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Uncertainty quantification
process of multirotor noise

Development of active noise
control simulation

Quantify the RPS
uncertainty of the multirotor

Develop the active noise
control simulation

Quantify the propeller noise
uncertainty

Validate the active noise
control simulation

Validate the stochastic
simulation

Predict sound field change
using ANC simulation

L+

S

Predict the propeller noise
using stochastic simulation

Predict ANC performance
using ANC simulation

Predict ANC performance
for propeller noise

results

Validate the simulation

19 1.1 Propeller noise uncertainty quantification and ANC process
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2 A= HEREY 3 F zrdAe AL BIrE Aeks)s)
537 gl 18 213 LS Bgw AHE} Z2AAS WAE
F3l WEJZHS SPL % RPS

g A G54 AlEHoIAE T BREE XS A5S
APt APE Fa AFskdh vk R FE54 S Tl 5
B Fok AdE mede 49 W dERHARE B9 dojn F
o 2HEY YW B E nagowyn g8 A4S B3 oY F
HE 2E 9 BPF A& A5 of=o0] QAR R J=89 wolr}

Multirotor Experiments

TPS + Orps
SPL + ogpy,
of Multirotor

Multirotor Experiments at |:>
Hovering condition

2

Propeller UQ Process
TPS + Opps I:> | Propeller Experiments | = T + oy,
Induced by multirotor — . SPL + ospy,
| Stochastic Simulation | of Propeller
Input Uncertainty Uncertainty Propagation Output Uncertainty

19 2.1 Multirotor propeller noise uncertainty quantification process
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2.1.1. 9El2H &S &F

HE|ZEH A5 RPS 9 SPL ®ighkE #4s8t7] 918l DJI NAZA
F450 [75,76] 9 DJI Phantom 4 Pro [77] FAE=ZE| s THF
-8 A APs FYsolth. A¥EL Ax AAE HEZE
A3 AeelA W3k th. Phantom 4 prox 1.38kgo ® 1.5kg¢!
FA450R Tt @& =S 715 o1 DJI Phantom 4 provs Az S8
AAF o R Aofst= oA FHEs WaAsilen, DII F4508
2F5 w3l AoE AFsUTE ASHAESE ZEdy FHoRRH

E]

ZEOIA 3m "o A e mpolaE

O!

of

wjxske] = Aol WEZHE= MY BAS Sl&l ¥
1.1(a) 8k 2ol Fol7k 3mel 4719 AAFO R o] Fo|x Alg g el
F¥stglon, 1.38kg WEZE S B¢ FH Follas AAT SA4NA

& 24 APSA FE Aol WERHY umE APATIA

A<
T wpel o] XA wjE ARgete] FHE 5 low[2,78],

dol WFsATR([77]. HIFL FEH 1m/s olst

HE 2 54 AROHh

¥ 2.1 Specification of the multirotor

Type DJI Phantom4 Pro DJI F450

Weight 1.38kg 1.5kg (+ 0.5,1.0kg,1.5kg)

Blade DJI 9450 DJI 9450
Control Type Automatic Manual
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a) Multirotor experimental setup

b) Propeller experimental setup

% 2.2 Multirotor and propeller experimental setup
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2.1.2. T2HEY LS &4

zgAy A¥L E310 F7 A|AES Abgsle] a9 2.2(b) 9 2ol

A Yol 3 E ek DI E310 3 A AR thokdt HE 2 E o
AFEEY DJI 9450 E@lol=9) 2312E REZ FAEH lon &
goel digt 4o o ATE Bl 9l dEA dvH2, 79]. DII
9450 =z EHAel= Byol= RbFo] oF 120mmolH, 3HHE Wl
thaf = A5 (Coefficient of Thrust, CT) ko]l A2 LdAsHA t]=el
¥ zedes [21,31] Aele WA wFe] FF  Alo]=<]
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213k PWM  (Pulse Width Modulation) AZE FX3hy 232
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0.008
Mean Pressure of the 1 Sec. Interval FFT Results around 1% BPF
r_~
£ 0.006
%E | Steady RPS
= i
@ i
4] !
9] i
& i
1
= 0.004 i
= i
3 i
@ i
= I
s !
é‘ 0.002 ;
Stochastic RPS i
s i\ Reference line
J F (Two times of the average)
__(/ "'/ ‘\"~~
0.000 m=——————— o -
120 140 160 180 200 220 240
Frequency(Hz)
a) Mean sound pressure over 120 seconds
0.008
Extracted Frequency of —a
steady RPS (¢ < 0.25)
= 0.006
=
- 4
~ !
= i
=
w
172}
2 0.004
a~ Extracted Frequency of "
- stochastic RPS(o > 2.0)
=
=
=
7]
0.002
J
A ﬁm \ Reference line
V V | Ji ‘\\V\)Swo times of the average
al B Y 3
0.000 oo g A DO SASNWT A S AR IA LR A ]
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Frequency(Hz)

