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ABSTRACT

As consumers' expectations for the perceptional feeling of vehicles increase, the studies on sound
design to improve the dynamic feeling have been actively conducted. The purpose of this study is to
propose relevant factors to improve dynamics without reducing pleasantness. To this end, subjective
tests were conducted to evaluate dynamic and comfortable feelings on the noises during the
acceleration of two comparison vehicles. A factor based on the TNR (tone-to-noise ratio) of ISO7779,
TNR,yger was extracted that could represent the feature of tonality of non-stationary signals. A
vehicle having high TNR 4., related to the first firing-order exhibited a strong dynamic feeling. It
was also investigated that dynamic feeling could be increased after changing the TNR ,,qer Of the
first- and second firing order components of the test vehicle through subjective test.

1. INTRODUCTION

In a previous study, it was investigated the time-frequency distribution of acoustic signals in the
vehicle cabin to identify the factors influencing acoustical dynamic feeling[1]. The vehicles employed
in the research are a Prototype (P) vehicle, requiring improvements in acceleration dynamics, and a
Target (T) vehicle, distinguished by its exceptional acceleration dynamics. The results revealed a
significant difference in the tonality of the first firing order component between the T and P vehicles.
To quantify this difference, a TNR 40 calculation, which utilizes the Tone to Noise Ratio (TNR)
calculation from ISO 7779, was introduced to assess the tonality of non-stationary signals such as
acceleration sounds [2]. As using the previous research[3], this study presents a virtual sound
generation system aimed at enhancing driving pleasantness by controlling the timing and adjusting
the tone of virtual sounds to match the driving situation in Chap. 2. The virtual sound generation
system employs active sound design (ASD) technology[4,5] and incorporates driving condition-
specific virtual sound control logic in Chap. 3. As finally, it is investigated whether the TNR ;g of
engine sound is crucial for improving dynamics or not.

! dglew2002@kookmin.ac.kr
2 shcha21@keyang.co.kr
2 soulshin@ kookmin.ac.kr



2. PROPOSING A VIRTUAL SOUND GENERATION SYSTEM

2.1. Proposing Virtual Sound Control Timing and Components

It is necessary to improve dynamic feeling in the accelerated driving condition while maintaining
pleasantness in other driving conditions [6,7]. Therefore, it can be suggested to limit that virtual
sounds is only generated during accelerating vehicle The virtual sound component consists of the
first firing order component (Fyg;) [8], which is typically the most prominent component of engine
sound. Additionally, the second firing order component (F;,4), which corresponds to an octave
relationship with F;q, is included. Excessive increase of Fig; to maximize dynamics can lead to
decrease the pleasantness, and so we proposed that the timbre change effect of F,,,; can address this
issue [2].

2.2, Editing Virtual Sound Levels

2.2.1 Increasing the level of the engine order component

In this study, we utilize a peak filter [9,10] to increase the level of the engine order component. The
half-power bandwidth (BW_35) is calculated for Fy4,, which is the most frequently occurring engine
order component. Examining the distribution of BW_3 ;5 according to driving conditions, we found
that BW_; ;5 of P vehicle:8.85 Hz, BW_345 of T vehicle:9.85 Hz, and we set them as representative
values as BW_s,45 of the peak filter as aiming to minimize the inconsistency of the sound source
caused by the increase in the order component, while reflecting the characteristics of the original
sound source. Regarding the parameters of the peak filter, we set the center frequency (f.) to
frequency of Fi4, and set the BW_3,5 to 8.85 Hz, which is representative value of P vehicle, and the
gain to 10 dB.

2.2.2 Increasing TNR - ger

To increase the TNR ;- 4., We aim to modify a sound source with varying levels of order components
by establishing target level criteria for Fyg; and F,,,4 using acceleration curves. By applying a peak
filter and adjusting the gain, the TNRy,  level is varied based on the TNRp, , uniform increase level
line. TNRp,, , is increased in accordance with the throttle opening amount [11] to capture the driving

characteristics and account for the timbre change effect during acceleration. The same method used
for TNRp, _, is employed to meet the target level for TNR, .

