(

N
. m

)

pi

Mz

I

F GA I

F GAI

-150

-100

-50

0

50

100

0 90 180 270

0 10 20-10
Rotational angle θ/°

30

a

b

Figure 10 Piston chamber pressure and swash plate moment



Page 8 of 16Ye et al. Chin. J. Mech. Eng.  (2018) 31:57 

of the radii of the different damping holes on the piston 
chamber pressure, the outlet and inlet flow rates and the 
swash plate moment.

4.1  Effects of Damping Hole One
Figure  11 shows the effects of the radius of damp-
ing hole one, r1, on the piston chamber pressure. The 
mean pressures in the piston chamber are different at 
different radii when the piston chamber connects to 
the outlet port. The outlet pressure is larger when the 
radius is smaller. Specifically, as shown in Figure 11(c), 
the pressures fluctuate around 28.7 and 27.5 MPa when 
the radius is 0 and 0.7 mm, respectively. This is because 
the effective flow rate is affected by the damping hole 
(Figure 12). The outlet flow rate starts to decrease near 
point A when the damping hole is employed, whereas 
it continues to increase near point A when the radius 
is zero. The fluid (backflow 1) starts to enter the piston 
chamber from the outlet port when the piston cham-
ber is connected with the damping hole. Backflow 1 is 
larger when the radius is larger, resulting in a smaller 
effective flow rate at a larger radius. Because a throt-
tle valve is used to regulate the pressure in the outlet 
line, the outlet pressure is larger when the flow rate 
increases. In addition, the flow rate amplitude is smaller 
because the total backflow is smaller when the radius is 
larger (Figure 12). The main reason is that the pressure 
difference between the piston chamber and outlet port 
is smaller when the piston chamber pressure increases 
faster at point E (Figure 6). 

Second, the radius of the damping hole affects the 
pressure undershoot, as shown in Figure  11(b). The 
lowest pressure increases when the radius increases. 
The lowest pressure is 0.017  MPa when the damping 
hole is not used, and it increases to a value higher than 
0.05  MPa (high saturated vapor pressure) when the 
radius is 0.3 mm. As the high saturated vapor pressure 
is 0.05  MPa, the cavitation occurs when the radius is 
too small. This implies that the damping hole is capable 
of maintaining a relatively higher lowest pressure at the 

Table 1 Values of the valve plate parameters

Name of structure variable Default value Parameter range Optimized value

Starting location of outlet port ϕs1 (°) 21 18‒30 23.79

Ending location of outlet port ϕe2 (°) 161 154‒168 157.53

Starting location of inlet port ϕs3 (°) 161 154‒168 154.22

Ending location of inlet port ϕe4 (°) 19 18‒30 26.11

Location of damping hole one ϕl5 (°) 2 1.8‒2.2 1.84

Radius of damping hole one r1 (mm) 0.55 0.3‒0.7 0.50

Location of damping hole two ϕl6 (°) 10.7 8‒12 10.26

Radius of damping hole two r2 (mm) 0.7 0.5‒1 0.72

Location of damping hole three ϕl7 (°) 169.3 168‒172 171.96

Radius of damping hole three r3 (mm) 0.55 0.3‒0.7 0.48
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start of the compression process, which is the main rea-
son for employing the damping hole.

Third, the rotational angles at which the pressure 
starts to increase and equals the outlet pressure are 
smaller when the radius is larger. This affects the first 
minimum and second maximum swash plate moments, 
as shown in Figure  13. The first minimum and second 
maximum swash plate moments are larger when the 
radius is larger. When r1 < 0.3, the smallest swash plate 
moment is determined by the first minimum value, and 
as the radius increases, the second minimum becomes 
the smallest one, whereas the largest swash plate 
moment is the first maximum value. Thus, the ampli-
tude of the swash plate moment is smaller at a larger 
radius when the first minimum swash plate moment 
is smaller than the second one, and the amplitude is 
nearly constant when the second minimum swash plate 
moment becomes smaller than the first one.

