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ARTICLE INFO ABSTRACT
Keywords: In order to improve the interior sound quality of electric vehicles (EVs) under acceleration and
EV uniform speed conditions, to balance the comfort and dynamics of the interior sound, and to

Uniform speed conditions
Sound quality
Calibration method
Active control system

improve the accuracy and performance of the active sound generation system (ASGS), this article
carries out the research related to the parameter design, sound calibration, evaluation method-
ology, and control system of the EV ASGS. Propose an in-vehicle sound design method focusing on
three dimensions, including engine order composition, spectral energy distribution, and sound
amplitude enhancement in the typical speed range, and determine the in-vehicle sound design
scheme and the total sound value target. Focus on the sound parameter design, calibration and
evaluation methods of EV ASGS considering the frequency response characteristics of the loud-
speaker, sound amplitude control accuracy, sound quality, and psychoacoustic parameters, clarify
the active sound parameter settings of EVs, complete the analysis of sound extraction methods,
complete the engine order sound fitting, and design the ASGS of the EV interior by combining the
subjective and objective evaluations. Develop the control software and hardware of the ASGS,
complete the construction and accuracy verification of the ASGS based on the in-vehicle sound
system, and realize the sound calibration of the ASGS under the static conditions of the real
vehicle and the verification of the target achievement. The real-vehicle test shows that the ASGS
reduces the sharpness of 1.0 acum and 0.52 acum under acceleration and constant speed con-
ditions, respectively, and improves the comfort and dynamics of in-vehicle sound. The objective
and subjective evaluation results show that the parameter design, selection and accuracy of the
sound calibration and evaluation methods of the ASGS in the EV determines the accuracy and
effect of the ASGS.

1. Introduction

The vehicle has many characteristics such as lightweight and NVH performance [1,2]. Further customer requirements for vehicle
quality promote the evolution of NVH control measures from reducing fundamental vibration and noise amplitude to evaluating sound
quality for diminishing the annoying sound and finally to advancing sound design.

Active sound technology is the core of the technology of future EV sound design, which is able to enhance the sound quality and
provide a diversified listening experience in the vehicle to adapt to customers’ preferences. Therefore, carrying out the research on
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active sound technology takes on enormous significance.

The sound quality of the car determines the mood of the occupants. Ma, CG. et al. [3] proposed a sensitive critical band diagnosis
method of permanent magnet synchronous motor (PMSM) in electric cars. Mosquera-Sanchez, JA. et al. [4] established a framework
for improving the quality of noise perception in hybrid systems in passenger cabins. Loudness, roughness, and sharpness were used as
key performance indicators for evaluating optimization effectiveness. As reported by experimental results of the proposed framework,
the success rate for improving the sound quality at several aspects in the vehicle model is more than 90%. Different driving conditions
can produce different subjective perceptions. Doleschal, F. et al. [5] explored the extent of their influence on the perception of syn-
thetic sound through a variety of driving conditions. Swart, DJ. et al. [6] indicated that the sound quality in the interior of EVs had an
impact on the individual driving pleasure and vehicle’s market acceptance, and proposed a new consumer satisfaction index based on
interior sound features they have long studied. Wagner-Hartl, V. et al. [7] conducted a study in which multiple testers evaluated the
different sounds produced by electric vehicles as they accelerated and decelerated from higher speeds on test roads and public roads, in
order to more clearly judge the sound changes of electric vehicles. Min, D. et al. [8] synthesized artificial engine sounds by combining
mechanical sounds and combustion sounds. To evaluate the efficacy of created sounds important parameters were measured, and
auditory experiments, moreover, were performed to determine the recognizability and perceptual impression of sounds in the context
of vehicle proximity. HEE et al. [9] introduced the implementation of sound absorbing materials in EVs that can effectively reduce
noise levels and create a more pleasant and comfortable driving environment for driver and passenger. This was supported by a noise
index for subjective evaluation of such materials, the index they developed based on the masking theory.

The improvement of sound quality attracts increasing attention for addressing noise pollution and enhancing safety. Through the
study of sound quality, an index to evaluate sound motion characteristics was studied by Park, JH. et al. [10]. The new indicators are
verified and analyzed by the new samples. Through a variety of optimization methods, a sound quality prediction method based on
PSO -BPNN was studied by Zhang, EL. et al. [11]. And the test shows that this method can improve the precision of sound quality and
the convergence speed is faster. Jeong, JE. et al. [12] suggested a new evaluation index based on the Mahala-nobis distance using four
parameters Zwicker employed to estimate the subjective perception of sound quality. Through a correlation analysis with jury tests, it
was found that the logarithmic Mahala-nobis distance can serve not only as a novel index but also as a reliable criterion for evaluating.
A new method was investigated by Wang, ZH. et al. [13], which relies on a method of human ear basilar membrane displacement, and
two BP neural network models were developed in order to test the sound quality in vehicles. The new metric called SMVBMDR can be
used as a valid parameter to better objectively assess quality. Zhuang, T. et al. [14] gathered vehicles’ sound signals through designing
their different driving speed on the highway, the replay of collected signals with the help of the playback software HEAD Audio
Recorder. The evaluation model was established by SPSS analysis software to compare and correlate objective measurements of
psychoacoustic parameters with the results of subjective evaluations of sound quality that were tested by paired comparison method.
Ly, Y. et al. [15] based on CEEMD, introduced a new approach to sound test. The evaluation at the power coupling mechanism of HEV
was through HT and RVM. Lee, YJ. et al. [16] presented a study that shed light on the connection the way vehicles’ sounds are
perceived by humans and tee physical properties that underline those perceptions. For further comprehending the relationship be-
tween subjective evaluation and objective measures of sound characteristics, statistical analysis was performed, using principles of
psychoacoustics and additionally, by the technique of electroencephalogram (EEG), the correlation between an individual’s subjective
perceptions and brain activity was measured. A new evaluation system based on biological signals was developed for vehicles. Lee, SK.
etal. [17] formulated a model to predict how acoustic properties of vehicle’s interior are affected by changes in the physical properties
of sound absorbing materials in the side wall of a virtual automobile engine compartment, and the method was confirmed to work as
expected in an experiment tested in a real-world condition.

