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Simultaneous Vibration Reduction and Performance Improvement of a Helicopter
Rotor using Deep Neural Network based Optimized Individual Blade Pitch Control

e
2 HR0AME X)) S8 ol 2= CAMRAD IIE 0l80l S& JIs 2882 ZH0 2P & 3P &S
e Us =3 =9 IBC2 XEol0 ZH s MW s &2 SA0 AISSHC U= =3 IBC 4=
ALI2ZI22] Pareto—optimal frontE &lsssl 2| ol A= AZL(ONN) 20l HIXH HE g8 LelsS-
IINSGA-INE Z&oled == HHE £HoIYUCH =S HIPRZEH (2P/1.12°/276.21°)+(3P/0.77°/172.73°) 2]
= X3 IBC =2 08 22, 2H B2 SZ2 63.44%0t2 zAGotHM SAIN Z2H2 SI|9EHA
H452 0.03% A= ASAICH L£8F, (2P/1.03°/240.84°)+(3P/0.50°/182.69°)2 CI& =3I IBC L&EH2 ZE<Q
2)|¥std 52 0.31%22 ZUSoIHA SAH 2H 1229 AsSS 31.36% MZAIZLCH

Key Words : Active rotor vibration control, Individual Blade pitch Control(IBC), Rotor performance
improvement, Multiple harmonic inputs, Deep Neural Network(DNN), Non—-dominated
Sorting Genetic Algorithm—-11(NSGA-I1)

1. M 8
gIZHe =2 MSJAES F ZH(main rotor)2 XS0IH, 2 & H(rotor disk)HIAS =&t
ZI|Y9std EMT 3 EolE EB0IES SHESH AL0IS A5 HE2OZ QIsH SHAMEHCH. 1= HISAI,
SHE F&H HHo & AlE(dynamic stall) ¥ I R(reverse flow) S& D MEH B AWM
=4 S ¥ EF3E RS(transonic flow)2 2 Qg =AS ASS HA=Ch ot &2 JH# HIEHAl,
SY0/E-22 2t4(Blade-Vortex Interaction, BVI) &2 2HO s As2 swsct’? oo
ZH slBlAME ZH dE &S ot=(rotor hub vibratory load)Ol %“”CD{ ZH JEBE S
22

S2I2EH2 SHEZE nNoP(=nNo/rev) 82202 JIXIEHHY. 1M n, Np, 2 2}
S0 iz, ¥ X = ZE9 o™ £TE 90IstC. 018 &2lE Eiol As2 =0 0
O] Mgt CHYst XN 2HES O|ot22, HEE s MO JIEHS E260 nNP 429
ZH 3B XS s MZoH0F StCt.

ZH olBo NS U&=z MOootI o, 28 AIAEN &H=D|(actuator)E 2510 &8s
Moiste s= 28 &= HO(active rotor vibration control) 210 &3 2 JHLEACH DX X
TIXl MO (Higher Harmonic pitch Control, HHC, Figure 1(a))“®= A QLAIZ¥I0|E (swashplate) Ol
XS &SI NP SE22=2 HIFNME AAQAEHOEE NHEGH A AIAEQ ZH Z201E2
(Nb=1), Np, & (Np+1)P S22 HIX 2SS YMAIZICH. 2422, 442 20129 ZH AIAEO
CHoll 3, 4, ¥ 5P9 &= =ZI}4=(actuation frequency)8tS 0I28 26 &= HOII Jisolth HHCE
NEJJF HIZE AIAEN XISt FXAIF Ch=olChs HEOl UKL, 442 =Sd0lE9 =2H
AAEN CHoH ZH2 s M2 SII98d s S0 SAIH 23Rl 2P &S I8
olgs £ git= ©Fol UCH®. H=st HHCY £ S5l Sl g =Z¥olS mX
M O1 (Individual Blade pitch Control, IBC, Figure 1(b))7®J1810] SR QUCH IBCE TIXI-2 3 (pitch-
link)ol IBC &=J|I2 2=AH 2f 240129 mx =2ss HgEEo=z Moot ZH dss
H2ZsCh HHC2 IBC 2% =2d0lE 2329 B E &6t ds2 Mool 2A0/X2H IBC=
S0 3™ AMAE0N fXoIEZ2 &= =LW=2 HE0l 2B, Sal 42 =Sdiolse =H
AAEIO B 2Pol &= =149 0|E0] Jts6tlis &E0l ACHY.

