
 

 

저 시 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

l 차적 저 물  성할 수 습니다.  

l  저 물  리 목적  할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

http://creativecommons.org/licenses/by/2.0/kr/legalcode
http://creativecommons.org/licenses/by/2.0/kr/


Master Thesis of the University of Ulsan

Optimization of Drone Sound Quality based on Active

Noise Control Method

Department of Mechanical andAutomotive Engineering

University of Ulsan

Ulsan, Korea

Shen Yu

2021



op碰:盥iza饭om ofDrone sound Quality based onActiVe

Noise(rontr。且§Iethod

Super诫sor:Pro盘 C|盔嚣ng-Miyung Lee

1邋-勰 蓄飘谮晷
9E S巍

咿冁 簋
·
鞭

1]分epart王11en-t ofb· .1ecli露 mIc恩量繇m磉 A敬奄on〗o奄畜v露 盈璐巢嚎魏鼢鼢酽魔碾爨

芟了面礓v铲扩$蛮膂v晗f莨 T屡骧翻翻

A曲 ssertation submitted to the facu1o ofthe unhersi卸 of Ulsan

童黎̄犟鑫掣鸾耋爨If镳鳌氨l破首避e盛奄查飙兮reqli1ireFliient for t狂 e嫂egree of R虿锇s芒er of

Philosophy in the Departnlellt of B1echanical嚣 11破 A驳奋o淼
·
1o奋童Ve

.lE∶ ngi琏 eer蘑菔恳￠

莨Jls蔽m.Kore&

馕:赞
gc。 置st,2睁釜蔓

App『ovc嘁 鼬y

lM[yung Lee



shen yu丬 号斜叶舛哥爿 芒导鲁 钽子老

撼礴锾键镫  硷谭囔翳

锃耪甍毯  礅置番 锣9孑〃''

镊埯耦巍  蜜罨籀噫

鑫艟璃翳鞔 躐鸷镳

2抛至飞￡蚤至21墨圣



i

ABSTRACT

Optimization of Drone Sound Quality based on Active Noise Control Method

SHEN YU

Department of Mechanical and Automotive Engineering

In recent years, with active research on batteries and autonomous

aviation technologies, attempts have been made to replace traditional fuel

aircraft with All-Electric Aircraft(AEA) while eliminating direct carbon

dioxide and non-carbon dioxide warming and reducing aviation pollution

to the atmospheric environment. But with the widespread use of drones,

their noise problems are increasing. For example, many drones are used

in transportation, media, and agriculture, which inevitably causes

prolonged noise exposure, becoming a major environmental sanitation

problem.

Great efforts have been made on drone noise reduction levels over the

past few decades. Passive noise reduction by optimizing the shape of

drone propeller blades is currently the most widely used method.

However, it may affect the aerodynamic performance of the propeller,

thus requiring a trade-off on noise reduction and endurance performance.

With the method of noise reduction technology, the Sound Pressure Level

(SPL) is not the only criterion to judge the noise reduction level. The

Sound Quality(SQ) is becoming more and more widely studied and used.

Therefore, according to the noise characteristics of drone, this paper

combines the traditional noise active control adaptive LMS algorithm and

psychoacoustic parameters, proposes the Active Sound Quality Control

（ASQC) using the LMS algorithm to eliminate the noise frequency band
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with the most significant impact on the psychoacoustic parameters, to

achieve the purpose of improving the noise quality of drone.

First, this paper introduces the noise characteristics of drones and the

commonly used noise reduction methods and analyzes the advantages and

disadvantages of various noise reduction schemes. Then, the overall

design scheme of ASQC has developed with drone noise characteristics

Active Noise Control(ANC) theory and the theory of active noise control

system. Considering the algorithmic computational complexity and

hardware requirements, a scheme for using single-frequency audio as a

secondary noise is proposed, which simplifies the complexity of the

entire system while effectively improving the sound quality.

Then, drone noise collection and analysis experiments were performed

in the silencing chamber. Accurate drone noise data are used to make the

simulation results close to the actual situation. Considering that the sound

quality is often strongly correlated with human subjective feelings, the

calculated psychoacoustic parameters and the subjective evaluation

results are used for regression analysis to obtain the evaluation formula of

drone sound quality. In conducting the subjective evaluation, the Noise

Improvement Level(NIL) is introduced, which intuitively reflects the

degree of raw quality improvement of the audio processed by the ASQC

system compared to the original noise data.

Finally, the obtained drone sound quality evaluation formula is

reintroduced to form the complete ASQC system. Processing using a new

set of drone noise data, which compared with subjective evaluation

results, yielded good results.
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1.INTRODUCTION

1.1 Research Background

1.1.1 The History of the Development of the Drone

Multi-rotor type unmanned aircraft vehicles (UAV) are being widely

studied and applied, commonly referred to as drones. This is a crewless

aircraft operated using radio remote control equipment and self-contained

program control devices and can be operated remotely by humans. A

complete unmanned flight system (UAS) also includes a ground

controller and a communication system[1, 2].

Initially originating in the early 20th century, drones were developed

for military reconnaissance, surveillance, and shooting training[3]. In

1917, Peter Cooper and Elmer A.Sperry invented the first autonomous

gyro stabilizer, which allows the aircraft to maintain a balanced forward

flight, and unmanned aircraft vehicles were born. It can fly 50 miles with

300-pound bombs but was never applied to actual combat. In 1935, the

invention of the DH.82B Queen Bee marked that the drone could fly back

to the take-off point for reuse. During World War II, more drones

emerged, such as the Argus As 292 and JB-4. However, they still belong

to remote-controlled aircraft, not drones in the array sense. So far, more

and more countries have begun to increase the military use[4, 5] of drones

and gradually use drones[6] instead of traditional aircraft.
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1.1.2 Public Health Issues from Drones Noise

Compared with military drones, although the development of civilian

drones is relatively late, the development speed is very rapid[7]. At

present, more than 70% of the market share is occupied by DJI (C.N.),

followed by Yuneec (C.N.), 3D Robotic (USA), and parrot (F.R.)[8]. As

of May 2021, the Federal Aviation Administration has registered 873,573

drones, of which 42% are commercial drones, and 58%[9] are civilian

drones. At the same time, the global drone market in 2021 will reach

214.7 billion U.S. dollars[10]. Compared with 2020, the growth will

exceed 100%.

While the drone market is growing, drone use has created many social

problems related to privacy, safety, and noise. Most of the security and

privacy problems can be solved by setting up the no-fly zone and the

drone registration system[11], but the drone noise problem has not been

fully addressed.

Because the noise characteristics of drones are very different from

traditional aircraft, research is needed to distinguish between drones and

traditional aircraft. In 2018, NASA convened noise experts from various

industries to form an Urban Air Mobility (UAM) Noise Working Group,

designed to address noise issues associated with urban air traffic,

including drones[12]. A psychoacoustic subjective evaluation test of 38

by Andrew et al[13]. found that drone noise was more likely to bother

than road vehicle noise. In further, Torija, by calculating the

psychoacoustic index, found that the drone has higher loudness,

sharpness[14]. However, subjective tests are still needed to determine the

results because the current psychoacoustic evaluation system is not

perfect enough.
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1.2 Review of Noise Research

1.2.1 Traditional Noise Evaluation

Noise is the sound we do not want that destroys human physiological

and psychological health. A high level of noise can cause symptoms such

as hearing loss, hypertension, ischemic heart disease, sleep disorders, and

other health hazards[15]. Prolonged exposure to a low level of noise can

also lead to significant discomfort in the body[16]. There is also a

significant causal relationship between noise and physiological health,

and unpleasant sounds can cause significant changes in human

psychology[15].

In traditional noise studies, A-weighted or ITU-R 468 weighted Sound

Pressure Level(SPL) is usually used as a unique indicator to measure and

evaluate the noise[17]. Environmental noise usually refers to the

accumulation of all noise in a particular environment, and Figure.1

illustrates the familiar sources of environmental noise in centralized daily

life.
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Fig. 1 Tpical Sound Levels of common noise sources

Some specific regions or occupations are faced with the risk of

continuous exposure to high levels of noise. For this reason, many

countries and regions have successively issued laws and regulations on

noise control: the European Environment Agency has issued relevant

regulations to monitor and control noise[18, 19]; the National Institutes

for Occupational Safety and Health ( NIOSH ) also put forward relevant

suggestions and recommended standards for workplace noise

standards[20, 21]; in addition, the EU issued Marine Strategy Framework

Directive (MSFD), underwater noise is also included in the scope of

regulation[22].
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Recent research indicates that the traditional A-weighted SPL as the

only index for evaluating noise is incomplete. The reason is that it does

not represent the quality characteristics of a sound and, in other words,

this indicator does not fully respond to human subjective feelings of

sound. In fact, human sensitivity to sound at different frequencies, so two

sounds with the same SPL may bring different auditory perceptions.