Thanks to the fact that the technology in ASGS is constantly upgrading, the sound of vehicle’s interior becomes more enjoyable.
Ghanati, G. et al. [18] designed an sound control system, and proposed a robust feedback control strategy using multiple inputs and
outputs to reduce SPL experienced by all occupants. Anthony, M. et al. [19] introduced an ANC system, performing real-time ex-
periments. The ANE was also conducted experiments to achieve the sound adjustment of the engine. An active sound quality control
method based on local sub-path estimation and filtering error structure was investigated by Chen, W. et al. [20], and the modified
scheme achieved and optimized the sound quality inside the vehicle during acceleration. Wang, Y. et al. [21] developed a framework
using an online quadratic path modeling approach to design active sound systems. Building upon the foundation of existing algorithms,
an ASS-LMS algorithm for quadratic path modeling with interference signals is drafted, whose efficacy was proved by the simulation
results. An improved auxiliary noise power scheduling strategy is, moreover, outlined. An active control method was investigated by
Liu, F. et al. [22], which is able to accurately control SPL of the residual noise when the interference noise amplitude is changed by
shaping the spectrum of the residual noise according to the filter to achieve the design scheme. Lee, SK. et al. [23] outlined a new
method of active noise cancellation (ANC) to deaden the engine whine in vehicles and it could work steadily at high-speed variations.
They then demonstrated that the ANC system with the new method was capable of reducing the intensity of engine noise, by simulating
and comparing the new and the conventional method through three synthetic signals. Wang, YS. et al. [24] established a piezoelectric
feedback system for ANC a useful tool to offer faster and more accurate noise cancellation, and improved FXLMS algorithm utilizing
DWT.

Yu, WT. et al. [25] optimized the EV running at 40 km/h through experiments and simulations, and added a dynamic vibration
absorber to resonate at a modal frequency of the acoustic cavity, but with an opposite phase so as to cancel out the vibration that led to
unwanted noise and even the damage of the structure if they are strong enough. In the evaluation of the absorber, the overall noise
level of a vehicle, at a frequency of 42Hz, was reduced by 8dBA, and this reduction in noise level corresponded to a decrease in the ear
pressure level, thereby the NVH performance being improved. Liu, ZE. et al. [26] studied evaluation way of strong quality and the
strategy of vehicle noise target, applied the subjective evaluation method of continuous evaluation based on predefined categories to
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subjective evaluation, and proposed the development process for strong sound target. An AST method was investigated by Feng, T.
et al. [27], which piggybacks on the frequency domain inverse model LMS algorithm to reshape the response of the vehicle powertrain
according to the sound quality requirements designed. The effectiveness of the method was verified by performing noise signal
simulation tests with the vehicle powertrain. Wu, SL. et al. [28] designed a new method to control the external noise EVs produced at
acceleration through measuring sound intensity. As a result of the new method, mistakes made in the noise control occurred less
frequently than before, and the time taken in this method was shorter, both of which greatly contributed to the control effect. LEE, JK.
et al. [29] under two test conditions as vehicle was at full throttle or at the constant speed, suggested the most critical factors of the test
and an index for the evaluation of driving environment, through which a corresponding equation was obtained by multi-factor
regression method. Zeng, FL. et al. [30] used the ZSSTV method to establish a GA-BP sound prediction model, based on objective
parameters and a sound quality parameter SQP-WRW. Their test results demonstrated that the model enjoyed higher accuracy in
predicting the quality. Zhang, XJ. etal. [31] tested the sound quality in a car under various conditions by keeping the car at engine idle
and using an SVM model. The results can show that the jitter level, loudness, roughness, and sound pressure level are the four main
acoustic evaluation indicators. Siano, D. et al. [32] conducted a study on a vehicle’s operating conditions and certain areas where
passengers were susceptible to the boom phenomenon, by studying the acceleration conditions of a vehicle with a chassis dyna-
mometer The study optimized vehicle sound quality for its contributions to the selection of the most appropriate strategy to control
noise and vibration. Moon, S. et al. [33] aimed at deriving the semantic space of quality of sound produced when the engine accel-
erated for end users and determining the relationship with characteristics. Their research provided a valuable guidance for the
development of engine acceleration sounds, which fulfilled the customer’s individual preference and stimulated their purchasing
desire.

In summary, the sound quality should meet the diversified needs of customers, while active sound technology is the core key
technology to realize the sound design of future EVs. The current research mainly focuses on the sound quality of EVs under accel-
eration or uniform speed conditions, evaluation methods, active sound control systems, etc., and important results have been obtained.
And the precision and effect of the ASGS of sound quality in the car depends on the parameter design, sound calibration and evaluation
method selection and precision of the ASGS of the car. Therefore, this paper focuses on the research of the sound parameter design,
calibration and evaluation methods of the EV ASGS considering the frequency response characteristics of the loudspeaker, the pre-
cision of sound amplitude control, and the psychoacoustic parameters of sound quality, and the development of the EV in-vehicle ASGS
by combining the subjective and objective evaluations, so as to improve the research of the parameter design, sound calibration,
evaluation methods and control technology in the development of the EV ASGS. On this basis, a high-performance EV active sound
control system is developed by combining a proposed in-vehicle sound design method.