3. EVALUATION OF ORDER COMPONENT IMPROVEMENT AND VIRTUAL SOUND
DESIGN

For vehicle P, we conducted a subjective evaluation of dynamics and pleasantness [12]. The
evaluation was divided into two parts: the assessment of the improvement in the first firing order
(Fis¢) to identify the effect of the enhancement of dynamic feeling, and the evaluation of the
improvement in the second firing order (F,,4) to identify the same effect.

3.1. Proposing Virtual Sound Control Timing and Components

3.1.1 Construction of Subjective Evaluation

In this paper, the evaluation process made use of a single sound source to a limited extent: the original
sound corresponding to 100km/h-WOT(Wide-Open Throttle), which are necessary for generating the
F; ¢ virtual sound of the P vehicle, and the sound source edited with F; ¢, using a quantitative method
to increase the level of TNRp. ,. The sound source edited to the target level of TNRp, , (referred to
as the "primary edited sound source") was labeled with an "F" prefix indicating the editing percentage
relative to the target level of 100%. The evaluation feelings were dynamics and pleasantness, both
rated on a scale of 1 to 9 with intervals of 0.5 points. 19 juries in their 20s and 30s with normal hearing



participated in the experiment, and the subjective results were expressed as the mean and 95%
confidence interval.

3.1.2 Subjective Evaluation Results

In order to assess the enhancement of dynamics through the increase of Fy; , the evaluation results of
the original sound source and the primary edited sound source were compared based on driving
conditions, as shown in Figures 1. The sound source that exhibited a notable improvement in the
sense of dynamics during the initial section of acceleration for the driving condition was selected:
F60% for 100km/h-WOT, demonstrating an enhancement of at least 0.5 points in the evaluation
score. Through the results of F60% and F80% for 100 km/h-WOT, the dynamics of modified
sound(primary edited sound) is rated highly than original sound.

F60 % F80 %
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Figure 1: Dynamics evaluation results at 100 km/h-WOT.

Next, we analyzed the changes in pleasantness resulting from the increase in F;; . The
pleasantness evaluation result of the original sound and the primary edited sound source based on
driving condition shown in Figures 2, the rating of edited sound was lower than the original one.
Furthermore, it can be observed that the difference in pleasantness compared to the original sound
source becomes noticeable when F; . is increased beyond a certain level.

For 100 km/h-WOT, the pleasantness rating of F80% is lower than the scores of original sound
and F60%, and is rated below 4 from 6 to 9 seconds. We analyzed the sound pressure level and
loudness of the primary edited sound source and we found that the sound pressure level and loudness
of the segments with a score of 4 or less were high, 72 to 75 dB and 28 to 34 sone, respectively.
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Figure 2: Pleasantness assessment results at 100 km/h-WOT.

3.1.3 Setting the First Firing Order(F; ;) Level

In the above section, the results of the subjective evaluation regarding dynamics and pleasantness for
the primary edited sound sources were analyzed. It was observed that for dynamics, the improvement
over the original sound source occurred in F60% and F80% at 100 km/h-WOT during the initial phase
of acceleration. Regarding pleasantness, specific sections of acceleration showed reductions from the
original sound in F80% for 100 km/h-WOT. Therefore, F;¢; was set to enhance dynamics compared
to the original while maintaining pleasantness.

3.2 Evaluation of Secondary Firing Order Improvement

3.2.1 Structure of the Subjective Evaluation

In addition to the F;; level-setting sound source, a secondary firing order improvement evaluation
was conducted to assess the effect of increasing F,,4 in the acceleration section. The sound source
for the secondary evaluation comprised the edited sound sources of F; ¢, and F;,4 using a method that
allows for various levels of F,,, editing. For the F60% sound source, which achieved enhanced
dynamics while maintaining pleasantness, the F,,; editing level for the TNRg, . target level curve
was indicated with " _S." This was conducted with the purpose of comparing the levels of dynamics
and pleasantness when both F, ;; and F,,4 were increased simultaneously.

