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Abstract: The article presents the results of an experimental study of the sound pressure level
(SPL) caused by a hydraulic power unit with an external gear pump. The study was carried out
with a specially developed laboratory experimental setup based on a common architecture used in
hydraulic power units. Both the hydraulic system and the measuring equipment used are described
in detail. The design of the experimental studies performed, including two main configurations with
specific parameters regarding the operating modes of the system, is presented. The experimental
results obtained are presented in the form of magnitude frequency responses which are compared
in accordance with the experiment design. An analysis of the results obtained is performed using
various quantitative indicators. For specific operating modes, parametric models were derived by
approximation of the experimental data. The resulting models can serve in future work to reduce
the SPL by passive or active means (e.g., frequency control of the electric motor). The quantitative
analysis can serve as a basis of comparison with results obtained after adding passive (damping
ring, etc.) or active means to reduce the SPL.

Keywords: experimental study; sound pressure level; external gear pump

1. Introduction

Hydraulic drive systems are a major source of noise and vibration in various machines.
The widespread use of this type of drive system, both for industrial and mobile applications,
leads to the need to reduce the noise of hydraulic drives [1]. This task is essential to
increase the reliability and competitiveness of these systems, and also to improve operating
conditions and protect the environment.

It is impossible to replace hydraulic drives in certain applications requiring a high
level of transmitted power with relatively compact dimensions, high control performance,
etc. However, considering the increase in the requirements for various mechatronic systems
and in the use of clean technologies, the requirements for a relatively low noise level are
constantly increasing. For many applications, the sound pressure level (SPL) cannot exceed
65 dB(A). In other applications, such as forklifts, the SPL cannot exceed 75 dB(A), and for
metalworking machines and industrial robots, the permissible level is 70 to 72 dB(A) [2-4].
In all of these cases, these levels are difficult to achieve when using a hydraulic drive. In
some of these applications, the SPL measured under normal operating conditions reaches
90 dB(A) due to the use of a hydraulic drive system. These circumstances have motivated a
number of researchers to develop and implement ways of reducing the SPL in hydraulic
drive systems [4-7].

Research available to date shows that noise in hydraulic drives is mainly caused
by the hydraulic pump, due to the flow rate ripple and pressure pulsations, which are
consequences of the design features and limitations of these systems [8-10]. Besides the
pump, however, there are other sources of noise in these systems, such as the electric motor,
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the coupling, the process of the working fluid flowing through the pipelines, pressure-relief
valves, throttles, and other control and auxiliary hydraulic devices that are features of every
hydraulic drive system.

Focusing on the pump, the flow rate ripple is highest for external gear pumps. In older
designs, the ripple can reach a level of about 20% compared to other types of displacement
rotary pumps, such as the axial piston pump [11]. This is why the noise level of external
gear pumps is the highest, which has motivated a number of studies aimed at finding
measures to reduce it. These studies can be conditionally divided into two main groups.
The first group focuses on research and development dedicated to structural changes in
external gear pumps [12-14], and the second group focuses on changes in the manner of
installation in hydraulic power units to reduce the noise of the system as a whole [6,15].
It is relevant to note that there are standards [2,3] and standard testing procedures [16,17]
for clearly determining the SPL caused by external gear pumps. However, they typically
require that this measurement be carried out either in an anechoic chamber [18,19] or by
measuring sound intensity. In both cases, the pump is mounted outside the tank, and this
configuration is found in most research on the subject. However, from a practical point of
view, in most cases this type of pump is installed inside the tank of the hydraulic power
unit, and therefore the SPL remains relatively high and does not meet the requirements.
This problem has motivated the authors to experimentally investigate the SPL caused by
an external gear pump used in a common configuration of a hydraulic power unit under
normal operating conditions.

The main goal of the article is to present experimental results and analysis of the SPL
caused by an external gear pump installed inside the tank of a hydraulic power unit. In
contrast to other similar studies [6,15,16], the experimental determination of the SPL was
carried out under the normal operating conditions in which hydraulic drives for various
industrial applications most often operate. Our laboratory experimental setup was designed
and realized toward this end. The pump experimental tests were performed at different
rotation frequencies and different values of output pressure load. The obtained results are
presented in the form of magnitude frequency responses. The analysis was performed on
the basis of various quantitative indicators: A-weighted SPL, average A-weighted SPL,
maximum SPL, minimum SPL and area of the magnitude frequency response (calculated
by Riemann’s integral formula). For specific operating modes, parametric models were
derived by approximation of the experimental data to obtain transfer functions of the SPL
magnitude frequency responses. The resulting models can serve in future work to reduce
the SPL by passive or active means (e.g., frequency control of the electric motor). The
quantitative analysis can serve as a basis of comparison with results obtained after adding
passive (damping ring, etc.) or active means to reduce the SPL.