IBCE &gst st Asd 2 X ™ ARS0| =HYJACH. A2 ADI(full-scale)2 UH-
B60A ZE 0 =2 Esl(single harmonic)l IBCE =&ol( CIst Uld =240 Ol 26 Xs M,
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Hs stal L AS M0 e Z= AE0l 23 AT UH-60AS JIEQ HXI-FIAE AME
Kot (servo—hydraulic)el &SJ|2 HMdID, 2H L(lift force), =& & (propulsive force), & 3
2 2UE(hub roll moment)0l CHEt =&I& E& (propulsive trim)0] M EEIQUCH. ZE= AIE Z 1, 3P9
N=g 0|28 IBC Y2 4P 2H ol IEZ2 IAG0IYO0, Eol 2P =S 0|28 IBC
glale D& HIMAIC ZE ASS SAAIDID 612 HIBAIS BV ASS ZAARC ZE= AIEQ
29 RCAS/HeliosE ArE8H DAY X oA 20O AlS Hlm ¢RI 23 ACH?, Zs A8

=
ZUet =X oidal 2001 HlwH KAGHRAXIE, S X3t IBC P2 Z2H MSS MIotEA

SAN 2E HsS SAAIIID HeRC A2 3ADI9 BO-105 &2I8H ZEW CH= X=3Hmultiple
harmonic)2l IBC 28Es &5l ZH S ASS SAIH M2 A0 ©2 X3 IBC 2 Al
ZH H59 HIE AHE ZS AE ARIF 2#AUY. SR WY HRHME =Y E
JlgE Mg6HA 20t 2H 4s2 HEIE IBC HE2=2 QIgh ZUQIX HELAX AU, &=
M2l s a0 SA A= =3 X LUCH

glMel)] £8 ol T ES(rotorcraft comprehensive analysis code)?! CAMRAD (12 &80l 1=
HIgH Al, Lift-offset E2ZIZEHO0 IBCE AIEol0 ZH S M2 s A2 SAH LI ol
Ttet0lEf (parametric) D18l SA0F SBEQACH*™ . OE X3t IBC LS 01260 2H s
M2 ds A0 SAM 2HFR2U, H20lE H3229 StHZ 2ol 2H &sS2 XASe ds

SEAO| ZINEIE RS ZIEQ IBC €& AlUel2= EAMDIX] &AL
M=6t m2tole A2 StHE ==ot)l fdl IBCIH E2& UH-60A ¥ =8 Jls glSH
(medium—class utility helicopter)2 ZE 0l ol Sequential Quadratic Programming(SQP) J18+2]
IBC 22 AlLl2lQ9 zN3 IS Ngs ARIF 23S 012 =5 2HO As2
SXotHN AsS2 zAFole UsE X3 IBC & X249 AFHMNIIF ESCJLCH AU A=6t
Z= J¥He 0l2 HHH(differential gradient) 2|BH0I1E22 HOHE ZHHole =282 zHo
optimum solution)g JIs4&0| A0, =@ SH 402 Do) Ed 2H sl X A0
&0 HFAFCH £t F 2= g= AH0CH DYMORE I € CAMRAD |l dl&2 22 4815

o
ZHHE TEo)| W20 =S A0 a&s Al20l AL EUCH
= e
—

J

Metd 2 =20 AS D= HI#(140 knots, ®AHI(1)=0.32) Al, 2Pt 3P ZE9| Xgto (IE X3l
IBC g2is 58 JIs o386 2670 860 2E NSS HASGHA S52 SAAIIAL,
=2 2 452 FIUSESHM & < 3P XS F89

