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Compressors are the main excitation source of vibration and noise in camper air-conditioning systems, which directly affects the
NVH characteristics in campers. ,e vibration and noise reduction for camper comfort improvement can be implemented by the
optimization method. ,is paper presents vibration and noise improvement in camper by systematically optimizing the vibration
isolation performance of air-conditioning compressor. To analyze the compressor vibration characteristics, operational vibration
tests under different conditions and modal identification are implemented. Based on the analysis results, a genetic algorithm is
used to optimize the stiffness of the compressor vibration isolation element by the energy decoupling method (EDM). ,e
stiffness, natural frequencies, and energy decoupling rate (EDR) of the compressor vibration isolation system (CVIS) are
compared between preoptimization and postoptimization. ,e stiffness and strength characteristics of the optimized isolation
system are verified by the finite element method. Operational vibration and noise tests of a camper are performed to validate the
optimization effect. ,e improvement of camper comfort demonstrates that the proposed optimization procedure of CVIS
is effective.

1. Introduction

With the rapid development of the social economy and
improvements in road and transportation infrastructure,
campers have become a popular choice for high-end self-
driving travel. However, the using comfort of campers can
be largely affected by the NVH characteristics, which is
mainly caused by air-conditioning systems (ACSs), espe-
cially for trailer-type campers; therefore, much research is
required to reduce the NVH of ACSs for improving camper
comfort, which is mainly caused by the compressors.

,e excitation forces of compressor to the air-condi-
tioning system are very complex. On one hand, the com-
pressor produces the gas force, the friction force between the
roller and cylinder, and inertia force of unbalanced mass of
shaft during the variation of cylinder working volume; on
the other hand, the compressor is driven by permanent
magnet synchronous motor, for which the electromagnetic
vibration is brought on by the radial force, cogging torque,

pulsating torque, and inverter harmonics during operational
vibration measurement. ,e excitation forces is correlated
with both the electromagnetic and the mechanics. ,e vi-
bration characteristics of the camper air-conditioning sys-
tem are different from other vibration systems. ,erefore,
some different points in the vibration and noise investiga-
tion are considered.

For the NVH improvement research of ACSs with
horizontal rolling rotor compressor, many scholars have
carried out much work to reduce the vibration and noise
level of ACSs by using lots of methods. In [1, 2], to analyze
the sources of NVH, the excitation forces such as gas force,
friction force, and eccentric mass inertia force are analyzed.
,e natural characteristics [3] by the finite element method
(FEM), vibration and noise response [4, 5], and unbalance
dynamics of the rotor system by rotor dynamics [6] are also
studied. All the above research on vibration attenuation of
compressor is mainly on the natural characteristics analysis
by FEM, source property analysis, and vibration response
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analysis, which require redesigning the compressor. Due to
the complexity of a compressor system, redesigning efforts
are relatively daunting; the camper vibration isolation sys-
tem (CVIS) is to reduce the vibration transmissibility of
compressor. ,erefore, the vibration response caused by the
compressor can be decreased by the optimization of CVIS,
which costs less than redesigning compressors. Seve [7], Kim
[8], and Li [9] et al. studied the stiffness, shape, and material
improvement of the vibration isolation element. Li [10] and
Li [11] et al. studied the natural frequencies and damping
optimization of a CVIS. Dong [12] and Wang [13] studied
different methods of dynamic modeling and transmissibility
optimization, but the above study was only conducted from
a certain aspect, and there was no systematic and com-
prehensive optimization study. Usually, for a CVIS opti-
mization, three functions can be selected as optimization
objective functions, i.e., minimum vibration transmissibility,
minimum reaction force, and maximum decoupling rate of
the vibration isolation system [14, 15]. For minimum vi-
bration transmissibility, it costs much effort to minimum
transmissibility of all the key DoFs. For minimum reaction
force, it is difficult to calculate the reaction force because it
needs further the torque of CVIS. For maximum decoupling
rate, it can be realized by elasticity center method, stiffness
matrix method, and energy decoupling method (EDM). ,e
elasticity center method enforces the mass center of CVIS to
coincide with the spacial elasticity center, which is practically
difficult. ,e stiffness matrix method is difficult to diago-
nalize both the mass matrix and stiffness matrix for practical
limitation. ,e EDM can be applied at any coordinate
system avoiding the practical limitations and is widely used.
So, the EDM is commonly selected as the objective function.