4.2  Effects of Damping Hole Two
The effects of the radius of damping hole two, r2, on the 
piston chamber pressure are shown in Figure  14. The 
damping hole has no effect on the pressure at the start of 
the compression process. It mainly affects the rotational 
angle at which the piston chamber pressure equals the 
outlet pressure. As illustrated in Figure  14(b), the rota-
tional angle is smaller when the radius is larger because 

when the radius is larger, a larger amount of backflow 
is generated from the outlet port into the piston cham-
ber, which makes the piston chamber pressure increase 
faster. Additionally, the piston chamber is compressed 
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earlier when the radius is larger, and the piston cham-
ber pressure increases faster when the damping hole is 
larger. This affects the outlet flow rate (Figure 15). If the 
damping hole is overly large, an excessive amount of fluid 
enters the piston chamber when the piston chamber con-
nects to the damping hole, which causes a larger flow 
rate amplitude. If the damping hole is too small, a larger 
amount of fluid enters the piston chamber when the pis-
ton chamber connects to the outlet port, which also leads 
to a larger flow rate amplitude.

In addition, the damping hole affects the second maxi-
mum swash plate moment (Figure 16). The second maxi-
mum swash plate moment is smaller when the radius is 
smaller because the rotational angle at which the pres-
sure equals the outlet pressure is larger. The first maxi-
mum swash plate moment is larger than the second one 
when the radius is smaller than one, and the amplitude 
of the swash plate moment is nearly the same. If the 
radius further increases, the second maximum swash 
plate moment might be larger than the first one, whereas 
the amplitude of the swash plate moment would become 
larger.

4.3  Effects of Damping Hole Three
Figure 17 shows the effects of the radius of damping hole 
three, r3, on the piston chamber pressure. The radius of 
the damping hole affects the rotational angle at which 
the piston chamber pressure starts decreasing, as well as 
the rotational angle at which the pressure equals the inlet 
pressure. The pressure starts decreasing earlier when the 
radius is larger, which can avoid the pressure overshoot 
that occurs when the radius is not sufficiently large (Fig-
ure 17(b)). This is because when the radius is larger, the 
piston chamber links to the pump case earlier.

The piston chamber pressure decreases faster when 
the radius is larger (Figure 17(c)). This would reduce the 
amount of fluid entering the piston chamber from the 
inlet port, which reduces the flow rate amplitude in the 
inlet port (Figure  18). However, if the expansion pro-
cess is too fast, the pressure will fall below the saturation 

pressure because the amount of fluid from the damping 
hole is not sufficient to fill the increased piston cham-
ber due to the backward motion of the piston. This will 
cause dissolved air release into the fluid, which leads to 
a bad filling performance. The fluid in the piston cham-
ber expands earlier when the radius is larger, and the first 
maximum swash plate moment and second minimum 
swash plate moment are larger (Figure  19). Because the 
increase in the first maximum swash plate moment is 
smaller than the decrease in the second minimum one, 
the amplitude of the swash plate moment decreases.

Table  2 shows the minimum and maximum pressures 
in the piston chamber, the amplitudes of the flow rates 
in the inlet and outlet ports and the amplitude of the 
swash plate moment with different valve plate param-
eters. The minimum pressure is affected by r1 and r3, and 
r2 has no effect. The maximum pressure increases with 
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increases in r2 and r3, and decreases with an increase in 
r1. The amplitude of the outlet flow rate decreases with 
increases in r1 and r2. This indicates that r1 and r2 must 
match each other to achieve the smallest outlet flow rip-
ple and pressure overshoot. The amplitude of the swash 
plate moment decreases with an increase in r1, and the 
effect of r3 on the amplitude of the swash plate moment is 
not linear. r2 has no effect on the amplitude of the swash 
plate moment. However, the amplitude of the swash plate 
moment would be affected by changes in the first maxi-
mum and the second minimum swash plate moments 

(Figure 16). Thus, the swash plate moment is determined 
by a combination of all of these parameters. The ampli-
tude of the inlet flow rate is mainly affected by r3, and 
r1 has a smaller effect. Thus, it is difficult to determine 
the optimal valve plate parameters by parametric analy-
sis even though the ranges of the valve plate parameters 
can be determined from the parametric analysis to avoid 
undesired performance.

