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0 Introduction

In the concept design stage of a vehicle program, 
acoustical targets are defined according to performance 
requirements. This process is typically conducted using 

primarily benchmark information regarding the position 
of the vehicle within its market segment. A sound 
package “Bill of Material” is then created and packaging 
spaces are reserved in the design based on experience 
and competitive offering. Statistical Energy Analysis
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【Abstract】 Statistical Energy Analysis (SEA) is one of the conventional tools for predicting vehicle high-frequency 

acoustic responses. This study proposes a new method that can provide customized optimization solutions to meet NVH 
targets based on the specific needs of different project teams during the initial project stages. This approach innovatively 
integrates dynamic optimization, Radial Basis Function(RBF), and Fuzzy Design Variables Genetic Algorithm(FDVGA) into 
the optimization process of Statistical Energy Analysis(SEA), and also takes vehicle sheet metal into account in the 
optimization of sound packages. In the implementation process, a correlation model is established through Python scripts to 
link material density with acoustic parameters, weight, and cost. By combining Optimus and VaOne software, an 
optimization design workflow is constructed and the optimization design process is successfully executed. Under various 
constraints related to acoustic performance, weight and cost, a globally optimal design is achieved. This technology has been 
effectively applied in the field of Battery Electric Vehicle(BEV).
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(SEA) methods are well developed within the automotive 
industry and have been shown to be effective for vehicle 
sound package design[1-3]. Optimization of sound package 
can be studied and conducted with this tool. Pan from 
Rieter Automotive has studied the sound package 
optimal design with respect to weight, cost and acoustical 
performance by Genetic Algorithms (GA) in 2003[4].  
Wentzel from Roush Industries has developed an 
interactive approach to the design of a balanced vehicle 
sound package in 2007[5]. Lee from Seoul National 
University of Korea and Thomas from Melbourne 
Business School studied the key sound package part-
dash insulator and floor carpet optimization design[6-7]. 
These approaches have been successful in achieving 
balance vehicle sound packages. However, there are 
several practical limitations in practice.

Firstly, the frequency ranges of interest for vehicle 
acoustic performance spans from 200 Hz to 8 000 Hz, 
which has 17 central frequency points under 4 condi⁃
tions, including front and rear tire patch noise reduction, 
front and rear motor noise reduction. The noise reduction 
performance at each of central frequency needs to be 
achieved. This represent a typical multi-targets-condi⁃
tions optimization. The GA used by Pan isn’t suitable to 
this comprehensive solution since the optimal search in 
the design space will be a huge work. Therefore, each 
central frequency performance was simplified to a sum of 
weighted values[4]. Taguchi analysis used by Thomas and 
the part contribution analysis used by Lee were sensi⁃
tivity analysis other than optimization searches[6-7].

Secondly, a full vehicle noise reduction performance 
can be cascaded to several local sound insulation 
systems like dash area, floor area, etc. The local sound 
insulation system includes not only sound package parts 
but body sheet metal. It isn’t a real optimal solution if 
only sound package parts considered because both of 
them are the key factors for sound insulation. Besides 
that, different locations for one part should have different 
designs to achieve the leanest design according to the 
actual vehicle sound field. Only sound package parts as a 
whole were discussed in the study of Pan Jian and 
Richard[4-5]. Moreover, dash insulator and floor carpet 
were discussed in the study of Lee and Thomas[6-7].

Thirdly, sound package part is normally made of 
heavy layer plus foam or fiber decoupler. Surface density 
is the key design variable of the mass layer. Volume 
density and thickness are the key design variables of the 
foam or fiber. The material Biot parameters like porosity 
and flow resistance will be different when the material 
density and thickness are changed[8-10]. This issue was 
never clarified in all the referenced literature. The 
relationship between material Biot parameters and design 
variables should be considered in the process of the 
optimization. 

In this paper, the Radial Basis Function(RBF) meth⁃
od[11] is introduced for the agent model establishment. 
Dynamic optimization and Fuzzy Design Variables Genetic 
Algorithm (FDVGA) are introduced as the optimization 
tools. FDVGA is developed by Yang and Chen[12-13] and is 
designed for multi-targets-condition optimization. A 
battery electric vehicle(BEV) SEA model is created to 
the study. Both sound package parts and related sheet 
metals are considered for the optimization. The relation⁃
ship between volume density and thickness of the foam 
or fiber material and Biot parameters is established with 
Python programs. A total of 86 body sheet metals and 
sound package design variables for a new BEV program 
are optimized regarding program team need. 
1 Dynamic Optimization and RBF

One of major features of full vehicle noise reduction per⁃
formance is “the barrel effect”, which means it mainly 
depends on the weakest local sound insulation systems. 
Partial parameters in the weakest area has similar effect 
to acoustic performance. Therefore, in terms of mathe⁃
matics, there are numerous local optimal solutions of full 
vehicle noise reduction performance optimization to 
achieve lowest possible mass or cost.