In this research, the investigated ACS is shown in Fig-
ure 1. ,e vibration isolation performance of CVIS is op-
timized to improve the camper comfort by proposing an
optimization procedure based on EDM. ,e optimization
method based on energy decoupling rate (EDR) of CVIS is
proposed to improve the vibration and noise level of camper.
,en, an operational vibration test and modal identification
test are performed to troubleshoot the vibration and noise
level in the camper. Next, based on the energy decoupling
method, a genetic algorithm is adopted to optimize the
stiffness and EDR of the CVIS, and the vibration isolation
element is redesigned as a large-damping pure rubber
structure. After that, the strength and stiffness of the vi-
bration isolation rubber element is verified by finite element
simulation; finally, operational vibration and noise tests are
performed in a camper to verify the effectiveness of the
optimization.

2. Optimization Method

2.1. Dynamic Energy Decoupling Method. Usually, different
DoFs in a CVIS are coupled, which widens the resonance
frequency band and increases the likelihood of resonance.
,erefore, the vibration and noise level can be effectively
improved by increasing the EDR of different DoFs in the
CVIS. ,e current decoupling methods include the elastic
center method, stiffness matrix method, and energy

decoupling method [16]. Compared with the former two
methods, the energy decoupling method is not constrained
by the system’s structural scale, installation position, and
angle, so the energy decoupling method is selected for this
research.

Due to vibration coupling, for a certain mode, the ex-
citation force (moment) exerted on a system will be con-
verted into kinetic energy and potential energy in the
generalized coordinate system, thereby aggravating the
system vibration. ,e total kinetic energy of the vibration
system in the ith mode can be expressed as
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In equation (1), ωi is the natural frequency of the ith

mode; Mkl is the element of the k row and l column in the
system mass matrix; and (φi)k and (φi)l are the k and l

elements of the ith mode, respectively; i, k, and l � 1, 2, . . . , 6.
,e kinetic energy in the ith mode of the kth generalized

coordinate system is
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Combining equations (1) with (2), the total vibration
kinetic energy of the ith mode can be obtained by super-
posing the six component kinetic energies Ei

k. According to
the energy conservation law, when there is more kinetic
energy distributed in one direction of the ith mode, there will
be less kinetic energy in other directions.

,erefore, the ratio of kinetic energy in the k direction to
the total kinetic energy of the system can be expressed as
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∗ 100%, (3)

where Tki is the EDR of the kth direction at the ith mode.
When the value is 100%, the CVIS is completely decoupled
in this mode; that is, vibration occurs only in one direction.
Practically, it is difficult to achieve the complete decoupling
of one CVIS, so in this research, the EDR in the main vi-
bration direction is greater than 90%, and the EDR in other
directions is greater than 80%.

Compressor system 

Outer cooling fan 

Inner cooling fan 

Figure 1: Air-conditioning system with rolling rotor compressor.
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2.2.OptimizationProcedureBased onEDR. According to the
state of art and aforementioned research review, it is con-
ventional to select EDR as the objective function for the
optimization of CVIS. ,erefore, in the next section, the
optimization procedure based on EDR is elaborated.

2.2.1. Objective Function. Owning to that the influence
degree of each DoF to the isolation performance of CVIS is
different, the objective function can be expressed by
weighting the EDR of the main mode shapes of each mode:

Fi(x) � min 
6

i�1
αi 100% − max Tki(  

⎧⎨

⎩
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where αi represents the weighting coefficient corresponding
to the frequency of the ith mode, and Tki represents the EDR
of the kth direction of the ith mode.

