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The rotary platform is the load-bearing substrate of a hydraulic excavator. The dynamic characteristics of the rotary platform
directly affect the reliability and safety of the whole machine of a hydraulic excavator. In this work, the characteristics of the main
external excitations acting on the hydraulic excavator such as the engine excitation, pressure pulsation excitation of the piston
pump, inertial excitation of the working device, and road excitation are analyzed. The vibration transmission paths under the
action of external excitations are ascertained. A vibration test method for the rotary platform of the hydraulic excavator is
proposed. The vibration characteristics of the rotary platform under complex working conditions are researched, and the internal
relationships between the vibration characteristics of the rotary platform and the engine excitation, pressure pulsation excitation
of the piston pump, and road excitation are analyzed experimentally. The results show that the rotary platform is subjected to
different excitations when it is under different working conditions. Moreover, the internal relationships between the dynamic
characteristics of the rotary platform and the external excitation characteristics can be discovered by analyzing the vibration
signals of the rotary platform, and the dynamic characteristics of the whole machine of the hydraulic excavator can be deeply

studied based on the vibration characteristics of the rotary platform.

1. Introduction

Hydraulic excavators are widely used in many fields and play
a very important role in reducing manual labor and im-
proving labor production efficiency [1]. They are not only
used in the field of mining [2] but also in earthwork con-
struction, such as farmland transformation and demolition
[3]. The hydraulic excavator is mainly composed of the
rotary platform, cab, working device, engine, hydraulic
system, and walking device. The main components are in-
stalled on the rotary platform of the hydraulic excavator,
which means that the rotary platform is not only the load-
bearing substrate of the hydraulic excavator but also an
indispensable intermediate link in the vibration transmis-
sion path. Obviously, there is a coupling relationship be-
tween the rotating platform and the main devices of the
hydraulic excavator, such as the power device, working

device, and walking device. Thus, the dynamic performance
of the rotary platform can effectively reflect the internal
relationships between the rotary platform and other devices
within the hydraulic excavator. Therefore, to ensure the safe
and reliable operation of the hydraulic excavator, it is
necessary to analyze the vibration characteristics of the
rotary platform.