Most optimization processes include the following 3 
steps: (1)Conducting experiments using the designing of 
experiments(DOE) method to acquiring uniform sample 
data. (2)Training an approximate surrogate model based 
on the sample data. (3)Performing optimization with a 
genetic algorithm and the trained surrogate model to 
obtain the optimal design. However, this approach has 
been found to be inadequate for this scene owing to low 
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precision surrogate model during trials. As shown in 
Fig. 1, this paper introduces a dynamic optimization 
process, which involves one or more additional 
experiments around potentially optimal design domain 
that would be conducted following the regular 
optimization process, if the last optimization fails to meet 
the optimization goal by the results. New data for training 
would be composed by these additional sample data and 
original sample data. This process would be continued 
until the optimization goal is achieved. These additional 
experiments would effectively enhance the precision in 
most concerned area which includes the optimal solution 
identified by the algorithm.

Achieve optimizational goal

Not achieve
optimizational
goalCheckingChecking by SEA analysis

Results: potentially optimal perfor⁃
mance results

OptimizationOptimization by genetic algorithm with 
surrogate model
Results:potentially optimal design

Surrogate modelApproximate model trained by sample 
data
Results:surrogate model

Design of Experlments(DOE)Calculationnal experiments of SEA 
analysis in whole design domains
Results: experimental sample data in 
whole design domains

Local DOE
A few calculational experiments of SEA 
analysis around potentially optimal design 
domian
Results: experimental sample data around 
potentially optimal design domain

Merge

Over

Start

Fig.1 Flow chart of dynamic optimization

Further, the RBF algorithm is well known for its 
ability to approximate to local zone, but its precision 
strongly depends on its numerous parameters. Some 
researchers used genetic algorithm to obtain a better set 
of parameters[14], however it requires a lot of data and 
training time. A custom developed Radial Basis Function
(RBF) surrogate model by back propagation[15] has been 
investigated. Considering model would been trained 
repeatedly, following measures as Fig. 2 shown has been 
taken to improve training efficiency: (1)Gain the linear 
coefficient w by pseudo-inverse matrix of the product of 
middle layer matrix and real y to reduce the training 
computational complexity, and accelerate the training 
and improve the computational accuracy. (2)Limit the 
maximum number of iteration steps from traditional large 
order of magnitude to less than 100. (3)Increase learning 

rate to obtain optimal possible parameters in few steps, 
owing to step 1, a large learning rate would not cause 
divergence. The custom developed RBF algorithm could 
juggle efficiency and local approximation precision.

Back propagation
Limit the maximum number of iteration steps.

Increasing
learning rate to
obtain optimal
possible
parameters
efficiently.

Solving w by
pseudo-inverse
matrix.

Forward calculation
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Fig.2 Custom developed RBF illustration

2 SEA Model and Optimization Flow Process 
Created

A four-door sedan EV SEA model as shown in Fig.3 was 
created. The model was built based on a validated 
previous similar project model and guaranteed with good 
precise in order to achieve the precise optimization 
results. The parts to be optimized are shown in Fig.4. A 
total of 86 design parameters undergoing optimization is 
listed in Table.1.

Fig.3 A BEV SEA model

Rear wheelhouse insulatorTrunk outerinsulatorTrunk carpet

Main carpet Dash insulator Dash outerinsulator

The vehicleSEA model

Fig.4 Optimization parts

1 python program was written to make density, 
thickness, coverage rate, related to weight and cost. 

Ms =∑i = 1
n (S × Ti × ρi ) （1）

M total =∑j = 1
m (CRsj × Msj ) （2）

C total =∑j = 1
m ( Msj × Psj ÷ α ) （3）

In the equation: M total refers to the total weight of the 
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panels and sound package parts, C total refers to the total 
cost of the panels and sound package parts, Ms refers to 
the weight of the part or the panel, S refers to the area of 
the part or the panel, T refers to the thickness of the layer 
of the part or the panel, ρ refers to the density of the layer 
of the part or the panel, the CRs refers to the coverage of 
the part or the panel, Ps refers to the unit price of the 
material per kg, α refers to the quotient obtained by 
diving material cost by total cost, normally is 0.7, i refers 
to the layer of the part or the panel, n refers to the total 
number of layers of the part or the panel, j refers to the 
index of the part or the panel dependently, m refers to the 
total number of the parts and the panels.

1 python program was written to transform the 
Sound Pressure Level(SPL) to Noise Reduction(NR), 
which is the engineering metrics for vehicle insulation.