3.2.2 Results of Subjective Evaluation

the dynamics accoreding to the chagne of the second firing order (F,,4) were compared with the
original sound in Figure 3. It can be observed that the dynamics of vehicle P (Figure 3-(a)) are higher
than the preliminary test, whereas the dynamics of vehicle T (Figure 3-(b)) show the opposite trend,
with a lower deviation from the preliminary test.
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Figure 3: Comparison of dynamics evaluation results between the secondary evaluation sound source
and the original vehicle sound source: (a) P-100km/h-WOT (b) T-100km/h-WOT.

To analyze the results of the secondary verification evaluation, Figure 4 display the original and
secondary edited sound sources for both P and T vehicles. Overall, it is observed that dynamics
increase as acceleration progresses, while pleasantness decreases as same as the first firing order
improvement evaluation. Additionally, it can be noted that the difference in dynamics and
pleasantness compared to the original sound occurs when F,,, is increased beyond a certain level,
and dynamics are improved beyond the original sound of the T vehicle. We examined the change in
pleasantness by adding F;,4 to the F;,, enhanced sound source. At 100km/h-WOT, the pleasantness
rating of F60%_S6dB is significantly inferior with F60%_S3dB after 3~6 seconds segment. The
sound pressure and loudness of F60%_S6dB are high same as the first firing order improvement
evaluation. Therefore, it is evident that an increase in sound pressure level (or loudness) through the
elevation of F,,, can significantly impact pleasantness, underscoring the importance of selecting an
appropriate level of F,, 4 that can enhance dynamics while maintaining pleasantness.
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Figure 5: Pleasantness according the change of Secondary Firing Order for the driving condition: 100
km/h-WOT.

3.2.3 Setting the Secondary Firing Order (F,,4) Level

At 100km/h-WOT, the dynamics already reached the level of the T vehicle with only F;; increased,
even at F60%. Moreover, at F60% _S6dB, the dynamics surpassed the T vehicle during a certain
period. However, pleasantness decreased during the same acceleration period. Considering that the
dynamics of F60% S3dB rated higher than the original sound while maintaining the pleasantness,
the secondary firing order (F,,,) level was set at F60%_S3dB to minimize the increase in sound
pressure level while satisfying the target level requirement.

4. CONCLUSION

Throughout the course of this research, vehicle signals and acoustic signals were collected for P and
T vehicles with differing engine performance to investigate the acoustic factors that impact their
acceleration performance and dynamics.



Based on the findings from the preliminary test, we investigated how enhancing the first(F; ;)
and secondary firing order component(F,,,4) affects on dynamics and pleasantness of the P vehicle.
Evaluation sound sources were generated by adjusting the degree of increase in the first firing order
component with acceleration for the original sound source, and subjective evaluations were
conducted using them. In the evaluation of the improvement in the first firing order (F, ), the changes
in dynamics and pleasantness compared to the original sound were identified. In the evaluation of the
improvement in the second firing order (Fs,4), a secondary evaluation was conducted for the F; g,
level-setting sound source selected in the first firing order (F;; ) improvement evaluation. It was
found that modified sound sources displayed dynamics and pleasantness approaching or exceeding
the performance of the T vehicle.
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ABSTRACT
Noise control for vehicle mainly uses a reduction method through sound absorbing and insulating
materials but has disadvantages of increasing cost and weight. It is known that the noise reduction
performance of Active Noise Control (ANC) technology that can be considered as an alternative is
limited to the low frequency range. However, there could be a case when the use of active noise
cancellation is required at higher frequency range. Therefore, the purpose of this paper is to find out
how much high-frequency noise can be controlled by applying active noise cancellation and the
performance of ANC according to the equipment used. For this end, an ANC experimental
environment was installed at the passenger's seat interior vehicle. By using Filtered-x Least Mean
Square (FxLMS) algorithm based on adaptive control, ANC was conducted to reduce the high
[frequency noise in the 2kHz~4kHz and its noise reduction performance was compared according to
the following variables: Filter length, step size, sampling frequency, etc. As a result of selecting the
audio DSP board as the control system and applying appropriate filter length, step size, and sampling
[frequency, noise reduction of up to 40 dB(4) was obtained at the position of both ears of the occupant.