At present, research works on the dynamics of the rotary
platform of hydraulic excavators have mainly focused on
theoretical and simulation studies. For example, Li et al. [4]
calculated the natural frequencies and mode shapes of the
rotary platform of the hydraulic excavator and proposed a
method to avoid the resonance of the rotary platform by
modifying its structure. The result showed that the root
mean square value of the vibration acceleration of the im-
proved prototype cab is 0.12 m/s, which is lower than the
value of 0.25m/s” before improvement. Zhang et al. [5]
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found the weak points of the structure of the rotary platform
of the hydraulic excavator using the finite element method,
allowing its stability and overall performance to be en-
hanced. The result showed that the maximum composite
stress in the fatigue failure area under all working conditions
decreased from 172.46 MPa to 123.82 MPa. Yang et al. [6]
established a coupled lateral-torsional vibration model of the
rotary mechanism of the hydraulic excavator by considering
the rotary platform as an equivalent rotational inertia unit.
Jovanovi¢ et al. [7] developed software to enable the de-
termination and detailed analysis of the slewing bearing load
in the entire working range of the excavator. Qin et al. [8]
proposed a hydraulic-electric hybrid excavator swing drive
system. They verified that the energy consumption of the
proposed system was reduced by 37.26%~53.29% within a
swing working cycle compared with the original system, and
the backswing phenomenon of the swing system is sup-
pressed. However, there have been few theoretical research
studies on the vibration response of the rotary platform of a
hydraulic excavator under complex working conditions.
Experimental investigations are an important method
for studying the dynamic characteristics of mechanical
structures. Therefore, increasing attention has focused on
experimental research studies. For example, Wei et al. [9]
undertook experiments to investigate the vibration response
performances of a rotating beam with respect to the intensity
of the electric field, rotation speed, and acceleration. They
found that the vibration of the beam caused by the rotating
motion at different rotating speeds and acceleration could be
quickly suppressed by applying the electric field to the ER
beam and evaluated the feasibility of ER fluid in attenuating
the vibration of rotating beams. Zheng et al. [10] dealt with
the modeling and analysis of random vibration tests with six
degrees of freedom, involving an advanced multi-input/
multioutput system in which three translational and three
rotational motions could be simultaneously controlled. Jiang
etal. [11] provided an alternative method for testing the low-
frequency vibration of a huge bucket-wheel excavator and
obtained accurate estimates of the low natural frequencies of
the bucket-wheel excavator. Hydraulic excavators are a
complex vibration system; therefore, experimental investi-
gations are important to reveal their vibration characteris-
tics. At present, experimental investigations of the vibration
characteristics of hydraulic excavators are mainly focused on
the vibration characteristics of the cab. For example, Alphin
et al. [12] regarded whole-body vibration to be a major
health hazard among operators, so they conducted field
measurements of the whole-body vibration in tracked ex-
cavators with a breaker by using a standard vibration
measurement system. The experimental result showed that
the vibration dose value recorded was 17.6-62.72 m/s'”>,
and whole-body vibration exposure of the breaker operator
was much higher and lies beyond the upper limit as given in
ISO 2631-1. Lu and Zhou [13] processed the measured seat
vibration responses of a hydraulic excavator and identified
the vibration signals corresponding to different excitation
sources through the time-frequency analysis method com-
bined with ensemble empirical mode decomposition and a
continuous wavelet transform. Wang et al. [14] proposed
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measures to improve the vibration characteristics of the cab
following vibration testing of hydraulic excavators. The result
showed that the vibration isolation performance of the im-
proved prototype cab was obviously improved below 40 Hz
and above 200 Hz. Pang et al. [15] built an operational transfer
path analysis model of vibration from the engine to the cab
seat using the vibration test data of an excavator under
working conditions. The result showed that the frequency-
domain features of the synthesized output signal agree well
with those of the test output signal; thus, the model is proved
valid. Dabrowski and Dziurdz [16] present the proposition of
a simple estimation of noise and vibration propagation paths
of the machine and verify the effectiveness of a proposed
procedure on the basis of the analysis of hydraulic excavator.
They found that this procedure helped to minimize the
transfer of vibrations of power units in selected frequency
ranges that led to the change of overall noise level in oper-
ator’s cab about 5 dB. However, few experimental studies have
investigated the vibration characteristics of the rotary plat-
form under complex working conditions.

In this study, the vibration characteristics of the rotary
platform of a hydraulic excavator are tested and studied
under complex working conditions. The aim of this study is
to comprehensively analyze the influence of various exci-
tations on the dynamic characteristics of the rotary platform
and to provide a useful basis for discovering the coupling
relationships between the rotary platform and other related
devices of the hydraulic excavator.

The CLG906D tracked hydraulic excavator is taken as
the research object in this study, as shown in Figure 1.

2. Analysis of Vibration Characteristics of
Rotary Platform

2.1. Vibration Characteristic. Using the finite element
method, the dynamic equation of the rotary platform of the
hydraulic excavator can be established in the form:

MU + CU+KU =F, (1)

where M, K, and C are the mass matrix, stiffness matrix, and
damping matrix of the rotary platform of hydraulic exca-
vator, respectively; U, U, and U are the generalized accel-
eration vector, generalized velocity vector, and generalized
displacement vector, respectively; F is the excitation acting
on the hydraulic excavator, including the engine excitation,
pressure pulsation excitation of the piston pump, inertial
excitation of the working device, and road excitation [17].

According to the dynamic equation (1), the frequency
equation of the rotary platform of the hydraulic excavator
can be expressed as

K - w’M]| =0, (2)

where w is the natural frequency of the rotary platform of
hydraulic excavator.