Ni = Ssi - Sci （4）
In the equation: Ni refers to the noise reduction at the i-
th central frequency, Ssi refers to the sound pressure level 
of source at the i-th central frequency, Sci refers to the 
sound pressure level of vehicle interior compartment at 
the i-th central frequency.

1 python program was written to transform the 
density and thickness of the foam or fiber to material 
parameters.

n = ρ/ρ0 （5）
σ = σ0*n （6）

ϕ = 1 - ( )1 - ϕ0 *n （7）
α∞ = 1 - ( )1 - α∞0 *n （8）

Λ = Λ0 / n （9）

Λ′ = Λ′0 / n （10）
In the equation: n refers to the density ratio, ρ refers to 
the changed density, ρ0 refers to the initial density, σ 
refers to the changed resistivity, σ0 refers to the initial 
resistivity, ϕ refers to the changed porosity, ϕ0 refers to 
the initial porosity, α∞ refers to the changed tortuosity, 
α∞0 refers to the initial tortuosity, Λ refers to the changed 
viscous characteristic lengths, Λ0 refers to the initial 
viscous characteristic lengths, Λ′ refers to the changed 
thermal characteristic lengths, Λ′0 refers to the initial 
thermal characteristic lengths.

Calculate the lowest cost design with the constraint 
of achieving acoustic performance. The constraint 
function can be defined as:

Δi = Ni - Ti > 0 （11）
In the equation: i refers to 1/3 octave center frequency 
index, and the frequency range of interest in this paper is 
200~8 000 Hz. N refers to the noise reduction, including 
TPNR and MNR. TPNR refers to the tire patch noise 
reduction, including front and rear tire. MNR refers to 
the motor noise reduction, including front and rear motor. 
T refers to the target value. Δ refers to the difference 
obtained by subtracting the target value from the noise 
reduction.

Then a vehicle noise reduction calculation work 
flow was built to process the optimization calculation as 
shown in Fig. 5. The work flow shows how to process 
design parameters to noise reduction. Then the 
customized optimization can be done with the flow chart 
shown in Fig. 1. The flow was cycled back and forth till 

Part
Dash insulator soft felt
Dash insulator hard felt

Dash insulator mass layer
Dash panel

Dash outer insulator
Main carpet soft felt
Main carpet hard felt

Main carpet mass layer
Floor panel(F)

Trunk carpet soft felt
Trunk carpet hard felt

Parameters
Density or Thickness
Density or Thickness

Area density
Thickness
Thickness

Density or Thickness
Density or Thickness

Area density
Thickness

Density or Thickness
Density or Thickness

Quantity
9
2
2
5
4
7
2
6
1
9
2

Part
Trunk carpet mass layer

Trunk carpet fabric 
Floor panel(R)

Trunk outer insulator
Rear wheel house insulator soft felt

Rear wheel house insulator mass layer
Rear wheel house panel

Engine upper shield
Engine under shield 

Rear power under shield
Total

Parameters
Area density
Thickness
Thickness
Thickness

Density or Thickness
Area density
Thickness

Density or Coverage
Density or Coverage
Density or Coverage

Quantity
1
1
6
5
2
1
1

12
3
5

86

Table 1 Design parameters
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the global optimized parameters were found. 
Customized optimizations from program team were 

needed as follows: The primary objective was to achieve 
the lowest possible total cost. However, it was essential 
that these optimizations were carried out without 
compromising the NR performance.
3 Result and Discussion

In this problem, the cost of the initial sound package 
and panel design is ＄318. Acoustical performance for 
the initial design and acoustical targets were analyzed 
as shown in  Fig. 6. A minimum total cost was 
calculated with the constraint of acoustical targets 
achievement.

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

F_ENR_Targets
The initial design

NR
/dB

（a）Front motor noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

R_ENR_Targets
The initial design

NR
/dB

（b）Rear motor noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

LF_ENR_Targets
The initial design

NR
/dB

（c）Left front tire patch noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

LR_ENR_Targets
The initial design

NR
/dB

（d）Left rear tire patch noise reduction
Fig.6 Acoustical performance for the initial design and 

acoustical targets

An agent model was established with RBF method. 
Optimization was carried out via FDVGA with a 
population size of 860 and terminated at the 200th 
generation. The optimization took just under 60 h  and 
involved 12 040 000 function evaluations. 

Table 2~5 list the results of the top 20 most 
sensitive design variables under 4 different conditions, 
respectively. It is important to note that Design Sensitivity 
Analysis(DSA) results may be either positive or negative. 
The positive DSA result indicates an increase in noise 
reduction at driver’s ear location, while the negative result 
indicates a decrease in noise reduction at the location.