b) 1 second sound pressure of each case

13 2.3 Measured sound pressure in frequency domain around 1st BPF

22



214, 298 AF BT AF3} TZAX

VVUQE Agel Erbsau Hgol YT Wl =i A

AzxEe] da ABdeldnow N 9t AAZ &7 g4 e

Aol (71-74]. AA  AxEe] o AL AFHoldo=m

A el AEdelde AHAY RE EAZ A4 @R

otk ole] Wk VVUQIME: AlEdelde AHAde AFe]9l)
¥

| di3ll Verification®} Validation=
BEFo =z AA" s AT AlEHIAS A&ETH[71].
VVUQeIM  Verification=  7i'd  Ed3  Aze AlEeo]Ao]
FTAAE Fdet= HPgoz FTof st Verificationd} A z}ol of gt
Verification®] EAst™, A& o]l BAst= x5 A F3}el=
g oltt. o]ef REsll, Validation #|Fg AlEdo]do] HA A|~E2
A WAt AFIAE GRlskes HAHoEM, A Al
Validation Experiments$}2] HlwE F3l 2=},

Validation Experimentsi= Al&Ed0]A9] A558S JZslstr

AAE9 THoEM, AlEHelAY A5 W 9 A
RYsF oz, AlEdolde] Fere] IA7F HojFEr

Validationo] B H = AJEgoldS 8§ 2 2 bd& 7 x99
dzARor 3 dAdFer ESEE LS AlEHIAE WA sHA
Hw, ofe] Zzkeo] {l¥ Fhel wE AE#Eelde AR ESEE
dEstelr] 9 e RN, B8 %3t (Uncertainty Quantification,
UQ) Z2A 27 AA = e [71-74].
T A" ZEAAE AAYe 3 2] web sk xRt
3ol disl Al s AASa, Alvg e wE dagie
AEFstele WAl RE APHAT) olF IFoE YEhdE 1
A9k o Ay ol e AAE B EE X Y @2 gE4
Alg# o)A (Stochastic Simulation) " A3 & F3te] Adygo=w

O:

=hd
2
E&‘i

r
g

Do ME
1t

23 .__:rx | _'-.;.'2 /. -l_-ll



44

s,

Quantities of

Interest

=

Physical

Method

=

Input

Parameter

1% 2.4 Uncertainty propagation process

bz
=

T2

S FQl HEZES] Ao wE

I

E]

A4

itk HE| 2

S

o,
Borg ndd

o

H

il

T
N

3 2] of| A]
A 3

T2

219

beleh

d|

7}

=
K3

“n,mo

o

v

g BHEE P33

o

3R

el
;OU
Jo
N
N

—_—

A& o]

24



23 FE fs FEA AEUHOAE AR FEA
AlEEelAS ¥ 258 o] IHAKE EFEE MELIL FYT
SPLE| =855 AFstets 7 Ad A4 e sdEHE] gt
T e 9 2g d5S AYste dd SEZ Uy, 747t gEs
=AH o7 Aydct

= dTelAE FEAEHAE A ARE Bl go] A A 7 2T
A 7IHMs AREEeH, ¥Y Ae A ZEAY 45 oSl

1
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3

Stochastic Collocation Method

Sampling <:l Statistics )

Thrust
BED SPL
Vortex
o | Lattice [C—>| WOPWOP
Method

1% 2.5 Propeller noise stochastic simulation process
2.1.5.1. A+ &7 o7 A3 7Y

A E5 95 AAF 7)Y (Free—Wake Vortex Lattice Method) &
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Location of trailing
edgeats = 1,