The article is organized as follows: Section 2 shows the detailed description of the
experimental system and measuring equipment; Section 3 presents the design of the
experiment; Section 4 depicts the experimental results; Section 5 shows the analyses of
the experimental results; parametric models of the SPL are derived in Section 6; and in
Section 7 some conclusions are given.

2. Experimental System Description

We designed and realized a laboratory setup for the experimental study of SPL caused
by an external gear pump installed in a hydraulic power unit. The purpose of the exper-
imental system is to match the architecture of commonly used power units in hydraulic
drives for different applications. Most often, hydraulic power units are designed and
implemented according to the specific requirements of their application, but regardless of
this, they contain basic components such as a pump, an electric motor to drive the pump
mounted on the cover with a standard mounting flange, a coupling, a discharge line, a
pressure-relief valve, and other control and regulating throttling devices. Not infrequently,
these components are sources of noise and vibration in the system as a whole. The use of
an external gear pump leads to an increase in noise regardless of the fact that it is most
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often located inside the tank and is immersed in the working fluid. This motivated the
design and realization of a hydraulic power unit with such a pump. The hydraulic circuit
diagram of the developed experimental setup is presented in Figure 1.
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Figure 1. Hydraulic circuit diagram of the experimental system.

The hydraulic system consists of a tank with a volume of 120 L and an external gear
pump with a displacement volume of 19 cm? driven by a 7.5 kW three-phase asynchronous
electric motor with a nominal rotation frequency of 1500 min~!. A direct operated pressure-
relief valve and a variable throttle valve with an integrated check valve are connected in
parallel in the discharge pipeline of the pump. The outlet of the throttle valve is connected
to a return filter group. A three-way, two-position L-type ball valve is connected in parallel
between the pressure-relief valve and the throttle valve to switch between the loading mode
and the non-loading mode of the system. In the non-loading mode, the pump discharge
line is connected directly to the tank.

The experimental setup needs to enable the pump to be tested in different operating
modes defined by different rotation frequencies and different output pressure loads. For
this purpose, a modern frequency inverter is used in the system, enabling the rotation
frequency of the electric motor to be changed precisely within the range of 0 to 1500 min .
The rotation frequency is measured directly from the electric motor by means of a laser
digital tachometer. In this aspect, a short shaft with a suitable mark is threaded into the
main shaft on the side of the cooling fan of the electric motor to measure the rotation
frequency. The pressure-relief valve sets the maximum pressure value in the system, and
the throttle valve changes the output pressure load from the minimum to the maximum
value. The pressure measuring is performed with a gauge with accuracy class 0.6 connected
through a pressure measuring connector in the pressure-relief valve body.

The main components and the parameters used for the implementation of the experi-
mental setup are listed in Table 1. Before building the system, a 3D model (Figure 2) was
developed to define the preliminary composition of the hydraulic power unit.

As can be seen from the 3D model, the pump is installed inside the tank. The coupling
between it and the electric motor consists of a standard mounting flange and a clutch with
an elastic element. The connection between the mounting flange and the tank cover is
direct through bolts, without an additional damping ring. The pump discharge pipeline
exits the tank through a bite-type bulkhead coupling fitting. The rest of the piping and the
hydraulic control and regulating equipment are located on the cover, without additional
mounting brackets. The diameter of the pipelines is 15 x 1.5 mm, and bite-type fittings are
used. The body of the pressure-relief valve and the tap serve as tees in the system, as is
common practice. The purpose of the preliminary composition is maximum compliance
with the hydraulic circuit diagram (Figure 1) and the subsequent implementation.
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Table 1. Experimental system components.

No. Component Model Parameters
1 Tank Custom construction V=120L
2 Electric motor Miksan 134 M4 Pem =7.5 kVYl
n = 1500 min
3 External gear pump 20A(C)19X006 Vp =19 cm3
Direct-operated Jmax =40 L/min
4 pressure-relief valve CPL40/12 ApPmax = 25 MPa
max =50 L/min
5 Throttle check valve VRFU9003 Aprmax = 35 MPa
3-Way ball valve, gmax =50 L/min
6 L-type GB3VH Apmax = 35 MPa
7 Return filter group ~ MPF1002AG3P25NBP01 qmax =50 L/min
1n=25pum
8 Frequency inverter FNC U=380V
equency mverte HV 100 P=75kW
9 Sound and vibration SVAN 958A Digital 4-Channel
measuring device SN: 92,313 f=0.5Hzto 20 kHz
. MK255 L
2
10 Microphone SN: 17,262 50 mV/Pa
1 Preamplifier SV12L Detachable
P SN: 95,175 (INC)
12 Fold-out tripod Leica TRI 100 Removable head plate
13 Dlgltah;asf;;’meter DT2234A Nmax = 100,000 min !
TDL 356A16 100mV/g
14 Accelerometer SN: 265,696 0.5 to 5 kHz
. .. 33 to 120 dB 112
Acoustic camera Bionic M 112
15 . . MEMS-microphones, 24 bit, 48 kHz,
(microphone array) SN: 200816HM0112 f— 10 Hz to 24 KHz
16 Acoustic camera IH 125-112 8 to 32 bits/sample
controller SN: 201105HAT112 96 kHz at 64-bit
17 Acoustic camera SAB Smart Vision Beamforming
software ver. 1.2 visualization