Fig.5 The work flow for vehicle noise reduction analysis

Transform between felt density and
other acoustic parameters(Python)

Mass and cost caculation
(Python)

Design parameters definition
(Python)

Front/Rear Motor, Front/Rear Road SPL 
Caculation

Transform between SPL and NR
for optimization constraint

(Python)

Rear TPNR

Front TPNR

Rear MNR

Front MNR
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To increase F-MNR, the top 5 most efficient ways 
are: to increase dash insulator second PolyOlefin 
Elastomer(POE) surface mass, to increase dash insulator 
first POE surface mass, to increase upper dash panel 
thickness, to increase middle upper dash panel 
thickness, and to increase dash insulator hard felt 
thickness.

To enhance R-MNR, the 5 most effective methods 
are as follows: 

(1)To increase the rear power under shield foam 
thickness.

(2)To increase rear wheel house panel thickness.
(3)To increase rear wheel house insulator felt 

thickness.
(4)To increase trunk carpet hard felt thickness. 
(5)To increase lower tool kit carpet soft felt 

thickness.
To increase LF-TPNR, the 5 most efficient ways are 

as follows: 
(1)To increase dash insulator second POE surface 

mass. 
(2)To increase dash insulator hard felt thickness. 
(3)To increase dash insulator first POE surface mass.
(4)To increase lower dash insulator soft felt thickness.
(5)To increase upper dash panel thickness.
To increase LR-TPNR, the 5 most efficient ways 

are as follows: 
(1)To increase rear wheel house insulator felt 

thickness.
(2)To increase rear wheel house panel thickness. 
(3)To increase rear power under shield foam 

thickness. 
(4)To increase trunk carpet hard felt thickness. 
(5)To increase lower tool kit carpet soft felt 

thickness.
Fig. 7 compares the NRs for the initial design, 

Variables
Dash Insulator Second POE Surface Mass

Dash Insulator First POE Surface Mass
Upper Dash Panel Thickness

Middle Upper Dash Panel Thickness
Dash Insulator Hard Felt Thickness
Engine Undershield Foam Thickness

Front Foot Area Main Carpet Soft Felt 
Thickness

Left Engine Undershield Foam Coverage
Rear Power Undershield Foam Thickness
Right Engine Undershield Foam Coverage

Trunk Carpet Hard Felt Thickness
The Front of Trunk Carpet Soft Felt 

Thickness
The Front of Engine Upper Shield Foam 

Thickness
The Rear of Engine Upper Shield Foam 

Thickness
Rear Wheel House Insulator Felt Density

The Rear of Trunk Carpet Under Rear 
Seat Soft Felt Thickness

Engine Upper Shield Behind Container 
Foam Thickness

Trunk Carpet Hard Felt Density
Rear Tool Kit Floor Panel Panel

Thickness
Trunk Floor Panel Under Rear Seat Panel 

Thickness

Frequency/Hz
200
0.31
0.47
0.50
0.48
0.27
0.37
0.41
0.20
0.40
0.31
0.37
0.35
0.42
0.44
0.38
0.35
0.28
0.37
0.36
0.41

250
0.41
0.52
0.50
0.46
0.30
0.34
0.43
0.23
0.40
0.29
0.37
0.32
0.38
0.41
0.37
0.37
0.31
0.38
0.34
0.41

315
0.43
0.30
0.32
0.28
0.20
0.21
0.19
0.13
0.20
0.12
0.19
0.18
0.16
0.23
0.20
0.17
0.16
0.17
0.20
0.20

400
0.40
0.08
0.16
0.09
0.10
0.12
0.02
0.11
0.03
0.03
0.07
0.06
0.06
0.09
0.02
0.04
0.11
0.03
0.06
0.01

500
0.37
0.00
0.07
0.00
0.05
0.09
0.01
0.11

-0.01
0.02
0.00
0.02
0.00
0.01

-0.01
-0.02
0.08
0.00

-0.01
-0.06

630
0.37
0.02
0.05
0.00
0.07
0.06
0.01
0.11
0.00
0.01
0.01
0.03

-0.01
-0.03
-0.02
-0.02
0.05

-0.01
-0.01
-0.02

800
0.38
0.07
0.05
0.00
0.12
0.06
0.04
0.11
0.01
0.04
0.03
0.04

-0.01
-0.01
-0.01
0.00
0.05

-0.01
0.01
0.01

1 000
0.38
0.20
0.08
0.08
0.23
0.12
0.08
0.14
0.07
0.08
0.06
0.10
0.04
0.06
0.06
0.09
0.10
0.07
0.07
0.08

1 250
0.39
0.33
0.17
0.17
0.31
0.23
0.20
0.19
0.16
0.16
0.15
0.18
0.13
0.15
0.16
0.16
0.14
0.18
0.16
0.16

1 600
0.42
0.42
0.30
0.32
0.36
0.32
0.31
0.30
0.30
0.24
0.30
0.29
0.26
0.27
0.30
0.31
0.22
0.31
0.28
0.30