N RE HAZS AESICH 02 9601 A, 2P 2

ChE X3 IBC & Al, 26 &s 2 HAso HEE X Ast Oiet0lel ¢ (parametric study)S

CAMRAD 12 0|235t0{ 28i5tCt. 0|, L& Oi2t0lH ¢ 2UYE 250 IBC L&t Al, 2F

A= H52 CAMRAD Il oilA £=34 =5t= A= AlZY(Deep Neural Network, DNN)!®
A )

QA= AFSCH 0IF, ONN 2210 OFE S8 &4 J|Be] KA dN2sS 2800 2 s
A2 As 49 zUsE sAl DS O =3t IBC €29 Pareto—optimal frontES
&M SHCE

(a) Higher Harmonic pitch Control(HHC) (b) Individual Blade pitch Control(IBC)

Fig. 1. Active rotor vibration controls®
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2. & E
2.1 88 7|3 ¥2[8H =EHQ CAMRAD Il 223

=8 Jls 2€28Hse 942 = ZH-¢d N2l ZHE AIE6tH, = ZH AlA8E2 2EH FHE
A AEl(articulated hub system)t 4002 = ZH 2d01E2 AN JUCHTable 1).

Table 1. General properties of medium—class utility helicopter

Gross Weight, G.W. 7,280.2 kg
Maximum level flight speed 146 knots
Number of blades per main rotor, Np 4
Main rotor radius, R 7.9 m
Main rotor rotational speed, @ 272 RPM

S 0I1E= 11049 HIAE B4 Z(nonlinear elastic beam) RLAZ 0I25IU2H, AJAAZHO0IE, TIX
g3, ¥ OX E(pitch-horn)2 ZH X= HEW 2IE-2HE ZIH(lead-lag damper)S FE&oHULCH
ZES9 HI™@A 2= 5tE(unsteady aerodynamic load)2 2F =40l & 21019 ==
Il & (aerodynamic panel)2t Table 419 O ZY B2 DBE 0/E06t0f ONERA-EDLIN 22 =£H
HAGIFCEH. S8 Multiple—trailer wake model2 0|20l ZE Z=F(wake)E HUWotH FEOIULCH
Oll, EY0IE BHUAS 248 =& (vortex core) =J| A= 2H0IE Al (chord) 20l 10%=2
JIEGIHCH, 27 F&9 ME(growth)S Square-root RS 0l20t0 LIEHLHALE.

2 HINANE = IS #2ZH9 CAMBAD Il 2B o= malls Ar=stCHFigure 2). 2t
El
9

Fig. 2. CAMRAD || isolated rotor model'”

2 3722 CAMRAD Il 22& Al, IBC &SJI2 &8 ASE A6 IBC &#SIIZ2H MHL =
Ed0l=9 mxl s 2AE Y50 IBC AlAEE REGIRUCH IBC HE22 Qg ZH s ¢
Hs9 HgE Aol fol =X EZ JIEH2 HZ256IRUCH S2HElBE OIXl 23 2(collective pitch
control angle, 6y, & &2 MOI22 LIXl =&2(lateral cyclic pitch control angle, 8:), ¥ & 29
MOIE2 THIXI Z&2Z(longitudinal cyclic pitch control angle, 82 EZ& W42 AMZ25I0H Z2H
== (rotor thrust), &= (drag force), ¥ &2 8 ZUEN ol EZ LS L&GIULH IBC EE Al,
ZH olBo XS £=F=2 Hototd| floll 4P ZH olE &S ot=(4P rotor hub vibratory loads),
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SH0IC BHAR), L EZZ(G.W.)92 Holg= 2F XE K4=(Vibration Index, V)9S AtZ5HH (Al
(1)), 29 ZBI|¥st® Hs Hol= 2H PowerZE 0/26H0 "o L.
VI = V(O0.5F4p)% + (0.67F, 4p)% + (Fzap)? | (Myap)? + (M, 4p)? Al (1)
B G.W. R(G.W.)