Figure 2. 3D model of the experimental system.
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3. Experiment Design

The experimental study of the SPL caused by an external gear pump included in
a hydraulic power unit was carried out using the experimental setup presented in the
previous section, which was specially developed for this purpose. This section is devoted to
the design (planning) of the experimental tests and their realization. Vibration measurement
and analysis will be the subjects of future study.

The preliminary plan for performing the experiment in relation to the location of the
measuring equipment is shown in Figure 3. The plan shows the location (sizes in mm) of
the microphones with which the SPL was measured. An SVAN958A sound level meter
was used, which is a class-1 four-channel sound and vibration analyser appropriate for all
applications that require excellent simultaneous sound and vibration assessment. Each of
the four input channels can be independently configured for sound or vibration detection
with different filters and RMS detector time constants, allowing enormous measurement
flexibility. The major advantage of the SVAN958A is the capability to perform advanced
analysis simultaneously in the level meter mode. In practice, this allows obtaining broad-
band results such as Leq, RMS, Lyiax, Lmin, Lpeak together with four-channel analysis such
as FFT or octave-band analysis [20].

El Motor
MIKSAN

132 Ma Hydraulic

Power
220 Unit

Gear Pump
CAPRONI
20A19X006

SVAN 958A %

1140

Fold-out
Tripod
SVAN 420B

Figure 3. Arrangement of measuring equipment.

Following ISO standards for measuring the noise emitted by machinery in various
environments (ISO 3740, ISO 3741, ISO 3744, ISO 3745 and ISO 3747) [3,18,19,21,22], first
the measurement surfaces and the positions of the microphones were defined. In this
case, the choice was determined by the possibility of simultaneous measurement with the
SVAN958A and the acoustic camera. The microphones were placed near the area of the
main sources of acoustic noise (the electric motor and gear pump). Although sound power
is not measured, the sound pressure level is used to assess the effect on the noise emitted
by the object under study. Future work will investigate how the microphone placement
affects the measurement results.

Regarding the plan of the operating modes in which the experimental measurements
were carried out, the typical values of two variable parameters were considered: rotation
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frequency n; and load pressure Ap;. The rotation frequency varies in the range of 950 to
1450 min~! according to the capabilities of the electric motor. The load pressure of the
pump in the different operating modes varies in the range of 0 to 15 MPa. The choice of
this range stems from the fact that this type of hydraulic pump is operated continuously up
to a maximum pressure value of 16 MPa. For short-term operation, it is possible to operate
at higher pressures, but not more than 25 MPa. Two configurations of the experimental
studies were planned.

In the first configuration, the noise measurements were carried out with the specific
values of the output pressure load Ap; at constant values of the rotation frequency n; and
at a fixed maximum pressure value Appry set with the pressure-relief valve corresponding
to 16 MPa. The different variants of the variable parameters in the first configuration are
presented in Table 2. In this case, the load pressure values Ap; are set by different closing
positions of the throttle valve at given fixed pressure-relief valve settings.

Table 2. First configuration of experimental study.