2. Sound design for ASGS
2.1. Sound design goals

2.1.1. EVs interior sound concept design goal

The object of analysis is an PEV, and the target demographic for sales consists of youthful consumers. The investigation shows that a
pleasant driving environment is the first choice for consumers on acquiring an EV. Women prefer comfort, while men prefer moti-
vation. A compressive and detailed study into engine sound is thus still one of the important research fields for improving quality of EV
interior sound to create an outstanding driving experience.

The concept design goal of an PEV is formulated as the in-vehicle sound of the SUV should strike a balance between comfort and
power.

2.1.2. EVs interior sound concept design technology route

FVs’ interior sound quality is closely related to the engine sound. Different design for engine order sound elicits comfort sound
quality that represents a smooth and quiet sound allowing drivers a feeling of relaxation, and power sound quality that represents a
sound with sense of strength and energy bringing a feeling of thrill. For the classical engine order sound can accomplish the above
conceptual design objectives, the technical route is as follows:

(1) Requirements on two distinct aspects of sound control, comfort and power sense, under different driving conditions are studied.
In accordance with the analysis of dynamic driving characteristics of EVs, the relationship between acoustic ambiance and
vehicle driving parameters such as speed and accelerator pedal opening is investigated.

(2) The sound design method of acceleration engines based on subjective perception is studied, and the influence of different engine
order components on subjective sound perception is analyzed. NVH subjective evaluation engineers were organized to evaluate
and score, determine the design scheme that meets the conceptual goals, and set the objective goals.

(3) The method of active sound control in EVs is studied. Objective parameters are used to characterize the voice demand of comfort
and power sense, and the dynamic sound control of the acoustic atmosphere is realized through the ASGS in the vehicle.

(4) The calibration method of active sound in EVs is studied to verify whether the synthesized sound meets the requirements of
synthesis accuracy. The sound calibration and evaluation method of the ASGS in EVs is established, and the objective results of
the ASGS are verified by the actual vehicle test.

(5) NVH subjective evaluation engineers are organized to conduct real vehicle evaluations to confirm the achievement of the
concept goal of sound. Fig. 1 is the technical route.
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2.2. Research on comfort and power sound control needs

The simulation of engine sound run by ASGS in the vehicle helps realize, the following sound control requirements under different
driving conditions:

When the acceleration of the vehicle is in progress, the simulate the change in the engine order sound to should accurately reflect
the acoustic ambiance of power. Additionally, the amplitude should be reasonably controlled when it dynamically responds to the
vehicle’s acceleration. It is necessary to find a suitable balance that can satisfy both sound quality requirements.

When traveling at a uniform velocity, the acoustic ambiance of comfort is reflected by preserving the original EV amplitude as
closely as possible. At the same time, the appropriate engine order sound is retained to reduce the proportion of the original motor
sound energy in the interior of the vehicle, so as to improve the sharpness and irritability.

2.3. In-vehicle sound design

2.3.1. The vehicle sound design guidelines
The sound of the engine is the main source for the overall sound inside the FV under the acceleration condition, which is shown as
follows:

(1) Engine sound is greatly influenced by its components and their organization. As components are arranged in the correct order,
the resulting sound becomes pleasing to the ear.

(2) In the range of frequency domain, the energy distribution of engine order components also has an important influence on the
subjective sound perception. When the engine order energy is concentrated in the middle and high band, the sound quality
tends to motion sense. When concentrated at low range, it is power sense.

(3) In the speed range, the engine order sound amplitude increases with the increase of engine speed. When accelerating in the local
speed interval, the engine feeds a louder sound back, so as to enhance the quality of the vehicle’s power sense sound.

Features of EV in-vehicle sound design in the study are that the subjective assessment process that relies on personal perception is
taken as the fundamental principle, and the conducted sound design of the EV in-vehicle ASGS takes three objective dimensions into
consideration, respectively, engine order composition, energy distribution in the frequency domain, and sound amplitude
enhancement.

2.3.2. Sound evaluation

A team for subjective assessment is established, whose members consist of seasoned NVH engineers, and the assessment indicators
for sound quality are the perceived power and comfort of the sound. The categorization of subjective evaluation score into grades is
listed in Table 1.

The test is performed by collecting sound and playing it back. A HEAD Acoustics foreman is used to collect in-vehicle sounds,
arranged in front-row, example: Fig. 2. Sound is replayed through the Sennheiser HD650 headset, as depicted in Fig. 3.

Fourteen selected sample vehicles that are tested on a horizontal and smooth road. The EV is engaged into D gear, with the
accelerator pedal fully pressed, accelerating from the minimum speed up to 120 km/h while simultaneously collecting the vehicle’s
sound and the motor speed signal. The FV into 3 gear, accelerating from the corresponding minimum engine speed up to 6000r/min at
full load, while recording the sound-speed signal simultaneously.

The sound data of 14 samples are uploaded into the subjective evaluation system, key information such as vehicle brand being

Sound control
requirement study

Sound design
methodology
study

Study of active
sound control
methods

Set sound control
parameters

Extract sound order
parameters

ASGS development

Calibration under high fidelity
loudspeaker conditions

Adjustment
Parameters

Adjustment
Parameters

Whether to meet the sound
synthesis accuracy requirements

Real-vehicle audio system
frequency response test

Sound calibration and venification under static
conditions in real vehicles

<s<mnd test evaluation and verification under ml>

vehicle conditions

Fig. 1. Conceptual design target technical route.
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Table 1
Score levels.
Score Perception Satisfaction
1 Unacceptable No quality
2
3 Very poor
4
5 Improvement needed A little
6 Acceptable Basically OK
7 All right
8 Pretty good Obvious quality
9 Very good Very strong quality
10 Great

hidden by random number. Sound samples, therefore, are the only and one marking criterion for evaluators. The results with large
deviation are deleted and the average residual score is obtained. The final results are demonstrated in Table 2.