2.2.2. Design Variables. Due to the structural limitations of
air conditioning, in this paper, the three-dimensional
stiffness is taken as the design variable. Considering that the
vibration isolation element is an axisymmetric structure, the
design variables are x � [ku1, kw1, ku2, kw2, ku3, kw3, ku4, kw4].

2.2.3. Constraint Conditions. According to the vibration
isolation theory and deformation limitation angle design, the
natural frequency distribution constraints and stiffness
constraints of vibration isolation elements can be expressed
as
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where fi is the ith natural frequency and kuj and kwj are the
stiffness of the U and W directions of the jth vibration
isolation element, respectively.

3. Optimization Analysis and Results

3.1. Vibration Analysis of Camper Air-Conditioning System

3.1.1. Operational Vibration Analysis. To analyze and trou-
bleshoot the vibration and noise characteristics in a camper
caused by a compressor, a vibration test is performed under
starting, steady-state, and stopping operational conditions
according to the GB/T7777-2003 (standard for mechanical
vibration measurement to evaluate the compressor

displacement). ,e instruments used mainly include Simcenter
Testlab software for vibration measurement and analysis, a
SCADAS data acquisition front-end system, PCB vibration
accelerometers, and an acoustic microphone. To avoid the
influence of background vibration, the vibration measurement
point is selected at the position of the camper ceiling corre-
sponding to the compressor system (as shown in Figure 2(a)); a
noisemeasurement point is selected at the position of the virtual
ear of the camper’s right bed. ,e microphone placement near
the right bed is shown in Figure 2(b).

As the duration times of different conditions are dif-
ferent, the signal acquisition times for the starting, steady-
state, and stopping conditions are set to be different (24 s,
10 s, and 10 s, respectively). ,e vibration test results of the
response point under three operational conditions are
shown in Figure 3.

Figure 3 shows the time domain vibration response of
the starting, steady-state, and stopping conditions, and it can
be concluded that the vibration amplitude of the negative Z
direction at the camper interior surface corresponding to the
compressor is the highest. ,erefore, to accurately analyze
the relevance between the vibration of the compressor and
the vibration response in the camper, the vibration colormap
and the time slice vibration curves of the negative Z direction
at the camper interior surface corresponding to the outer
compressor under three operational conditions are analyzed,
as shown in Figures 4 to 6.

It can be seen in Figure 5 that there are three obvious
peaks for the vibration response in the camper under steady-
state conditions: 49.2Hz, 100Hz, and 300Hz. According to
the excitation characteristics of the compressor, the internal
eccentric mass rotor generates an unbalanced inertial force
[4] during the rotation, and the frequency is the same as the
operational frequency under steady-state conditions
[4, 5, 17]. ,e power frequency of the motor is 50Hz.
According to the characteristics of the internal electro-
magnetic force of the motor in the air gap magnetic field, the
vibration at 100Hz and 300Hz is harmonic oscillation
caused by the radial electromagnetic force, which exists at all
three operational conditions.

It can be seen in Figure 4 (vibration response under the
starting condition) and Figure 6 (vibration response under
the stopping condition) that in addition to the obvious peaks
at 49.6Hz, 99.6Hz, and 300Hz, serious vibration peaks also
occur at 6.8Hz (7.2Hz in Figure 6(b)), 22.8Hz (under
starting conditions), and 22.00Hz (under stopping condi-
tions). It can be seen in the colormap that the vibration peaks
at 7.2Hz only appear momentarily during the compressor
starting and stopping process and not the steady-state
condition.

,erefore, it can be assumed that the serious vibrations
at 7.2Hz and 22.0Hz are caused by the resonance of ro-
tational excitation frequencies and natural frequencies of the
compressor during the acceleration or deceleration of rotary
speed under the starting and stopping processes.