Therefore, we cannot reduce the SPL as the sole goal of improving the

acoustic environment.

1.2.2 Development of Sound Quality Research

For the earliest concept of sound quality dating back to 1883, Stumpf

proposed the concept of 'sound characteristics' to explain the phenomenon

that two sounds have the same SPL and give different subjective

perceptions. In the 1980s, it was found that some vehicles had higher

A-weighted SPL but sounded comfortable[23]. More and more people

have devoted themselves to research this phenomenon, and many new

indices have been created to evaluate the human subjective perception of

noise. Blauert and Bodden first proposed the concept of sound quality in

1994[24]. In their research, the concept of 'sound' refers to the physical

process of sound wave formation and includes the process of human

auditory perception. "Quality" refers to the subjective judgment made by

human beings on sound in the process of perception, which emphasizes

more on subjectivity.

The establishment of the concept of sound quality has brought new

challenges to modern noise research because it is related to acoustic

properties and the human mental state. As people's s auditory preferences

change, sound quality will become a real-time variable, so sound quality

is still necessary to constantly improve the concept.
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1.3 Sound Quality Evaluation Method

1.3.1 Fundamental Principles

Compared with the traditional environmental noise research, the

research on noise and sound quality has extreme subjectivity and

cross-cutting. Its testing method, experimental scheme, and data

processing analysis method are unique. Sound Quality Evaluation(SQE)

steps are designed to use human auditory perception in decomposing a

sound into a handful of parameters upon which the judgment of

pleasantness is made or to approximate these abilities with empirical

equations.

Generally, SQE is a complex process containing three kinds of

knowledge: (1) acoustics (the physical parameters or acoustic factors), (2)

psychoacoustics (the relationship between human auditory perception and

physical parameters), and (3) psychology (subjective perception).

According to international practice, the SQE method can be mainly

divided into subjective and objective evaluation. Subjective evaluation of

sound quality is how people understand noise sound quality from the

perspective of subjective perception; objective evaluation of sound

quality is to seek psychoacoustic and physical acoustic properties of noise

sound quality.

1.3.2 Objective Evaluation and Sound Quality Metrics

The purpose of the objective SQE is to establish the connection

between the subjective perception of SQ and physical acoustics and

psychoacoustics. Some acoustic metrics were developed to illustrate

human responses and preferences to different sounds in objective
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psychoacoustic studies. These metrics, derived from psychological

response mechanisms and auditory perceptions of human beings, are

called (SQMs). Among the existing SQMs, some studies have defined

relatively perfect parts of them, but very few have international standards.

The current international research is mainly aimed at the specific noise

environment, and the research methods and results will be very different

for different application scenarios. For different application scenarios, the

objective evaluation needs to combine the spectral characteristics of noise,

physical acoustic parameter, psychoacoustic parameter, and other aspects

and use the analysis of variance, correlation analysis, and multiple linear

regression. Famous companies in the acoustic fields of AVL LIST[25], B

& K company[26], and HEAD acoustic[27] have all used different SQMs

to build their own SQE systems.

The following are the remarkable achievements of the objective SQE

research：

- In 1956, Robinson and Dadson[28] defined the equal-loudness for pure

sounds in free-field conditions, setting the foundation for subsequent

studies on the loudness of SQMs. Based on this, Zwicker[29, 30]

proposed the loudness models for variable sounds, and its model is

accepted as an international standard[31].

- Some researchers have described the subjective characteristics of sound

quality based on several psychological characteristics. In 1994,

Hussain[32] proposed the annoyance index. Aures combined loudness,

roughness, sharpness, and tone to propose the notion of annoyance index.

Castellengo[33] proposed ways to specify human auditory perception

with tone, brightness, sensory euphony, and timbre.

- In 1999, based on a lot of subjective evaluation experiments and

analysis, Scott and Jeff[34] proposed a model for evaluating vehicle noise

based on the fluctuation, loudness, and standard deviation of loudness in
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the time domain. In the same year, Hoeldrich[35] and Pflueger[36]

proposed an improved model for researching the roughness calculation of

vehicle interior noise.

- Low-frequency noise has a significant impact on sound quality[37, 38].

In 2000，Hashimoto[39], in the research of the sound quality on vehicle

interior noise, the sound pressure feeling generated by the low- frequency

noise below 300Hz was called the roar feeling. The model results of

psychoacoustic Booming Level driving in steady-state are well correlated

with roar sensation. During the acceleration, the Booming index is

proposed to evaluate the external noise at the idle speed and the engine

acceleration at a low rotational speed.

- In 2002, C.Hogstrom[40] researched the annoyance level of noise

caused by trains' air conditioning and ventilation system by analyzing its

spectral components and psychological parameters. Based on the analysis

of the modulated model, it is found that sharpness and modulation are the

key factors affecting annoyance level and the key to improving sound

quality. The estimated model of annoyance level is established through

least squares regression analysis. Besides, he analyzed the influence of

modulated noise, fluctuation, speech intelligibility in the research on the

sound quality of train interior noise[41].

- In 2002, KAIST[42] researchers pointed out that different noise

components brought different searches when researching vacuum

cleaners. Otto[41] indicated that the engine sound quality research model

has significant limitations and proposed a roughness calculation model

closely related to engine speed information's order

characteristics.

- Honda Company of Japan has conducted in-depth research on the sound

quality of vehicles, put forward more than ten factors, such as loud,

booming, and sharpness, and finally divided these factors into two
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significant categories: sports and luxury. He indicated that the two

categories could represent subjective feelings in most populations and

establish a relationship between them and psychoacoustic parameters.

- At present, the research on sound quality in the world is not perfect.

Under the influence of different cultural backgrounds and environmental

factors, the standards for evaluating sound quality are different. Even in

the same individual, changes in mental and physiological states can affect

the evaluation criteria of sound quality. In addition, because there is no

unified international standard for the sound quality evaluation system,

different research methods and types are diverse according to the

researchers' understanding, so the research results are very different.

1.3.3 Subjective Evaluation

Subjective evaluation research of sound quality adopts the form of

subjective evaluation data through questionnaire survey or subjective

evaluation experiment to obtain appropriate evaluation terms to describe

the subjective perceptual characteristics of sound quality. The specific

steps are as follows: First, organize a certain number of listeners to

classify sound samples into different annoyance levels. The calculated

psychoacoustic parameters were then statistically analyzed with the

evaluation results of the jury test. Standard subjective evaluation methods

of sound quality include the sequencing method, amplitude adjustment

method, scoring method, pairwise comparison method, a semantic

segmentation method, etc.

The following are the remarkable achievements made in the

development process of subjective sound quality evaluation:

- In 1995, Solomon[43] used the semantic differential method for

acoustic research, with different experimental processes for different
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situations. The University of Oldenburg and Bochum[44, 45] involved

various procedures in researching interior vehicle noise and sound quality

to apply different research requirements.

- In the same year, Blauert and Bodden concluded through much

subjective evaluation research: from a psychological point of view, sound

quality mainly has two characteristics: pleasantness and identifiability. In

1997, Farina[46] proposed a subjective evaluation in which the binaural

recordings were replaced with a binaural signal that synthesized by two

single-channel signals. Gabriella[47] further refined this approach in

2002.

- In 1999, Bodden[48] proposed to cite individual test methods for

industrial application purposes. This method can be significantly lower

evaluation expenses, but it also causes jumbled evaluation results.

Otto[49] introduced the subjective sound quality evaluation system of

vehicle noises.

2.SOUND QUALITY CONTROL STRATEGY

2.1 Introduction

Noise control refers to active or passive ways to reduce noise

emissions, mainly used to improve environmental problems, personal

comfort level, and compliance with government laws and regulations.

Effective and practical noise control relies on accurately diagnosing what

is causing noise, first by finding the noise source. Once the noise source

is confirmed, you can focus on using engineering means to reduce the

noise.
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Based on the actualization means, noise control can be divided into

active control and passive control. Traditional noise control methods

include sound absorption, sound insulation, vibration isolation or

damping, and mufflers.The principle of these methods is to use of the

interaction between sound and materials to convert sound energy into

other forms of energy to achieve the purpose of noise reduction. Active

control is often implemented by a computer, which is used to generate an

anti-noise to counteract the primary noise by interface. Active control has

unique advantages in improving sound quality because it can control the

noise in a specific frequency band, and it is also easier to change some

main psychoacoustic parameters.

The theory and practice of sound quality control and noise control are

very similar because their premier objective is to reduce the noise level.