2.2 OtE =519 IBC & mAE
M3l 2(open-loop) KO Jlgtel IBC e (g)S HEas al® 20159 HX 2S(gw)e Al

(2)2 20l ES &

G(lp) = 00 + 616 COSI!) + 015 Sinw + GIBC /%

~

0JIA, IBC &2 &= =I}4=(actuation frequency, n), IBC LIXl & Z(IBC pitch amplitude, umc) &
= &

Mo 242 (control p angle, .2 822 L= 23 & EEfQ IBC (Al 3(a))t
201 Ol&tel &=l X3t &It ChE E£3t9 IBC (A 3(b))22 280l Jts0otCt.

=L
08¢ = Onisc cos(nyP — @y) Al (3a)
i
Al
bipc = Zgn,IBC cos(nyY — @) Al (3b)
n
2 Mol d8 A28 £5101 58 IS 2lBE ZEHO 2P 52 3P RSO ©Y =3} IBC
(A (3a)2 018 AL, 22 2E 45 A IS MY +F0| 2482 HOIGAM, 4P
2 5P RS2 2E 45 AN SVHOIX 2SS HGALL O2tH 2 =20ME 2H AS
2D Hs5 4ol UsE SAIO 20| fAsh 2P 3P XSol X9l U1E X3 IBC (4
(30))2 012304 M2A0IEl HPE £HECL 2 =S Fh4 g 0.5~1.5° HRAQ DX HZ(Gusd Dt
0~360° #210 MO &2A(p)0ll TSI 22 AGum=0.25° L Ap~45.0°22 0I8510{ 1BC L

>

ASOl HE ZH VI & Power2 B35S CAMRAD Il cHASZFE XZAMSHCH Tbet0le ¢23 20 5,
0.5°9 2P & 3P AZ2 HX MZ(bzmc ¥ 035m0 01850 MO A&2(p2 & @3)2 B0 OHE
=&

ZE VI(Figure 3(a))2t 2& Power(Figure 3(b))2l B13tE Figure 30l LIEILHRACE. 01F, 2.3E0U &=

22+ 82k J1" (Universal Kriging®)2 =250/ IBC 22 Uil 26 VI2F Power? #1319 Data seto

A2 Z=JIAIH LIEFWHCE,

T = o

IBC with 2P/0.50 /¢, + 3P/0.50° /3 IBC with 2P/0.50" /¢, + 3P/0.50" /3

0.6

0.4

0.2

Change in rotor power, %

Change in rotor VI, %
o
S

0.0

(a) Change in rotor VI (b) Change in rotor power
Fig. 3. Examples of parametric study: IBC with (2P/0.5°/ @2)+(3P/0.5°/ g3)
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20244 EERF=EEY

[e]N=5
=

c4g
A2 0 JHO 24 =DI(dendrites)2t =4t (axon)22 HAELIM,
(synapse)E Soll 012N & CHFigure 4).
)0 JISX(w)E R0 S=(y)2 ASE ZEE 5 UL
AlA 3 (Neural Network)2 22 gtel D

layer)& Xl AlFSAS A p N
I 2 X S (Artificial Intelligence) 2122l JI8H0] &1 QUCH™),
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Fig. 4. Connection to a neuron in the brain

= e o1lMo] CAMRAD Il HAS THAIGI0 B AlS6H 92 #9918
2 Ddst 2EO s XT3 IBC ¢ AMUel2E 461D 2o, DNN 2E=S =6t o
2 st 8 Jls gelsH2 24 VIe PovverE Gl =8tCH. DNN 22o] EL
06 3 ZWZ Universal Kriging®? 22t I8 S 0I25t01 ®X Data setl
2 = X HE(Gnm) L MO A2 (pnll 21228 224 AHH,]BC—O.OE)

= [=Z]
App=1.0°2t3 MZ232tot0d Ths X£3t9 IBC 28 &30 HE ZH VI € PowerE UEUHL, OIS
£ DONN 229 &5 OO0IHZ ArZ§HCh Figure 5= 2P & 3P A2 HIXl MZ(Gzme L O3mdS

522 0|80l MO fA&2H(p: L @2 BH3IH 2 ZH VI(Figure 5(a)) & Power(Figure
(b))E LIEFLHRACE.

