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Abstract: This paper evaluated the acoustic characteristics of electric vehicles (EVs) using
both psychoacoustic and soundscape methodologies by analyzing three key psychoacoustic
parameters: loudness, roughness, and sharpness. Through correlation analysis between
perceived values and objective parameters, we identified specific sound sources requiring
improvement, including vehicle body acoustics, wheel noise, and acceleration-related
sounds. The relationship between comfort perception and acoustic parameters showed
varying correlations: loudness (0.0411), roughness (2.3452), and sharpness (0.9821). Notably,
the overall correlation coefficient of 0.5 suggests that psychoacoustic parameters alone
cannot fully explain human comfort perception in EVs. The analysis of sound propagation
revealed elevated vibration levels specifically in the driver’s seat area compared to other
vehicle regions, identifying key targets for improvement. The research identified significant
acoustic events at three key frequencies (50 Hz, 250 Hz, and 450 Hz), requiring in-depth
analysis to determine their sources and understand their effects on the vehicle’s NVH
characteristics. The study successfully validated its results by demonstrating that a com-
bined approach using both psychoacoustic and soundscape parameters provides a more
comprehensive understanding of passenger acoustic perception. This integrated method-
ology effectively identified specific areas needing acoustic refinement, including: frame
vibration noise during rough road operation; tire-generated noise; and acceleration-related
sound emissions.

Keywords: noise; vibration and harshness (NVH); electric vehicle; soundscape; psychoacoustic

1. Introduction

The global transition to electric vehicles (EVs) represents a crucial strategy in ad-
dressing climate change and reducing greenhouse gas emissions. This shift is particularly
significant in developing nations like Indonesia, where transportation significantly con-
tributes to environmental pollution. According to Central Statistics Agency data [1], the
number of operational passenger cars reached 15,797,746 units in 2020. This number has ex-
perienced an annual growth of one million units, reaching an estimated 17,175,632 units by
2022. EVs offer distinct advantages through their emission-free operation and reduced de-
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pendence on fossil fuels [2], aligning with Indonesia’s commitment to the Paris Agreement
and UNFCCC to reduce greenhouse gas emissions by 29% by 2030 [3].

Indonesia has demonstrated its commitment to this transition through Presidential
Regulation No. 55 of 2019, which established ambitious targets for EV adoption. The Min-
istry of Industry’s goal of producing one million four-wheeled EVs by 2035 [4] underscores
the nation’s dedication to sustainable transportation solutions. However, this transition
from internal combustion engine vehicles (ICEs) to EVs introduces new challenges in
vehicle design and user experience, particularly in acoustic characteristics.

Mechanical noise quality significantly influences customer acceptance criteria, as
users often make subjective judgments about design and manufacturing quality based
on a product’s acoustic characteristics. When undesirable sound qualities or excessive
noise levels are present, they inevitably create negative perceptions of product inferiority.
Historically, noise and vibration control in motor vehicles has primarily focused on energy
measurements, particularly sound-pressure level values [4,5]. Consequently, noise and
vibration control strategies typically involve reducing or eliminating sound sources that
generate high sound-pressure levels.

The acoustic environment of EVs differs fundamentally from traditional ICEs, signifi-
cantly impacting user experience, safety, and comfort [6]. The absence of traditional engine
noise creates new considerations for vehicle sound design, requiring careful attention to
previously masked sound sources and the introduction of artificial sound cues for safety.
Understanding and optimizing these acoustic characteristics is crucial for user acceptance
and safety compliance. Psychoacoustic evaluation provides a scientific framework for
analyzing and optimizing EV sound characteristics. Key parameters such as loudness,
roughness, and sharpness offer quantifiable metrics for assessing sound quality and user
perception [7]. These parameters help designers understand the perceived volume of vari-
ous sound sources, the quality and character of acoustic feedback, and the tonal qualities
that influence user comfort and safety awareness.