According to equation (2), the natural frequencies of the
rotary platform of the hydraulic excavator can be calculated
and the modes of the rotary platform of the hydraulic ex-
cavator can also be determined.
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Figure 1: CLG906D tracked hydraulic excavator. (a) Working
device. (b) Cab. (c) Rotary platform. (d) Walking device.

According to the dynamic equation (1), the dynamic
response of the rotary platform is calculated by the modal
superposition method, which can be expressed as

N B
U= 109", 3)

i=1

where @V is the i-th order modal vector of the regular modal
matrix; #; (t) is the response of the rotary platform under the
i-th canonical coordinate; and N is the number of degrees of
freedom of the rotary platform.

2.2. Analysis of Main Excitations. Under complex working
conditions, the excitations affecting a hydraulic excavator
are very complicated. The excitations that impact a hydraulic
excavator mainly include the following: the engine excita-
tion, the pressure pulsation excitation of the piston pump,
the inertial excitation of the working device, and the road
excitation.

2.2.1. Engine Excitation. The engine excitation of a hydraulic
excavator mainly comes from the internal cylinder gas
pressure during engine operation and the unbalanced inertia
forces and moments of inertia caused by the moving mass.
For an in-line four-cylinder Yanmar engine, as is often used
in hydraulic excavators, the second-order unbalanced inertia
force F; can be expressed as [18]

Fy = -4m R, (ﬂfFl)z cos(fpit), (4)

where m;, is the mass of the moving parts; R, is the crank
radius; A = R, /1, Lis the rod length; t is the time; and fr is the
frequency of the engine excitation (Hz) and can be expressed
as

Ng

fr= 30 (5)

where 7 is the engine speed.

2.2.2. Pressure Pulsation Excitation of Piston Pump. The
piston pump is an important part of the hydraulic system of
hydraulic excavator. When a piston pump operates, the
pressure pulsation excitation occurs [19]. This is one of the

main sources of vibration and noise for the hydraulic ex-
cavator. According to the working principle of the piston
pump, the pressure pulsation excitation of the piston pump
F, can be expressed as [20]

F, = AK<BO + Y B, sin(nfpt + wn)>, (6)
n=1

where A is the area of the bottom surface of the plunger, B,
is the pressure pulsation constant term of the piston pump,
B,, is the pressure pulsation amplitude of the piston pump,
y,, is the pressure pulsation phase angle of the piston pump,
and By, B, and vy, are related to the structural parameters
and material parameters of the piston pump, which can be
obtained from reference [20]; fr, is the pressure pulsation
excitation frequency of the piston pump (Hz) and can be
expressed as

zn
fr= 6_(;:’ (7)

where z is the number of pistons in the piston pump.

2.2.3. Inertial Excitation of Working Device. In the working
process of the hydraulic excavator, the working device often
starts and stops. Thus, the working device will generate inertial
excitations [21]. As the working device is installed on the rotary
platform of the hydraulic excavator, the inertial excitation of
the working device is transmitted to the rotary platform
through the fixed devices. According to reference [22], the
inertial excitation of the working device F; can be expressed as

F, :mcg(l +7) (1 = cos fpst), (8)
c
where m, is the mass of the working device in the excitation
process; Av is the velocity variation in the excitation process;
T. is the excitation time; 7 is the excitation recovery coef-
ficient; and fp5 is the inertial excitation frequency of the
working device (Hz) and can be expressed as

2
fF3=T77:- 9)

2.2.4. Road Excitation. The excavator considered in this study
is a tracked hydraulic excavator. When the tracked hydraulic
excavator moves along an uneven road, the road excitation
produces a large low-frequency vibration. Thus, it is necessary
to analyze the influence of road excitation on the vibration
characteristics of the tracked hydraulic excavator [23].