NIETRSENNT
e
o J¥
=2
o
gy

0 M He oM 0 @ KA

H
40 4T

(&)

IBC with 2P/0.50° /¢, + 3P/0.50° /¢5 IBC with 2P/0.50° /¢, + 3P/0.50° /¢

60 08

40 0.6

20
04

Change in rotor vi, %
Change in rotor power, %

0.2

-20
0.0

-40

(a) Change in rotor VI (b) Change in rotor power
Fig. 5. Examples of universal kriging method: IBC with (2P/0.5°/¢2)+(3P/0.5°/ g3)

o= TensorFlow. keras(z”2 |25t0d DNN 2= I=5t%CH DNN 222 = X35 IBC
2 2 (in

2 put layer) 20t & 4J12 2Y =(hidden layer)S HH ZH VI & Power(output layer)S
S 2ESGHACEH OlM, 442 =252 M2 s842 S=0| 1dotJ| |oh 22 512, 256,

i)
Ol

=

S
Ji J% i
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256, & 1282 “=S(node)ES At2&tCHFigure 6). Y &3 219 HIHAE 2AHE SHEOR
&+&56H)| f1oil RelLU(Rectified Linear Unit) &4 3t & 4=(activation function)& AE5H%C.

Hidden Layer

Fig. 6. DNN model

DNN 2go] &=4Al &t4=(loss function)= Mean Squared Error(MSE, & (4))22 &olald, 0|2 2HH
BtO| = E X (stochastic) X X3} &40l Adaptive Moment Estimation(ADAM)®?S 01256101 =4
x| A Stot L.

J

.

I
L

ok
1>
i

n
1 Al
MSE = = (i = 9)? A (4)
i=1

I v & ;i 228 28 VI 2 PowerOll CHGHM Universal Kriging JIELZ22H 20HA &
gt(actual value) L DNN ZPELZE2H ZOUHA Ol= 2t(predicted value)ES 2|0|&CH. M =8t Universal
Kriging 218 S 0l20ot0d & &A IOl 229 80% ¥ 20%= 22 &&(Train) & Al&(Test) Data
set2 2R30 5.00x107%2 &&E(learning rate) 2t 322 HHXl AHOI=(batch size)E 0I2% & 609
SHGIHCH OlMf, HA&E ZE VI Powerll Xiel==(order) XI0IE Z0IJ] fdl Min—Max

ol

= =
— T TE= T
A &H(normalization) 1S =&56I0 0~1 A0IS] P2 HEGIUCH &2 HF2 DNN 2d = 2
stE52 ol AlEE 2E ololIHI2t0lE (hyperparametern) 22 &=4& &24£9 z|ASE ol 2 =29
KXol Algh =2 D& (Trial and Error)S J|8to2 Ao L.

2.4 HXH H&E |/ Lu2E-IE O A= ALt 29 =& MHA

=2 =20AE 2H s M2 Hds Sao SAl XUSE ol 89 X =3 (global optimization)
Jletel HIXIH HE S& 2D2lE-1I(Non-dominated Sorting Genetic Algorithm=1I, NSGA-11)?¥=2
0l25t0f CHE =319 IBC 2 AlLI2IRZ =& AHSHCH NSGA-II D252 O MO OFCH b Xl bH
|

olo
o
(o3
(@]

o
J

M (non—-dominated sorting)t =& Ji2l(crowding distance) H &S

]
r

otod Ctekst of &=
[e]