Developing powertrains for HEVs and BEVs presents unique engineering challenges,
particularly in NVH management. Electric motors generate different vibration patterns
compared to traditional combustion engines, and their integration with reduction gear-
boxes creates new high-frequency concerns. The complexity increases due to component
interactions and their collective impact on vibration characteristics. Engineers must have
a deep understanding of electric motor behavior, drivetrain integration, and overall sys-
tem dynamics [8,9]. This requires comprehensive analysis, including vibration testing,
noise measurement, and dynamic system modeling to effectively identify and resolve
NVH issues for improved driving comfort. Adding to these technical challenges, the EV
industry faces material supply challenges affecting permanent magnet synchronous motor
(PMSM) production costs. While switched reluctance motors (SRMs) offer a cost-effective
alternative, they present inferior acoustic properties due to their non-sinusoidal operation
and significant harmonic content. At high speeds, these harmonics can trigger structural
resonances more readily than PMSMs [10,11].

This study addresses the critical need for comprehensive acoustic analysis of EVs in
the Indonesian context, focusing specifically on:

a. Characterizing the acoustic profile of domestically produced EVs
b.  Evaluating user perception and comfort factors
C. Developing recommendations for acoustic design optimization

The aim of this study is to contribute to the growing body of knowledge on EV acous-
tics while providing practical insights for manufacturers and policymakers in emerging
markets. This study analyzes and evaluates PT Pindad’s production vehicles, specifically
the MV2 type electric vehicle (EV) configurations, as tactical vehicles for the military, in
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a significant and focused research endeavor. The illustration of the research object can
be seen in Figure 1. The adaptation of the MV2 to include components necessary for an
electric vehicle (EV) reflects an innovative approach to integrating sustainable technology
into military and civilian off-road vehicles. For instance, the electric motor and battery
represents a significant shift in the traditional design and functionality of the vehicle. The
EV, which is the object of this study, does not yet have an artificial sound design in the
vehicle cabin.

Figure 1. MV2 type electric vehicle (EV).

2. Experimental Design and Hybrid Approach

This paper evaluates the acoustic characteristics of electric vehicles (EVs) using both
psychoacoustic and soundscape methodologies. Through a psychoacoustic approach, this
study recorded objective data from the acoustic environment in the vehicle, both in static
and dynamic scenarios, adopting a comprehensive approach to understanding the sound
characteristics of the MV2-type electric vehicle (EV). In this experiment, the acoustic data
were gathered through audio recording methods, with measurements taken three times at
each specified location for 30-min intervals. An illustration of the measurement is shown
in Figure 2.

Figure 2. Illustration of acoustic environmental recording using a microphone.

The collected sound recordings underwent psychoacoustic analysis, examining pa-
rameters including loudness, roughness, and sharpness, to identify distinct acoustic charac-
teristics across the test conditions. By utilizing MOSQITO to evaluate loudness, roughness,
and sharpness, it can identify perceptual differences in sound characteristics between vari-
ous scenarios. The Modular Sound Quality Integrated Toolbox (MOSQITO) is developed
using Python 3.9, a widely adopted and freely available high-level programming language.
MOSQITO aims to deliver a unified and adaptable framework for analyzing sound quality
and psychoacoustic measurements, offering both free and open-source capabilities that
enable consistent testing procedures. Its modular design allows for customization to meet
specific analysis requirements [12]. MOSQITO utilizes open-source scientific computing
libraries, including SciPy, which provides research-focused computational algorithms for
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tasks like signal processing (including convolution, filtering, transfer functions, waveforms,
and spectral analysis) [13]. It also employs NumPy for efficient array operations [14] and
Matplotlib for creating diverse data visualizations [15].

This information is valuable for understanding how changes in driving conditions
affect the overall auditory experience in this study. As a psychoacoustic metric, loudness is
crucial for understanding how the human ear perceives sound intensity [16]. In addition,
the roughness evaluation quantifies the subjective perception of sound modulated within a
specific frequency range (15-300 Hz). This metric is particularly relevant for identifying
any unpleasant or discomforting sensations in the auditory experience [17], and sharpness,
representing the high-frequency component of the sound signal, helps capture the auditory
sensation related to high-frequency content, which can influence the perceived clarity and
sharpness of sounds [18].