However, compared with noise control, sound quality control is more

selective and particular. Based on the results of sound quality evaluation,

sound control is achieved by removing its annoying noise components as

much as possible.

2.2 Noise control

2.2.1 Passive Control

Passive control has played a significant role in noise control over the

past few decades. Based on different propagation characters of noise and

ambient environment, the classic control methods mainly include

vibration damping and vibration isolation for structural-borne noise,

sound absorption, and sound insulation for air noise. All four methods are

achieved by using appropriate control materials.

With the impact of the development of science and technology, new

noise control materials with improved properties are constantly emerging.
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In principle, the mechanical energy of elastic waves is converted into the

internal energy of the medium to consume and weaken sound waves. The

thermodynamic principle dominates the sound absorption principle in

medium and high-frequency bands. Therefore, acoustic materials can be

regarded as excellent adiabatic materials. That is to say, noise control

materials have been a composite material since their development.

Noise control materials mainly have three categories of damping

materials, sound-absorbing materials, noise insulation materials: damping

materials through increasing the system damping, to reduce noise by

inhibiting structural vibration, this measure is called damping vibration

reduction; for sound absorption materials, we know that acoustic waves

propagation in the medium, will produce acoustic energy attenuation

phenomenon. Similarly, when the material absorbs acoustic waves

incident into the material surface, part of acoustic energy, thus causing the

reduction of acoustic energy, which is called material acoustic absorption;

acoustic insulation is a noise reduction method in the noise transmission

path, its effect than noise reduction, so acoustic insulation is an effective

measure to obtain quiet sound environment. Depending on the mode of

acoustic wave propagation, sound insulation is usually divided into two

categories: air sound insulation and impact sound insulation, also known

as solid sound insulation.

At the same time, acoustics, as a multidisciplinary and interdisciplinary

discipline, has also attracted many research forces in different technical

directions. The researchers have developed unique phononic crystal and

acoustic metamaterials technologies from the cutting-edge perspectives of

condensed matter physics and quantum materials in the

multidisciplinary field.

The general characteristics of passive control can be concluded as:

-More effective for high frequency noise
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-Easy to apply

-High stability

2.2.2 Active Control

Active noise control is a new technology in the field of noise control in

recent years. It participates in the control process by adding additional

energy to the noise control process, that is, to artificially produce

secondary noise sources or secondary vibration sources to reduce noise,

and uses the interference principle of sound waves to control the original

noise. This approach is different from the traditional methods, belongs to

the active method, or is known as the active method.

Lord Rayleigh[50] first proposed the concept of silencing by the

interference of secondary and primary acoustic waves. Later, German

Pual Lueg[51] proposed eliminating noise through active control, and in

1935 applied for a patent in the United States entitled "Process of

eliminating acoustic oscillations." In 1936, he published an article entitled

"Processing of Silence Oscillations," according to the principle of Yang's

interference, to achieve the purpose of reducing noise by using the phase

elimination interference of sound waves.

In 1953, Olson[52] invented a Feedback active control system which

has a different structure from lueg's system. In the 1970s, based on the

theory of Huygens, French researchers Jessel[53] and Mangiante[54]

proposed a JMC active control algorithm, which can be applied to 3-D

free sound fields. In the 1980s, active control was developed rapidly with

the wide application of integrated circuits and the rapid development of

digital processing technology. With the invention of a high-speed signal

processor, self-applicable filters were added to the control system,

enabling the system to handle real-time varying environmental noise, a
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technique known as an adaptive active control.

Since the adaptive filter can automatically adjust its transfer function

according to a particular previously set criterion to achieve the desired

output, designing the adaptive filter can not have to know the statistical

characteristics of its input in advance, and it can also automatically adapt

when the statistical characteristics input in the filtering process slowly

change over time. These outstanding advantages make it logically

accepted and developed by the Active Noise Control Institute. Adaptive

active control technology can solve the complex engineering analysis of

parameter regulation difficulties caused by noise and environmental

characteristics over time and pure acoustic methods.

Based on the input signal to the controller，ANC are classified into

Feedforward control and Feedback control[55]：

（1）Feedforward ANC system

The feedforward ANC system directly obtains the reference signal by

placing a reference microphone or non-acoustic sensor at the target noise

source. The residual noise signal measured by the error sensor and the

reference signal obtained by the sensor act as input to the controller,

generate and adjust the secondary sound source signal yn, drives the

secondary speaker to make secondary noise, interferes with the noise

generated by the primary sound source, and finally minimize the sound

pressure value at the error sensor.
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Fig. 2 FeedforwardANC system

（2）Feedback ANC system

There is no sensor in the Feedback ANC system to measure the

reference input signal, and only the residual noise after phase elimination

interference is obtained through the error sensor and sends it to the

Feedback controller, thus achieving the purpose of adjusting the

secondary sound source yn, so that it emits the secondary noise opposite

to the amplitude of the primary noise amplitude.

Fig. 3 Feedback ANC system

The Feedback ANC system is simple in structure, with no single



16

Feedback problem, which can effectively inhibit the transient signal of

the system due to particular active damping. At the same time, prone to

controller divergence, the system stability is poor; the Feedforward ANC

system is robust, not only for narrow-band noise signals but also for

broadband noise signals. However, some specific scenarios may not be

suitable for installing reference speakers. At present, both structures have

been applied in real life. However, the priority of most application

scenarios will adopt superior Feedforward ANC systems, and Feedback

ANC systems are considered only in some scenarios where reference

signals are not easily accessible, accurately obtained, and reference signal

sensors cannot be installed.

Depending on the number of channels, the ANC system can also be

divided into a single-channel ANC system and a multi-channel ANC

system: the single-channel ANC system usually contains only one error

microphone and a secondary sound source, which can adopt a

Feedforward structure or Feedback structure. The single-channel system

has only one secondary pathway, a simple algorithm, simple

implementation, but the noise reduction space is limited; multi-channel

ANC system generally includes two or more secondary sound sources or

error transmitters, secondary pathway number is the product of secondary

sound sources and the number of error transmitters of the system, using

Feedforward or Feedback structure, the number of reference speakers can

be one or more. Multi-channel systems have better noise reduction and

more excellent noise reduction space but have poor stability due to too

complex systems and algorithms.

2.3 Adaptive Algorithms

Over the past 40 years, many researchers have studied adaptive filters
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and developed many adaptive algorithms. These include least mean

squares(LMS), recursive least squares(RLS), and affine projection(AP),

of which LMS is the most widely used.

2.3.1 LMSAlgorithms

2.3.2 FXLMSAlgorithms

Fig. 4 Blockdiagrams of active control systems using FXLMS algorithm

The LMS algorithm ignores the secondary channel )(zS . Due to the

existence of the secondary channels, the LMS algorithm usually leads

to instability, the error signal is not correctly aligned with the reference

signal in time, and there is a delay. Multiple possible protocols can be

used to compensate for the influence of the secondary channels.

Morgan proposed to place the same filter in the reference signal path to

implement the weight updates of the LMS algorithm and hence the

so-called FXLMS algorithm. Since )(nS does not necessarily have an

inverse, the FXLMS algorithm is usually the most effective method.

The FXLMS algorithm was then independently derived by Widrow in

the case of adaptive control and Burgess for ANC applications.
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Error signal are expressed as

)()()()()( nxnwnsndne T (1)

Where n is the time index, )(ns is the pulse response of the

secondary path )(zS , representing the linear convolution, and )(nw

and )(nx are the coefficients of )(zw and the noise signals, respectively.

Assuming the mean-square cost function )()( 2 neEn  , the adaptive

filter minimized the instantaneous square error.
)()( 2 nen  (2)

A gradient descent algorithm was used to update the filter weight

vector in the negative gradient direction according to the step length.

)(
2

)()1( nnwnw 
 (3)

2.4 Sound Quality Control Strategy Determination

As mentioned in Chapter 1, drone noise consists of some multiple

characteristic noise signals. Given the drone operation's open space and

operational difficulty, it is challenging to solve all features simultaneously.

The range of applications of ANC mainly focuses on the low frequency,

corresponding precisely to the frequency band of the drone propeller

noise. The depth of the sound frequency band of the speaker is

proportional to its size, and eliminating all propeller noise will affect the

flight performance of the drone. Considering the above drone

characteristics, the schematic feedback LMS algorithm for drone noise

ASQC is shown in Figure 5. To avoid the hardware being too complex,

the drone carries small speakers and uses smartphones connected via

remote control as an error microphone. Since the additional configuration

of sensors at the propeller affects the aerodynamic performance of the
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blade, it is feasible to select single-frequency noise ahead of the drone

noise characteristics as secondary noise. The regression equation for

sound quality is established via linear regression and is then included in

the algorithm to form the complete ASQC system.