No. n; Ap; Apprv Lspr(A) Lsa(A) Loct,max Loct,min | spdf
min—1 MPa MPa dB dB dB dB Hz
1 0 79.04 5476 7470
2 5.00 79.90 54.47 75.30
3 7.50 80.47 55.23 75.70 926.30
4 950 10.00 16.00 80.42 55.73 75.80 934.22
5 1250 81.85 56.63 78.70 22.40 948.02
6 15.00 81.84 57.14 7840 950.70
1 0 79.66 56.03 74.10 23.50
2 5.00 78 84 55.87 72.90 23.30 918.99
3 7.50 79.98 56.46 75.80 23.90 938.32
4 1150 10.00 16.00 80.30 57.41 75.00 24.10 944.20
5 1250 80.73 59.00 74.50 25.50 951.93
6 15.00 80.89 57.61 74.30 23.40 952.90
1 0 24.60
2 5.00 24.40
3 7.50 77.89 54.46 71.20 25.40 92537
4 1250 10.00 16.00 78.91 55.48 73.20 24.60 937.20
5 1250 79.82 56.85 73.10 24.60 944.56
6 15.00 81.96 57.36 76.40 24,50 950.29
1 0 24.90
2 5.00 81.17 55.78 75.50 25.50 924.72
3 7.50 82.58 57.90 76.30 26.40 943.06
4 1350 10.00 16.00 84.28 59.35 78.70 26.70 958.00
5 12.50 84.38 59.76 78.30 26.20 967.82
6 15.00 8514 5998 79.10 25.90 975.17
1 0 81.37 55.84 77.60 26.20 924.00
2 5.00 79.91 56.84 71.80 26.20 936.66
3 7.50 81.64 59.04 73.10 972.54
4 1450 10.00 16.00 60.36 76.60 1005.20
5 1250
6 15.00
. . [ B |
Experiment design min Results analysis max
[ i

In the second configuration, the SPL measurements were performed at a load pressure
Ap; equal to the pressure-relief valve setting Appry, which is used in the relief modes of
the valve. The variants of modes in the second configuration are shown in Table 3. In
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these modes, the pump flow rate flows through the pressure-relief valve. The second
configuration modes are realized with a fully closed loading throttle valve. The motivation
for measuring noise in the second configuration stems from the fact that in hydraulic
systems with throttle control of the speed of the hydraulic cylinders or motors, the main
pressure-relief valve is in the relief mode, and in this way part of the pump flow is released
into the tank as a result of throttling. In this mode, the valve introduces additional noise
due to the small opening sections and high flow velocities. In systems with this type
of regulation, typically a fixed-displacement pump is used, which is often an external
gear pump. The different variants of variable parameters in the second configuration are
presented in Table 3.

Table 3. Second configuration of experimental study.

Fam
No. n; Api ApPRV LSPL A LSA (V) Loct,max Loct,min f S(f)df
Fin
min-1 MPa MPa dB dB dB dB Hz
1 16.00 16.00 83.22 59.06 76.60 23.20 973.50
2 10.00 10.00 82.77 58.75 78.80 3220 949.23
3 950 7.50 7.50 81.26 57.44 73.70 20.60 957.39
4 5.00 5.00 82.26 55.80 79.00 20.20
1 16.00 16.00 83.00 59.85 76.80 25.60 985.66
2 10.00 10.00 81.94 60.73 73.40 30.40 991.29
3 1150 7.50 7.50 82.34 59.08 76.20 23.90 971.75
4 5.00 5.00 80.59 57.37 74.60 23.40 92878
1 16.00 16.00 84.80 59.05 78.90 25.50 993.24
2 10.00 10.00 81.41 57.94 75.10 25.60 992,52
3 1250 7.50 7.50 82.83 57.91 7740 24.10 979.12
4 5.00 5.00 79.47 56.19 72.90 29.00 928.08
1 16.00 16.00 85.06 60.40 78.20 29.80 1003.20
2 10.00 10.00 82.62 59.53 76.20 25.20 979.99
3 1350 7.50 7.50 84.76 60.35 80.20 24.90 975.72
4 5.00 5.00 81.92 57.68 77.90 30.60 929.82
1 16.00 16.00 86.53 61.25 83.00 28.70 1031.30
2 10.00 10.00 85.23 61.58 78.70 27.50 1052.60
3 1450 7.50 7.50 86.57 62.20 82.40 26.20 1060.90
4 5.00 5.00 83.24 60.65 75.90 30.50 1019.90
[ |
Experiment design min Results analysis max
[ . 'l

Tables 2 and 3 describe the variability of the operating modes of the experimental
study and quantitative indicators for analysis (discussion) of the results.

The realization of the laboratory experimental system, in accordance with the prelim-
inary design in the form of a 3D model and the subsequent design of the experimental
studies, is shown in Figure 4. For confirmation of the main sources of sound and additional
analysis of the obtained experimental results, a Bionic M 112 acoustic camera was used. It
has a microphone array with a diameter of 1 m, consisting of 112 microphones, and is engi-
neered for use from 250 Hz using the beamforming method. The optimized microphone
distribution guarantees a perfect sound source localization and a high dynamic range [23].
The acoustic camera is shown in Figure 5.
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Figure 5. Acoustic camera.