Let Z (x) be the pavement unevenness function for a
pavement length of x. When the tracked hydraulic excavator
is traveling at a speed of v, the road excitation can be
expressed as [24]

s(t) = Z(vt), (10)

where x=vt and t is the time; the vertical road excitation
frequencies are mainly distributed in the range 8-10 Hz and
integer multipliers of this frequency range [24].



2.3. Analysis of Vibration Transmission Path. The essence of
vibration transfer is the transfer of energy [25]. To distin-
guish the vibration characteristics under different excita-
tions, it is necessary to analyze the vibration transmission
paths under different excitation types.

The engine is the power source of the hydraulic ex-
cavator and the piston pump. The engine output shaft end
and the piston pump input shaft end are connected by a
rigid coupling, so the engine and the piston pump can be
taken as a single system when analyzing the vibration
transmission paths. The system composed of the engine
and the piston pump is named the engine-piston pump
system. The engine-piston pump system has two excita-
tions, namely, engine excitation and pressure pulsation
excitation of the piston pump. According to the working
principle and structural characteristics of the hydraulic
excavator, the engine is fixed on the rotary platform by the
connecting bolts. One end of the piston pump shaft is
connected to the engine output shaft by the coupling, and
the other end of the piston pump shaft is joined by the
pipe joint to the hydraulic hoses that are linked with the
hydraulic components and the fixed devices [26], that is,
the hydraulic components and the fixed devices are di-
rectly or indirectly connected with the rotary platform.
Therefore, the engine excitation and the pressure pulsa-
tion excitation of the piston pump produced by the en-
gine-piston pump system are transmitted to the rotary
platform through two paths: (i) the engine excitation and
the pressure pulsation excitation of the piston pump are
transmitted to the rotary platform through the engine
connecting bolts; (ii) the excitations are transmitted to the
rotary platform through the hydraulic components and
the fixed devices.

When the working device starts and stops, the inertial
excitation of the working device can be transmitted to the
rotary platform through the fixed devices. This is because the
working device is installed on the rotary platform of the
hydraulic excavator by the fixed devices. Similarly, according
to the structural characteristics of the hydraulic excavator,
when the tracked hydraulic excavator moves along an un-
even road, the road excitation is transmitted to the rotary
platform through the guide wheel, support wheel, driving
wheel, and so on. In summary, the main vibration trans-
mission paths of the rotary platform of the hydraulic ex-
cavator are shown in Figure 2.

2.4. Analysis of Vibration Transfer Characteristics. Using
equation (1), the vibration characteristics of the rotary
platform of the hydraulic excavator can be studied. By the
Fourier transform of dynamic equation (1), the corre-
sponding displacement frequency response function can be
obtained [27]. The rotary platform of the hydraulic excavator
is generally a steel structure. For steel structures, the am-
plitudes of the frequency response function decrease as the
distance from the source increases. The location of the
excitation source is recorded as X, and the amplitude of the
frequency response function at the excitation source is
recorded as U (x,). Thus, the amplitude of the frequency
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response function at a distance of x from the excitation
source can be expressed as [28]

U(x) = U(xo)e"gx, (11)

where f is the attenuation coefficient.

Equation (11) implies that increasing the distance be-
tween the measuring point on the rotary platform and the
excitation source will produce a smaller amplitude of the
frequency response function and enhance the amplitude of
vibration attenuation.

2.5. Modal Simulation. The vibration modes of the rotary
platform of the hydraulic excavator can be analyzed by using
the ANSYS Workbench software. The three-dimensional
model of the rotary platform is shown in Figure 3. Here, the
first four modes of the rotary platform are analyzed by
simulation. The simulation results of the first four-order
natural frequencies of the rotary platform are listed in
Table 1.

3. Vibration Test of Rotary Platform

3.1. Vibration Test System. Electric measurement methods
have many advantages, such as a wide range of testing
frequencies and high sensitivity [29]. Thus, an electric
measurement method was adopted to collect the vibration
signals of the rotary platform. The vibration test site is shown
in Figure 4. The instruments used in the vibration test in-
clude an ICP three-way acceleration sensor, LMS Test.LAB
signal collector, and a notebook computer.

