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Rotor-Elastic Fuselage Coupled Analysis Model Construction of Medium Utility
Helicopter and Vibration Control Simulations using Higher Harmonic Pitch Control
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0l 23at 2 =05t HHC(Higher Harmonic pitch Control)& F= ZEHWH HEst s &s MO AZ0l&82
=B GIACH 40 knotsl HIE =T 0A (4P/0.5°/315°)2 HHC 28 X222 HEE Z2, 2H dE &S0| 66.89%
ZI0 MZEALH, == <& 4p sSH IS SE2 (5P/1.5°/0°)2) HHC & ZA0AM 65.34% =
M2 ACEH 100 knotsIAM Z2H XSS (3P/1.5°/180°)2 &= ZAHUA 41.73%0t2 AT H, =& LSO 4P
SH As 8Y2 (8P/1.5°/225°)0l A 63.65% =ICH 2AZIRUCH 140 knotse 10 B8 ZHUA (3P/1.0°/135°)2F
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d2|EHE g &otes F ZH(main rotor)2 0|20l &, =32, 2 HHES LMAI2Z &9
nFe st@I0AeE 2Itsst =2 0l=2=F 2 M2l 8ls80l Jtssith ahXieH = ZE2 &l
oot THNoz gME ZE FE XS otE(rotor hub vibratory loads)0l E2IBEH SHE
FRISHCE. M, 2 o2 ds2 g2I8H SHo FRs Asdoz =4s sH dss
S50 Crest X 22 xdec 2. 2H 5B IS 5152 2H 230122 JH2(Ny)2
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HPI2Ho ZAs =2 H2(HMO)5H) 26t CHYst s= &S MO Jlgol ¢ JHe 2
2D QUL IE HUHE At H=D|9 H Aty met A SH S5 S Mo AlAg 2
E= 2H &= Mo J1gHoez2 REE £ Ul SH s= &= MO AAE(Active Vibration Control
System, AVCSP)e =xlo s S¢S =X §, SH s Sgo AlsSe MEQ| 2D, fae
BICHOI RIS MM ASE SHO EXE HSIIZRE LMAIH H2ZBEH SH IsSS ssxo=2
OB S8 S= 2H MS MO I8 HIWoo AIAES [0l HDE 2HCHoil ZE 2
2SR Hso| Y2 0K LXOH, SHe X O=2: 2 =2 St SOl 96t ZHsI|Q
S Qx| 2 I MBHEO|CH

DX X3k Ol MOi(Higher Harmonic pitch Control, HHC®™® Fig. 1(a)) ¥ JHg Zd0/= X
HIO1 (Individual Blade pitch Control, IBC®™'V, Fig. 1(b)) S2 S= 2 XS MO JIgHe Rs)| =2
0I25l0! Ed0IS IX 2SS B35AII|D, 0I22H ZE J DO Z)|UsN SUIZ HAAIH
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X = 4= (actuation frequency)= (NNo=1)P, NNuP, 2 (nNp+1)P2l H2o2 HIsHeCH'?),
dEst s A3 HO JIg=2 0188 A2dol82 dol)| fdlAMe=E els8H2 2 %

SHo =S MES =g £ JAOOF 8L Edl, s= 2H s HO JIY =0 2st sH O
HE HO SUE AHED otoAd=e 22H L B SH A0 S8 &5 HZ22 e 520
DAGHOSICH. 2H-EtE SHIQl 2etst HAH o4l (one—way coupled analysis, Fig. 2(a))2 ZH &=
DS (isolated rotor model)2 a2 & ot== 0I3ot0 &4 =sHE &g &, sH s
fl=dl=e 2goz, Hlnd 2tH6HXe &4 SHe 2801 26 As0H OlXle gUE DHE £+
81E|'(13~15).

ZEH-Et4d SHo s AN oM (two-way coupled analysis, Fig. 2(b))2 ZH AIAEQ
N oz2H FYEE &4 SH2 s SE0| CAl 2H A280 O0iXle SUE LA = UL
BO-105"9, AH-1G!"”, & UH-60A"® S Ctst H2I2HO IS a4 HRE 9601 2H-EA
SHo sk A oA 20| E=2CAKN D, Z2H-BH SHO s A 4 2SS 0|25+
sSS 2 TS MO J1g M2 A, 2H oE s ol & SH s SHO HOE 8H &4H=2
s H2MoZ £8E HJI gL O2tM, 2 o372 S8 Jls 2e3H0o st ZE-8t4
SH ¢ e 2LE FA=05t0{, HHCE 0|88t s ZH &S MO AI2d0I8E2 =33t D =H
3B &S StE ZASE SIS HHC 28 XA SH 38 82 zASE SIS HHC 28 XAHE
eGS0 Hluole HRE 2=8isHC.