3.1.2. Modal Identification Analysis of CVIS. To further
study the cause of the transient vibration peaks at 7.2Hz or
6.8Hz, 22.8Hz, or 22.00Hz under the starting and stopping

Mathematical Problems in Engineering 3



Accelerometer 

(a)

Sound microphone 
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Figure 2: Accelerometer and microphone placement for the operational test. (a) Accelerometer placement for vibration test. (b) Mi-
crophone placement near the right bed.
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Figure 3: Operational vibration responses in the time domain. (a) Operational vibration response during the starting process. (b)
Operational vibration during the steady-state process. (c) Operational vibration response during the stopping process.
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conditions of the camper, an operational modal test is
necessary to validate the above supposition. Based on an
optimal accelerometer placement by the modal kinetic en-
ergy method [18–20], the multiple reference point least
multiplied complex frequency domain method [21, 22] is
adopted to identify the modal parameters by the hammer
impact modal test with the reasonable of excitation points
and response points and frequency bandwidth determina-
tion [23, 24]. Due to space limitations, only the modal
frequencies and mode shapes of the translational Z and
rotational X directions of the CVIS are given, as shown in
Table 1.

From the modal identification results in Table 1, within
the margin of error, the natural frequencies of the trans-
lational Z direction (7.18Hz) and rotational X direction
(22.44Hz) are the same as the frequencies of the vibration
peaks during the start and stop conditions of the response

point in the camper. It can be concluded that the violent
vibration during starting and stopping conditions is caused
by the resonance of the compressor excitation frequency
with its natural frequency of translational Z and rotational X
directions.

3.2. Optimization Analysis of CVIS

3.2.1. Stiffness, Natural Frequencies, and EDR of CVIS before
Optimization. In this research, the compressor mass is
14.35 kg, and the rotational inertia and inertia product
parameters are shown in Table 2. By setting the back face
center of the compressor cylinder as the coordinate origin,
the horizontal direction from cylinder to motor in com-
pressor as the X axis, the horizontal direction from the
compressor to the reservoir as the Y axis, and the third axis
confirmed by right-hand rule as Z axis, the reference
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Figure 4: Vibration colormap and time slice frequency spectrum of the response point under starting conditions. (a) Vibration response
colormap. (b) Vibration frequency spectrum at 16.3 s time slice.
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Figure 5: Vibration colormap and time slice frequency spectrum of the response point under steady-state conditions. (a) Vibration response
colormap. (b) Vibration frequency spectrum at 5.0 s time slice.
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Table 1: Modal characteristics of CVIS.

Orders Natural frequencies (Hz) Modes Mode shapes

4th 7.18Hz Translational Z

6th 22.44Hz Rotational X
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Figure 6: Vibration colormap and time slice frequency spectrum of the response point under stopping conditions. (a) Vibration response
colormap. (b) Vibration frequency spectrum at 6.3 s time slice.
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Figure 7: ,e vibration isolation element structure pre/postoptimization. (a) Preoptimized element structure. (b) Postoptimized element
structure.
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coordinate system is established. ,e coordinates for the
installation position of the vibration isolation element under
the compressor reference coordinate system are shown in
Table 3. ,e three-dimensional stiffness of the vibration
isolation element is shown in Table 4.

,e natural frequencies and EDR are solved by MAT-
LAB, the results of which are shown in Table 5.

,e EDR of translational Z and rotational X directions is
the main concern for the CVIS. It can be seen in Table 5 that
the EDR of the rotational X direction is only 83%, which is
less than the 90% required in practical engineering. ,ere is
also vibration coupling to a certain degree in other direc-
tions.,erefore, it is necessary to further optimize the CVIS.
To analyze the cause of the vibration and noise in the
compressor system, an operational vibration test and modal
identification are carried out in the next section. Here, note
that it is the inevitable simulation error that causes theminus
EDR of rotational X of 5th order marked red. Usually, all the
EDRs are not less than zero.

3.2.2. Stiffness, Natural Frequencies, and EDR of CVIS after
Optimization. For the EDR optimization in this paper, the
EDRs of rotational X and translational Z are the key factors;
therefore, the weighting coefficient of all the six DoFs in
equation (4) is set as 0.1, 0.1, 0.3, 0.3, 0.1, and 0.1.,e EDR of
the CVIS is optimized by using a genetic algorithm in
MATLAB. ,e element stiffness, natural frequencies, and
decoupling degree of the CVIS after optimization are shown
in Tables 6 and 7. ,en, the stiffness and strength of the
vibration isolation element are verified by finite element
simulation.