The soundscape method is an approach in environmental science that focuses on
the analysis and interpretation of natural or environmental soundscapes. In measuring
subjective data, it is carried out in two stages. The first stage is in-situ measurements, with
respondents directly driving the research object and filling in the questionnaire. Meanwhile,
in the second stage, the acoustic environment that has been recorded and played back
through a virtual environment simulator is reproduced [19]. The total number of respon-
dents who participated was 100 people. Figure 3 shows respondents who participated in
providing an assessment of the acoustic environment in-situ (directly in the vehicle) and via
a virtual environment. The study involved 50 participants in each test environment. The
actual cabin test group comprised 37 males and 13 females, while the virtual environment
test had 31 males and 19 females. Participants ranged from 20 to 40 years old and came
from both engineering and non-engineering backgrounds.

Actual Cabin Virtual Environment

Selected Car

Selected Car Designers; 24%

Designers; 24%

ﬂs;

Car Users; 72%

Figure 3. Subjective Measurement Respondent Demographics.

The participant distribution showed that the actual cabin perception test was con-
ducted entirely with car designers, whereas the virtual environment test included both car
users (72%) and car designers (28%). Notably, 12 car designers, representing 24% of the
participants, took part in both experiments. The vast majority of the participants (over 97%)
had normal hearing and vision, including color vision. The selection process was designed
to ensure a well-rounded and representative participant sample.

The aim is to understand and characterize all aspects of sound that occur in an
environment, including natural sounds, human voices, and artificial sounds. Meanwhile,
the psychoacoustic method is a field of scientific research that studies the relationship
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between the physical properties of sound (acoustics) and the subjective human perception
of that sound. Psychoacoustics examines how humans hear, understand, and respond
to different types of sounds. It involves the use of experimental methods to understand
human cognitive processes and auditory perception. Hybrid methods in soundscape
and psychoacoustics can combine approaches from both fields to gain a more holistic
understanding of the sound environment and human auditory perception. Some examples
of the use of hybrid methods in both fields include:

e  Psychoacoustic-Based Soundscape Analysis: In soundscape research, the use of psy-
choacoustic methods can help understand how certain acoustic features in the sound
environment (such as intensity, frequency, or duration) affect human auditory percep-
tion and response. For example, by integrating an understanding of human hearing
thresholds with the characteristics of recorded environmental sounds, researchers can
identify the sound features that most impact human perception of the quality of the
sound environment [20,21].

e  Psychoacoustic-Based Sound Environment Design: In sound environment design, a
hybrid approach can combine psychoacoustic knowledge of how humans hear and
respond to sound with soundscape principles to create more pleasant and productive
sound environments. For example, designers can consider the acoustic characteristics
of a space (such as the use of appropriate building materials or the placement of
sound devices) by taking into account how they will affect the auditory perception
and comfort of the space’s users.

e  Hybrid-Based Sound Quality Assessment: In sound quality assessment, hybrid meth-
ods can be used to integrate soundscape and psychoacoustic approaches to provide a
more comprehensive understanding of the human auditory experience of a particular
sound environment. For example, using a combination of psychoacoustic experimen-
tal approaches and qualitative soundscape analysis to evaluate how various sound
features in a particular environment affect listener quality and satisfaction.

At this stage, the input of vibration values becomes an additional parameter to support
the comfort model in the acoustic environment of EV vehicles. Meanwhile, an analysis of
the propagation path of noise, vibration, and harshness sources will be carried out to meet
user expectations as stated in the design of the expected acoustic environment character of
EV vehicles. The results of this analysis will provide information in the form of confirmation
of the propagation path from noise and vibration sources to user perception input.

3. Results and Discussions

The acoustic sources in both electric and internal combustion engine vehicles were
characterized by analyzing multiple audio recording metrics. Spectral and amplitude
analyses were performed on the recorded acoustic data to map out the various noise con-
tributions, including powertrain, tire-road interaction, aerodynamic, and HVAC system
sounds. This sound source identification process is essential for evaluating the in-cabin
acoustic environment and highlighting potential refinement opportunities in vehicle devel-
opment. The results align with earlier research that established engine noise, tire noise, and
wind noise as the primary acoustic contributors in vehicles [22,23].