3.2. Measuring Points. The vibration characteristics of
measuring point 1 and measuring point 2 on the rotary
platform were analyzed experimentally. Measuring point 1 is
located at the connection between the engine and the rotary
platform, and measuring point 2 is located below the left-
hand door of the cab, as shown in Figure 5. Obviously,
measuring point 2 is farther away from the engine-piston
pump system (the excitation source) than measuring point 1.

3.3. Vibration Signal Acquisition and Processing. In this
study, the vibration signals of the rotary platform were
collected by an ICP three-way acceleration sensor.
According to the sampling theorem, the sampling frequency
is selected to be 2,000 Hz because the vibration signals of the
rotary platform are generally concentrated below 1,000 Hz.

The frequency-domain analysis method is often used
for vibration signal processing because the frequency-do-
main signals are more intuitive than time-domain signals
[30]. As the vibration signals acquired by the acceleration
sensor are usually time-domain signals, the FFT trans-
formation function in the LMS Test.Lab system was used to
convert the acquired time-domain signals into frequency-
domain signals for the analysis of the vibration
characteristics.



Shock and Vibration

Engine-piston pump system

Road surface
(Excitation source)

Working device
(Excitation source)

l

(Excitation source)

A4

. ) . Hydraulic components » Guide wheel, support
Engine connecting bolts | N | Fixed devices wheel, support wheel,
and fixed devices -
l driving wheel and so on
| Rotary platform |

FIGURE 2: Vibration transmission paths of the rotary platform of hydraulic excavator.

FIGUREe 3: Three-dimensional model of the rotary platform.

TaBLE 1: Simulation results of the first four-order natural fre-
quencies of the rotary platform.

Order Frequency (Hz) Mode shape
1 10.06 Bending
2 15.43 Torsion
3 16.52 Torsion
4 26.21 Bending

FIGURE 4: Vibration test site diagram.

4. Analysis of Vibration Test Results of
Rotary Platform

4.1. Vibration Test under Fixed Collecting Bucket Condition.
The fixed collecting bucket condition provides a modal test
of the rotary platform of the hydraulic excavator. Under the

«({o(lle

FIGURE 5: Measuring point positions on the rotary platform.

fixed collecting bucket condition, the working device of the
hydraulic excavator is taken back and the collecting bucket
test is carried out. As the working device is installed on the
rotary platform of the hydraulic excavator, the rotary
platform will be impacted by the inertial excitation of the
working device as it retracts, which means that the rotary
platform is subjected to a hammer excitation. Therefore, the
impact on the rotary platform due to the retraction of the
working device is equivalent to a swept-sine vibration test of
the rotary platform. In this case, the vibration test under the
fixed collecting bucket condition can be regarded as a modal
test of the rotary platform.

According to the test data, the first four-order natural
frequencies of the rotary platform are obtained as shown in
Table 2. By comparing the test results of the first four-order
natural frequencies of the rotary platform with the simu-
lation results of the first four natural frequencies of the
rotary platform (see Table 1), it can be seen that the modal
simulation results are basically consistent with the test re-
sults. Therefore, it is feasible to obtain the modal of the
rotary platform by experiments under the fixed collecting
bucket condition. This provides a novel idea for testing the
modal of the rotary platform of hydraulic excavator.

4.2. Vibration Test under Fixed Idle Speed Condition.
According to the working principle and structural charac-
teristics of the hydraulic excavator, when it is under the fixed
idle speed condition, the engine is in the working state while
the hydraulic system is not working. Thus, the excitation



TaBLE 2: Test results of the first four-order natural frequencies of
the rotary platform.

Order Frequency (Hz) Mode shape
1 10.16 Bending
2 15.31 Torsion
3 16.23 Torsion
4 26.06 Bending

acting on the hydraulic excavator is mainly engine excita-
tion, and the excitation source is the engine-piston pump
system.