It can be concluded in Table 6 that after optimization, the
stiffness of theW direction increases, and the stiffness of the
U and V directions decreases, which is more beneficial for
controlling the vibration isolation of the W direction.

Due to the obvious resonance peaks under the starting
and stopping conditions of the compressor, the vibration
isolation element is redesigned as a pure rubber structure
with large damping, whose structure before and after op-
timization is shown in Figure 7.

Comparing the results in Tables 5 and 7, it can be
concluded that the EDRs of the translational Z direction and
rotational X direction after optimization are improved to
99.81% and 98.68%, respectively; the EDRs of other direc-
tions are also greater than 80%; therefore, the system vi-
bration coupling is significantly reduced.

To compare the natural frequencies and EDR of the
CVIS between preoptimization and postoptimization, the
comparison results are shown in Tables 8 and 9, respectively.

It can be seen in Table 8 that the natural frequencies of
the optimized CVIS range between 5Hz and 24Hz, and the
maximum natural frequency is much smaller than 1/

�
2

√

times the compressor’s excitation frequency, which meets the
requirement of vibration isolation. ,e minimum natural fre-
quency is greater than 5Hz, which avoids resonance with low-
frequency excitation from the road surface and resonance with
modes of the camper body. In addition, the natural frequency
interval between the translational Z direction and rotational X
direction is 11.42Hz, and the minimum interval between each
natural frequency is increased from 0.05Hz to 0.75Hz, which
avoids resonance among vibration modes with a larger possi-
bility and reduces the vibration resonance bandwidth.

It can be seen in Table 9 that the EDRs of all DoFs in the
CVIS after optimization have been significantly improved
and all of which exceed 90%. ,e EDRs of translational Z
and rotational X increased from 93.39% to 83.00% to 99.79%
and 98.66%, respectively, which means that the vibration
coupling phenomenon is improved and the vibration iso-
lation performance is enhanced.

Table 3: Installation location of vibration isolation elements (mm).

Vibration isolation element location X Y Z
Front left 227.54 74.30 −64.28
Front right 227.54 −74.30 −64.28
Rear left 46.64 74.30 −64.28
Rear right 46.64 −74.30 −64.28

Table 2: Rotational inertia and inertial product of the compressor
(kg∗m2).

Ixx Iyy Izz Ixy Iyz Izx

0.0275 0.0807 0.0777 −0.0010 −0.0001 0.0062

Table 4: ,ree-dimensional stiffness of the vibration isolation
element of preoptimization (N/mm).

Vibration isolation element location U V W
Front left 15 15 6.75
Front right 15 15 6.75
Rear left 15 15 6.75
Rear right 15 15 6.75

Table 5: Natural frequencies (Hz) and EDR (%) of the CVIS of
preoptimization.

Order 1 2 3 4 5 6
Frequency 5.56 5.61 6.97 15.17 16.50 21.67
Translational X 19.6 38.80 4.70 36.76 0.28 0.01
Translational Y 53.37 29.10 0.19 0.03 0.65 16.66
Translational Z 3.42 3.10 93.39 0.09 0.00 0.00
Rotational X 11.39 5.73 0.03 0.02 −0.16 83.00
Rotational Y 12.25 23.19 1.69 62.44 0.40 0.03
Rotational Z 0.11 0.09 0.00 0.65 98.84 0.31

Table 6: ,ree-dimensional stiffness of the vibration isolation
element of postoptimization (N/mm).

Vibration isolation element location U V W
Front left 3.6 3.6 24.5
Front right 3.6 3.6 24.5
Rear left 9.2 9.2 20.0
Rear right 9.2 9.2 20.0

Mathematical Problems in Engineering 7



3.2.3. Optimized Stiffness and Strength Verification. To
verify whether the stiffness of the vibration isolation element
after theoretical optimization concurs with the actual stiff-
ness of the vibration isolation element, the stiffness and
strength of the vibration isolation element are confirmed by
finite element simulation.