Acoustic measurements revealed distinct differences in A-weighted sound-pressure
levels (dB(A)) between EVs and conventional ICE vehicles across various operating con-
ditions. The analysis, which accounts for human hearing frequency sensitivity through
A-weighting, demonstrated contrasting noise profiles as illustrated in Figure 4, comparing
both static and dynamic scenarios.
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Figure 4. Overall SPL Range Comparison Diagram on EVs and ICEs.(The dark orange or the dark
blue represent the range data (minimum and maximum) of SPL for every scenario and vehicle).

Based on the combined static and dynamic measurements shown in Figure 1, the
acoustic analysis demonstrated that EVs produced lower overall noise levels compared
to ICE vehicles. The acoustic measurements revealed that EVs generated sound-pressure
levels between 54.19 dB(A) and 73.83 dB(A), while ICE vehicles produced levels be-
tween 57.44 dB(A) and 79.87 dB(A). The noise characteristics varied with operating
conditions—ICE vehicles exhibited higher noise levels during movement but lower levels
when stationary compared to EVs. The data analysis revealed notable differences between
the two vehicle types, with EVs being generally quieter by an average of 4.64 dB(A) and
showing a 6.04 dB(A) lower peak noise level compared to their ICE counterparts.

The current findings align with previous research conducted by de Graff and Von
Blokland [24] and Ford Motor Company Germany [25]. De Graff and Von Blokland ob-
served a 7 dB noise level difference between EVs and ICE vehicles at low speeds, though
this gap diminished with increasing velocity until becoming negligible above 60 km/h.
Similarly, Ford Motor Company Germany’s research indicated that battery electric vehicles
were 2—4 dB quieter than comparable ICE vehicles at 30 km/h, with this acoustic advantage
decreasing at higher speeds. Our observation of higher ICE noise levels during dynamic op-
eration corresponds with Jabben, Verheijen, and Potma’s findings [26], which documented
noise differentials of approximately 10 dB at 10 km/h and 2.5 dB at 50 km /h between an
electric Think City (74 kW) and a diesel VW Polo (34 kW).

A comparative analysis of cabin sounds in electric vehicles (EVs) and internal combus-
tion engine (ICE) vehicles reveals both similarities and distinct differences in their acoustic
characteristics. While both vehicle types generate similar categories of sounds, they differ
significantly in intensity, characteristics, and noise contribution patterns.

The sound profile of EVs includes powertrain (electric motor), EV engine check, HVAC
noise, squeak and rattle, rolling noise, aerodynamic noise, acceleration, deceleration, and
road bump noise. In contrast, ICEs produce sounds from the ICE starter, powertrain (ICE),
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HVAC system, squeak and rattle, rolling noise, aerodynamic noise, shifting gears, accel-
eration, deceleration, and road bumps. These findings align with research conducted by
Rakhim [27], who identified distinct frequency patterns between the two vehicle types. Fre-
quency analysis reveals that EVs demonstrate dominant frequencies in the mid-frequency
range (100-4000 Hz), with peak frequencies around 800 Hz. ICEs, however, show dominant
frequencies in the bass category (31.5-5000 Hz), with peak frequencies of approximately
630 Hz [27].

As illustrated in Figure 5, ICE vehicles demonstrate that engine and transmission
systems constitute major noise and vibration contributors. In contrast, Figure 6 shows that
EV noise profiles are dominated by tire-road interaction noise, due to the elimination of
combustion engine noise and reduced drivetrain noise. The electric propulsion system also
generates notable high-frequency noise and vibration contributions [28]. The analysis con-
firms that EVs produce distinct acoustic signatures at lower overall sound levels compared
to ICE vehicles, with a characteristic tonal component at 500 Hz originating from the electric
motor. The low-frequency tonal noise at 500 Hz emitted by electric vehicles can cause
significant discomfort and potential health concerns with prolonged exposure. This type
of constant, low-frequency sound can impact human wellbeing by causing fatigue, stress,
difficulty concentrating, and other physiological effects when individuals are subjected to
extended periods of exposure [29].