4. Experimental Results

At the beginning of the experiment, the background noise was measured. The differ-
ence between the background noise and the noise generated during the operation of the
hydraulic power unit is more than 20 dB per 1/3 octave for the studied frequency range
(from 100 Hz to 20,000 Hz). The results shown do not exclude background noise. The
background noise measurement is only used to check whether the measurement results are
affected. The results show that the measurement results were not affected, so no correction
of the measured values was necessary. A correction is required if the difference between
the background noise and the noise generated during the operation of the object is less
than 15 dB (ISO 3744-2013, ISO 3745-2014, I1SO 3747-2013, etc.) [3,18,19].

The obtained results for the two configurations of the experimental studies are pre-
sented in the form of logarithmic magnitude frequency responses showing the change of
the SPL in 1/3-octave frequency bands. The initial data processing to obtain separate data
sets for each of the modes was performed using SvanPC++® (ver. 3.4.9) software, after
which the sets in 1/3-octave frequency band data format were imported in MATLAB®
(ver. R2009Db).
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Results are presented for only the portion of the study corresponding to typical
operating modes for this type of pump [24].

The next three figures show the results of the SPL from the first configuration (Table 2)
for different rotation frequencies n; corresponding to the minimum, average and maximum
according to the capabilities of the experimental system. Figure 6 refers to 950 min~!
rotation frequency of the electric motor, showing the SPL under different pressure load
modes in the interval 0 to 15 MPa. Figures 7 and 8 show the analogous results corresponding
t0 1250 min~! and 1450 min .

Sound Pressure Level at n = 950 min~ !

45 i\ ,"“ v
i \\ ) ——p=5 MPa

p=7.5 MPa ]
——p=10 MPa
p=12.5 MPa ]
p=15 MPa

N
o

w
a

w
o

Sound Pressure Magnitude (dB)

25

102 10° 104
Frequency (Hz)

Figure 6. Experimental SPL magnitudes at n = 950 min .

Sound Pressure Level at n = 1250 min”~ "
75F : ‘ ' : i E
70
65
60 |
55 F

50

40

Sound Pressure Magnitude (dB)
AN
()]

25 B/ . ,
102 10° 10*
Frequency (Hz)

Figure 7. Experimental SPL magnitudes at n = 1250 min~!.
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Sound Pressure Level at n = 1450 min~ !

80 F T T B
75 F
70
% 65 |
o 60F
©
2 55F
S
®© 50 [
=
O 45h p=0 bar \
g p=50 bar \
g p=75 bar
S40p p=100 bar 1
- p=125 bar
S35[ p=150 bar ]
o)
n
30 .
102 103 10*

Frequency (Hz)

Figure 8. Experimental SPL magnitudes at n = 1450 min~!.

The results of the second configuration (Table 3) are depicted in Figures 9 and 10. They
show the change in SPL when the load pressure Ap; is equal to the pressure Appry setting
of the pressure-relief valve, that is, when the valve is in the relief mode. This mode is
abbreviated as PRV. These results are again compared for two typical rotation frequencies
1;, between a minimum of 950 min~! and a maximum of 1450 min~—.

100 SPL at Pressure-Relief Mode: n = 950 min~ "

80 - - :

40

Sound Pressure Magnitude (dB)

— PRV 16 MPa
——PRV 10 MPa
20 PRV 7.5MPa| |
— PRV 5MPa
0 4
20 .
40 : :
10" 102 108 10*

Frequency (Hz)

Figure 9. Experimental SPL magnitudes at PRV mode—n = 950 min~!.
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SPL at Pressure-Relief Mode: n = 1450 min~ '

100 T
8o} \ 1

8 7__/7&9‘:—:\\\¢\
= . =
2 60f ]
2
c
® 40f -
% ——PRV 160 bar
= ~——— PRV 100 bar
o 20f PRV 75 bar 1
[ — PRV 50 bar
& f
-8 0r // il
3
o
%)

20} // 1

-40 : :

10’ 102 108 104

Frequency (Hz)

Figure 10. Experimental SPL magnitudes at PRV mode—n = 1450 min .

Figure 11 shows the results obtained by recording the SPL with the acoustic camera in
the non-loading mode of the pump (loading throttle valve fully open) at a nominal rotation
frequency of 1450 min~!. The recording was made using SAB Smart Vision® (ver. 1.2)
software, suitable for this type of acoustic camera, which makes it possible to record a video
of sound source localization by beamforming visualization and setting a frequency range
during the recording procedure. As can be seen from Figure 11, the main source of sound
is the motor-pump group, where the beamforming visualization is focused, and the color
corresponds to the upper limit.

Figure 11. Experimental results with acoustic camera in non-loading mode.

Figure 12 shows the results obtained by recording the SPL with the acoustic camera in
the full loading mode of the pump. In this mode, the loading throttle valve is fully closed
and the nominal rotation frequency is equal to 1450 min~!. Unlike the previous mode, the
main source of sound in this mode is the pressure-relief valve, which is in the relief mode.
In both cases, the sound camera is located at a 1 m distance from the hydraulic power unit.
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Figure 12. Experimental results with acoustic camera in full loading mode.