(1) Stiffness Verification. ,e stiffness of the vibration iso-
lation element is simulated by using ABAQUS, and the
vertical displacement simulation results are shown in
Figure 8.

It can be seen in Figure 8 that the maximum vertical
displacements of the front and rear vibration isolation
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Figure 8: Displacement simulation results of the front and rear vibration isolation elements. (a) Front vibration isolation rubber. (b) Rear
vibration isolation rubber.

Table 7: Natural frequencies (Hz) and EDR (%) of the CVIS-postoptimization.

Orders 1 2 3 4 5 6
Frequencies 5.38 6.15 11.30 12.53 16.45 23.93
Translational X 0.08 96.73 0.00 0.01 3.17 0.00
Translational Y 90.97 0.09 7.26 0.02 0.00 1.67
Translational Z 0.00 0.00 0.07 99.79 0.11 0.03
Rotational X 1.43 0.00 −0.19 0.02 0.06 98.67
Rotational Y 0.00 3.18 0.01 0.10 96.66 0.07
Rotational Z 7.52 0.00 92.85 0.06 0.01 −0.43

Table 8: Natural frequency comparison of CVIS between preoptimization and postoptimization.

Order 1st 2nd 3rd 4th 5th 6th

Natural frequencies Preoptimization 5.56 5.61 6.97 15.17 16.50 21.69
Postoptimization 5.38 6.15 11.30 12.53 16.45 23.93

Table 9: EDR comparison of CVIS between preoptimization and postoptimization.

DoF with principal vibration
energy Translational X Translational Y Translational Z Rotational X Rotational Y Rotational Z

EDR (%) Preoptimization 38.80 53.37 93.39 83.00 62.44 98.84
Postoptimization 96.73 90.97 99.79 98.67 96.66 92.85
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elements are 1.615mm and 1.581mm, and the com-
pression deformation ratios are 4.68% and 4.58%; the
vertical stiffness values are 24.53 N/mm and 19.45 N/mm,
respectively, with optimization value errors of 0.12% and
2.85%, respectively. ,e results show that the physically
processed vibration isolation elements meet the stiffness
requirement.

(2) Strength Verification. ,e strength verification is simu-
lated by using ABAQUS, and the corresponding section
stress map, overall stress map, and vertical displacement
map are obtained, as shown in Figures 9 to 11.

It can be seen in Figures 9 and 10 that the maximum
equivalent stresses of the front and rear vibration isolation
elements are 0.2776MPa and 0.217MPa, respectively, and
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Figure 10: Overall stress map of the front and rear vibration isolation elements. (a) Front vibration isolation rubber. (b) Rear vibration
isolation rubber.
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Figure 9: ,e section stress map of the front and rear vibration isolation elements. (a) Front vibration isolation rubber. (b) Rear vibration
isolation rubber.
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Figure 11: Vertical displacement map of the front and rear vibration isolation elements. (a) Front vibration isolation rubber. (b) Rear
vibration isolation rubber.
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Figure 12: Continued.
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they all occur at the outer surface of the second U-shaped
groove. ,e allowable stress of native rubber is 1.5MPa.
Obviously, the front and rear vibration isolation elements
meet the allowable stress requirements.

Figure 11 shows that the maximum vertical displace-
ments of the front and rear vibration isolation elements are
3.096mm and 3.041mm, respectively, and the compressed
deformation ratios of the two elements are 8.97% and 8.80%,

both of which meet the maximum allowable deformation
ratio of less than 10%.

4. Optimization Validation

To verify the optimization benefit to improving the vibra-
tions of air-conditioning systems, the optimization effect is
validated by a camper operational vibration and noise test
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Figure 13: ,e time domain vibration of the response point in the camper under preoptimized and postoptimized steady-state conditions.
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Figure 12: ,e time domain vibration of the response point in the camper under preoptimized and postoptimized starting
conditions. (a) Vibration comparison in the X direction. (b) Vibration comparison in the Y direction. (c) Vibration comparison in the
Z direction.
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under starting, steady-state, and stopping conditions both
before and after optimization with the same test environ-
ment at the same time. For the preoptimization test in this
section, a period of time has elapsed since the vibration test
for troubleshooting the problem in Section 3, and the test
conditions and environments for these two tests are very
different. ,erefore, it is the comparison between the pre-
optimization and postoptimization of this section and not
the comparison between the postoptimization in this section
and the test results in Section 3, which will be used to validate
the optimization effect.