ICE

Powertrain (ICE); peak 630 Hz
Aerodynamic Rolling Noise; peak 630 Hz Squeak and Rattle; peak 4000 Hz

Noise; peak 630 Hz

Deceleration (Event); peak 630 Hz

Powertrain (ICE); peak 630 Hz
Aerodynamic Rolling Noise; peak 630 Hz Squeak and Rattle; peak 4000 Hz

Noise; peak 630 Hz

Shifting Gear (Event); peak 125 Hz
Acceleration(Event); peak 630 Hz

Powertrain (ICE); peak 630 Hz
Squeak and Rattle; peak 4000 Hz

Powertrain (ICE); peak 630 Hz
Squeak and Rattle; peak 4000 Hz
Raod Bump (Event); peak 1,000 Hz

Powertrain (ICE); peak 800 Hz
HVAC; peak 160 Hz

Starter ICE (Event); peak 1250 Hz
Powertrain (ICE); peak 800 Hz

[
4

100 200 500 1000 4000 8000 20,000

Frequency [Hz]

Figure 5. Distribution of sound sources by frequency on ICEs.

The analysis of psychoacoustic parameter values was conducted to evaluate the
statistical significance of the absolute differences in mean psychoacoustic measurements
across various EV test scenarios. The detailed comparison of absolute differences in average
loudness, roughness, and sharpness values is presented in Table 1 of the study.

To understand the relationship between objective measurements and subjective per-
ceptions, correlation analysis was performed. The study aimed to identify how changes in
objective parameters influence human perception in the EV cabin environment. It is hoped
that control of objective parameters can give rise to subjective perceptions in humans [30],
which are intensified in an EV cabin environment. A correlation analysis was carried out
between the main perceived values and objective parameters with the aim of identifying the
relationship or potential relationship between the variables. The results obtained from the
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correlation analysis can be used as a basis for understanding the extent to which changes
in objective parameter values can influence changes in key perceptions.

EV

Powertrain (ICE); peak 400 Hz
Aerodynamic Rolling Noise; peak 800 Hz " Squeakand Rattle; peak 4000 Hz |

Noise; peak 125 Hz
Deceleration (Event); peak 400 Hz
Powertrain (ICE); peak 400 Hz
Aerodynamic Rolling Noise; peak 800 Hz " SqueakandRattle; peak 4000Hz |
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Powertrain (ICE); peak 400 Hz
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Powertrain (ICE); peak 400 Hz
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EV Engine Check; peak 2000 Hz
HVAC; peak 400 Hz

Powertrain (ICE); peak 500 Hz
EV Engine Check; peak 2000 Hz

N
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Frequency [Hz]

Figure 6. Distribution of sound sources by frequency on EVs.

Table 1. The Average Psychoacoustic Parameter Values on EVs.

Operational Condition Loudness Roughness Sharpness
Engine On 12.71 0.18 2.78
Engine on with AC 19.90 0.14 2.50
Smooth surface @20 km/h 26.55 0.25 2.45
Rough surface @20 km/h 24.76 0.20 2.42
Acceleration 20-80 km/h 35.50 0.28 2.38
Deceleration 80 km/h-stop 30.61 0.28 2.38

Multilinear regression analysis revealed that psychoacoustic variables can predict the
main perceptions of “Comfort” and “Dynamics”. The comfort model demonstrated an
R-value of 0.589, indicating a moderate correlation between psychoacoustic parameters and
perceived comfort. Similarly, the dynamics model showed an R-value of 0.412, suggesting
a significant relationship between psychoacoustic variables and perceived dynamic charac-
teristics. A negative correlation between psychoacoustic parameters (loudness, roughness,
and sharpness) and perception dimensions indicates an inverse relationship with partic-
ipants’ subjective responses. For instance, the comfort dimension’s negative correlation
suggests a low to moderate inverse relationship with these psychoacoustic parameters,
meaning comfort tends to decrease as these parameters increase.

Conversely, the dynamics aspect shows positive correlations with loudness and rough-
ness, indicating that as these sound characteristics increase, the perception of dynamics
also increases. However, sharpness demonstrates a negative correlation with the dynamic’s
aspect, meaning that as sharpness increases, the perception of dynamics tends to decrease.
The patterns identified in this study can be understood through the mathematical models
presented in Equations (1) and (2). Equations (1) and (2) present the detailed prediction
models for both comfort and dynamics perceptions using psychoacoustic variables.