According to Table 3, one of the most prominent aspects of the vehicle 5# is its comfort sound quality, that of vehicle 12# is power
sound quality. The 6# and 8# vehicles have kept overall balance between these two aspects.

In order to grasp the influence of engine order composition, the FFT spectrum of 14 sound samples in Fig. 4 analyzes the energy of
sound signals distributed across different frequencies and an increase in the amplitude of sound signals at specific speeds.

According to Fig. 4, the sound quality inside the sample vehicle under different acceleration conditions has closely connected to the
engine order composition and energy distribution. The perceived comfort of sound quality increases noticeably when the amplitude of
engine order component is below 400Hz, which is obvious in the main order (order 3 or order 4) of the engine, clearly, the No. 5
vehicle being the representative. The power level of sound quality is significantly higher when the amplitude of the engine order
components exceeds 400Hz. At the same time, the sound amplitude of the main order components of the engine is moderate, obviously,
the No. 12 vehicle being the representative.

2.3.3. Area of sound amplitude enhancement

The dynamic analysis of driving behavior analysis is carried out. The highly probable consequence of driving with acceleration for
the speed interval will be that the in-vehicle sound is characterized with power. For the speed interval with high probability of uniform
driving at a constant speed, the sound is featured with comfort. The most likely speed interval in each working condition: Acceleration
condition is 40-75 >0-6>15-20(km/h), Uniform velocity condition is 40-80 >0-6(km/h).

2.4. Design scheme
The Determination of the sound design requirements is as follows:

(1) In the aspect of engine order composition, the fourth order structure is mainly established; and the integer order and half order
of other engines are supplemented; The engine order composition should cover the range of 20-1200Hz.

(2) Concerning frequency domain energy distribution, the sound amplitude of engine order component exhibits a higher magnitude
below 400Hz, compared to its magnitude at or above 400Hz.

(3) About the enhancement of sound amplitude in typical speed domain, the amplitude of engine order component is enhanced
appropriately within the virtual engine speed of 2500-4000r/min.

The change in the amplitude of engine order components should conform to the characteristics of the engine. Engine order

Fig. 2. Measuring point of the in-vehicle sound of the HEAD Acoustics foreman.
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Fig. 3. Test and assessment system.

Table 2

The evaluation results of the sound in-vehicle during accelerated driving.
Number Comfort Dynamic
1 7.5 8.0
2 8.2 7.0
3 6.0 6.2
4 7.0 7.0
5 8.5 7.0
6 7.4 7.7
7 5.8 5.8
8 7.5 7.5
9 7.2 6.8
10 7.0 6.9
11 8.0 6.8
12 7.0 8.5
13 7.0 7.2
14 6.3 5.8

Table 3
Sound amplitude gain coefficient.
Engine speed(r/min) aldB(A) /100%)] aave[dB(A) /100%)]
3k 8.1 8.5
4k 8.5
5k 8.8
6k 8.8

component sounds are constructed in the acoustic processing software Active Sound Design module, and four sound amplitude gain
schemes are developed for the virtual engine speed interval of 2500-4000r/min. Fig. 5 depicts the variations in cumulative sound
pressure level across fourth scheme change with respect to the engine speed, and Fig. 6 shows the FFT spectrum accordingly.
Subjective evaluation is conducted, as shown in Fig. 7.
In the light of Fig. 7, the results are symmetric, Scheme 1 and 2 exhibits the comfort sound quality, while Scheme 4 is the power
sound quality; Scheme 3 selected for the ASGS in EVs can provide both comfort and power.

2.5. Total in-vehicle sound target setting

2.5.1. Acceleration conditions

The separation of the engine order sounds from the background sounds in an FV is tested. The graph that total value of sound, two
sounds are affected by changes in engine speed under 100% accelerator pedal opening is drawn, see Fig. 8.

According to above graph, appropriate adjustment in sound amplitude in the whole speed range of Scheme 3 is made to obtain a
different change curve of sound amplitude at maximum accelerator pedal depression, as shown in Fig. 9.

In Fig. 9, the adjusted total sound value retains the sound amplitude enhancement area of 2500-4000r/min, and is consistent with
the total value of engine order sound in the FV in the whole area.

2.5.2. Constant speed condition

The sound target of the uniform driving condition is set according to the target of the FV engaged the third gear, and aside from such
same conditions in speed and gear, the inside sound of the FV is tested within the engine speed of 1000r/min-6000r/min.

For a class-A pure electric SUV studied, the total value of sound, the engine order sound, the background sound and other
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information are calculated, example: Fig. 10.

Referring to Fig. 10, the level of the engine order sound and in-vehicle background sound rise linearly in line with engine speed, and
the former shows a dramatic growth.

In accordance with the total sound value in Fig. 10, the target of the total sound value of the ASGS and in the vehicle is set based on
the original soundtrack in the EV, as shown in Fig. 11.

The blue dashed line serves as the ASGS sound amplitude target line, in Fig. 11, in which the blue dashed line remains situated

below the red dashed line of total sound target of EV for the purpose of ensuring noise in the low amplitude and acquire a soothing and
pleasant sound.

3. Active sound parameters study
3.1. Active sound control parameter selection

Speed and pedal opening are selected as voice-activated parameters of the ASGS.

The change of vehicle speed can reflect the change of vehicle running state, and the control system needs to determine the fre-
quency of sound according to the change of vehicle speed Between vehicle speed and sound frequency, the variable of virtual engine
speed is set. The virtual engine speed varies in direct proportion to the vehicle speed, as the vehicle speed of 0 km/h corresponds to
virtual engine speed 750r/min, and 120 km/h to 6000r/min.