2 000
0.44
0.50
0.46
0.45
0.40
0.41
0.42
0.40
0.43
0.34
0.41
0.42
0.40
0.39
0.43
0.44
0.34
0.42
0.41
0.40

2 500
0.36
0.48
0.47
0.46
0.43
0.45
0.43
0.41
0.43
0.40
0.44
0.43
0.43
0.42
0.43
0.43
0.40
0.43
0.42
0.42

3 150
0.29
0.41
0.42
0.43
0.41
0.43
0.39
0.38
0.38
0.42
0.38
0.38
0.40
0.37
0.39
0.39
0.38
0.38
0.38
0.39

4 000
0.25
0.36
0.40
0.41
0.38
0.39
0.36
0.34
0.35
0.39
0.34
0.34
0.36
0.33
0.35
0.35
0.36
0.34
0.34
0.35

5 000
0.19
0.29
0.35
0.37
0.32
0.32
0.29
0.30
0.28
0.35
0.27
0.27
0.29
0.27
0.29
0.28
0.30
0.28
0.28
0.27

6 300
0.11
0.22
0.30
0.34
0.24
0.26
0.23
0.27
0.21
0.30
0.21
0.20
0.24
0.20
0.22
0.21
0.23
0.21
0.21
0.20

8 000
-0.02
0.07
0.12
0.12
0.09
0.12
0.08
0.13
0.07
0.16
0.06
0.05
0.10
0.06
0.08
0.07
0.10
0.06
0.06
0.04

Table 2 20 most sensitive design variables for Front-Motor Noise Reduction(F-MNR)
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Table 3 20 most sensitive design variables for Rear-Motor Noise Reduction(R-MNR)

Variables
Rear Power Undershield Foam Thickness

Rear Wheel House Panel Thickness
Rear Wheel House Insulator Felt Thickness

Trunk Carpet Hard Felt Thickness
Lower Tool Kit Carpet Soft Felt Thickness

Lower Tool Kit Floor Panel Panel Thickness
Dash Insulator First POE Surface Mass

Dash Insulator Soft Felt Density
Under Front Seat Main Carpet POE Surface Mass

Upper Dash Panel Thickness
Trunk Carpet POE Surface Mass
Main Carpet Hard Felt Thickness

Trunk Floor Panel Under Rear Seat Panel Thickness
Rear Tool Kit Floor Panel Panel Thickness
Front Foot Area Main Carpet POE Surface Mass

Front Floor Panel Panel Thickness
Trunk Carpet Hard Felt Density
Main Carpet Soft Felt Density

The Rear of Trunk Carpet Under Rear Seat Soft Felt Thickness
Rear Foot Area Main Carpet Soft Felt Thickness

Frequency/Hz
200
0.67
0.65
0.60
0.69
0.62
0.65
0.59
0.62
0.59
0.60
0.50
0.61
0.61
0.60
0.61
0.58
0.60
0.58
0.58
0.59

250
0.67
0.64
0.65
0.67
0.66
0.62
0.58
0.57
0.57
0.57
0.48
0.60
0.58
0.58
0.58
0.60
0.58
0.58
0.58
0.58

315
0.67
0.65
0.69
0.66
0.68
0.60
0.59
0.57
0.57
0.58
0.53
0.58
0.57
0.59
0.57
0.59
0.57
0.58
0.57
0.57

400
0.68
0.66
0.72
0.67
0.68
0.61
0.60
0.59
0.58
0.59
0.61
0.60
0.60
0.60
0.58
0.60
0.59
0.60
0.57
0.58

500
0.68
0.66
0.71
0.67
0.66
0.61
0.62
0.60
0.60
0.60
0.65
0.61
0.61
0.61
0.58
0.61
0.59
0.60
0.58
0.59

630
0.71
0.66
0.69
0.65
0.64
0.62
0.62
0.61
0.62
0.61
0.67
0.63
0.61
0.61
0.60
0.61
0.59
0.61
0.59
0.60

800
0.71
0.65
0.66
0.63
0.62
0.61
0.61
0.61
0.62
0.60
0.65
0.64
0.61
0.59
0.60
0.60
0.59
0.60
0.59
0.60

1 000
0.72
0.66
0.64
0.63
0.62
0.62
0.62
0.62
0.62
0.61
0.64
0.67
0.61
0.60
0.62
0.61
0.60
0.61
0.60
0.61

1 250
0.71
0.65
0.63
0.63
0.62
0.62
0.63
0.63
0.63
0.62
0.63
0.68
0.61
0.62
0.63
0.62
0.61
0.61
0.61
0.61

1 600
0.69
0.64
0.61
0.62
0.62
0.61
0.62
0.62
0.62
0.62
0.62
0.63
0.61
0.61
0.62
0.61
0.61
0.61
0.62
0.60