Fig. 5 Blockdiagrams of active sound quality control system
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3.DRONE NOISE

3.1 Introduction

In noise research, drones belong to an emerging noise source whose

noise characteristics are very different from the traditional noise sources.

By the 21st century, with the development of electronic components and

communication technology, the cost of drones dropped significantly, and

the use gradually expanded to the civilian field. These drones can be

classified by weight or flight altitude. For sound quality research,

different research methods need to be used for different noise sources and

scenarios. Therefore, we need further research to analyze the noise

characteristics of the drone.

Table 1 Classification method based on the weight

Type Weight

Nano 250 g <

Micro Air Vehicles (MAV) 250 g-2 kg

Miniature UAV or Small

(SUAV)
2-25 kg

Medium 25-150 kg

Large > 150 kg
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Table 2 Classification method based on the altitude

Type Altitude Range

Hand-held 600 m 2 km

Close 1500 m 10 km

NATO 3000 m 50 km

Tactical 5500 m 160 km

MALE (medium altitude, long endurance) 9000 m 200 km

HALE (high altitude, long endurance) > 9100 m indefinite

After plenty of experiments, the researchers found that physical

closeness of drone receivers and spectral characteristics are different from

conventional aircraft. Therefore, many of the conventional aircraft noise

research results can not be applied to drone noise studies. On the other

hand, improving the drone's nose is also an important topic to investigate

its cause profoundly.

In order to improve the sound quality evaluation of the drone and

develop the active sound quality control (ASQC) system for the drone's

noise characteristics, the actual drone data needs to be collected and

analyzed. To this end, an experimental platform was built in the anechoic

chamber to collect data of drone noise in different motion states.

3.2 Review of Drone Noise

In the steps of noise research, it is the most important step to explore

the way the noise produces. Taking the corresponding solution for the
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cause of the noise is the most effective method of improvement. In the

last few decades, researchers have studied a lot of drone noise

production[56].

As researchers have made many achievements in battery research,

batteries are being miniaturized and widely used.As researchers study

drone technology, today's drones are very different from the original

models.In the early days,the noise from a small-scale drone is principally

composed of propeller noise and engine noise[57, 58].

After most civil drones used electric propulsion to replace fuel engines,

propellers became the primary source of the noise[59]. Propeller noise

consists of two parts: rotation noise and broadband noise[60]. There are

three main sources of broadband noise: （1）leading edge noise, which is

generated by volume displacement and aerodynamic loading on the

surface of the blade；（ 2） trailing edge noise，which is due to the

interaction between the blade trailing edge and the turbulent boundary

layer; and（3）separation noise, which is generated by the separation of

flow on the blade airfoil[61, 62].

3.3 Experiment and Analysis

3.3.1 Description of the Drone Noise Acquisition Experiment

The proposed experiment was developed in two phases. Firstly, noise

acquisition was performed for the drones in different motor states using

microphones. Secondly, the most relevant data obtained were selected for

the ASQC simulation.

The noise from the drones was measured inside an anechoic chamber

at the University of Ulsan. The detailed parameters of the anechoic
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chamber are presented in Table 3. To ensure accuracy of the collected

data, professional acoustic equipment was used for the measurements.

Figure 1 shows the acoustic equipment and drones used in the experiment.

An ABSWA MPA201 free-field microphone was connected to a SCIEN

ADC 3241 professional sound card through a BNC connector cable. The

drone had dimensions of 83mm (H) × 83 mm (W) × 198 mm (L) with

two pairs of MAVIC 8330 quick-release folding propellers measuring 5

mm (H) × 40 mm (W) × 50 mm (L). Remote controls were used to

control the drones viewed as a source of noise, and laptops were used to

control any other devices.

Table 3 information about the test room
Room type Room size Volume

(m3)
Temperature

(°C)
T60
(s)Length Width Height

Anechoic
chamber 8.4 7.2 6.0 363 227 < 0.08
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(a)

(b)

Fig. 6 The experiment site and drones: (a) Anechoic chamber; (b)DJI Mavic
Pro drone.
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The signal data acquisition and computing were performed using the

MATLAB software. In the experiments, signal acquisition was performed

using two microphones to reduce error. The microphones were set 1.5m

from the drone, and the angle between the two microphones and the

drone connection was 90°. The microphones were each installed on a

tripod with a relative distance of 1.5 m from the floor. The drone then

performed take-off and landing operations from a board placed on the

ground. The overall equipment layout is shown in Figure 7.

Fig. 7 Equipment layout of drone signal data acquisition in the anechoic
chamber

According to the above-mentioned experimental configuration, the

noise signals of a DJI Mavic Pro drone with a length of 10 s and a

sampling rate of 48,000 Hz were measured using the proposed data
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acquisition system（hover，take off and horizontal flight）. The collected

noise signals are saved in a laptop in the .wav format, which will be used

for evaluation and simulation of the ASQC method.

3.3.2 Result Analysis

A spectrogram is a visual representation that can express the frequency

and intensity of the sound signal as it varies with time[63]. It uses a

distribution of different colors from the image to visually show changes

in the drone noise signal. The spectrogram of drone noise can be

observed in figure. As seen in Figure 4, the drone radiates significant high

frequency noise in the 6 kHz to 8 kHz frequency bands. After consulting

the literature and experimental verification[14, 64], this part of the noise

can be explained by the self-noise of the propeller blades, motor noise,

and cooling fan noise. The sound produced by drones is mainly tonal in

character，which usually has tonal components in a low-frequency range

corresponding to the blade pass frequency (BPF) and their harmonics.

Since the rotors of drones often have different rotating speeds and phases,

the tonal components are not located in a single frequency, but instead

distributed around their center frequency. In Figure 8, the spectral line

corresponding to the rotor BPF is around 200 Hz. In this experiment, to

obtain the sharpest contrast result, the noise data of the drone in the

hovering state will be used as the sample.
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(a)

(b)
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(c)

(d)

Fig. 8 Spectrogram of the drone in the anechoic chamber: (a) Hover, 0-10000 Hz;
(b) Hover, 0-1000 Hz; (c) Horizontal 126 flight; (d) Take off.
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4 Sound Quality Evaluation

4.1 Introduction

In this chapter, computational models of several standard

psychoacoustic parameters are first introduced, and subsequent

simulation experiments of active sound quality control (ASQC) systems

using Matlab software to obtain simulation results. The obtained audio

data were subjective and objectively evaluated, and the regression

analysis was used to obtain the computation of drone sound quality.

4.2 Objective Sound Quality Evaluation

4.2.1 Objective modeling of Sound Quality Metrics

（1） Loudness

Loudness quantitatively reflects the subjective feeling of the human ear

on the strength of the voice. Loudness is a kind of evaluation quantity

between subjective and objective, which is the decisive characteristic

quantity in sound quality evaluation. Generally speaking, the larger the

loudness value, the more serious the degree of annoyance caused by

people, and the lower sound quality, but the loudness is not the decision

standard of the noise and sound quality.

The numerical value of loudness is equal to the SPL of 1 kHz pure tone

with the same loudness. The relation between loudness and loudness level

is given:
  10/402  NLN or NLN 10log3.33 (4)

The loudness considers the physical characteristics of the sound and

the spectral distribution and the effect of the human ear asking effect on

the sound, which can reflect the loud level of the human ear more

accurately than the A-weight SPL. The loudness is in sone and defines 1
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kHz, 40 dB reference pure tones as 1 sone. If a sound sounds twice as

much as the reference sound, the loudness is recorded as 2 sone. The

loudness cannot be directly obtained by sound intensity listening

threshold curves but can only be constructed by methods such as

amplitude estimation.

For steady-state noise loudness calculations, the International standard

ISO-532 specifies two calculation methods of A and B.Method A adopts

the computational model proposed by Stevens, using octave frequency

band or 1 / 3-octave frequency band spectrum, suitable for the loudness

calculation of diffusion sound field of the flat spectrum; Method B uses

Zwicker, using 1 / 3-octave frequency band as the basic data to modify

the masking effect of the human ear, which is suitable for the calculation

of free or diffusion sound field.

In addition to the incident direction, the loudness curve is also

determined by three factors: bandwidth, spectrum, and duration.
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（2）Sharpness

Sharpness is a measure of the high frequency energy content of a sound,

and the unit of sharpness is acum. It’s the matric which is defined by

Zwicker and Fastl[65] as“a narrow band noise on critical band wide at

centre frequency of 1 kHz having a SPL of 60dB”. However,the metric of

sharpness has not yet been standardized.