5. Discussion of Experimental Results

The analysis of the experimentally obtained results was carried out according to
several quantitative indicators [25]: A-weighted SPL Lgpy (A), average A-weighted SPL
Lsa(A), maximum SPL Loctmax, minimum SPL Lyt min, and area of the magnitude fre-
quency response (calculated by Riemann’s integral formula). The determination of the
listed indicators was carried out on the experimental magnitude frequency responses pre-
sented in the previous section for the two configurations. The indicators are calculated for
1/3-octave bands in the interval from 100 Hz to 20 kHz.

The A-frequency weighted SPL is expressed by

n
Lspr(A) = 10log;g ), (100'1Li(A))' M)
i=1
where n = 24 is the number of 1/3-octave band frequencies f = 100...20000 Hz and L;(A)
is the magnitude of SPL.
The average value of the A-frequency weighted SPL is

24
L:(A

Lsa(A) =) 4 )- ()

i=1
The maximum SPL
Loct,max = ml,aXLi(A) (©)]
and minimum SPL
Loct,min = rnl,inLi(A)- 4)

are determined from the experimental data sets.

Determining the area of the frequency response makes it possible to perform not only a
qualitative but also a quantitative assessment. Similar to the integral criteria for evaluating
the control performance based on transitional processes, this approach is appropriate
because results that are similar in nature are evaluated. This enables a more precise analysis
of the results. For this purpose, a classical Riemann formula [26] is used, defined as follows.
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The SPL S : [fmin, fmax] — R is a function defined for positive real numbers R™ in
the closed frequency interval [fin, fmax], such that

Jmin = fo < fi < f2... < fu = fmax- (5)

The Riemann sum | of SPL S over [fmin, fmax] is determined as

218 fOAfi, (6)

1=

where Af; = f; — fi_y and f;" € [fi_1, fi].
If the f = f;_4 for all i, the method is the left rule and gives a left Riemann sum. In our
case, it is more appropriate to choose the left rule.

The closed frequency interval [ fimin, fmax] is therefore divided into n subintervals, each

of length
Af fmax fmm (7)
The points in the interval can be expressed by the following sequence:
fmin/fmin + Afrfmin + ZAf, o rfmin + (” - Z)Af/fmin + (Tl - 1)Afrfmax~ (8)

In this case, the values of the function are approximated at the left endpoints of n
subintervals, forming multiple rectangles with base A f and height S( fmin + iAf). Realizing
thisfori =0,1,...,n — 1, and summing the obtained areas can be summarized as:

]left = Af[s<fmin) + S(fmin + Af) + S(fmin +2Af) + ... 4 S(fmax — Af)] )

The left Riemann sum amounts to an overestimation if S decreases monotonically
in this interval, and an underestimation if it increases monotonically. The error of this
equation will be:

fmax _ . 2
S(f)df = Jrept| < Ml(fmazxn fuin) , (10)

min

where M; is the maximum of the absolute value of S(f) over the frequency range. This
limiting value of the Riemann integral, if it exists, is defined as

fmax
f/ S(f)df :ml}&OZng Af (11)

Since S(f) is a dimensionless quantity representing the ratio between the acoustic
pressure and the hearing pressure threshold, the unit of the integral | is Hz.

The analysis of the first configuration results (Table 2) (part of which are depicted in
Figures 6-8) shows that the SPL Lgp; (A) increases with increasing pressure load Ap; at all
investigated rotation frequencies ;. The lowest Lgp; (A) values at a load of 5 to 12.5 MPa
are observed at 1250 min~!. This shows that these are the most suitable rotation frequencies
in relation to the emitted SPL. Only at 1150 min~! is a lower value of Lgpy (A) obtained at
a load of 15 MPa. These statements are also confirmed by the other determined indicators.

These observations are also valid for the second configuration (part of which is shown
in Figures 9 and 10) in PRV mode. The difference lies in the fact that the considered
quantitative indicator increases significantly in terms of value and the interval of its change.
For example, at rotation frequency 950 min~!, the area changes in the range from 910 to
970 Hz, and at 1450 min—! area it changes in the range from 924 to 1063 Hz. The reason for
this is the additionally induced noise from the pressure-relief valve, which is in relief mode
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when the load pressure Ap; is equal to the pressure Appry setting of the pressure-relief
valve. This is further confirmed by the acoustic camera recording depicted in Figure 12.