The change of pedal opening can reflect the dynamic characteristics of the vehicle. Different accelerator pedal openings with
different frequency of powertrain output result in different amplitude of powertrain sound in the vehicle. Thus, the way to control the
sound amplitude is to recognize the opening of accelerator pedal.

3.2. Research on sound control method of ASGS

The working steps are as follows:
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Fig. 10. Sound results under uniform driving conditions of FVs.
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(1) Asuitable FV is used as a reference basis to carry out the research on the test method of in-vehicle engine sound and the dynamic
characteristics related to alteration of vehicle’s parameters.

(2) The extraction method of order components is studied, and the connection between engine order sound amplitude and
accelerator pedal opening is analyzed. The principle for adjusting active sound parameters based on different pedal openings is
worked out.

(3) The variation pattern how engine sound amplitude alters with the alteration of vehicle’s parameters is analyzed, and the
characteristics of EV’s parameters and that of FV are compared and analyzed.

3.2.1. Correlation analysis between engine sound and vehicle dynamic characteristics in FVs

The dynamic variation characteristics of the sound inside a coupe FV, respectively comfort and power, are analyzed and studied
under different load conditions, with the vehicle for reference purposes.

On the test field’s horizontal asphalt road, as the vehicle’s transmission is shifted into the second gear, its engine speed quickly
increases from 1000r/min to rated speed 6000r/m when accelerator pedal is depressed at 20% opening. Synchronously, in the CAN
information, the vehicle speed and engine speed, additionally including engine torque, accelerator pedal opening and other signals are
collected. For the investigation of the effects of varying levels of accelerator pedal opening on engine sound, the aforementioned test
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Fig. 12. Time history curves of each signal under 30% pedal opening.
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procedures are repeated across a range of accelerator pedal opening from 30% to 100%.
Fig. 12 demonstrates that the sound pressure changes over 21 s at 30% throttle position. The frequency resolution, as shown in
Fig. 13.

3.2.2. Analysis of sound extraction methods

Direct extraction method: Firstly, the spectrum cloud image is generated through analyzing the data of sound and engine speed
measurements. Then the desired engine order is selected using the automatic extraction function. Finally, the unchosen sound com-
ponents are eliminated and only the chosen engine order components are preserved to facilitate the extraction, as shown in Fig. 14.

Indirect calculation method: Firstly, the spectrum cloud image is obtained according to the first method. Then all prominent engine
order components selected in the spectrum are erased, after which wind noise and road noise are left. Finally, the sound data and the
erased data are calculated by sound pressure level subtraction method to obtain the order sound data of the engine, example Fig. 15.

Two methods are used to deal with engine order amplitude when the accelerator pedal is depressed to 40% of its maximum range.,
whose calculation results are compared in Fig. 16.

For the direct extraction method enables engine order components under all acceleration conditions to be extracted, it is applied to
calculate the order sound amplitude of engine to enhance the efficiency.

3.2.3. Analysis of objective evaluation parameters of vehicle acceleration driving power sense

The power sense experienced during a vehicle’s acceleration is a result of the amount of power output from engine. Through the
test, the connection of the vehicle acceleration and engine output power under each pedal opening, the changes of characteristics of
power sense that results in are analyzed.

Firstly, the discrete vehicle speed data obtained from the test is fitted to the curve, and the multiple power vehicle speed regression
equation on the time variable is obtained. Then the differential calculation is carried out to derive the multiple power acceleration
calculation equation with respect to the time variable. Finally, the curve describing the change in vehicle acceleration over time is
calculated.

According to the above steps, the curve of speed and acceleration over time under 20%-100% constant accelerator pedal opening is
analyzed, example Fig. 17. The graph that acceleration of a vehicle varies with engine speed when the pedal is pressed to different
degrees is represented in Fig. 18.

By analyzing these curves, the regularity how engine output power responds to changes in driver input is gained. Moreover, the
patterns of engine power output at varying engine speeds are illustrated in Fig. 19; the cloud diagram of engine power distribution
reveals the relationship of the engine speed and accelerator pedal opening is depicted in Fig. 20; and the variation curve of engine
output power in relation to pedal opening at different degrees is depicted in Fig. 21.

From analysis results, the following conclusions are drawn regarding acceleration performance and power output of the engine,
which is one of its crucial influencing factors.

20 200 300 400 500 €00 700 800 1000 1200 200 300 £00 500 €00 70G 800 1000 1200

ening (b) 50% pedal opening

I

200 300 400 500 €00 700 800 1000 1200 20 200 300 400 500 600 FOO 80O 1000 1200
Hz Hz
(c) 80% pedal opening (d) 90% pedal opening

Fig. 13. FFT spectrum of sound variation with engine speed.
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Fig. 16. Comparison of engine order amplitudes of the two methods at 40% accelerator pedal opening.

(1) The output power of the engine shows a dramatic rise from the beginning, gradually tends to be flat and decreases slightly, as
engine continues to increase in speed at an increasingly rapid rate, which is consistent with characteristics of a typical gasoline
engine.

(2) The change in characteristics of vehicle power sensing is reflected during vehicle acceleration while that of engine power
sensing by engine output power. The latter is more suitable for vehicle engine order sound correlation analysis.

(3) The acceleration does not demonstrate a totally direct proportion to the force acting on it, which is an important power
characteristic of FVs. The different effect on engine order sound caused by this nonlinear variation is a crucial area of study and
deserves researchers’ close attention.

3.2.4. Correlation analysis of engine order sound amplitude and power sense

It is a very complex and systematic process from the accelerator pedal being depressed to the final engine order sound being heard
in the vehicle. The amplitude of engine order sound across various operating conditions is summarized by examining the changes in
engine speed, as depicted in Fig. 22.