There are several methods to calculate the metric, including:

Von Bismarck’s method[66] introduces the idea of a weighted

first-moment calculation, Aures’s method[67], which is a modified

version of Von Bismarck’s equation, and Zwicker & Fastl’s method which

is a version of Von Bismarck’s equation with a modified weighting curve.
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The weighting function )(zg ,which depends on the critical band rates,

is determined by

 1)(,14
51.381.01.00056.000012.0)(,14 234
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Like the definition of specific loudness, the specific sharpness of each

critical band may be expressed as
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（3）Roughness

Roughness is a psychoacoustic parameter describing the degree of

modulation of a sound signal, which reflects the magnitude of the signal

modulation amplitude and the modulation frequency distribution, which

is suitable for evaluating sounds from 20 to 200 H z modulation

frequency 30, particularly for sounds around 70 Hz. The time-domain

structure of the sound signal, the frequency distribution of the modulation,

the modulation frequency size, the modulation degree, and the different

degree of the sound pressure level determine the size of the roughness.

There is currently no international standard for the calculation of

roughness, with the commonly used formula of:

)/()/(
011.0
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In the formula: EL is the amplitude of sound pressure change in the

critical frequency band; modf is the modulation frequency; 0f is the

modulation base frequency, and 0f =70 Hz.

Human hearing system has a peculiarity that can be described as: if the

duration of a sound is greater than 300 ms, the subjectively perceived

length of the sound is equal to its actual length; if the duration of the

sound is shorter than 300 ms, the subjectively perceived length of the

sound may be different with its actual length. For example, a sound with

a length of 10 ms may be subjectively perceived to be 20 ms long. This

peculiarity of the auditory system has important consequences for the

subjective perception on instantaneous sounds, such as rough sounds.

Thus the metric of roughness has not been standardized and there are

several proposed calculation methods. For example, Aures[68] proposed

a method in 1985, wherein the product of EL and modf in each critical

band is estimated with a generalized modulation depths mi and a

weighting function )(zig . Widmann and Fastl[69] proposed another

method for calculation, wherein the specific loudness is measured every 2

ms to calculate a time variable course of the masking pattern and from

this a value of EL can be evaluated. In this work, the roughness is

calculated via a developed model which is based on the Daniel and

Weber’s model[70]. With this model, the temporal masking depth and the

modulation frequency can be accurately estimated. Figure 9 is a standard

flow chart of the roughness calculation model.



33

Fig. 9 Structure of the roughness model

（4）Fluctuation Strength

The fluctuation strength describes the degree to which the human ear

feels about the slow-moving modulated sound, adapted to evaluate the

low-frequency modulated sound signals below 20 Hz, reflecting the loud

ups and downs of the sound subjectively felt by the human ear. Car noise
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usually causes fluctuating auditory feeling, so fluctuation strength is a

more sensitive identification parameter.

There is no unified international standard for the calculation of

fluctuation strength, and the typical Zwicker formula is calculated as

follows:
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4.2.2 Experiment andAnalysis

First, perform time-domain SPL and loudness analysis on the selected

drone noise data.. The loudness is calculated following the Zwicker

model[31] in the standard ISO 532-1, and the computation is expressed as

Eq. 5. Here, N is the overall loudness and )(zN  is the characteristic

loudness under the bark domain. The results are shown in Figures 4 (a)

and (b), and it is clear that the linear SPL and loudness are not

synchronous changes. Loudness is one of the psychoacoustic parameters

and the most important index of sound quality evaluation, and they

provide a way to measure the subjective sensation that sounds can

produce regarding human listeners. As research in the field of sound

quality becomes increasingly active, the improvement goals of sound

design and noise improvement techniques have helped improve the

subjective responses that sound causes. Therefore, in the study analysis,

we should also analyze other psychoacoustic metrics for drone noise.
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(a)

(b)

Fig. 10 Noise characteristics of drone: (a)Bands spectra of the drone;
(b)Loudness index curves for drone.

By analyzing the frequency map of the drone noise (shown in Figure

10), the single frequency signals of 216.9 Hz, 418.8 Hz, 605.8 Hz, and

866.8Hz were chosen, where the SPL peak were selected as secondary
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noise. The filter length and size of the step length factor largely determine

the convergence and stability energy of the ANC system. To determine

the convergence effect and convergence rate, the length of the filter was

fixed to 120 after multiple experiments. For the step length factor, it is

typically seen that a larger μ results in faster algorithm convergence;

however, the larger the steady state error, the smaller the μ and the slower

the algorithm convergence. That said, this resulted in a smaller steady

state error. To ensure steady-state convergence of the algorithm, μ should

lie in the following range:




 N

i
ix

1

2)(

20 
(11)

Within the range of values, we selected 6 sets of values combined with

4 secondary noise, and conducted simulation experiments through the

written Matlab program to obtain 24 sets of audio data.

We performed a loudness analysis of 25 sets of audio, including the

original data, and the resulting mean loudness curve is shown in Figure

11. It is clear that a significant correlation between combinations of

control conditions and loudness values.
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Fig. 11 Average loudness of simulated results and original data.

Figure 12 shows the signal data obtained from simulation experiments

with a secondary noise of a 216.9 Hz/866.8 Hz and a step length of 0.002.

As can be seen from the figure, the SPL of the frequency band

corresponding to the secondary noise is significantly reduced. Since the

purpose of this experiment was not to reduce the SPL, but to improve the

sound quality, we conducted further analysis of the psychoacoustic

parameters of the signal.
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(a)

(b)
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(c)

(d)

Fig. 12(a) Band spectra of signal after ASCQ (216.9 Hz/0.002 step length); (b)
Spectrogram of signal after 183 ASCQ (216.9 Hz/0.002 step length).(c) Band
spectra of signal after ASCQ (866.8 Hz/0.002 step length); (d) Spectrogram of
signal after 183 ASCQ (866.8 Hz/0.002 step length).
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Through research and analysis, loudness is not the only objective

parameter that affects sound quality. That is, other parameters are also

significantly related with sound quality. In the objective data analysis, if

only the loudness analysis is performed, there may be large deviations

from the real sound quality, so a more accurate analysis strategy is

needed.

To accurately analyze the influence of the ANC system on sound

quality, four common psychoacoustic parameters were studied: loudness,

roughness, sharpness, and fluctuation strength. The A-weight sound

pressure levels were also introduced as a reference. Table 4 shows the

results for each psychoacoustic parameter. It is obvious that the changes

of the four parameters were not synchronized, so it is difficult to evaluate

the integrated acoustic quality performance of the signal through

objective values alone.

Table 4 Psychoacoustic parameters of sound quality before and after control

Data type SPL loudness roughnes
s sharpness fluctuation

strength
Original data 63.618 27.3172 0.086279 2.401 0.175626

216.9hz/0.002 63.0275 25.5059 0.08697 2.5608 0.017687

886.8hz/0.002 63.5887 27.0477 0.080074 2.4264 0.17142

4.3 Subjective Sound Quality Evaluation

4.3.1 The Necessity of Subjective Sound Quality Evaluation

We know that in the evaluation of sound quality, people are the main

body of noise feeling. Through the subjective listening jury evaluation of

noise, we can deepen the understanding of product sound quality, better

reflect the needs of customers, and point out the direction for improving
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product sound quality. Human auditory perception is the ultimate

criterion for evaluating sound quality. These perceptions cannot be

measured directly measured with current techniques. Although some

objective parameters (SQMs) can gratefully describe these perceptions,

they often need to be estimated by subjective assessment (e. g., a jury

hearing test). At present, no objective method can completely replace the

subjective evaluation of sound quality, and its effectiveness should be

tested by subjective evaluation. In this sense, subjective evaluation is the

most accurate and is the basis of sound quality research. Therefore, in

recent years, people have paid attention to the characteristics of people as

the subject of noise sensation in the research of noise and put forward

many subjective evaluation methods, mainly including classification

method, grade scoring method, pairwise comparison method, semantic

analysis method, and rating scale method and other methods.

4.3.2 Subjective Sound Quality Evaluation methods

The subjective evaluation of sound quality uses the method of

experimental psychology to classify the quality of the test sound.

Subjective evaluation involves many factors, including selecting test

objects, noise preparation, listening environment, and the selection of

evaluation methods. The evaluation method of the listening jury is the

main influencing factor, and the main methods are:

（1）Pairwise Comparison

Renowned psychologist Thurstone[71] first proposed the pairwise

comparison method in 1927. This is a comparative evaluation method,

and the specific is first to group the sample sound pairwise and then play

by a group so that the listening object can make a relative comparison of

the relevant parameters of the two sound signals.
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For sound evaluation, the listening object needs to compare the

constituent playing sound according to the evaluation criteria. The

standard of evaluation can be any meaningful parameter, typically such as

good and bad sound, annoyance, loudness, roughness, and other

metrics.For example, in a group which contains Sample A and B, if A

sounds better than B, then A is scored 2 points, and B is scored 0 point; if

A sounds similar to B, then both of A and B are scored 1 point. After

summing the scores of a sample in all related compassion, the summation

is regarded as the evaluation result for the sample.