2 =20 A= HHCE Agdlse S8 Jls ZelsH2 HIIM 2ds sdd) S8 oo
D =(rotorcraft comprehensive analysis code)?! CAMRAD ll(version 5.0)& 0I5t &5t &S
iAdE2 ="SHCH Ol ZH-EtY SHQ s A ofld DI A, & 22X ol DE0l
MSC.NASTRANZS 0|&odt0 20& E&H SHo d7 2= A (normal mode analysis)l Z S
ANE5I0 BtY SHO RX S9sts QIS ME, ==, Y D=9 HId =5(40, 100, & 140
knots)Ul A2l Cist HHC =0l M2 4P 2H B S o592 HE 2 SH =2 XA
22 g5ko] 4P EH NS 2E9 HIE ZAlotld, 22H olE Xs ot zAFE 28 HHC
2 XA SH S SEH ZASE @S HHC 238 42 =

Pitch link
actuators induce
blade root pitch

Swashplate
motions induce
blade root pitch

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

Fig. 1. Active rotor vibration control techniques
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nNy/rev hub nN,/rev hub Dynamic motions
vibratory loads vibratory loads of fuselage

(a) One—way coupled analysis (b) Two—way coupled analysis

Fig. 2. Rotor—elastic fuselage coupled analyses
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21 89 7|18 €28 22 R HE =

o7 A EE JIS HRBHE ©Y = RH - Y Nl RES HE YNl =

a2 JHN0 4009 =2diolsEz 248 F= ZE F, ZEE dE(articulated hub)E
AE8tCHTable 1). M2t & A2 F 2y s 422 4P0IH & AIA-MAML HHC 2
Al 3, 4, & 5P HE MSHE AMEE = AU 2 =20 M= 40(4=0.091), 100(x=0.229), & 140
knots(4=0.320)2 M=, 5=, & I 8 M Hlgd =240 GotH 22 Z2EH-S4 sH2 A
o LES FAFOIU2H, HHC 20 HE 2H & sHS &3 MO AlSaolds +=&#HotRUCE.

Table 1. Properties of medium utility helicopter

Maximum take—off weight 8,709 kg

Number of blades per rotor, Np 4

Main rotor rotational speed, Qmain rotor 272 RPM

Main rotor radius, R 7.9 m

Maximum level flight speed 146 knots

2.2 EE-Ed SH HA oM ZHO 3=
2.2.1 CAMRAD Il 2&&

2 ARNAME SI™YD| S8 il ZE=Ql CAMRAD IIE Ol=26tH =8 JIs d2lgee &EIIA
Qdzal HHC 2™, ¥ A= oS a6t HTHFigure 3). = 2E 2 4019 Ed0|E9 X sdHsts
2t2F 8oflel HIME EtA 2 (nonlinear elastic beam) RAE 0/26t0 ZEGIRSMH, ZEH AAECZ
TE AHS2 AAAMEYO0IE(swashplate), TIXl &3A(pitch link), L TXl Z(pitch horn) S2
HuWoHH RYLHGI[CH ZE2l HIdA B2 ol=(unsteady aerodynamic loads)S 2AF 22M
0| 2(second-order lifting-line theory) ¥ Onera Edlin 222 0/&6t0d HAGIACH O, = ZE
EdIoIE & 21042 2% M < (aerodynamic panel)S AISoIHSM Table A9 HHEZY ==
GIOIEl HIOIAE &M OlSolRUCt L£st, Z2H dE s ot52 & A2 26t Multiple—
trailer wake 222 AIS6I0H ZH = HEG ) dio] A = ZHe g
SASHH FEIYSU, 22H RKees 2=z HuwHE 2tdst 22 RAKR(uniform inflow) 2ES

(=)

-4 |

=X FH 24 2 et QAo = ERZ 22 DUEACH 2 SH R HL, =H O
At e SAX LelSH XAIZ0 ot Zas 23 5SS 236t 22U2GHFHOMH, B4
S RO AHALR, MAH PX oA TEQ MSC.NASTRANS 0/25t0 L& &d SHO EF 2
ol Zel N8 &ASZ(natural frequency), 25 &4& H®lIEH(mode shape vector), ¥ 2=
Z2f(modal mass)E 2250 EtA SHO PEX SHsStES HEOIGCH 2EH-EH SHIQ uerst

S
A REE 2 22320 A ItMol ===0h




2.2.2 EE-EHY SA| YW A o ZH
SH-EH SHo Les AH oHa DI (Fig. 2(a))2 F ZEA &4 SHE CAMRAD || &
MSC.NASTRANS 22t 0|Eol Jjg=ocz 2ozl 2 giAsth oY, 2H SH 22 0|28
CAMRAD Il EJIHl A2 A& F=UE HIg X249 2F BrS 2 (shaft tilting angle), & d B9
= (thrust), 28 ZHE(rolling moment), & OI& ZUHE(pitching moment)E 2AFSIEE ZH &=
24 (isolated rotor model)2 EZ(trim)8tCt. 0%, 2H ©s RUZE2EH A2 4P Z2EH o8 s
otE2 0/&3dtd MSC.NASTRANSZ H&EE =8 JIs g23He &84 s 2REe o s
A& (ground vibration test, GVT, Fig. 4) 2&S JI&SHCEH O, GVT 222 XIS FH =AY &4
SH D20l CBARZ CBUSH A2 AE 249 HXl 2= (bungee cord)E 22 = 26 ¥ Ne|