2 000
0.67
0.63
0.60
0.60
0.61
0.60
0.60
0.61
0.60
0.61
0.61
0.58
0.59
0.60
0.60
0.60
0.59
0.60
0.60
0.59

2 500
0.65
0.59
0.57
0.57
0.57
0.57
0.57
0.58
0.57
0.58
0.57
0.52
0.56
0.56
0.57
0.56
0.56
0.56
0.56
0.56

3 150
0.60
0.54
0.52
0.52
0.52
0.51
0.52
0.53
0.52
0.52
0.52
0.47
0.51
0.51
0.52
0.50
0.51
0.51
0.51
0.51

4 000
0.49
0.47
0.47
0.47
0.45
0.45
0.45
0.46
0.46
0.46
0.47
0.43
0.45
0.44
0.45
0.45
0.46
0.45
0.46
0.45

5 000
0.49
0.48
0.47
0.48
0.47
0.47
0.47
0.48
0.47
0.47
0.51
0.46
0.47
0.46
0.47
0.46
0.47
0.47
0.47
0.47

6 300
0.47
0.43
0.42
0.42
0.41
0.41
0.42
0.42
0.42
0.42
0.43
0.39
0.40
0.40
0.40
0.40
0.42
0.41
0.41
0.40

8 000
0.46
0.39
0.38
0.38
0.37
0.36
0.38
0.38
0.38
0.38
0.37
0.35
0.36
0.36
0.36
0.35
0.39
0.36
0.37
0.35

Table 4 20 most sensitive design variables for Left Front-Tire Patch Noise Reduction(LF-TPNR)

Variables
Dash Insulator Second POE Surface Mass

Dash Insulator Hard Felt Thickness
Dash Insulator First POE Surface Mass

Lower Dash Insulator Soft Felt Thickness
Upper Dash Panel Thickness

Left Engine Undershield Foam Coverage
The Rear Right of Rear Power Under⁃shield Foam Coverage
Engine Undershield Foam Thickness
The Rear Right of Rear Power Under⁃shield Foam Coverage
The Center of Engine Upper Shield Foam Thickness

Trunk Carpet Soft Felt Thickness
Middle Upper Dash Panel Thickness
Right The Center of Engine Upper Shield Rear Container Foam Coverage

Main Carpet Hard Felt Density
Engine Upper Shield Behind Container Foam Thickness
Front Foot Area Main Carpet Soft Felt Thickness

The Front of Trunk Carpet Soft Felt Thickness
Flume Dash Insulator Soft Felt Thickness
Inner Middle Lower Dash Insulator Soft Felt Thickness
Front Main Carpet Inside Control POE Surface Mass

Frequency/Hz
200
0.29
0.31
0.47
0.02
0.52
0.22

-0.15
0.41
0.17
0.01
0.25
0.49

-0.10
0.21
0.30
0.43
0.37
0.14

-0.25
0.30

250
0.39
0.34
0.53

-0.01
0.52
0.26

-0.09
0.37
0.16

-0.04
0.23
0.48

-0.05
0.23
0.33
0.46
0.35
0.16

-0.24
0.25

315
0.38
0.18
0.24
0.06
0.26
0.11

-0.06
0.17
0.04
0.08
0.08
0.24

-0.01
0.10
0.12
0.14
0.13
0.11

-0.02
0.10

400
0.30
0.09
0.00
0.14
0.06
0.09
0.13
0.05
0.01
0.12
0.03
0.00
0.11
0.03
0.06

-0.08
-0.01
0.04
0.18
0.02

500
0.27
0.08

-0.05
0.21
0.00
0.06
0.23
0.03
0.05
0.12
0.04

-0.07
0.18
0.04
0.06

-0.06
-0.03
0.08
0.31
0.02

630
0.27
0.09

-0.03
0.21
0.00
0.06
0.26
0.01
0.10
0.15
0.03

-0.06
0.18
0.04
0.00

-0.04
-0.02
0.10
0.33
0.02

800
0.24
0.08

-0.01
0.19

-0.04
0.04
0.20
0.00
0.09
0.13
0.01

-0.07
0.16
0.03

-0.03
-0.03
-0.03
0.08
0.27

-0.02

1 000
0.24
0.11
0.08
0.20

-0.02
0.05
0.14
0.02
0.12
0.08
0.06

-0.01
0.17
0.06
0.00
0.01
0.01
0.07
0.21
0.02

1 250
0.25
0.15
0.18
0.12
0.08
0.10
0.10
0.09
0.10
0.08
0.13
0.07
0.10
0.10
0.02
0.11
0.09
0.08
0.11
0.06