The pairwise comparison method is relative, not absolute. The listening

object does not have to consider before and after the judgment. Pairwise

comparison is different from what people make in daily life. It is very

natural and convenient for untrained listeners. The disadvantage of the

pairwise comparison method is that the number of groups when the

number of sounds is too large.

（2）Rating scale

The rating scale method is to divides the noise quality into several

grades. In the trial, the evaluation person gives the corresponding

evaluation score according to their respective subjective perception

degree and takes all scores of a sound with the arithmetic average as the

sound quality level of the sound. The key to the method is to determine

the appropriate scoring scale.

With this method, the work of each listener is not much compared

with other methods. The disadvantage of this method is that an

experienced and skilled jury is required for obtaining accurate evaluation

results. So before the test, the jury is often needed to be trained with some

fundamental rating skills.
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（3）Semantic Differential

The pairwise comparison method only focuses on one sound property,

and the semantic differential method can evaluate multiple properties of

sound. Listening objects use many opposite modifiers (semantic pairs) to

describe the heard sound. If the noise properties are described in more

detail, they can be divided into several levels in the middle of these

modifiers, but not to listen to the object evaluation, the number of levels

can not be too much, usually the most common to be divided into 5 or 7

levels. The choice of these semantic pairs should be consistent with the

task, and the choice of evaluation parameters should be as far as

irrelevant as possible. Semantic differential is usually suitable for

providing an initial description of sound properties, combined with

subsequent factor analysis to give the representation dimension of sound

properties.

4.3.3 Evaluation Scheme Determination

In this work, a subjective evaluation was implemented to determine the

relationships with objective measurements and thus would need to

evaluate the sound quality in each sample as accurately as possible.

Considering the lack of skillful evaluators, simple sorts, numerical

estimation, and semantic differential are not suitable methods. Pairwise

comparisons alone are also complicated because many sound samples are

needed to obtain the most general results. Therefore, this work uses a

combination of rating scale and pairwise comparison. Let the jury first

listen to a set of test data to have a detailed understanding of the noise of

the drone. The 25 sets of audio were then divided into five large
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equivalents, using the pairwise comparison method in the second round

of judgment, scoring samples with similar subjective perception, and

eventually dividing into 15 grades.

The jury members of the organization are all engineering students from

Ulsan University, mainly male, aged between 20 and 35.Experiments

were performed in the anechoic chamber and used AKG K52 professional

listening headphones for playback.

Twenty-five audio copies including the original signal were tested,

each consisting of noise pairs before and after control.The jury members

heard each audio copy and rated the improvement.The degree of

improvement was divided into five grades and divided into three different

scores under each grade, and the scoring table is shown in Table 5.The

evaluation is divided into two rounds: the first round of grade evaluation;

the second round repeatedly compares the same grade of audio, and gives

the score value.

Table 5 Grade scoring scale

Improvment No
improvement

Basically no
improvement

A little
improvement

have
improved

A significant
improvement

Socre 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Audio 1

4.3.4 Result and Analysis

Peoples’ subjective feelings and personal preferences have a strong

correlation. Therefore, when evaluation results appear, such subjective

opinions should be abandoned and instead focus should be on the

evaluation results of most people. After data screening of the evaluation

results, the jury subjective evaluation results of the 25 sets of signals are

shown in Table 6.
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Table 6 Subjective evaluation results.

Audio 1 2 3 4 5 6 7 8

Score 2.71 4.71 6.00 7.14 9.85 13 2.28

9 10 11 12 13 14 15 16 17

3.57 4.86 5.42 7.00 10.57 4.28 4.85 6.28 6.14

18 19 20 21 22 23 24 25

9.14 9.71 1.28 2.57 2.58 3.85 5.42 8.42

The table shows that the 216.9 Hz signal works better as a secondary

sound source with the same step length; with the same secondary step

source signal, the step length was larger. Most of the jury members gave

positive reviews, and they considered an overall improvement of 30-

50 %. It can be seen that the ANC system has an obvious effect on

improving the sound quality.

4.4 Linear Regression Analysis

In order to study the interrelationship between the subjective

evaluation results of sound quality and the objective parameters of

psychoacoustic, we analyzed the subjective evaluation value of the

subjective evaluation, and analyzed the A-weighted SPL as a reference.

Linear-correlation analysis is a statistical method for analyzing the close

degree of linear correlation between variables, generally measured by a

specific statistic describing the correlation relationship, namely the
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correlation coefficients. In this study, the correlation coefficient between

the sound quality evaluation grade and each objective parameter is shown

in Table 7.

Table 7 Correlation coefficient between the sound quality evaluation grade and
objective parameter.

Score Loudness Roughness Fluction
strength Sharpness A-Weight

SPL

score

Pearson
Correlation

1 -.928** -.007 -.103 .921** -.685**

Sig.(2-tailed) .000 .976 .632 .000 .000
N 24 24 24 24 24 24

As seen in Table 7, two of the four main psychoacoustic parameters

have obvious correlations with the sound quality evaluation rating, all

above 0.8 (roughness and sharpness). Definitions of correlations in the

statistics are shown in Table 8. Note that the noise collection in this paper

was conducted in the noise chamber, and the roughness and volatility

were not particularly complex. In addition, based on Table 7, the three

A-weighted SPL are highly correlated with the sound quality evaluation

results, but the correlation coefficient is also less than the two

psychoacoustic parameters of roughness and sharpness. This indicates

that it is more appropriate to measure drone psychoacoustic parameters

rather than A-weighted SPL.
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Table 8 Correlation rating system

correlation

coefficient
0r 3.00  r 5.03.0  r 8.05.0  r 18.0  r 1r

correlation

intensity

zero

correlation

weak

correlation

low

correlation

significant

correlation

highly

correlated

completely

correlation

After clarifying the above correlations, multiple linear-regression

analysis was performed to determine the relationships that were

objectively quantified describing the subjective evaluation results of

acoustic quality using psychoacoustic parameters.Regression analysis is a

statistical analysis method to determine the quantitative expression

between a dependent variable and several independent variables, namely

acoustic quality subjective evaluation scores, and independent variables

are various psychoacoustic parameters. A mathematical model of formula

(12) was first obtained by excluding roughness and fluctuation strength

by F test following stepwise regression (stepwise). The composite

correlation has a coefficient of 0.857 showing good fitting property.

cSpbLdASQ 
(12)

It can be seen that the four main psychoacoustic parameters are

significantly correlated with the subjective evaluation results of drone

noise. The correlations between loudness, roughness, and sharpness are

large, where the correlation with loudness is the largest. Therefore, to

improve the sound quality of drones, attention should be paid to the

loudness, roughness, and sharpness.
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The mathematical model was then analyzed using SPSS software,

performed as follows:
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Fig. 13 Results of analyzing mathematical models of sound quality using SPSS
software

The non-standard coefficient was brought into equation (13) to obtain

the multivariate linear regression equations.

611.281626.41565.6  SpLdSQ
(13)
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This multivariate linear regression equation shows that drone noise

quality can be objectively described mainly by loudness and sharpness,

and can achieve the goal of improving the sound of drone quality by

controlling loudness and sharpness.
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5 Summary and Conclusions

This paper addresses the active control method of drone noise and

considers the feasibility and practical effects of combining the existing

hardware of drones with the feedback active noise control (ANC) system.

Through experiments, secondary noise signals were selected for the

characteristics of drone noise, which partially reduces the hardware

demand. Compared to traditional ANC systems, using the acoustic quality

multiple regression equation replaces sound pressure level (SPL)

evaluation by focusing on sound quality improvement. This led to the

construction of the active sound quality control (ASQC) scheme for

drones, which was validated by both simulation and subjective evaluation

results.

Firstly, the effectiveness of the ASQC system was verified by

subjective evaluation tests. Secondly, the correlation and influence

coefficients between loudness, roughness, sharpness ， fluctuation

strength， A-weight SPL, and sound quality were analyzed. Through

correlation analysis, multiple regression equations that can objectively

describe the correlation of sound quality and psychoacoustic parameters

were established, demonstrating that the psychoacoustic parameters are

more suitable to describing sound quality than the A-weight SPL. There is

no doubt that ASQC is an effective tool to improve the sound quality of

drones when selecting the appropriate filter parameters. Given the impact

of individual preferences on subjective evaluation, choosing a larger jury

can improve the accuracy and stability of the results.