5  Multi‑objective Optimization
Due to the limitations of the parametric study, an opti-
mization methodology is required to optimize the valve 
plate parameters to reduce the pump noise. A multi-
objective optimization genetic algorithm that accounts 
for both the structure-borne noise sources and fluid-
borne noise sources is employed.

5.1  Definition of the Objective Functions
At the beginning of the multi-objective optimization, 
objective functions must be defined properly to describe 
the noise characteristics. The amplitude of the swash 
plate moment and the flow rates in the inlet and outlet 
ports are chosen as the objective functions for their good 
representation of structure-borne noise sources and 
fluid-borne noise sources. There are three objective func-
tions in total, as given by Eqs. (12)‒(15):

(12)f1(X) = max(Mz(X))−min(Mz(X))

(13)f2(X) = max(QLP(X))−min(QLP(X))

(14)f3(X) = max(QHP(X))−min(QHP(X))

(15)minF(X) =
(

f1(X), f2(X), f3(X)
)

r3=0.3
r3=0.55
r3=0.7

190 200 210180
Rotational angle θ/°

220

100
Fl

ow
ra

te
Q

LP
/(L

. m
in

-1
)

60

70

80

110

90

Figure 18 Effects of damping hole three on the inlet flow rate

r3=0.3
r3=0.55
r3=0.7

0 10 20-10
Rotational angle θ/°

30
-300

100

S
w

as
h

pl
at

e
m

om
en

tM
z/(

N
. m

)

-100

-200

0

Figure 19 Effects of damping hole three on the swash plate 
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Table 2 Effects of damping holes on the noise sources

Parameter Value (mm) pmin  (10−2 MPa) pmax (MPa) ΔQLP (L/min) ΔQHP (L/min) ΔMZ (Nm)

r1 0 1.7 29.81 20.42 7.34 282.1

0.3 4.7 29.45 20.26 5.80 234.9

0.55 4.7 29.12 20.06 3.51 186.2

0.7 4.7 28.75 21.31 3.06 183.3

r2 0.5 4.7 29.11 20.06 4.37 186.2

0.7 4.7 29.12 20.06 3.51 186.2

1 4.7 29.14 20.06 3.90 186.2

r3 0.3 7.9 29.51 44.76 3.51 244.9

0.55 4.7 29.12 20.06 3.51 186.2

0.7 3.1 28.95 15.04 3.51 197.7
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5.2  Definition of the Variables and Constraints
The ten structural parameters listed in Table 1 are vari-
ables used for the optimization. The parameters defining 
the starting and ending positions of the inlet and outlet 
ports result in four variables. The parameters defining 
each damping hole are the center of the location and the 
radius of the damping hole. There are six variables for 
the three damping holes in total. The ranges of the vari-
ables are also required to allow for the manufacturing of 
an actual valve plate, and their values are set according to 
the parametric analysis. In addition, different constraints 
are required to provide a reasonable and realistic optimi-
zation. The pressure overshoot and undershoot are lim-
ited, for which the smallest and largest piston chamber 
pressures are used as constraints to avoid unexpected 
phenomena. The upper limit of the piston chamber pres-
sure is 3  MPa higher than the average outlet pressure, 
whereas the lower limit is 0.05 MPa to avoid air-release 
and cavitation.

5.3  Optimization Procedure
The multi-objective genetic algorithm optimization 
is based on Darwin’s theory of natural selection. In the 
optimization, an individual represents a set of parameter 
values. In the first step, a population of individuals is gen-
erated by the use of a pseudo-random number generator. 
In the second step, each individual is simulated and eval-
uated. The best are kept, whereas the others are removed 
and replaced by ‘children’ of the best. In addition, the 
parameter values are changed by adding noise to the 
parameters of a specific individual. The mean value of the 
noise is 0. The mutation amplitude, ma, varies between 0 
and 1, and it is used to compute the standard deviation of 
the noise, which is given as

where paupper and palower are the upper and lower limits 
of a parameter, respectively.