With reference to Fig. 22, the range of engine speeds between 3000 and 6000r/min is an area where engine power experiencing the
stable growth; the range of speeds between 1800 and 3000r/min is an area engine power without experiencing major instabilities or
disruptions and the range of speeds between 1000 and 1800r/min is an area where engine power undergoes a rapid change as the
speed increases within this range.

The sound amplitude produced by the engine at speeds ranging from 3000 to 6000r/min, resulting from an increase in accelerator
pedal depression from 20% to 100% is extracted from Fig. 22, and the correlation analysis is conducted with the accelerator pedal
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Fig. 17. Variation curves of speed and acceleration with time.

opening and engine output power. The mean value of sound amplitude gain coefficient aavz = 8.5[dB(A) /100%) is calculated, as listed
in Table 3.

3.3. Active sound parameter setting

3.3.1. Internal sound and vehicle dynamic characteristics parameters test

Vehicle sound and speed, motor speed, and other parameters are tested to control each accelerator pedal depression. Test con-
ditions are that as vehicle’s transmission being put into D gear, the accelerator pedal is quickly pressed and its opening is remained
unchanged at 20%; the motor accelerates from Or/min to 6000r/min; and synchronically information is collected. The range of
accelerator pedal opening in above test procedure is within 30%-100%.

The curve in Fig. 23 plots the in-vehicle test results under the conditions that accelerator pedal opening is maintained at 60% and
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the motor accelerates from Or/min to 6000r/min.

3.3.2. Motor output power analysis

Referring to the test results of the motor speed and torque, the output power is calculated under the pedal opening of 20%-100%.
The graph representation that the power changes with the speed is in Fig. 24, the distribution of power in Fig. 25, and the power
varying with accelerator pedal opening in Fig. 26.

Based on the information presented in Fig. 24, initially, the motor output power and motor speed exhibit a linear relationship, with
the former increasing in proportion to the latter, and gradually the power tends to remain stable after reaching a certain speed, which
shows the consistency with the features of relationships between the power and its speed of rotation.

As illustrated in Fig. 26, a positive correlation between the motor output power and pedal opening is displayed, with the latter
increasing stably as the former increases dramatically as the motor speed higher than 3000r/min; there is a direct increase in the
power, as the speed is in the range of 1500-3000r/min and accelerator pedal is pressed down to a degree of less than 80% of its
maximum possible range of motion; When the motor speed is lower than 1500r/min, the motor output power is linear with the pedal
opening in the range higher than 60%.

3.3.3. Relationship between sound amplitude and vehicle speed of ASGS in vehicle

According to Fig. 26 and the actual control situation, the approach used to adjust the sound amplitude depending on the degree the
accelerator pedal is pressed,example Fig. 27.

The vehicle speed of 24 km/h corresponds to virtual engine speed of 1800r/min, which is regarded as the inflection point of speed.
For FVsin Fig. 27, aminimum low level of vibration is evident in the absence of engine function; the engine order sound amplitude first
rise sharply when the engine speed is less than 1800r/min, and then remains at a certain level When the engine speed is greater than
1800r/min, as Fig. 28 illustrated that sound amplitude is controlled based on the vehicle speed. In addition, the minimal degree of
vibratory activity requires has necessity to be adjusted conditioned by subjective listening effect in an actual vehicle.

Before the inflection point, the sound amplitude should to "faded in", and the sound is mainly comfortable at this time. After the
inflection point, the sound shows a combination of comfort and power.

Through the control of vehicle speed by monitoring the position of accelerator pedal, the ASGS is capable of controlling amplitude
of different sound and providing corresponding feedback.

4. Research on calibration method of EVs ASGS
4.1. Frequency response test of EVs onboard sound system

The characteristics of frequency response of a sound system can exert a significant influence on the perception of sounds by a driver
and on the overall auditory experience of a vehicle, it is thus necessary to test the frequency response of the audio system.

The EV used in the study is parked stationary in the semi-anechoic room, and the controller arrangement is depicted in Fig. 29.

The white noise signal with a time length of 6s is played through the vehicle audio speaker. The original white noise time domain
semaphore is depicted in Fig. 30.

Considering the impact of the real vehicle scene, the reflection of the sound wave of the driver and the sound absorption of clothes
on the test results, an experimenter is arranged to sit at the driver’s position to gather more real frequency response data. In the test, all
doors and windows remained close at all times. The noise signal acquired from the measuring point of the vehicle microphone is
depicted in Fig. 31. The tested sound signal and the original white noise signal are analyzed by FFT spectrum, as shown in Figs. 32-33.

A conclusion can be drawn from the comparison in Figs. 32-33:

The amplitude of white noise is stable within the range of 20-2000Hz. In the frequency response from the speaker of the audio
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Fig. 23. Test signal time curve at 60% accelerator pedal opening.
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Fig. 24. Motor output power curve.
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Fig. 25. Motor output power cloud diagram.
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Fig. 27. Sound amplitude gain curve.

system to the right ear of the driver, there is a rather obvious sound transmission loss in the vicinity of 300Hz and the range of
480-600Hz, and the sound amplitude within the frequency range of below 100Hz is notably higher when compared to other frequency
bands.

4.2. High fidelity speaker frequency response test
The measurement being conducted takes place in the semi-anechoic chamber to eliminate unwanted echoes and reflections. The
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Fig. 33. Original white noise FFT spectrum.

model 8030B dual power amplifier active speaker is used as the high-fidelity speaker. A B&K1890A ICP microphone is positioned at a
distance of 0.1 m from the surface of speaker to measure the response of speaker, as shown in Fig. 34.

The waveform that represents the audio signal in terms of amplitude and time is employed to assess the performance of high-fidelity
speaker, depicted in Fig. 35, the FFT for the waveform is demonstrated in Fig. 36.