SXSHAM, elitismE Jldteg  2=st HE U8 MUz == &g L02IS0ICH 0l Sl
S0 E2 Y0 AM Pareto-optimal solutiong EME = UM, BHY AL ZE=2
SUMEOZ QNS £ UL NSGA-IS KAEH Sge &1 28y RHAC QJUCH 2 ARNMS
ZH VI € Powerg U= =& &=(objective function)2 1e4dt1), 2P ¥ 3P A &2 IBC IIXl &=t
MOl fa2ts A Ha=(design variables, X=[68zisc 8zmc @2 )& H2lot0d X & HHE =& 5tCH Ol
Mot =202 HY THS etg F2, 552 40 2 HEEl(penalty)E 20i6t0d &8 2JtsE
oll (infeasible solution)E MIHot= Death penalty® JIi2 =ES&ICH 2 HRANME CHE X359 IBC

ol M2 2E VI = Power2l 2t0| IBC 0|19 J|=gt(Baseline) ECt =OI& &
X249 BtO=2 2tFoIQUCH 2 HF9 XM TP UPIE= H=T DNN RES 2610 04 gr=
AHOICH CAMRAD Il &S 2=8i5tX LOB8Z X He WEHO| A5 2sHE &~ QUL
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3. A+ Azt

3.1 DNN ZH°o| ol & F=eyd
&5 Bl4(epochs)0l [}2 DNN REol Z& Z=Al(training loss) & AHZ =24l (validation loss)2l
BHSIE Figure 701 ZZ2IotACH AWM =olg = UX0l, &8 L HS =2 25 EHES
SOoIgt¥ 2O, ol == /\l84 Z=4l(test loss)2 1.84x10°22 AT 2 AHRO DNN ZO
HEG| 2sE= =OIoHUCE 2.382 Universal Kriging JI18 2 0l&0t0 & OOIEH =, 20%2 AlIE
Data set= &ZEot0 & j*(?PE"E)EF DNN 22 0=s GHAHNEZE)S Figure 80 LIEFLHACH &
J80lA D122 | 10 AXHM H2 A 2 o= 2 2t @XIF ¢SS UEHHG, Oets & Js=
DNNez olsst gt2 20|stCt. ﬂa'oﬂkl =0/, DNN 29 =2=2H o= 28 VI(Figure 8(a))2t
Power(Figure 8(b))E A 2 SAGHH OS2 S =olot Lt
—— Training loss
0.00010 ——— Validation loss
0.00008
m0.00UOE
0.00004 )
0.00002 \
0.00000 =T —
0 10 20 30 40 50 60

Epochs

Fig. 7. Loss of DNN model

w

200

=

150

100

w

50

N

Predicted rotor VI change, %
=

Predicted rotor power change, %

o

=50 0 50 100 150 200 0 1 2 3 4 5
Actual rotor VI change, % Actual rotor power change, %
(a) Rotor VI (b) Rotor power

Fig. 8. Comparison between actual and predicted values using test data set

3.2 DNN 7|8lQ| C}=E =3} IBC Qo A AA

= g7 zHE I BAIS SETE Figure 90 LIEFEITH DNN 28 = 0I18E B, CAMRAD I
o= O =& ZA HAHOUA =5t Rot: =22 20 WE Al2E ol =H2 IBC Mo &=

AlLtel 2ol EA80] JHsatCh MetA, 2 AR0M 2 B2 8H HE DAEHC (Table 2).
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[ 5. NSGA-II algorithm ]

: Simultaneous rotor VI and power reduction

s .

| Objective function : rotor VI if,(X]) and power (f,(X)) 3

P

'

@ Problem definition ]
'

1. Parametric study {0c=05-15° (405c=025" |
g =2PA0L s + 3PS 1 upe 0036007 (Bprcy as7))
@ Generate initial population ]

f“
/
/
/ =

2. Kriging method | Orca=0 51 5% 8By =005 | [

: Interpolation VP n=00-260.0° (Ap =10 ¥
‘ - ( @ Evaluate population performance
,