In Figure 5, measuring point 1 is located between the
engine and the rotary platform, and measuring point 2 is
the point on the rotary platform located below the left-
hand door of the cab. Measuring point 2 is farther away
from the engine-piston pump system (the excitation
source) than measuring point 1. Therefore, according to
the vibration characteristics of measuring points 1 and 2,
the vibration characteristics of the rotary platform excited
by the engine excitation can be studied and the vibration
transmission characteristics of the rotary platform can be
analyzed.

Under the fixed idle speed condition, the engine speed is
np=1050r/min, and according to equation (5), the engine
excitation frequency is fr =35Hz. The vibration signals
along the direction perpendicular to the rotary platform
were obtained under the fixed idle speed condition. The
experimental frequency-domain dynamic response charac-
teristic curves of measuring points 1 and 2 under the fixed
idle speed condition are shown in Figures 6 and 7, re-
spectively. It can be seen from Figures 6 and 7 that there are
obvious vibration peaks at the engine excitation frequency
(35Hz). The experimental results show that the rotary
platform is excited by the engine excitation under the fixed
idle speed condition, which is consistent with the theoretical
analysis.

According to the experimental frequency-domain dy-
namic response characteristic curves in Figures 6 and 7, the
values of the vibration peaks corresponding to the engine
excitation frequency at measuring points 1 and 2 are listed in
Table 3. It can be seen from Table 3 that the vibration peak
value at measuring point 2 is 2.12% of that at measuring
point 1. The main reason why the vibration peak value at
measuring point 2 is smaller than that at measuring point 1
is that measuring point 2 is farther away from the engine-
piston pump system than measuring point 1. According to
the vibration transmission characteristics, measuring points
farther away from the excitation source will observe greater
vibration attenuation.

The above results showed that the vibration signals of the
rotary platform revealed the inherent relationship between
the vibration characteristics of the rotary platform and the
engine excitation under the fixed idle speed condition. Thus,
the dynamic characteristics of other related devices of the
hydraulic excavator can be analyzed based on the vibration
characteristics of the rotary platform because the rotary
platform is the indispensable intermediate link in the vi-
bration transmission path of a hydraulic excavator.
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FiIGUurRe 6: Experimental frequency-domain dynamic response
characteristic curves of measuring point 1 in the vertical direction.
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FIGURE 7: Experimental frequency-domain dynamic response
characteristic curves of measuring point 2 in the vertical direction.

4.3. Vibration Test under Fixed Working Condition.
According to the working principle and structural charac-
teristics of the hydraulic excavator, under the fixed working
condition, both the engine and the hydraulic system are in
the working state. Therefore, the excitations acting on the
hydraulic excavator are mainly the engine excitation and the
pressure pulsation excitation of the piston pump under the
fixed working condition, that is, the sources of excitations
are all from the engine-piston pump system.

In Figure 5, measuring points 1 and 2 are on the rotary
platform of the hydraulic excavator, and measuring point 2
is farther away from the excitation source than measuring
point 1. Therefore, based on the vibration characteristics of
measuring points 1 and 2, the vibration characteristics of the
rotary platform simultaneously excited by the engine exci-
tation and the pressure pulsation excitation of the piston
pump can be studied and the vibration transmission
characteristics of the rotary platform can be analyzed.

Under the fixed working condition, the engine speed is
np=2250r/min; according to equation (5), the engine
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TaBLE 3: Comparative analysis of vibration test results under fixed idle speed condition.

Measuring point

Frequency corresponding to vibration peak (Hz)

Vibration peak value (m/s?)

1 34.81
2 35.46

excitation frequency is fr; =75 Hz. As the number of pistons
in the plunger pump is z= 10, equation (7) implies that the
pressure pulsation excitation frequency of the piston pump
is fFZ =375Hz.