1 600
0.29
0.25
0.27
0.09
0.19
0.17
0.12
0.18
0.19
0.08
0.22
0.22
0.06
0.14
0.14
0.21
0.21
0.10
0.05
0.16

2 000
0.29
0.28
0.34
0.11
0.32
0.28
0.14
0.27
0.20
0.12
0.29
0.31
0.06
0.21
0.25
0.30
0.34
0.13

-0.05
0.24

2 500
0.25
0.34
0.37
0.18
0.36
0.31
0.17
0.36
0.25
0.20
0.29
0.35
0.13
0.26
0.34
0.36
0.36
0.19

-0.02
0.30

3 150
0.17
0.27
0.26
0.22
0.27
0.28
0.22
0.28
0.24
0.23
0.25
0.25
0.20
0.26
0.28
0.26
0.25
0.22
0.11
0.25

4 000
0.09
0.18
0.16
0.22
0.17
0.23
0.21
0.18
0.21
0.22
0.19
0.14
0.22
0.21
0.19
0.15
0.16
0.21
0.17
0.18

5 000
0.00
0.09
0.05
0.24
0.05
0.18
0.23
0.05
0.18
0.23
0.11
0.03
0.24
0.15
0.08
0.04
0.06
0.15
0.21
0.11

6 300
-0.22
-0.04
-0.15
0.16

-0.15
0.02
0.14

-0.16
0.02
0.13

-0.08
-0.15
0.18

-0.01
-0.09
-0.14
-0.16
0.02
0.25

-0.04

8 000
-0.31
-0.12
-0.22
0.07

-0.22
-0.09
0.10

-0.23
-0.09
0.08

-0.15
-0.25
0.10

-0.11
-0.15
-0.24
-0.24
-0.03
0.21

-0.14
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optimal acoustical design and target. The optimal 
solution is ＄24.6 lower than the initial design and well 
within the specified acoustical constraints.

The SEA model analysis indicates that: 
(1)The front wall system is the primary path of front 

sound insulation. The optimization of the dash panel and 
the thicker dash insulator soft felt is aimed at achieving 
the best cost performance. 

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

F_ENR_Targets
The optimized design
The initial design

NR
/dB

（a）Front motor noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

R_ENR_Targets
The optimized design
The initial design

NR
/dB

（b）Rear motor noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

LF_ENR_Targets
The optimized design
The initial design

NR
/dB

（c）Left front tire patch noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

LR_ENR_Targets
The optimized design
The initial design

NR
/dB

（d）Left rear tire patch noise reduction
Fig.7 The NRs for the initial design, optimal acoustical 

design and target
(2)Given the integrated battery under the cabin, the 

front floor system has a good soundproofing performance. 
A thin front floor panel with only the fabric layer retained 
for the main carpet is sufficient. 

(3)To maximize noise reduction, sound absorbing 
materials are added to the motor compartment, as proxim⁃
ity to the noise source enhances absorption efficiency. 

Table 5 20 most sensitive design variables for Left Rear Tire Patch Noise Reduction(LR-TPNR)

Variables
Rear Wheel House Insulator Felt Thickness

Rear Wheel House Panel Thickness
Rear Power Undershield Foam Thickness

Trunk Carpet Hard Felt Thickness
Lower Tool Kit Carpet Soft Felt Thickness

Lower Tool Kit Floor Panel Panel Thickness
Trunk Carpet POE Surface Mass

Dash Insulator First POE Surface Mass
Dash Insulator Soft Felt Density

Under Front Seat Main Carpet POE Surface 
Mass

Upper dash panel thickness
Front Foot Area Main Carpet POE 

Surface Mass
Trunk Floor Panel Under Rear Seat Panel 

Thickness
Main Carpet Hard Felt Thickness

Main Carpet Soft Felt Density
Trunk Carpet Hard Felt Density

Rear Tool Kit Floor Panel Panel Thickness
Front Floor Panel Panel Thickness

The Front of Engine Upper Shield Foam 
Thickness

Trunk Carpet Soft Felt Density

Frequency/Hz
200
0.65
0.76
0.58
0.58
0.59
0.58
0.50
0.54
0.58
0.54
0.57
0.56
0.57
0.57
0.55
0.57
0.57
0.54
0.57
0.54

250
0.79
0.69
0.54
0.54
0.56
0.53
0.47
0.50
0.52
0.49
0.51
0.51
0.51
0.53
0.51
0.52
0.53
0.53
0.50
0.49

315
0.85
0.67
0.54
0.55
0.56
0.52
0.48
0.53
0.51
0.51
0.52
0.52
0.50
0.52
0.52
0.52
0.53
0.51
0.50
0.47

400
0.85
0.66
0.54
0.57
0.55
0.55
0.53
0.55
0.53
0.54
0.54
0.52
0.53
0.53
0.53
0.52
0.55
0.52
0.52
0.50