Concluded from resulting measurements plotted on the graphs above, high fidelity speaker is capable of reproducing the low and
middle frequency components within 20-2000Hz of the white noise signal, yet the amplitude from high fidelity sound reproduction to
a certain extent differs from that of original sound, due to the amount the volume or intensity of the sound is adjusted and the location
the sound is measured and recorded. Manifestly, the speaker has a high level of accuracy in reproducing the sound frequency char-
acteristics of engine order sound generated by ASGS ranging from 20 to 2000Hz.

5. Research on control method of EVs ASGS
5.1. Sound fitting

Compared with FVs, the sound of EVs under accelerating conditions lacks the engine order components mainly characterized by
medium and low frequencies, and yet possesses the motor order components with high frequencies and the gear engagement order
components. Fig. 37 compares the sound spectrum during acceleration.

To gain inside into the sound signals of the engine that varies over time in the vehicle requires assistance from the STFT method,
which is a method extended from discrete Fourier transform. Window function information, as can be seen in Table 4.

Kaiser window function is a versatile tool in processing and analyzing digital signal, for it is able to adjust the width of main lobe to
capture the amount signal is captured by the function and to adjust the peak value of side lobe to filter out unwanted signals by
controlling the shape parameter  and window length N.

Fig. 38 shows that the sound signal captured inside the FV tested on a flat asphalt pavement, is processed by FFT algorithm.

Depending on the STFT, the engine order components and window Kaiser function are analyzed within main parameters that are set
as follows: f is 5.8, window length 1280, FFT length 4096, overlap rate 50%, and time frame length 0.05s. Fig. 39 represents that the
sound signal collected inside the vehicle that accelerates is analyzed in terms of its frequency components.

According to sound spectra under acceleration in Figs. 38-39, the variation pattern of amplitude in the main energy region and
order components shares marked similarity with that in original input signals, whereas the subtle difference exists in the low-speed and
high-order sub-region, and the discontinuity, to some extent, in some order components.

Subjective audition confirms that the dissimilarities between subjective hearing of synthesized and original sound are negligible,
although the fact that the synthesized is slightly different from the original sound signal, which is attributable to the synthesis error of
the engine order component in the high frequency region. Apparently, the STFT and synthesis technique depending on the Kaiser
window function is able to accurately simulate the order sound and ASGS sound.

Fig. 34. High fidelity speaker frequency response test.
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Fig. 35. High fidelity speaker test time domain signal.
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Fig. 36. High fidelity speaker test FFT spectrum.
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Fig. 37. Acoustic spectra in the vehicle under different accelerated driving conditions.

Table 4
Window function information.
Window function Main lobe width(rad) Sidelobe peak(dB) Stopband minimum attenuation(dB)
Rectangular window 4n/N -13 21
Hanning window 8n/N -31 44
Hamming window 8n/N —41 53
Blackman window 127/N -57 74
Kaiser window Can be adjusted Can be adjusted Can be adjusted
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Fig. 38. Sound spectrum of an FV accelerating.
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Time.

Fig. 39. Synthesizes the sound spectrum under accelerated driving.

5.2. Development of ASGS

5.2.1. Principle and hardware of ASGS

The ASGS takes readings from the CAN, encompassing the speed of the vehicle, engine speed, the gear, pedal opening and other
information in real time. With the aid of the designed sound parameter file, it calculates and synthesizes the corresponding sound
signal in the current working context in real time, and transmits the signal to an audio system by way of a power amplifier. The theory
framework of ASGS and the actual circuit board are demonstrated in Figs. 40 and 41.

5.2.2. Hardware audio signal testing

In order to ensure that the ASGS can work stably, the audio signals are tested, as shown in Fig. 42.

According to the test results, the peak value of the square wave of the audio signal is about 5V, which meets the design
requirements.

5.2.3. Software design
C program is utilized to engineer the vehicle’s ASGS software. For the purpose of an organized structure and effective debugging,
the program is divided into separate modules The software workflow of ASGS in EVs,example Fig. 43.

5.3. Construction

Amplifier: The audio amplifier is placed in the vehicle and connected to the six speakers using a set of wires.

Speakers: Two low-frequency speakers are placed in the front door, as shown in Fig. 44. Two full-frequency speakers are placed in
the rear door, as depicted in Fig. 46. Two high-frequency speakers are placed at the handover position between pillar A, as demon-
strated in Fig. 48. The graphs of frequency response of speakers are represented in Figs. 45, 47 and 49, respectively.

From the analysis of the frequency response curve of the speakers, it is discernible that 6 speakers of the EV sound system can
reproduce the engine order sound of the ASGS with high fidelity over in the frequency interval of 20-2000Hz.

5.4. ASGS sound synthesis accuracy verification

The input signal of the virtual engine speed is configured to have the same characteristics as that in Scheme 3. To be specific, the
engine speeds up from 1000r/min to 6000r/min, the pedal opening is 100%, and the high-fidelity speaker volume knob is regulated to
the position corresponding to the sound amplitude specified in Scheme 3; furthermore, the sound signal is tested through the
manipulation of virtual engine speed. The time-domain signal obtained from the high-fidelity speaker playback test to simulate audio
landscape during acceleration within the vehicle is revealed in Fig. 50, and the time-domain signal of the original design state of the

Vehicle parameter
information

CAN communication
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12V external power . =
o2 Power supply MCU computing Sound file
= module module storage module

D/A digital-to-analog
conversion module

Audio output and
power amplifier
module

Vehicle audio system

Fig. 40. Schematic diagram of in-vehicle ASGS.
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Fig. 43. ASGS working flow chart.
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Fig. 44. Low frequency speaker.
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Fig. 45. Frequency response curve of low-frequency speaker.