Finally, the implementation of ASQC technology still faces many

problems with regard to drones. Compared with cars, large passenger
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planes, and other confined spaces, the actual effects of the system are

affected by the network, hardware, and other aspects. Secondly, the

improvement goal of this system is with respect to only the drone

operator, which limits the applicable scenarios. However, ASQC overall

provides new research ideas for improving drone noise. In the case of

reducing noise in only a single frequency band, the visual perception of

human drone noise will still be significantly improved. In the future, the

development of electronic communication technologies and

microelectronics may lead to better ASQC schemes.



53

REFERENCES

1. Hu, J.; Lanzon, A., An innovative tri-rotor drone and associated distributed
aerial drone swarm control. Robotics and Autonomous Systems 2018, 103,
162-174.

2. Sharma, A.; Vanjani, P.; Paliwal, N.; Basnayaka, C. M. W.; Jayakody, D. N. K.;
Wang, H.-C.; Muthuchidambaranathan, P., Communication and networking
technologies for UAVs: A survey. Journal of Network and Computer
Applications 2020, 102739.

3. Tice, B. P., Unmanned aerial vehicles: The force multiplier of the 1990s.
Airpower Journal 1991, 5, (1), 41-55.

4. Levinson, C., Israeli Robots Remake Battlefield: Nation Forges Ahead in
Deploying Unmanned Military Vehicles by Air, Sea and Land. The Wall Street
Journal 2010, 13.

5. Goraj, Z.; Frydrychewicz, A.; Świtkiewicz, R.; Hernik, B.; Gadomski, J.;
Goetzendorf-Grabowski, T.; Figat, M.; Suchodolski, S.; Chajec, W., High
altitude long endurance unmanned aerial vehicle of a new generation–a design
challenge for a low cost, reliable and high performance aircraft. Bulletin of the
Polish Academy of Sciences: Technical Sciences 2004, 173-194-173-194.

6. Dunstan, S., Israeli Fortifications of the October War 1973. Bloomsbury
Publishing: 2012; Vol. 6.

7. Weissbach, D.; Tebbe, K., Drones in sight: rapid growth through M&A’s in a
soaring new industry. Strategic Direction 2016.

8. French, S. DJI MARKET SHARE: HERE’S EXACTLY HOW RAPIDLY IT
HAS GROWN IN JUST A FEW YEARS.
https://www.thedronegirl.com/2018/09/18/dji-market-share/

9. T r a n s p o r t a t i o n , U . S . D . o . “ U A S b y t h e N u m b e r s ” .
h t t p s : / / w w w . f a a . g o v / u a s / r e s o u r c e s / b y _ t h e _ n u m b e r s /

10. pwc “Flying high”.
https://www.pwc.in/assets/pdfs/publications/2018/flying-high.pdf

11. Airbus, “What is UTM? The Future of Digital Air Traffic Management”. 28
January 2021.

12. Administration, N. A. a. S.; (NASA), L. R. C. H., VA, USA Urban Air
Mobility Noise: Current Practice, Gaps, and Recommendations; 2020.

13. Christian, A. W.; Cabell, R. In Initial investigation into the psychoacoustic
properties of small unmanned aerial system noise, 23rd AIAA/CEAS
aeroacoustics conference, 2017; 2017; p 4051.

14. Torija, A. J.; Self, R. H.; Lawrence, J. L. In Psychoacoustic characterisation
of a small fixed-pitch quadcopter, INTER-NOISE and NOISE-CON Congress
and Conference Proceedings, 2019; Institute of Noise Control Engineering:
2019; pp 1884-1894.



54

15. Passchier-Vermeer, W.; Passchier, W. F., Noise exposure and public health.
Environmental health perspectives 2000, 108, (suppl 1), 123-131.

16. Tompkins, O. S., Secondhand noise and stress. Aaohn Journal 2009, 57, (10),
436-436.

17. Adekunle, A.; Mary, O. O.; Tope, A. O.; Caesar, S. M., ESTIMATION OF
NOISE POLLUTION PARAMETERS AND THEIR HEALTH EFFECTS ON
BUILDING OCCUPANTS IN LAGOS STATE, NIGERIA. Journal DOI 2021,
7, (1).

18. "Noise: Policy Context". European Environmental Agency. June 3, 2016.
19. "Directive – Noise – Environment – European Commission". ec.europa.eu.

Retrieved 2016-06-16.
20. "CDC – Facts and Statistics: Noise – NIOSH Workplace Safety & Health".

www.cdc.gov.
21. "CDC – NIOSH Publications and Products – Criteria for a Recommended

Standard: Occupational Exposure to Noise (73-11001)". www.cdc.gov.
22. "Our Oceans, Seas and Coasts". European Commission.
23. Miśkiewicz, A.; Letowski, T., Psychoacoustics in the automotive industry.

Acta Acustica united with ACUSTICA 1999, 85, (5), 646-649.
24. Blauert, J. In Product-sound design and assessment: An enigmatic issue from

the point of view of engineering?, INTER-NOISE and NOISE-CON Congress
and Conference Proceedings, 1994; Institute of Noise Control Engineering:
1994; pp 857-862.

25. AVL LIST company homepage.
https://www.avl.com/?avlregion=NA&groupId=1981533&lang=en_US

26. Brüel & Kjær company homepage. https://www.bksv.com/en/about
27. HEAD acoustics company homepage. https://www.head-acoustics.com
28. Robinson, D. W.; Dadson, R. S., A re-determination of the equal-loudness

relations for pure tones. British Journal of Applied Physics 1956, 7, (5), 166.
29. Zwicker, E., Dependence of post‐masking on masker duration and its relation

to temporal effects in loudness. The Journal of the Acoustical Society of
America 1984, 75, (1), 219-223.

30. Zwicker, E., Procedure for calculating loudness of temporally variable sounds.
The Journal of the Acoustical Society of America 1977, 62, (3), 675-682.

31. Zwicker, E.; Fastl, H.; Widmann, U.; Kurakata, K.; Kuwano, S.; Namba, S.,
Program for calculating loudness according to DIN 45631 (ISO 532B).
Journal of the Acoustical Society of Japan (E) 1991, 12, (1), 39-42.

32. Hussain, M.; Gölles, J.; Ronacher, A.; Schiffbänker, H., Statistical evaluation
of an annoyance index for engine noise recordings. SAE transactions 1991,
1527-1535.

33. Castellengo, M.; Guyot, F.; Viollon, S., Perceptive characterisation of the
acoustical quality of real complex sounds–Validation with synthesis, Forum
Acusticum (Anvers). Acustica/Acta Acustica 82.



55

34. Heinrichs, R.; Bodden, M. In Perceptual and instrumental description of the
gear rattle phenomenon for diesel vehicles, 6th International Congress on
sound and Vibration, 1999; 1999.

35. Hoeldrich, R.; Pflueger, M. A generalized psychoacoustical model of
modulation parameters (roughness) for objective vehicle noise quality
evaluation; 0148-7191; SAE Technical Paper: 1999.

36. Pflueger, M.; Hoeldrich, R.; Brandl, F. K.; Brankl, F. K.; Biermayer, W.,
Subjective assessment of roughness as a basis for objective vehicle interior
noise quality evaluation. SAE transactions 1999, 3101-3105.

37. Lee, S.-K.; Chae, H.-C.; Park, D.-C.; Jung, S.-G. In Sound quality index
development for the booming noise of automobile sound using artificial neural
network information theory, INTER-NOISE and NOISE-CON Congress and
Conference Proceedings, 2002; Institute of Noise Control Engineering: 2002;
pp 35-40.

38. Kjellberg, A.; Goldstein, M.; Gamberale, F., An assesment of dB (A) for
predicting loudness and annoyance of noise containing low frequency
components. Journal of Low Frequency Noise, Vibration and Active Control
1984, 3, (3), 10-16.

39. Hashimoto, T., Sound quality approach on vehicle interior and exterior
noise—Quantification of frequency related attributes and impulsiveness.
Acoustical Science and Technology 2000, 21, (6), 337-340.

40. Hogstrom, C. In Sound quality of air conditioning systems of trains,
INTER-NOISE and NOISE-CON Congress and Conference Proceedings,
2002; Institute of Noise Control Engineering: 2002; pp 94-99.

41. Hogstrom, C.; Frid, A. In Sound quality aspects in the design of railway
vehicles, INTER-NOISE and NOISE-CON Congress and Conference
Proceedings, 2002; Institute of Noise Control Engineering: 2002; pp 100-105.

42. Ih, J.-G.; Lim, D.-H.; Shin, S.-H.; Park, Y., Experimental design and
assessment of product sound quality: application to a vacuum cleaner. Noise
control engineering journal 2003, 51, (4), 244-252.