Trained DNN model
[ + Predict rotor VI and power from 1BC inputs

@ Populate new generation
: 200 population

Step. 1 Perform Non-dominated sorting (ranking)
Step. 2 Calculate crowding distance (equal rank)
Step. 3 Select based on tournament selaction

[ @ Constraint handling

Death penalty

—

4. Train and test DNN model

: Loss function minimization

-/

() Termination
criteria met?
: 50 generation

Y
\
—

® Reproduction processes J

______________ b

[
I Mutation probability (80%] !
i Crossover probability (20%) i

"‘.\ [ Obtained pareto optimal front ] S

Fig. 9. Design optimization framework

Table 2. Initial values and lower/upper bounds of design variables
(X=10z8c O3i8c @2 3])

Initial values Xo=1[1.0°1.0° 180.0° 180.0°]
Upper bound X =[0.0° 0.0° 0.0° 0.0°]
Lower bound Xo=1[1.5° 1.5° 360.0° 360.0°]

50 MIOi(generation) S92 80%2l WUl & =(crossover probability) 3t 20%2] = B0| & & (mutation
probability)2 =Z5t0 200J12 JH Al (population)Z &Algist NSGA-II2l =& &AAH ZUE Figure 100
LIEHLHRACH e Jizsl Mzse 22 2P ¢ 3P X&° = X3 IBC 2 Al,IBC 0188 21
CHEl VI & PowerSl BiGlE(%)S 2I0I8HCH O, HAE Pareto—optimal front(&2t& &) S0A 2 EH
VIQF Power 2+2t9| x| AStE E&SH 5I02 Pareto—optimal solutionS Table 30l He2loHRILCH 2P &=
FU4=(n=2), 1.12°9 IBC LIXl XZE(zm0), & 276.21°2 MO A& (@)l 3PSl &S FUb==(n=3),
0.77°2 IBC TRl &ZE(Ozm), L 172.73°2 HO A&2A(ps)2 TS 0|8 UE &2 IBC ¢
O=(2P/1.12°/276.21°)+(3P/0.77°/172.73°)2 0Ol& AH=RX(Case 1), ZEH VIE 63.44%0t2
ZASIIHA SAI0 2E2] Powers 0.03%2t2 A= 2P ABHUCE. G=(2P/1.09°/252.66°)+ (3P/0.75°/
172.68°)2 LIS X359 IBC 22 (Case 2)2 2E VIE 60.19%2+2 HZolHAH SA0O 2E Powers
0.16% ZA5IUCH ZH VIE 50.12%2t2 MZAIZl= 6m=(2P/0.88°/262.54°)+(3P/0.53°/169.19°) 2]
CHE =319 IBC 28 (Case 3)2 SAl0 ZE2| Powers 0.22%2t2 ZA0IACH ZE VIE 40.78%
H2ZAII= 6=(2P/0.97°/246.19°)+(3P/0.51°/166.62°)2] IBC 22 (Case 4)2 SAM0H ZH Powers
0.28%0t2 2 A AL OIS 2, gc=(2P/1.03°/240.84°)+(3P/0.50°/182.69°)2] IBC 2 (Case 5)2
ZH PowerE2 0.31%2t=2 = ASGIHAN SAIN 2Z2H VIE 31.36%9t=2 240U CH. 0I22H, =2
Ao x| Hsl= Death penalty J/EH2 0/256t0 A& 2Jts8 HE HAHSIF 222, Pareto-optimal
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Table 3. Change in rotor VI and power: Case 1~5
Case 1 Case 2 Case 3 Case 4 Case 5
Reduction in rotor VI, % 63.44 60.19 50.12 40.78 31.36
Reduction in rotor power, % 0.03 0.16 0.22 0.28 0.31
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Fig. 12. Scatter matrix of Pareto—optimal front
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