If the mutation amplitude is near 0, the speed of con-
vergence increases. If the mutation amplitude is near 1, 
more time is required to obtain convergence because 
there are more designs to explore. After several gen-
erations, individuals converge to one or several best 
solutions.

The number of runs to be performed is given as

where N is the population size, r is the reproduction ratio 
and G is the number of generations. The population size 
is chosen according to the number of parameters. It is 
typically set as a value larger than five times the number 
of parameters, and here, it is set as 60 because there are 
ten parameters. The reproduction ratio is the percentage 

(16)σ = ma

(

paupper − palower
)

(17)Nr = N + Nrp(G − 1)

of the population that is replaced by new individuals 
at each iteration, and here, it is set as the 70% recom-
mended by experimental results. The number of genera-
tions depends on the expected calculation time, and here, 
it is set as 20. Thus, there are 858 runs and 858 designs 
after the optimization.

5.4  Optimization Results
Pareto-optimal solutions are obtained at the finish of 
the optimization as shown in Figure  20. Each triangle 
represents an individual design (49 out of 858). Among 
the designs, the amplitude of the inlet flow rate varies 
between 10 and 40  L/min, the amplitude of the outlet 
flow rate varies between 2 and 7  L/min, and the ampli-
tude of the swash plate moment varies between 80 and 
300 Nm. When the outlet flow ripple is the smallest, the 
inlet flow ripple is the largest, whereas when the inlet 
flow ripple is the smallest, the outlet flow ripple is the 
largest (Figure  20(a)). In addition, when the inlet flow 
ripple decreases, the swash plate moment increases 
(Figure 20(b)). Because the three objective functions are 
weighted equally, the optimal design is chosen as the one 
nearest to the origin (min (f1(x)2 + f2(x)2 + f3(x)2)1/2).

The final values of the valve plate parameters are deter-
mined by rounding the optimization result, as shown 
in Table 1. The simulated noise sources at a wide range 
of pressure levels for the original and optimized valve 
plates are shown in Figure 21. In the simulation, the pres-
sure in the outlet line is regulated by a pressure relief 
valve, which coincides with the noise measurement in 
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Section 5.5. In the optimization, the pressure in the out-
let line is regulated by the throttle valve. This is because 
the pressure relief valve would affect the dynamics in the 
outlet line by varying the opening of the pressure relief 
valve to maintain a constant outlet pressure, whereas 
the dynamics are not affected by using the throttle valve. 
Therefore, the flow rates in the outlet and inlet are differ-
ent when different methods are used to load the system.

As shown in Figure  21(a), the amplitudes of the out-
let flow rates are reduced when the pressure levels are 
larger than 15  MPa, and the amplitudes are nearly the 
same when the pressure levels are smaller than 15 MPa. 
The amplitudes of the inlet flow rates are reduced at 25 
and 28 MPa, and the values increase as the pressure level 
gets smaller. The amplitude of the swash plate moment is 
reduced when the pressure level is higher than 10 MPa, 
and the values increase at 5 and 10 MPa. The main cause 
of the larger noise sources is that the optimization is car-
ried out at the rated operating condition (28 MPa), and 
the optimal results obtained at this operating condition 
cannot reduce the noise sources at lower pressure levels. 
However, because the investigated pump is designated to 

be used at a high pressure, the increase in noise sources 
at low pressures is acceptable.

5.5  Noise Measurement
The noise of the pump with the original and optimized 
valve plates was measured in a hemi-anechoic chamber 
built according to the requirements of ISO 4412-1 [30], as 
shown in Figure 22. The interior clear dimensions of the 
hemi-anechoic chamber are 5.1 × 4.4 × 2.6  m3 (length, 
width and height) with a minimum background noise of 
11.4 dB and a lowest measurable frequency of 25 Hz. The 
test arrangement keeps the pump placed at the center of 
the reflecting plane. The pump mounting and drive shaft 
support bearing are mounted on massive concrete blocks 
to structurally isolate them from the floor to prevent 
vibrations from exciting the entire building.