1. INTRODUCTION

High-frequency noise is highly sensitive to the human perception and specifically, high-
frequency noise generated within vehicles can be perceived by passengers as negative
impression in the viewpoint of the sound quality of the vehicle. Therefore, efforts are being
made to decrease high-frequency noise to improve the passenger's environment.

There are cases where passive noise control methods are not effective at reducing higher
order motor noise. The active noise control technology, which incorporates control systems to
eliminate noise, is gaining attention due to its advantages in overcoming these limitations.
Nevertheless, active noise control in the high-frequency range is generally challenging due to
hardware performance and limitations in the spatial control area. In this study, to achieve
successful active noise cancelling, the system was meticulously designed and optimized by
employing high-performance hardware, strategically installing microphones and speakers, and
implementing signal processing algorithms. The adaptive control-based FXLMS (Filtered-x

! soulshin@kookmin.ac.kr
4 oeyaugust@vizwave.net
3 jangwonlee@hyundai.com



Least Mean Squares) algorithm was utilized to achieve effective noise reduction in the
frequency range of 2kHz to 4kHz, targeting both ears of the passengers seated in the vehicle.
Experiments were conducted to account for various factors that influence the performance of
high-frequency active noise control. The appropriate filter length was selected by comparing
reduction performance, and the optimal step size was derived by considering noise reduction speed,
reduction amount, and stability for each frequency range. Additionally, a bandpass filter (BPF) was
applied to the reference signal to further enhance the effectiveness of the active noise control.

2. ACTIVE NOISE CANCELING IN HIGH FREQUENCY BANDS

2.1. Experimental Methodology and Procedures

The experimental setup was installed at a stationary car environment. A function generator was
utilized to generate a sine wave in the frequency range of 2kHz to 4kHz, positioned behind the
driver's seat. Error microphones and control speakers were installed on the left and right sides
of the passenger's headrest to measure the noise levels before and after active noise control
implementation. A programmable audio DSP (Digital Signal Processing) board was employed
as the controller.

2.2. Determination of Filter Length for FxXLMS

The filter length for FXLMS is determined in order to model the secondary path function from the
control speaker to the error microphone. This is done by simultaneously measuring the white noise
signal output from the control speaker and the signal input to the error microphone. The accuracy of
the secondary path functional model has a direct impact on system performance. As the filter length
increases, the accuracy of the model improves, but it also increases the computational load on the
DSP (Digital Signal Processor). Therefore, it is necessary to select an appropriate filter length. In
DSP-based systems, the length of the filter is set to n-th power of 2 because of the efficiency of FFT
operation.

Considering the limitations of the DSP specification used in this experiment, the change of the
secondary path function was observed at three different filter lengths (32taps, 64taps, 128taps) and
the ANC experiment was conducted. In the case of pure tone noise, there was no difference in the
performance of ANC reduction according to the filter length. However, in the case of 2kHz~4kHz
sweep noise, divergence occurred at 32 and 64 taps. An active noise control system needs to adapt to
changes in the environment, but the filter's short length may limit its ability to adapt to changes in the
environment. According to the experimental results, considering the stability and adaptability of the
system, the length of the filter is selected as 128 taps in this study.

Figure 1 shows the impulse response function of the secondary path function between two control
speakers and two error microphones.
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Figure 1 : Impulse response of secondary path, S; (i is an error mic., j is a control spk.)