The vibration signals along the direction perpendicular
to the rotary platform were obtained by the experiments
under the fixed working condition. The experimental fre-
quency-domain dynamic response characteristic curves of
measuring points 1 and 2 under the fixed working condition
of constant speed rotation are shown in Figures 8 and 9,
respectively. It can be seen from Figures 8 and 9 that there
are obvious vibration peaks at the pressure pulsation exci-
tation frequency (375Hz) and the engine excitation fre-
quency (75Hz). The experimental results show that the
rotary platform is simultaneously excited by the engine
excitation and the pressure pulsation excitation under the
fixed working condition, which is consistent with the the-
oretical analysis results.

According to the experimental frequency-domain dy-
namic response characteristic curves in Figures 8 and 9, the
values of vibration peaks corresponding to the pressure
pulsation excitation frequency (375Hz) and the engine
excitation frequency (75 Hz) at measuring points 1 and 2 are
listed in Table 4. It can be seen from Table 4 that the vi-
bration peak value corresponding to the pressure pulsation
excitation frequency (375 Hz) at measuring point 2 is 67.13%
of that at measuring point 1, that is, when the vibration
excited by the pressure pulsation excitation of the piston
pump is transmitted from measuring point 1 to measuring
point 2, the vibration amplitude suffers an attenuation of
32.87%. Moreover, the vibration peak value corresponding
to the engine excitation frequency (75Hz) at measuring
point 2 is 22.92% of that at measuring point 1, that is, the
vibration excited by the engine excitation suffers an atten-
uation of 77.08% from measuring point 1 to measuring
point 2.

According to the above results, the rotary platform is
simultaneously excited by the engine excitation and the
pressure pulsation excitation under the fixed working
condition. When different excitations are acting on the
rotary platform, the vibration characteristics and the vi-
bration transfer characteristics of the rotary platform are not
identical. Moreover, the above results also showed that the
vibration signals of the rotary platform revealed the inherent
relationship between the vibration characteristics of the
rotary platform and the engine excitation and pressure
pulsation excitation of the piston pump under the fixed
working condition. Because the rotary platform is the load-
bearing substrate of the hydraulic excavator, the dynamic
characteristics of other related devices can be studied by
analyzing both the vibration characteristics of the rotary
platform and the coupling relationship between the rotating
platform and other devices of the hydraulic excavator.
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FiIGUre 8: Experimental frequency-domain dynamic response
characteristic curves of measuring point 1 in the vertical direction.
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FIGURe 9: Experimental frequency-domain dynamic response
characteristic curves of measuring point 2 in the vertical direction.

4.4. Vibration Test under Walking Condition. According to
the working principle and structural characteristics of the
hydraulic excavator, when the hydraulic excavator is under
the walking condition, both the engine and the hydraulic
system are in the working state, that is, under the walking
condition, the hydraulic excavator is not only subject to the
road excitation but also receives the engine excitation and
the pressure pulsation excitation of the piston pump. Thus,
the vibration characteristics of the rotary platform will be
very complicated.

The vibration transmission characteristics of the rotary
platform of the hydraulic excavator have been analyzed in
Sections 4.2 and Sections 4.3 under the fixed idling con-
ditions and the fixed working conditions, respectively. Here,
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TaBLE 4: Comparative analysis of vibration test results under fixed working condition.

Measuring point

Frequency corresponding to vibration peak (Hz)

Vibration peak value (m/s?)

375.86

! 75.14

6.51
2.40

374.49
74.99

4.37
0.55

based on the experimental vibration signals at measuring
point 2, the vibration characteristics of the rotary platform
are analyzed when the rotary platform is simultaneously
excited by the road excitation, the engine excitation, and the
pressure pulsation excitation of the piston pump.