Comfort = —0.1648 — 0.0411(Loudness) — 2.3452(Roughness) + 0.9821(Sharpness) (1)
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Dynamic = —2.5167 4 0.0751(Loudness) + 2.9135(Roughness) + 1.0276(Sharpness) (2)

Analysis of the comfort prediction model, expressed in Equation (1), reveals the sensi-
tivity patterns between perceived “Comfort” and specific psychoacoustic parameters. The
model demonstrates varying degrees of influence across parameters: loudness shows a co-
efficient of 0.0411, while roughness and sharpness parameters exhibit stronger relationships
with coefficients of 2.3452 and 0.9821, respectively. The model’s correlation coefficient of
0.5 indicates that psychoacoustic parameters account for approximately 25% of the variance
in perceived comfort ratings. This moderate correlation suggests that significant aspects of
comfort perception exist beyond measurable acoustic characteristics. The findings demon-
strate that, while psychoacoustic parameters contribute to comfort perception, they alone
cannot fully represent the complex nature of human auditory experience.

To develop a more comprehensive understanding of comfort perception, future models
should incorporate additional variables beyond psychoacoustic parameters. Specifically,
the integration of identifiable sound source characteristics, based on user assessments,
would likely enhance the model’s predictive capability. This multi-factorial approach
would better capture the full range of elements contributing to perceived acoustic comfort
in vehicle environments.

The quadrant analysis displayed in Figure 7 reveals distinct patterns in the distribution
of acoustic data across all four quadrants, each representing different combinations of
comfort and dynamic characteristics under various operational conditions. This shows
that there is a certain tendency in each operational condition towards the comfort and
dynamics aspects. Quadrant I, representing both high comfort and dynamic qualities,
contains primarily data from static conditions with the engine running. However, this
only happens when the static condition of the engine is on. During these conditions, the
main acoustic event is the EV engine check sequence. This acoustic signature appears to
meet user expectations, providing necessary vehicle status feedback without compromising
comfort. Therefore, this condition can be categorized as something that is desired by the
user to know the status of the vehicle in the on condition but does not interfere with
user comfort.

The quadrant II data show a strong bias toward dynamic characteristics during de-
celeration from 80 km/h to a complete stop, though comfort ratings remain relatively low.
This suggests that while the vehicle’s deceleration sounds convey a sense of responsiveness
and control, they may benefit from acoustic refinement to enhance passenger comfort.

In contrast to the operational conditions in quadrant II, quadrant IV demonstrates
opposing characteristics, with high comfort but low dynamic ratings under two specific
conditions: constant speed operation at 20 km/h on smooth road surfaces; and static
conditions with both engine and air conditioning running. The air conditioning system,
despite generating dominant acoustic output during static conditions, does not significantly
impact passenger comfort negatively. This finding is particularly noteworthy given the
relatively high sound-pressure levels measured during these conditions. This suggests that
the quality and character of the sound, rather than merely its intensity, plays a crucial role
in passenger comfort perception. The perception of users with a tendency to feel more
comfortable but lacking in dynamics also occurs during static conditions, especially when
the engine is running together with the AC. In the first stage, it was found that the AC has
a dominant sound character and a fairly high sound source level during static conditions,
but it turns out that this does not have a disturbing impact on passenger comfort.

Analysis of quadrant III data reveals critical acoustic challenges in specific operational
conditions. Figure 7 demonstrates that vehicle operation under two specific scenarios
produces particularly unfavorable acoustic outcomes: maintaining a constant speed of
20 km/h on rough road surfaces; and accelerating from 20 km/h to 80 km/h. These
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conditions generate acoustic signatures that rate negatively in both comfort and dynamic

aspects, indicating an acoustic environment that fails to meet user expectations.

1.5 1
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RS : Dynamic — Deceleration 1 RS : Static — Engine On
80km/h-stop
®
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80km/h-stop 1 o
o
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20-80km/h i ) RS : Dynamic — Smooth FS : Static — Engine On
FS : Dynamic — Acceleration surface @20km/h with AC
20-80km/h
-1.5 4
Quadrant IIT Quadrant IV
COMFORT

Figure 7. Distribution quadrant of the score components.

This objective analysis aligns with subjective user feedback collected through questionnaire
responses (Figure 8), which identified three primary areas requiring acoustic improvement:

e  Vehicle frame noise on uneven roads (64% of respondents)
e  Tire noise (36% of respondents)
e  Acceleration noise (18% of respondents)

Respondents' Preference Assessment of Sound Sources

How audible is the engine noise inside the vehicle cabin?