The inlet, outlet and leakage lines are all flexible hoses. 
The shortage is that no acoustic cladding has been done 
to them, and no acoustic cladding has been done to the 
shaft support either. This allows the noise emitted from 
these components to reach the microphones as well. 
However, the noise emitted from these components is 
smaller than that emitted by the pump, and the measured 
sound pressure level can be regarded as the sound pres-
sure level emitted from the pump.

The positions of the microphones were defined accord-
ing to ISO 3745-2003 [31], assuming that there is one 
reflecting plane in the sound-free field. As there are only 
five microphones available, and the sound power level 
(SWL) was calculated by averaging the sound pressure 
level (SPL) at ten microphone positions, the microphone 
positions were moved manually during the measure-
ment. The measurement of SWL was divided into two 
steps. The first step was to measure the SPL at the first 
five microphone positions, and the second step was to 
measure the SPL at the other five microphone positions.
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The microphones are type 4189-A-021 (Brüel & Kjær) 
with an error of 0.2  dB and a measurable frequency 
ranging from 6-20000  Hz. The signal acquisition equip-
ment is PULSE LAN-XI 3050-A-060 with six channels. 
All microphones were calibrated with a B&K type 4231 
sound calibrator.

The hydraulic system used to drive the pump is situated 
in another room to eliminate the effects of their noise on 
reducing the measurement accuracy. The hydraulic sys-
tem is shown in Figure 23, with the specifications listed 
in Table 3. The pump is driven by an electrical motor, and 
the pressure in the outlet line is regulated by a pressure 
relief valve. A cardan shaft is used to transmit the torque 
to the pump with a hook joint at the motor end and a 
coupling at the pump end.

Figure  24 shows the sound pressure levels from the 
axial piston pump with the original and optimized valve 
plates at the speed of 1500 r/min and the maximum dis-
placement. The noise level increases with an increase of 
pressure level. The noise level of the optimized design is 
higher at the pressure levels of 5 and 10 MPa. This result 
coincides with the increases of noise sources at low pres-
sure levels (Figure  21). The optimized design is quieter 
than the original design when the measured pressure lev-
els are larger than 15 MPa, and the noise level at the rated 
pressure is reduced from 80.7 dB(A) to 79.1 dB(A).

6  Conclusions
(1) The pump model with carefully modeled fluid prop-

erty is effective in analyzing the phenomena of air-
release and cavitation. The noise of an axial piston 
pump is affected by the inlet and outlet flow ripples, 
and the pulsation of swash plate moment.

(2) Valve plate parameters have great impacts on the 
generation of noise sources, both fluid-borne noise 
and structure-borne noise sources. A multi-objec-
tive optimization method is required to find the 
best valve plate parameters in order to reduce all 
the noise sources. The objective functions and con-
straints used in the optimization are adequate.

(3) The noise sources and the noise levels are reduced 
at high pressure levels by a comparison between the 
original and optimized valve plates, and the noise is 
reduced by 1.6 dB(A) at the rated pressure level.

(4) The optimization method is effective in optimiz-
ing the valve plate parameters to reduce the noise 
levels. The valve plate used in this study can also be 
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Figure 23 Hydraulic system

Table 3 Details of the hydraulics system

No. Description Detail

1 Inlet pressure sensor NS‑I1, 0‑1 MPa, accuracy 0.3% FS

2 Inlet temperature sensor SBWR/Z, range ‑25‑120 °C, accuracy 
0.25% FS

3 Electric motor Y315L2‑2, speed range 300‑2980 r/min

4 Shaft speed sensor JC2C, range 0‑4000 r/min, accuracy ± 1 
r/min

5 Shaft torque sensor JC2C, range 0‑2000 Nm, 0.2 class 
accuracy

6 Outlet pressure sensor NSI1, range 0‑40 MPa, accuracy 0.3% FS

7 Outlet flow meter LC‑A50, range 0‑400 L/min, 0.2 class 
accuracy

8 Pressure relief valve DBDH6P1X400

9 Test pump 71 cc/rev
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Figure 24 Measured sound pressure level for the original and 
optimized pump
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applied to other kinds of axial piston pumps, and 
the method used here can be extended to other 
kinds of axial piston machines.
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