43. Solomon, L. N., Semantic reactions to systematically varied sounds. The
Journal of the Acoustical Society of America 1959, 31, (7), 986-990.

44. Chouard, N.; Hempel, T., A semantic differential design especially developed
for the evaluation of interior car sounds. The Journal of the Acoustical Society
of America 1999, 105, (2), 1280-1280.

45. Buss, S.; Schulte-Fortkamp, B.; Muckel, P. In Combining methods to evaluate
sound quality, Proceedings of the 29th International Congress and Exposition
on Noise control engineering (Inter-Noise 2000), 2000; 2000; pp 27-30.

46. Farina, A.; Ugolotti, E., Subjective evaluation of the sound quality in cars by
the auralisation tehcnique. PROCEEDINGS-INSTITUTE OF ACOUSTICS
1997, 19, 105-114.

47. Cerrato-Jay, G.; Collings, D.; Lowery, D. In Implementation of sound quality
measurements in component rating tests, INTER-NOISE and NOISE-CON



56

Congress and Conference Proceedings, 2002; Institute of Noise Control
Engineering: 2002; pp 14-19.

48. Bodden, M.; Heinrichs, R.; Linow, A. In Sound quality evaluation of interior
vehicle noise using an efficient psychoacoustic method, Proc. of the 3rd
European Conference on Noise Control-Euronoise, 1998; 1998; pp 609-614.

49. Otto, N.; Amman, S.; Eaton, C.; Lake, S., Guidelines for jury evaluations of
automotive sounds. SAE transactions 1999, 3015-3034.

50. Strutt, J. W., The theory of sound. 1877; Vol. 1.
51. Lueg, P., Process of silencing sound oscillations. US pat ent 2043416 1936.
52. Olson, H. F.; May, E. G., Electronic sound absorber. The Journal of the

Acoustical Society of America 1953, 25, (6), 1130-1136.
53. JESSEL, M. In Sur les relations de réciprocité en acoustique, 2° Colloque sur

le traitement du signal et des images, FRA, 1969, 1969; GRETSI, Groupe
d’Etudes du Traitement du Signal et des Images: 1969.

54. Mangiante, G., Active sound absorption. The Journal of the Acoustical Society
of America 1977, 61, (6), 1516-1523.

55. Kuo, S. M.; Morgan, D. R., Active noise control: a tutorial review.
Proceedings of the IEEE 1999, 87, (6), 943-973.

56. Dahan, C.; Avezard, L.; Guillien, G.; Malarmey, C.; Chombard, J., Propeller
Light Aircraft Noise at Discrete Frequencies. Journal of Aircraft 1981, 18, (6),
480-486.

57. Massey, K.; Gaeta, R. In Noise measurements of tactical UAVs, 16th
AIAA/CEAS aeroacoustics conference, 2010; 2010; p 3911.

58. Miljković, D. In Methods for attenuation of unmanned aerial vehicle noise,
2018 41st International Convention on Information and Communication
Technology, Electronics and Microelectronics (MIPRO), 2018; IEEE: 2018;
pp 0914-0919.

59. Christian, A.; Boyd Jr, D. D.; Zawodny, N. S.; Rizzi, S. A. In Auralization of
tonal rotor noise components of a quadcopter flyover, INTER-NOISE and
NOISE-CON Congress and Conference Proceedings, 2015; Institute of Noise
Control Engineering: 2015; pp 3983-3994.

60. Magliozzi, B.; Hanson, D.; Amiet, R., Propeller and propfan noise.
Aeroacoustics of flight vehicles: theory and practice 1991, 1, 1-64.

61. Zhou, T.; Fattah, R., Tonal noise characteristics of two small-scale propellers.
AIAA Paper 2017, 4054, 2017.

62. Sinibaldi, G.; Marino, L., Experimental analysis on the noise of propellers for
small UAV. Applied Acoustics 2013, 74, (1), 79-88.

63. Flanagan, J. L., Speech analysis synthesis and perception. Springer Science &
Business Media: 2013; Vol. 3.

64. Alexander, W. N.; Whelchel, J. In Flyover noise of multi-rotor sUAS,
INTER-NOISE and NOISE-CON Congress and Conference Proceedings,
2019; Institute of Noise Control Engineering: 2019; pp 2548-2558.

65. Zwicker, E.; Fastl, H., Psychoacoustics: Facts and models. Springer Science
& Business Media: 2013; Vol. 22.



57

66. von Bismarck, G., Sharpness as an attribute of the timbre of steady sounds.
Acta Acustica united with Acustica 1974, 30, (3), 159-172.

67. Helmholtz, H. V., Studien über electrische Grenzschichten. Annalen der
Physik 1879, 243, (7), 337-382.

68. Aures, W., Ein berechnungsverfahren der rauhigkeit. Acta Acustica united with
Acustica 1985, 58, (5), 268-281.

69. Widmann, U.; Fastl, H. In Calculating roughness using time-varying specific
loudness spectra, Proceedings of the 1998 Sound Quality Symposium, 1998;
1998; pp 55-60.

70. Daniel, P.; Weber, R., Psychoacoustical roughness: Implementation of an
optimized model. Acta Acustica united with Acustica 1997, 83, (1), 113-123.

71. Thurstone, L. L., A law of comparative judgment. Psychological review 1927,
34, (4), 273.


	1.INTRODUCTION
	1.1 Research Background
	1.1.1 The History of the Development of the Drone
	1.1.2 Public Health Issues from Drones Noise

	1.2 Review of Noise Research
	1.2.1 Traditional Noise Evaluation
	1.2.2 Development of Sound Quality Research

	1.3 Sound Quality Evaluation Method
	1.3.1 Fundamental Principles
	1.3.2 Objective Evaluation and Sound Quality Metrics
	1.3.3 Subjective Evaluation


	2. SOUND QUALITY CONTROL STRATEGY
	2.1 Introduction
	2.2 Noise control
	2.2.1 Passive Control
	2.2.2 Active Control

	2.3  Adaptive Algorithms
	2.3.1 LMS Algorithms
	2.3.2 FXLMS Algorithms

	2.4 Sound Quality Control Strategy Determination

	3.DRONE NOISE
	3.1 Introduction
	3.2 Review of Drone Noise
	3.3 Experiment and Analysis
	3.3.1 Description of the Drone Noise Acquisition Experiment
	3.3.2 Result Analysis


	4 Sound Quality Evaluation
	4.1 Introduction
	4.2 Objective Sound Quality Evaluation
	4.2.1 Objective modeling of Sound Quality Metrics
	4.2.2 Experiment and Analysis

	4.3 Subjective Sound Quality Evaluation
	4.3.1 The Necessity of Subjective Sound Quality Evaluation
	4.3.2 Subjective Sound Quality Evaluation methods
	4.3.3 Evaluation Scheme Determination
	4.3.4 Result and Analysis

	4.4 Linear Regression Analysis

	5 Summary and Conclusions
	REFERENCES


<startpage>15
1.INTRODUCTION 1
 1.1 Research Background 1
  1.1.1 The History of the Development of the Drone 1
  1.1.2 Public Health Issues from Drones Noise 2
 1.2 Review of Noise Research 3
  1.2.1 Traditional Noise Evaluation 3
  1.2.2 Development of Sound Quality Research 5
 1.3 Sound Quality Evaluation Method 6
  1.3.1 Fundamental Principles 6
  1.3.2 Objective Evaluation and Sound Quality Metrics 6
  1.3.3 Subjective Evaluation 9
2. SOUND QUALITY CONTROL STRATEGY 10
 2.1 Introduction 10
 2.2 Noise control 11
  2.2.1 Passive Control 11
  2.2.2 Active Control 13
 2.3  Adaptive Algorithms 16
  2.3.1 LMS Algorithms 17
  2.3.2 FXLMS Algorithms 17
 2.4 Sound Quality Control Strategy Determination 18
3.DRONE NOISE 20
 3.1 Introduction 20
 3.2 Review of Drone Noise 21
 3.3 Experiment and Analysis 22
  3.3.1 Description of the Drone Noise Acquisition Experiment 22
  3.3.2 Result Analysis 26
4 Sound Quality Evaluation 29
 4.1 Introduction 29
 4.2 Objective Sound Quality Evaluation 29
  4.2.1 Objective modeling of Sound Quality Metrics 29
  4.2.2 Experiment and Analysis 34
 4.3 Subjective Sound Quality Evaluation 40
  4.3.1 The Necessity of Subjective Sound Quality Evaluation 40
  4.3.2 Subjective Sound Quality Evaluation methods 41
  4.3.3 Evaluation Scheme Determination 43
  4.3.4 Result and Analysis 44
 4.4 Linear Regression Analysis 45
5 Summary and Conclusions 51
REFERENCES 53
</body>