How audible is the AC noise inside the vehicle cabin?
How audible is the frame noise (squeak and rattle) inside the vehicle cabin?
How audible is the road bump noise inside the vehicle cabin?

How audible is the aerodynamic noise inside the vehicle cabir

 How audible s the sound from outside can be heard inside the veh e - <abir

How audible is the cooling system noise inside the vehicle cabin?

In your opinion, how comfortable is the sound inside the vehicle cabin?

In your opinion, how safe is it to be in a vehicle cabin from the sounds you hear?

0 1 2 3 4 5
Assessment Score

Figure 8. Respondents’ Preference Assessment of Sound Sources.
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The strong correlation between the quadrant analysis and survey results validates
the identification of these operational conditions as priority areas for acoustic refinement.
The high percentage of respondents (64%) identifying frame noise on uneven roads as
problematic particularly reinforces the findings from the quadrant analysis regarding poor
acoustic performance on rough surfaces. This combination of objective measurements
and subjective feedback suggests that engineering efforts should prioritize improving the
vehicle’s acoustic performance during rough road operation and acceleration events. These
improvements would address both the measured negative acoustic characteristics and the
expressed concerns of EV users.

The next step was providing vibration data to support the validation of a correlation
between noise and vibration that produces the effect of NVH to human perception. Based
on the vibration data, this study applied an SAE filter to removing high-frequency noise
from the measurement data, focusing the analysis on the human-perceptible frequency
range and standardizing data processing for vehicle development. The SAE 1000 filter
refers to a standard low-pass filter specification from the Society of Automotive Engineers
(SAE) commonly used in vehicle data analysis, particularly for NVH measurements. The
SAE filter operates by utilizing the Finite Impulse Response (FIR) technique in conjunction
with the Remez Exchange Algorithm to establish calculation coefficients that minimize
analytical errors. The filter processes raw test data, which typically include high-frequency
components generated by mechanical and electrical systems, including sensors. A low-pass
filter, specifically the SAE filter, is applied to these data to enhance trend visibility and
enable better correlation with target performance parameters. The filters were categorized
into four classes based on their cut-off frequencies. For Class 1000 digital filtering, a
single 7-point FIR. filter was sufficient. The other digital filtering classes (600, 180, and 60)
required a two-stage process that included Class 1000 prefiltering. The analog filters were
designed for Class 1000 operations and performed within specifications, with the flexibility
to switch to other classes using jumper selections. The coefficients underwent Fourier
transform analysis, and the results were visualized in a graph plotting amplitude against
frequency. For comparison purposes, the S.A.E.’s acceptable filter-class-response envelope
was overlaid on the same graph. [31]. Based on Figure 9, the filtered signal effectively
shows the human-perceptible frequency content while removing high-frequency noise,
making it suitable for comfort-related analysis.

The analysis revealed elevated vibration levels specifically at the driver’s seat com-
pared to other vehicle locations, presenting a significant comfort concern. From an NVH
(noise, vibration, and harshness) perspective, this differential in vibration levels directly im-
pacts driver comfort perception. To address these excessive vibrations, enhanced damping
mechanisms and design modifications are necessary. Survey results indicate that road-
induced noise transmission through the vehicle frame and tires is a major contributor to
discomfort, with 64% of participants identifying this as a primary concern. This suggests
that improvements in noise reduction from these sources would significantly enhance
overall vehicle comfort.

Two graphical representations display the test outcomes: Figure 10 visualizes the
vibration response across different frequencies, and Figure 11 represents the acoustic spec-
trum analysis showing noise intensity at various frequencies. When the accelerometer and
microphone data show events at frequencies of 50 Hz, 250 Hz, and 450 Hz, it is essential to
interpret these frequency components based on the likely sources and their impacts on the
vehicle’s acoustics and vibrations. In vehicles, vibrations at lower frequencies like 50 Hz are
often associated with the powertrain, suspension, or drivetrain components [32-34]. Vibra-
tions at this frequency could also be related to wheel imbalance or road surface irregularities.
For example, uneven or rough roads can induce oscillations in the tires that propagate
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into the vehicle body. Vibrations at 50 Hz typically produce low-frequency rumble or
vibration sensations, with the amplitude data showing a peak of approximately 0.0003, as
illustrated in Figure 10. These can lead to discomfort due to the physical oscillations felt by
the driver and passengers. This frequency is often transmitted through the vehicle frame
and contributes to the sensation of rough ride quality. The noise measurements conducted
using a microphone, as shown in Figure 11, recorded a peak amplitude value of 0.00007.