Z2H oB0 =Iotd A=Y, AR A TH 2REel R R2E dide 1w =
FAISIH 612 2 REE HES HEE £ UL SH =2 f/AXS =& YSo| 4P S sEY=2
MSC.NASTRANS = & dll&(transient response analysis)& =85t L=Ch 012 -
2

1

B SOl LW oK S B SHS 2SS 2H o2 IS A Al D2GHN Lol T
Kol BHA REES 0ISBE0 HEXOZ RUY Y HAGDZ HILE 2H6iCE ZEO| UL

! Fixed

Fig. 4. Ground vibration test(GVT) model of medium utility helicopter

2.2.3 EE-BY S LY A Y =

ZH-EH SHo 2es AN ol I (Fig. 2(b)2 ZH d1E2 SH A0S S& A5 22
g = A2, 2 =20 A= CAMRAD 112 01830t ZH-E4 SXHIQl 2ets Al RE9 2H
ol dAs 2 sH s SE€=2 4t s JHA A9 BHd sH 290 OIstH
MSC.NASTRANS| &7 2E G422 H 20E 18 s, BE A 8y 2L JE A=
CAMRAD Il Input DeckOll &6l EH =M REs ZEs S8 Jls €e3Ho &M 2ds

=50 01%, =& Hl8 X240 ot ®IIMe 6220 BE(equilibrium)S BtEot== HIIA
Eg o842 >sSiCt ZEH-E4 SH2 s HY old 2 A, B4 SH 2= Jf=x9
A= =S¢ AL HEEZ 0 1S =060 WMetA, 2 A0 AE Fig. 50 =& SH
FQ AXIel Z&AM(cockpit, @), ZE4A Bl (pilot heel floor, @), £X&4 HI=(copilot heel floor,
®), & SWal(cabin, @)HA2 == Y& 4p s SHO ol Ed SHS 2E x5
SIAIIHAN =84 HAEE 800 ZH-E4 SHol 24Hds AN a8 Al 2Rs &4 s
2o 2 ZHOIYCE oM, A (1) AU 2LAH(%)E 0I=25t0 =84 OHREE EHHSIRLCH
OIIM, Z, 2 nille B4 SH ZEE ASole ER9 £& 2Eo 4p SH s SEge=
DM, Zonpergeas =BE =2 L2 4P SH S SEE 20|18t
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Ly~ Zconverged

Relative error(%) = x100 A (1)

converged

Cockpit Cabin
Pilot heel floor 1

Copilot heel floor

Fig. 5. Locations for 4P vertical fuselage vibration responses

2.3HHC &8 =&Y
Swashplate2l oSt < XS HHC &SI Jide=z
T X

B ZE & ANAHHAMS HHC
&2 (Gund) 0l EMEID Ol, S&ote 2E EdI01E2 (

t!
.
S ()2 A (2)2 20l ESECH
O0(y) = 6, + 0, cosy + 6, siny + 0,
Al (2)
where G = ‘9n,HHc cos(ny —¢,)

OIIN Go, B, ¥ O, 222 SEEIE OIX Z=F2(collective pitch control angle), =% & =
BtSkol MOIEZ2 T Xl ZZ==2(lateral and longitudinal cyclic pitch control angles)S 2/0|18tCH. 3l &
ANAES HHC 22 (Gumd2 E= & =2=(actuation frequency, n, P), LIXI & Z(pitch amplitude, Gnuwc,
deg.), 2 RO A2 (control phase angle, ¢u deg.)Z2 O0I838I04 HOIECHA (2)0. ==
HEL(n=E HHC Z=SII0 st 3&ol=s 2H Zd0IEN FIIECoz KL= IX 259
ANES+ 422 2l0lotMH, Swashplate 5Hetel HHC & SJ(2 JHEl S 4=(NoP)0l 216H (No—1)P, NoP,
2L (Np+1)P22 Mt Xl dZ(Om)S HHC 20 28 =Sd0le Ux 8289 d=ES
o|olstCt. OHXIZeZ, MO Ha2(ep)S 0I256t0 Fig. 61 20| HHC &9 a2 ZTFHE #