W3l 507 frH=
= A Folt}.
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Ag B
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3

dol= AAAY 9}
J 2] (Kutta—Joukowski
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Fgst7] 98k 542l
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13 2.8 Moving surface with shape function [83]
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4rp (xt)= ﬂr(l M)}
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—— Propeller with stochastic RPS
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(a) Schematic diagram of duct ANC experiments

(b) Duct ANC experimental setup

19 3.2 Schematic diagram of the ANC system on cylindrical duct
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13 3.11 Secondary path filter of the open space case with speaker filter
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1% 3.14 Sound field change following the ANC operation
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19 3.16 ANC simulation results following the distance between the error
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13 3.17 Decentralized ANC simulation and experiment results of optimized
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(a) Frequency spectrum of the error mic at simulation
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(b) Frequency spectrum according to ANC operation

1% 4.2 Frequency spectrum of stochastic simulation and ANC simulation at

error mic position

98 2 M E g



olof TPPeIA F& &g Alojo] W& &8s A A5 o= 4
AEE 28 4.20)9 2k 238 4.20) A9 go] AlE|AS
A FAsA 1st BPF Aol disiAMnt AgtEglon, «5H
9.5dBE A¥elA F4¥ 11.3dBel Hla] °F 2dB9]

3
PR ol 3%elA AsklRel sE &aw AoA AEY

_E
i

&4 % A% AFS 6 B Aol TPPe] ojejutola
A e 2EE 229% olgdel 1Y 43@9 ol 3744

TE s A7t AwstA e AE A oEfutola SR oA
&g Fog AMNE"S 79 430)F  Zth TPPel 8
dlejrte] 8] B¢ kA AT wkel o] #2 BPF A S A
Bolovy derte]lark TPPeX HoAds s gk o5 40
Aashe AdE B F ANk ols Rd™e olgd Idstes =
W& o]T=o] AAl ZrAA st FUY Ln AES 5T
T s 23]

ooyl wedlz e Tz 4 AFE 5
A5 = A7 wiEolth 53], 3052 1st BPFe] disides AdS
a9 2dB ojule] ztelE H o, 60%e] tisiAe

Ist BPF Aol 8dB ol It oSgEo=zA, T3 AFdo]
TAME A odgk3S B = QT ol Edol=e T 428 4 35
T3] HAFEH A Feplrlel @gst ddow Hel

g E Bpsta, ABEolde Ei o= IHEn Helrwg

o

Aoz~ el 5F Aae AolE JAT dy= 19 439 2o &
Agelde dA Adwsidd AEW T dAE s 1st BPF
AERE AzElom, oo Zzpe Aol Wik & Aw Aol

99 i’—'! -I‘F,- 2 II



ZAzte] Alolzel UF 5E aE Aol AAW Ao wWE Fis

AHEYHL 78 4.3(0)9 #Zrh Z44e] Zxef gk 1st BPF A &9

AN
6dB & A7 AlA FEAQJ A5 s Ht ol wks)] 60 =9

AgEol ol 8.8dB = oF 4dB o Aztee] AjolE 7hATh. olel
60 EelMel FE &% Aol AF A Fue AAEPL Avnd
Agdolds Y wE oluvield ARl RAR o £

=

AUtk o= B ATolA AFHe Aol FEE] BEY
0
=

7be e HolEth

A5 2¥dE Adskd vsy v ZESade gE4

100 iﬂ -ﬁﬁ-t]



¥ 4.1 1st BPF SPL change at error mic according to ANC operation

1° BPF SPL Dif. Exp. Sim.
0 deg. —-11.2dB —-9.5dB
30 deg. —7.5dB —8.6 dB
60 deg. —4.6 dB —-8.8dB

O P
Case 2 Error Mic.

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

(a) Predicted sound field at simulation
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(b) Frequency spectrum of the error mic at simulation
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(c) Frequency spectrum of the error mic at simulation

713 4.3 Frequency spectrum according to ANC operation with each case
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@ Error Mic.