Dynamic Measurement

0.5

Accelerometer, amplitude

Time, s

Dynamic Measurement
Filter SAE 1000

Accelerometer, amplitude

Time, s

Figure 9. Dynamic measurement analyzed using SAE 1000 filter.
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Figure 10. The frequency-dependent vibration characteristics.

Vibrations at around 250 Hz are commonly associated with the contact between tires
and the road surface, particularly in EVs where tire noise is a dominant source of noise
and vibration. This frequency could also point to chassis or frame resonances, where the
vehicle’s structure vibrates in response to external forces like bumps or road irregularities.
In electric vehicles, harmonics from the electric motor’s operation, especially under varying
speeds, can produce tonal vibrations in this range. Vibrations at 250 Hz contribute to a
mid-frequency droning noise that is noticeable inside the cabin. It is less physically felt
as vibration and more experienced as sound, with the amplitude data showing a peak of
approximately 0.0003 on the accelerometer measurement and 0.00004 on the microphone
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Microphone

Amplitude (dB rev 10?)

9x10% -

measurement, as illustrated in Figures 10 and 11. If these vibrations are not properly
damped, they can affect the overall acoustic comfort, making the cabin environment feel
harsher or noisier.
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Frequency (Hz)

Figure 11. The spectral distribution of noise measurements across the frequency range.

One of the most common sources of vibrations in this range, especially in EVs, is the
electric motor, which can produce a tonal sound at around 450-500 Hz. This is typically
a dominant frequency in electric motors due to pulse width modulation (PWM) control
or other operating characteristics of the motor [35,36]. This could also result from high-
speed tire-road interaction, especially at higher vehicle speeds. Vibrations at 450 Hz
are usually experienced as a high-pitched whine or tonal noise inside the cabin. These
higher frequencies can be annoying and create discomfort, particularly because they are
more easily transmitted through the air as sound waves. They can also cause a vibration
sensation in the driver’s seat or steering wheel, affecting comfort during acceleration or at
high speeds.

4. Conclusions

Research comparing subjective comfort assessments with measurable parameters
revealed several noise sources needing enhancement, specifically in body acoustics, wheel-
generated noise, and acceleration noise. Research participants rated vehicle comfort, safety,
and satisfaction with a score of 3, indicating that vehicle acoustic environment design
requires further refinement to achieve optimal comfort levels. The comfort model analysis
revealed varying relationships between perceptual dimensions (comfort and dynamics)
and psychoacoustic parameters. The correlation analysis between comfort perception
and acoustic measurements demonstrated diverse relationships: a weak correlation with
loudness (0.0411), a strong correlation with roughness (2.3452), and a notable correlation
with sharpness (0.9821). With an overall correlation coefficient of 0.5, the findings suggest
that additional factors beyond sound color and character influence comfort perception. This
demonstrates that psychoacoustic parameters alone are insufficient to fully characterize
human perception of vehicle comfort.

The sound propagation analysis identified higher vibration levels in the driver’s seat
region compared to other vehicle locations, establishing specific areas for enhancement.
The study detected notable acoustic events at three distinct frequencies (50 Hz, 250 Hz,
and 450 Hz), necessitating detailed analysis to understand their origins and impact on the
vehicle’s NVH (noise, vibration, and harshness) performance. These findings provide essen-
tial guidance for optimizing EV acoustic design to better meet user comfort requirements.
The study’s hypothesis was confirmed, showing that integrating both psychoacoustic and
soundscape parameters creates a more thorough understanding of how passengers perceive
vehicle acoustics. This comprehensive approach successfully pinpointed specific areas
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requiring acoustic improvement, including frame vibration noise on rough road surfaces,
tire noise, and sounds generated during acceleration.
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