2.3. Determination of Step-size for Adaptive Filter.

In an active noise control system, the step size plays a critical role in updating the coefficients of the
adaptive filter to achieve convergence Selecting an appropriate step size is crucial for ensuring the
desired response speed, system stability, performance, energy efficiency, and environmental
robustness of the ANC system. However, in this study, it was observed that applying a fixed step size
for active noise control in the 2kHz-4 kHz frequency range resulted in slow reduction or failure to
reduce as the frequency varied. To check this issue, an experiment was conducted to determine the
optimal step size for achieving fast reduction in each frequency band. The results of this experiment,
considering factors such as the decay rate, decay amount, and stability for each frequency band, are
presented in Table 1.

Table 1 : Empirical appropriate step sizes according to frequency range

Frequency range Step size
2~25kHz 0.005
2.5~3.7kHz 0.05
3.7~4kHz 0.5

2.4. Application of band pass filter (BPF) for active noise control target frequency band

When acquiring the reference signal, a Band Pass Filter (2nd order Butterworth filter) with
cutoff frequencies of 2kHz and 4kHz is applied to selectively pass signals within the range of
2kHz to 4kHz, which is the target frequency band for noise control. This allows for accurate
acquisition of information within the desired frequency band while eliminating noise or
interference from other frequency bands. By applying a BPF to the reference signal, several
benefits can be achieved, including improved ANC performance due to frequency selectivity,
enhanced noise rejection, system stability, and increased computational and processing
efficiency.

3. RESULT OF ANC

Figures 2 and 3 show the results of pure tone noise control using an active noise control system, with
the same step size selected for each frequency range, but the difference before and after applying
BPF. Figure 2 (a) shows the result that the overall level was decreased as many as 36.86 dB(A) at the
left error mic. and 40.5 dB(A) at the right one, respectively for 2 kHz pure tone. In addition, at 4 kHz,
the reduction effect of 16.18 dB(A) for the left side and 20.41 dB(A) for the right side was confirmed.
In the results confirmed by applying the Band Pass Filter (BPF) as shown in Figure 3, a reduction



effect of 38.37 dB(A) at the left error mic. and 41.68 dB(A) at the right error mic. was confirmed at
2 kHz. Furthermore, at 4 kHz, a reduction effect 0f 27.91 dB(A) at the left error mic. and 32.53 dB(A)
at the right error mic. was confirmed.

Table 2 compares the ANC attenuation in Fig. 2 and Fig. 3. According to the results of Table 2, an
improvement in ANC performance was observed before and after application of BPF.
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Figure 2: Comparison of pure tone ANC control on/off results without BPF
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Figure 3: Comparison of BPF-applied pure tone ANC control on/off results

Table 2: Attenuation according to BPF application

W/O BPF [dBA] W BPF [dBA]
Left 36.86 38.37

Lz 40.5 41.68
Left 16.18 27.91

4z —, o 2041 32.53

4. CONCLUSION

In this study, an ANC system was proposed as a way to control high-frequency noise in the vehicle's
interior environment. The DSP board was selected as the ANC control system, the FxXLMS algorithm
was applied, and the performance of the ANC system was confirmed by selecting an appropriate filter
length and step size. An appropriate filter length was selected by measuring the quadratic path
function model in the actual vehicle interior space, and the experiment was conducted using sine
wave 2 kHz, 4 kHz, and 2~4 kHz sweep signals as reference signals. By selecting different step sizes
for each frequency range, the attenuation speed and stability were increased, and the performance
was supplemented by applying a BPF of 2 to 4 kHz to the reference signal. In general, active noise
control shows effective control performance mainly at low frequencies, but in this study, the
effectiveness of the algorithm and the reduction performance of about 40 dB(A) at up to 4 kHz were
confirmed through control experiments. As a result of the experiment by fixing the control points of
both ears, it is thought that additional research is needed to verify the control performance by
expanding the narrow quiet space.
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