Under the walking condition, the engine speed is
np=22501/min; according to equation (5), the engine ex-
citation frequency is fr; = 75 Hz. As the number of pistons in
the piston pump is z= 10, equation (7) gives the pressure
pulsation excitation frequency to be fr, = 375 Hz. Moreover,
the road excitation must be considered when the hydraulic
excavator is under the walking condition. According to
equation (10) and reference [24], the road excitation fre-
quencies are mainly distributed in the range 8-10 Hz and its
integer multipliers.

The vibration signals along the direction perpendicular to
the rotary platform were obtained by experiments under the
walking condition. The experimental frequency-domain dy-
namic response characteristic curves of measuring point 2
under the rabbit speed walking condition is shown in Fig-
ure 10. It can be seen that there is an obvious vibration peak
near the pressure pulsation excitation frequency (375 Hz),
where the peak value is 1.77 m/s?, and there is a vibration peak
near the engine excitation frequency (75 Hz), where the peak
value is 0.68 m/s?, that is, the rotary platform of the hydraulic
excavator is affected by the pressure pulsation excitation of the
piston pump and the engine excitation. Figure 10 also in-
dicates that there are very dense frequencies in the low-fre-
quency range of the vibration signal, and these are mainly
caused by road excitation. According to these results, it is clear
that under the walking condition, the hydraulic excavator is
not only excited by the road excitation but also by the engine
excitation and the pressure pulsation excitation of the piston
pump. Moreover, the above results also showed that the
vibration signals of the rotary platform revealed the inherent
relationship between the vibration characteristics of the rotary
platform and the engine excitation, pressure pulsation exci-
tation of the piston pump, and road excitation under the
walking condition. Thus, according to the vibration charac-
teristics of the rotary platform, the dynamic characteristics of
other related devices can also be analyzed.

In summary, under complex working conditions such as
a fixed idle speed, fixed working conditions, and walking
conditions, the internal relationships between the vibration
characteristics of the rotary platform and the external ex-
citation characteristics can be analyzed by observing the
vibration signals of the rotary platform. As the rotary
platform is the indispensable intermediate link in the vi-
bration transmission path of a hydraulic excavator, the
dynamic characteristics of the whole machine of the hy-
draulic excavator can be effectively analyzed based on the
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0.00 550.00
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1100.00

Figure 10: Experimental frequency-domain dynamic response
characteristic curves of measuring point 2 in the vertical direction.

vibration characteristics of the rotary platform. This pro-
vides a new idea for deeply studying the dynamic charac-
teristics of the whole machine of the hydraulic excavator
under complex working conditions.

5. Conclusions

The hydraulic excavator was taken as the research object in
this study. The vibration characteristics of the rotary plat-
form of the hydraulic excavator were studied theoretically
and experimentally. The studies show that

(1) The vibration of the rotary platform can be excited
effectively by the inertial excitation of the working
device as it retracts, which is equivalent to a swept-
sine vibration test of the rotary platform. By the
vibration test, the first four natural frequencies of the
rotary platform are obtained, and the results are
verified by the corresponding simulation results. It is
found that the vibration test under the fixed col-
lecting bucket condition can provide a novel and
effective method for testing the modal of the rotary
platform.

(2) The vibration signals of the rotary platform revealed
the inherent relationship between the vibration
characteristics of the rotary platform and the main
excitations under complex working conditions.
Moreover, the dynamic characteristics of other re-
lated devices can be studied by analyzing both the
vibration characteristics of the rotary platform and
the coupling relationship between the rotating
platform and other devices of the hydraulic
excavator.

(3) Under the fixed working condition, the vibration
peak values at measuring points 1 and 2 that are
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excited by the pressure pulsation excitation of the
piston pump are 6.51 m/s> and 4.37 m/s®, respec-
tively, and the corresponding vibration peak values
that are excited by the engine excitation are 2.40 m/s*
and 0.55 m/s’, respectively. The results show that the
influence of the pressure pulsation excitation of the
piston pump on the dynamic characteristics of the
rotary platform is much greater than that of engine
excitation under the fixed working condition.
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