The analysis of the second configuration results (Table 3) also shows that at all load
values Ap;, the highest Lgpy (A) is at 1450 min~!. It can also be noticed that at 1150, 1250,
1350 and 1450 min~!, there are two pronounced minima of Lspr (A) at 5 and 10 MPa.
However, at 950 min ! one minima is observed at the 7.5 MPa pressure load. The nature of
the change in the maximum value of the Lgp; (A) is similar.

At all rotation frequencies n;, the average value of SPL Lg 4 (A) has a minimum value at
a minimum pressure load of 5 MPa. The maximum Lg,4 (A) value is mostly at a maximum
load of 16 MPa, with the exception of 1450 min~—!, where the maximum Lg(A) value is at
a 7.5 MPa load.

The analysis of the maximum value of SPL Lyt max can be used to select the optimal
operating mode of such hydraulic systems (with throttle control of the speed) in terms
of minimum emitted SPL, in some cases at the expense of flow rate. For this analysis, it
is sufficient to determine only Lo¢tmax. The remaining indicators are useful for a more
detailed investigation of the causes of noise emission.

6. Parametric Models of SPL

Typically, the problem of reducing pump-induced noise in hydraulic drive systems
is solved by the use of either active or passive means. Passive means are easier to imple-
ment, and mainly consist of various damping devices, such as a damping ring between
the bell-housing motor flange and the lid of the tank, an elastic element in the pump
mounting coupling to the electric motor or the housing of the electric motor (requires
cooling), additional power unit insulation, etc. [27,28]. Active means are more complex [29],
as they are related to improving the frequency control of the electric motor in the case
of fixed displacement pumps, or improving the control of the displacement volume in
the case of different types of variable displacement pumps. In both cases, a parametric
model is required that describes the dynamics of the system with sufficient accuracy. This
distinguishes the present approach to obtaining an adequate parametric model and its sub-
sequent use for noise reduction from the approaches often applied in recent years, which
have used fluid-structural analysis for the purpose of design changes in the pump [8,12-14].

Producing an analytical model is often a difficult task for more complex systems,
because a priori information about the construction of the components is often missing
and the large number of components leads to an increase in the order of the dynamic
components of the model. In these cases, it is most appropriate to produce a parametric
model based on experimentally measured data. In the present case, the authors used a
method of identification by approximation of the obtained experimental frequency response.
The parametric model of the SPL experimental frequency response with respect to its
magnitude can be expressed as:

oo |2
s Dot
S(0;)|” = 5 (12)
| kg axel]
where ef/fi = ﬁ, w; =27 f; and & = \/WminWmax-
However, the expansions of the sums are:
n . 2 n 2 n 2
Y, brelf0i| = <z by Cos(k()i)) + (z by sin(k()l-)> =
l§l=0 " k=0 k=0
Z;O kgo byby(cos(16;) cos(kb;) + sin(16;) sin(k6;)) = (13)
n

¥ 3 bib(cos((I— K)6;)) = % ci cos(kf)
1=0k=0 k=0
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Wapr,l (S) =

and the equation to be solved is:

i (Ck|5(9i)|2 - mk) cos(kt;) =0 (14)

k=0

where ¢, and my are functions of a; and by (transfer function coefficients) [30]. The
MATLAB® function fitmagfrd [31] solves this equation, leading to a minimum phase Cheby-
shev approximation [32]. As Boyd shows, the Chebyshev approximation problem can be
represented as a linear programming problem.

Parametric models were produced of all experimentally obtained results from the first
configuration of the study. The model order was chosen based on practical considerations.
The order is set until the maximum level of FIT is reached, while at the same time the model
order does not increase significantly. Approximation of all experimental data sets was
performed with a 6th-order parametric model, but with different values of the coefficients.
The approximation was performed in the frequency range from 100 to 2000 Hz, which was
chosen due to the fact that noise can be easily suppressed at higher frequencies. Results
are presented for only two pump operating modes: at the minimum rotation frequency
950 min~! and minimum pressure load 0 MPa, and at the rotation frequency 1450 min !
and maximum pressure load 15 MPa. In the first case, the resulting parametric model is:

191.4s° + 4.12 x 10%° +9.26 x 101%s% 4+ 4.68 x 101353 4+ 3.41 x 101752 4+ 5.93 x 10 + 1.55 x 10?3

6 + 367.6s° + 1.87 x 108s* 4 5.04 x 101053 + 2.07 x 101552 + 1.32 x 1017s 4 2.74 x 102!

(15)

The comparison between the experimentally measured and approximated frequency
responses is presented in Figure 13. The experimental frequency response is depicted with
a dashed line in the figure.

Frequency Response Comparison SPL: n=950 min~ 1, Load p=0 MPa
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Figure 13. Frequency response comparison of SPL: n = 950 min~! & load Ap = 0 MPa.