500
0.81
0.65
0.54
0.56
0.55
0.54
0.56
0.57
0.53
0.54
0.53
0.52
0.55
0.53
0.53
0.51
0.54
0.53
0.53
0.52

630
0.78
0.65
0.57
0.57
0.56
0.56
0.61
0.56
0.55
0.56
0.55
0.55
0.55
0.57
0.55
0.52
0.55
0.56
0.56
0.56

800
0.72
0.64
0.58
0.56
0.55
0.55
0.59
0.54
0.54
0.55
0.54
0.55
0.56
0.59
0.54
0.53
0.51
0.54
0.55
0.57

1 000
0.69
0.65
0.62
0.59
0.57
0.58
0.59
0.58
0.57
0.58
0.56
0.58
0.57
0.64
0.57
0.56
0.55
0.57
0.57
0.58

1 250
0.66
0.64
0.62
0.60
0.58
0.59
0.58
0.59
0.59
0.59
0.58
0.59
0.57
0.65
0.58
0.58
0.57
0.58
0.57
0.59

1 600
0.62
0.62
0.60
0.58
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.56
0.58
0.56
0.57
0.56
0.57
0.55
0.57

2 000
0.59
0.60
0.56
0.55
0.55
0.55
0.55
0.54
0.55
0.55
0.55
0.55
0.53
0.50
0.54
0.54
0.54
0.54
0.53
0.54

2 500
0.56
0.57
0.54
0.51
0.50
0.51
0.52
0.51
0.52
0.52
0.52
0.52
0.50
0.43
0.51
0.50
0.50
0.50
0.50
0.50

3 150
0.51
0.53
0.50
0.47
0.46
0.47
0.47
0.46
0.47
0.48
0.47
0.48
0.47
0.39
0.46
0.46
0.45
0.46
0.46
0.46

4 000
0.39
0.38
0.37
0.37
0.35
0.36
0.36
0.35
0.36
0.36
0.35
0.36
0.35
0.32
0.35
0.36
0.34
0.35
0.36
0.35

5 000
0.39
0.39
0.38
0.39
0.37
0.37
0.39
0.37
0.37
0.37
0.37
0.37
0.37
0.35
0.37
0.37
0.36
0.36
0.37
0.37

6 300
0.39
0.41
0.39
0.37
0.35
0.36
0.37
0.36
0.36
0.37
0.36
0.36
0.35
0.34
0.36
0.36
0.35
0.35
0.35
0.35

8 000
0.36
0.39
0.37
0.34
0.32
0.33
0.33
0.33
0.34
0.34
0.34
0.33
0.32
0.30
0.32
0.34
0.32
0.31
0.31
0.32
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(4)The rear wheelhouse insulator is the main part of 
the low frequency noise insulation in the rear cabin. A 
thin rear wheelhouse panel and a redesign the rear 
wheelhouse insulator. 

(5)The inner trim cover is the main part of the high 
frequency noise insulation in the rear cabin. Change the 
material of the inner trim cover to plastic and sound-
absorbing cotton is added locally. 

(6)Due to the presence of the trunk baffle, the rear 
floor system has good sound insulation. Optimize the rear 
floor panel to be thinner and retain only soft felt for the 
rear carpet.
4 Test Results

Optimization parameters were applied to the analyzed 
vehicle. The test result of the vehicle compared with the 
target is shown in Fig.8.

The test results show that all the NR targets were 
achieved as CAE predicted with the optimized design. 
The customized optimization was applied in the program 
successfully.

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

F_ENR_Targets
Test

NR
/dB

（a）Front motor noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

R_ENR_Targets
Test

NR
/dB

（b）Rear motor noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

LF_ENR_Targets
Test

NR
/dB

（c）Left front tire patch noise reduction

200 315 500 800
Frequency/Hz

1 250    2 000     3 150    5 000    8 000

LR_ENR_Targets
Test

NR
/dB

（d）Left rear tire patch noise reduction
Fig.8 The NRs test result compared with target

5 Conclusions

（1）The optimized process, which takes into account 
both the body panel and sound package components, 
achieves superior space utilization compared to focusing 
solely on the sound package parts.

（2）The relationship between material density and 
thickness with material simulation parameters is very 
important for the sound package optimization. The 
simulation was in-precise if they were considered 
independently. This can be resolved properly in this 
paper. 

（3）The RBF and FDVGA method are very suitable 
for the multi-targets and multi-conditions optimization. 
According to the optimal result, the acoustical 
performance with the final optimal panel and sound 
package just achieved the target, which was called “just 
OK” design. That is valuable for the automobile industry, 
especially for X-EV vehicles.

（4）The optimal space will be further enlarged with 
innovative material parameter design. The optimization 
considering innovative materials will be the next 
necessary technical study.
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