Fig. 46. Full frequency speaker.
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Fig. 47. Frequency response curve of full-frequency speaker.
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Fig. 48. High-frequency loudspeaker.
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Fig. 49. Frequency response curve of high frequency speaker.

acoustic environment during vehicular acceleration in Scheme 3 is presented in Fig. 51. Subsequently, the comparison between spectra
of the reconstructed and the original is illustrated in Fig. 52.

Observably, the two time-domain signals are basically consistent with each other, but slightly different in 15-18s. In the test of
subjective evaluation, the engine sound is stable regardless of the changes in two different conditions. From the spectral analysis, the
sound synthesized by the ASGS, therefore, is capable of precisely regenerate sound spectrum characteristics of the design state.

5.5. Sound calibration and target achievement verification of real vehicle static active vocal system

5.5.1. Simulated acceleration condition

The sound amplitude of a vehicle with different accelerator positions is changing, influenced by the increase of speed, as presented
in Fig. 53. The variation of the sound amplitude target under specific conditions of full throttle is depicted in Fig. 54. The graph of
actual sound amplitude gain of the original sound system at each virtual engine speed is represented in Fig. 55. FFT spectra for
analyzing sound reproduced by high-fidelity speaker and original sound system under 100% pedal opening, are shown in Fig. 56.

According to Figs. 53-56, overall, the change curve of the original vehicle audio sound amplitude and hi-fi loudspeaker verification
results displays a significant level of consistency with the target line. The general direction of sound amplitude at each engine speed
exhibits a linear increase, in response to alterations in accelerator pedal opening.

The frequency response from the whole sound system to the driver’s ear needs the mutual cooperation between the speakers, and
the sound system power amplifier and algorithm are used for comprehensive control.

5.5.2. Simulated acceleration condition

Under the static condition of real vehicle, the test result acquired when the sound system of the original vehicle simulates uniform
speed working condition is shown in Fig. 57.

In low and medium engine speed areas, the sound amplitude from original system is more obvious, whereas in the high-speed zone,
the amplitude of the system is moderate, which can ensure low intensity of a sound when driving at a constant speed.
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Fig. 50. Time domain signal of simulating accelerated driving.
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Fig. 51. Time domain signal under Scheme 3.
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Fig. 56. Comparison of simulated accelerated driving engine sounds at 100% pedal opening.
6. Test and discussion
6.1. Objective test

6.1.1. Accelerated driving condition

In the state when ASGS is working and not working, the sound signal at the position of the driver’s right ear is tested during the
acceleration process at 100% pedal opening. The general shape that SPL of the three kinds of sound volume, the first two produced by
an EV with the ASGS operational and inoperative, the third being the desired volume, varies as virtual engine speed rises and the
comparison of FFT spectrum under the two states of ASGS are shown in Figs. 58-60.

According to Figs. 58-60, the change curve of total value with ASGS operating normally can generally follow the target trend line.
The ASGS basically fulfills the sound design requirements for both comfort quality and power sense quality.

6.1.2. Constant speed condition

The sound signal of the ASGS is tested at a uniform velocity, under the virtual speed of 1000r/min-6000r/min, from which sound
pressure levels of the different states are calculated and compared as shown in Figs. 61 and 62.

With reference to the graphs, the change trend of the SPL in the vehicle with its ASGS operational is basically the same as that of
target value, which guarantees the noise level in low intensity, so as to meet the comfort quality goal requirements of uniform driving.
The sharpness tested when the system is in operation is less than when the system is not in operation, for at a speed of 28.6 km/h, the
former is no more than lacum, unlike the latter.
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Fig. 57. Sound amplitude reaching standard under uniform speed.
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6.2. Actual vehicle evaluation

The sounds inside the EVs and a coupe-type FV, all vehicles in active operation, are analyzed depending on subjective evaluation.

The evaluation results of the vehicles are depicted in Figs. 63-64.

Combined with test results assessed subjectively and objectively, it is manifested that the engine order sound the ASGS generates
can reduce the magnitude of order components in the high-frequency range and improve the overall comfort level of the sound during
acceleration while driving. In the local range, the engine order composition is advanced to achieve the power sense of sound.
Furthermore, the level of perceived comfort and power is augmented when a constant velocity is maintained, when the sound
amplitude is moderate, and the acoustic sharpness of the sound is increased.

Therefore, the ASGS system of the EV enables the overarching vision for sound control design that balances and optimizes sound
quality of comfort and power to be accomplished.

7. Conclusion

(1) The concept design goal of providing “a harmonious sound quality with both comfort and dynamic" was formulated, whose
technical route was also determined. For the actualization of the goal, a reliable guideline for sound design was developed, in
which three dimensions including engine order composition, energy distribution, and sound amplitude enhancement were
comprehensively taken into consideration. In addition, for a purpose of providing an objective standard of the sound design
scheme’s effectiveness, the total sound value target was set.

(2) Specifically, for discovering how the engine sound is in connection with the vehicle’s dynamic characteristics, the sound pa-
rameters were studied; and for discerning how engine order sound amplitude is in association with the power sense, the sound
extraction method was analyzed.

(3) In an effort to study the calibration method for the system of ASGS in EVs, the frequency response of on-board sound system and
high-fidelity speaker was tested to examine that the engine order sound generated by the ASGS can be utilized to confirm the
fitting accuracy and calibrate the sound amplitude simulation.

(4) With the aim of completing the sound fitting, the ASGS in EVs was designed, in which the EV ASGS based on the acoustic output
device of audio system was constructed, the accuracy of the system was verified; in addition, the calibration and target
achievement verification under the static condition of the real vehicle were carried out.

(5) On balance, the EV ASGS is capable of accomplishing the goal, which is verified by the combination of the objective and
subjective symmetry evaluation on the real vehicle. The results exhibit that the sharpness is reduced and the overall comfort
level and power level of the sound are improved when the EV is under acceleration and uniform speed symmetry conditions, and
when its ASGS is in operation.
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