\\_—/

Validation Mic.
o

(a) Sound field for the 30—degree error mic case

o

Err. Mic. | BPF SPL Dif.
Sim. : -8.6dB
Exp. : -7.5dB

A

[ [T

6-543-2-101234156
1st BPF SPL Difference

(b) SPL contour at error mic height

106 2 M E g



1st BPF SPL Dif.
Sim. : 4.7dB
Exp. : 2.8dB

2 25 3 35 4 45 5 55 6 65 7
1st BPF SPL Difference

(c) SPL contour at validation mic height

19 4.4 SPL contour according to ANC operation with error mic at 30

degree

XX 4.2 1st BPF SPL change at validation mic according to ANC operation

1% BPF SPL Dif. Exp. Sim.
0 deg. +8.5 dB +12.4 dB
30 deg. +2.8 dB +4.7 dB
60 deg. -2.7 dB ~4.8 dB
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(a) Frequency spectrum of the 0 deg. err mic
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(b) Frequency spectrum of the 60 deg. err mic

19 4.5 Frequency spectrum during ANC operation according to the

sampling frequency
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(2) : (®) :
(c) : (d) :

-6 -55-5-45-4-35-3-25-2-15-1-050

(a) SPL contour at error mic height

(b) SPL contour at error mic height + 0.2m
(c) SPL contour at error mic height + 0.4m

(d) SPL contour at error mic height + 0.6m

713 4.6 SPL contour of 60 deg error mic case following the height
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Abstract

Uncertainty Quantification and
Active Noise Control of Propeller
Noise for Multirotor—type Aerial

Vehicle

Kim DongWook
Aerospace Engineering
The Graduate School

Seoul National University

Multirotor—type aircraft generally controls its attitude and
position through the variation of the angular speed of each propeller,
which makes the sound signature from it considerably different from
the one of propeller flight vehicle. Specifically, the sound spectrum
of single—rotor aircraft is dominated by the blade passing frequency
(BPF) components, determined by the angular speed of the rotor. In
contrast, the variation in the angular speed in the multirotor makes it
challenging to predict and reduce the effects of the multirotor noise.
In this study, the effects of the angular speed variation of each
propeller on the hovering multirotor noise are quantified and
predicted through uncertainty quantification process and noise
reduction with active noise control simulation is demonstrated.

In order to predict the propeller noise of the multirotor, in this study,
the rotational speed and SPL (Sound Pressure Level) of the hovering
multi—rotor were assumed as random variables and quantified. The
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rotational speed uncertainty range was assumed as a function of the
maximum tilt angle of the multirotor. In addition, the uncertainty of
thrust and SPL are quantified by propagating the rotational speed
uncertainty through the propeller experiment and stochastic
simulation. Experimental results show that when the propeller has a
constant thrust coefficient, uncertainty of the thrust and SPL of the
propeller is proportional to the rotational speed uncertainty within
the proposed rotation speed range. Stochastic simulation, including
the rotational speed uncertainty, can predict the BPF harmonic
components of the hovering multirotor noise to some extent.

In addition, by conducting an active noise control simulation for the
predicted propeller noise, noise reduction performance and sound
field change for the propeller noise according to the active noise
control were predicted. In this study, CAA—based virtual—controller
active noise control simulation is developed using the linearized Euler
equation and a Filtered—x Least Mean Square (FxLMS) algorithm.
The noise reduction performance of ANC according to the sampling
frequency 1is predicted and validated through cylindrical duct
simulations and experiments. The sound field prediction performance
of simulation is validated through experiments on three—dimensional
acoustic open spaces. ANC simulation for propeller noise is
conducted for BPF noise predicted by stochastic simulation. The
noise reduction performance of ANC according to the error
microphone position is predicted and validated through experiments.
In addition, the sound field change according to the active noise
control for the propeller noise is predicted through simulation. The
change in reduction performance according to the sampling frequency
of the ANC controller is also predicted.

In conclusion, the propeller noise of the hovering multirotor was
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predicted through uncertainty quantification. Furthermore, the
reduction performance for the predicted propeller noise according to
active noise control was predicted through simulation. Through the
proposed simulation—based design process, the propeller noise of the
hovering multirotor can be predicted and reduced from the propeller

design stage.

Keywords : ANC, UQ, Propeller, Multirotor, noise reduction, Propeller
noise
Student Number : 2018—34082
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