4.1. Vibration Response Analysis. ,e vibration comparison
results are shown in Figures 12 to 14, and the noise com-
parison results are shown in Figure 15.

Under the starting condition of air conditioning in
Figure 12, the vibration peak value in the X direction at the
response point was reduced from 2.52m/s2 to 1.32m/s2,
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Figure 14:,e time domain vibration of the response point in the camper under preoptimized and postoptimized steady-state and stopping
conditions. (a) Vibration comparison in the X direction. (b) Vibration comparison in the Y direction. (c) Vibration comparison in the Z
direction.
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with a reduction rate of 47.62%; the vibration peak value in
theY direction was reduced from 2.69m/s2 to 1.37m/s2, with
a reduction rate of 49.07%, and the vibration peak value in
the Z direction was reduced from 2.71m/s2 to 1.43m/s2, with
a reduction rate of 47.23%.

It can be seen in Figure 13 that under the steady-state
condition of the air-conditioning system, the response vi-
bration is basically unchanged in both the X and Y direc-
tions, but the Z direction vibration of interest is reduced by
more than 0.13m/s2.

It can be seen in Figure 14 that under the stopping
condition, the vibration peak value at the response point is
reduced from 2.46m/s2 to 1.49m/s2 in the X direction, with
a reduction rate of 39.43%, from 2.57m/s2 to 1.55m/s2 in the
Y direction, with a reduction rate of 39.68%, and from
2.66m/s2 to 1.63m/s2 in the Z direction, with a reduction
rate of 38.72%.

4.2. Noise Response Analysis. ,e noise response at the
position of the virtual human ear of the right bed in the
camper is compared between preoptimization and post-
optimization, and the comparison result is shown in
Figure 15.

It can be seen in Figure 15 that the noise pressure in the
camper is reduced by 2.23 dB after optimization, indicating
that the camper comfort is improved after optimization.

5. Conclusion and Discussion

,is paper has introduced an optimization procedure of the
vibration isolation system based on the energy decoupling
method for improving the camper comfort. Based on the
operational vibration and noise test, a genetic algorithm is used
to optimize the EDR of CVIS and the optimization effectiveness
is verified by simulations and operational tests. ,e conclusions
are obtained as follows:

(a) ,e presented optimization procedure offers a sys-
tematical method for the optimization of CVIS for
the camper air-conditioning system, which provides
an additional strategy reducing vibration and noise
level of camper comfort

(b) ,e operational vibration and noise test and modal
identification indicate that the severe vibration in the
camper air-conditioning system during starting and
stopping is caused by the vibration resonance of the
compressor rotational excitation frequencies with
the compressor system natural frequencies

(c) ,e energy decoupling rates of CVIS are optimized
by a genetic algorithm, and the stiffness and strength
is verified by FEM simulation, of which the analysis
results between preoptimization and post-
optimization show that the sated optimization
method is effective numerically

(d) ,e redesigned rubber isolation element is tested
by the operational test, of which the vibration and
noise test results suggest that the camper comfort
is noticeably promoted; however, further

designing types of isolation elements deserve to be
explored

,e stated systematical optimization method is ef-
fective to enhance the excitation force transmissibility of
CASs to reduce vibration and noise in the camper;
however, further combined methods are hopeful to be
investigated, such as combining all excitation forces
simulation of compressors by numerical methods with
the optimization methods in this paper, better en-
hancement of camper comfort is to be obtained. Fur-
thermore, the transfer path contribution of each rubber
isolation element to the interested response points in
camper should be studied quantitatively, which can be
used to determine a better weighting coefficient in
equation (4) for better EDR optimization results.
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