In the second case, the resulting parametric model is:

436.35% + 1.05 x 108s° + 1.03 x 1012s* 4+ 1.25 x 101%s% + 5.75 x 101852 + 1.41 x 105 4 2.89 x 10%

Wapr,Z (5) =

s6 +1.44 x 10%s® +4.75 x 108s% + 1.24 x 101253 + 1.10 x 101652 4 5.02 x 10185 + 3.39 x 1022

(16)

The comparison between the experimentally measured and approximated frequency
responses is presented in Figure 14.
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Frequency Response Comparison SPL: n=1450 min~ 1, Load p=15 MPa
80 . ,

70

60 [

—— Experiment
——Theory: FIT 63.67%

50

40

Sound Pressure Magnitude (dB)

20 L 1
102 10°
Frequency (Hz)

Figure 14. Frequency response comparison of SPL: n = 1450 min~! & load Ap = 15 MPa.

In finite resolution computer arithmetic, any calculation with real numbers should
be examined with respect to rounding errors and numerical stability. Working with large
numbers in floating point representation is indeed susceptible to larger relative errors.
However, it is well known that such issues can be addressed using various numerical
methods, such as arbitrary-precision arithmetic representations, fixed point arithmetic, etc.
Even if such measures require additional computational resources, this should not pose a
limitation for modern processors.

The analysis of the obtained results was performed by calculating the level of FIT
between the experimental and theoretical models [30].

Table 4 shows a numerical comparison between measured and approximated SPL,
expressed as a percentage level of FIT:

1$ 5l
FIT=100|1— ————5— 1], %, (17)
( Is—ES)

where S is the measured SPL, § is the approximated SPL, and E(e) is an averaging operator.

Table 4. Level of FIT.

No. n; Ap; Appry FIT
/ min~1 MPa MPa %
1 0 89.24
2 5.00 71.60
3 7.50 64.71
4 950 10.00 16.00 81.26
5 12,50 87.18
6 15.00 89.17
1 0 60.65
2 5.00 68.13
3 7.50 76.05
4 1450 10.00 16.00 71.52
5 12.50 67.09
6 15.00 63.67
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As can be seen from the results, the level of FIT at the lower rotation frequency is
significantly higher than at the higher rotation frequency. This is because at a higher
rotation frequency, the sound pressure characteristics have a more pronounced nonlinearity,
which is a consequence of the design features of the pump as well as the increase in load.
For the purpose of improving the control performance as an active noise reduction measure,
a model with this level of FIT with the experimental data is sufficient.

The purpose of the SPL approximation model is to establish a linear approximation
of the obtained frequency response. The level of fitness is dependent on the selected
model order, the number of sample points in the experimental data, and the amount of
nonlinearity in the characteristic, and should not be taken as the sole indicator of model
performance. It is evident from the presented figures that the parametric model sufficiently
reflects the resonance frequencies, average SPL and target frequency band. The practical
usability of the estimated model will be to guide the design of noise reduction measures at
the selected resonance frequencies, which, as can be seen, are well captured in the model.

7. Conclusions

The main contribution of this article is to present a data set of experimentally obtained
results and an analysis of the sound pressure level caused by a hydraulic power unit based
on an external gear pump. The hydraulic power unit uses a common architecture in which
the pump is installed inside the tank. In contrast to other similar projects, the experimental
study of the SPL was carried out under the normal operating conditions in which hydraulic
drives for various industrial applications most often operate. The experimental studies
were carried out on a laboratory experimental setup, enabling the pump to be tested at
different operating modes in terms of rotation frequency and pressure loading. Modern
measuring equipment providing various measures, including a class-1 four-channel sound
level meter and an acoustic camera, was used. The analysis of the experimental results
was carried out using various quantitative indicators assessing the SPL: A-weighted SPL,
average A-weighted SPL, maximum SPL, minimum SPL, and the area of the magnitude
frequency response, precisely determined using Riemann’s integral formula. The analyses
of the results were also confirmed with an acoustic camera with beamforming visualization.
The results show which of the indicators provide information for choosing an appropriate
rotation frequency and load leading to low SPL.

In addition to the main contribution of this study, a method for identification by
approximation of experimental data was used that enabled obtaining a parametric model
of the magnitude frequency response with an acceptable level of FIT between experimental
and theoretical results. The obtained parametric models can be used to reduce the SPL by
passive or active means (e.g., frequency control of the electric motor). The quantitative
analysis can serve as a basis of comparison with results obtained after adding passive
(damping ring, etc.) or active means to reduce the SPL.

This experimental study can serve as a methodology for the study of other types
of machines operating in their normal operating environment, with the aim of selecting
operating modes with an optimal SPL.
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