HHCE 0188 s &s MO Al2dold =& Al &8 ds=(n), WX SZ(Opwnd), £ MO
A& (pn) S B2 ot WH0IE HAFE =SOIACH A AABUAML 2SS dS4=(n)E 3P, 4P,
9 o )

o 5po| MES 0/2olHO0, IA NE(Gud2 0.5, 1.0° & 150 22 Ao\2 MesfiCh
0210, 0°~360°(dgs =45°) B2 KO A2 (p)S HBGHO SIF AIAHUIAS HHC 22 X2HS
MBI UL HEO, 2H S 2 =2 MM 2L G0 HHC 2= 2, E HAS

"

=180°

4

Phase shift(sp,,/n)
3rt,H el

WA

Higher harmonic pitch

—Bn.nHe

y=0°

Fig. 6. Higher harmonic pitch input modeling in rotating system
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Fig. 7. 4P vertical fuselage vibrations using different 4P hub vibratory loads without HHC input
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P9 WAES HeE 2 JACH M, B, U DA HIE £5(40, 100, L 140 knots) ol CHEHOS
X grEro] 4P SH XS SE2 22 240, 160, L 2349 BN SX 2EE 0I85E B
HE5l +EACH

o 4P vertical fuselage vibration response 100 4P vertical fuselage vibration response 4150 4P vertical fuselage vibration response
1 | 1
; —— Cockpit | I ——Cockpit 1 ——Cockpit
| |- - Pilot heel floor 80 | == : 1|~ = Pilot heel floor 80 i~ | |~ - Pilot heel floor
£ 1 = Copilot heel floor =4 y! 1| Copilot heel floor =4 AF Rl = Copilot heel floor
o ' |--=-Cabin o ! 4oy I=2"Cabin o R i mem=Gabit
o 4/ (] U o 1 Hz
£ o At40 knots E G0 T g kg | At 100 knots £ 60 i , At 140 knots
2 (18.1 Hz) > ! ! e !
> I > I 1 > I
= 8/rev =40 | H = 40 !
© le © ©
T I (362 Hz) ) ' < Blrei: 3 < (32’;9}: )
.2 Hz
20 I 20 o (e2he) 20 !
) 1 I
s o e, med L
0 0 = 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Number of elastic airfframe modes Number of elastic airfframe modes Number of elastic airfframe modes
(a) 40 knots (b) 100 knots (c) 140 knots

Fig. 8. Convergence tests for 4P vertical fuselage vibrations

Figure 90 HHC O0IX¥E Al, S€ JIs 282 SH F2 XA =& 22 4P s
SH= g 2 dege ZH-Bd SH2 S oA JIE= ASot Ol=ot0d LIEHHRACEH
O, 2@ SH =2 <X HIE AE Z2UE 0200 e Z2UE PXUIASGIAL. ZH-E4
SHMel Zgs gH oid Z2Eo FL Hld Alg ZUet HluwotW of 7~-28%°2 2LXE =ZQlCh
SH-B4 SH2 Zge A did RES 0l8ote 3F FXE4H HFE*% Hest s =2
FIXIOA S 0~18%2 X E 20IX 2, BN B2 SH s SE2 & 56~62%2 2 Xt
LAoIACt. FAEH Hte= MAst UHA s =2 fX2 ds0 st 2X0F BluH
HEo2Z2 HHC HES flet 2e-8d sH2 A did 2E2S HEo6| 2=otACHD THEHOIRUCH
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Fig. 9. 4P vertical fuselage vibration responses without HHC input
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3.2.1 H& &5 40 knots

Figures 102t 112 40 knots A &E JIsS °“B| BHel Z2H o= ZEW
o ofld RES 0|ESE HHC AlS2dlolE ZUZLH vral (3)2 #HEt
HES(n) € HO 42,2 Yol U2 e S old JIHHA Bisg deo=z EESP
sast HHC &3 X2AH(4P/0.5°/315°)0A SAe v =0 MZEQ! 6683%(F|g 10(b)) 2t
66.89%(Fig. 11(b))E 22 QUL [Metd HHCE 0|28t 2H XS9 Hoss AHE AR, 2d
s DUots 0|20l E S22 2 = UL
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1M0A EolE 28 el xASE 28t HHC 238 X24(4P/0.5°/p )2 0I8olRCH = e
A2t symbol2 HHC 0I&EE Al2 4P 2H dE & 22 o0lot, & (origin point) Dt
HHC 2 2L 0|E& Al 2329 Hels 2 4P 24 o o}

=

0N ox

=S| ts d=22 3712 2=t OlM,
HHCE X &EGtX %2 Baseline2 2t 4P 2H &2 dS o8 d=2 A2 A s6AT. &
ofsl ZEo HHC 23 X220l [E Polar Plots2 <& & 3JIJt A2 IR FAIES &g =

ULCE.

40 knotsOIAM2l HHC H& Al 4P SH dsS SE2 BHIES Fig. 1301 LIEHWHACH d=s A
4)e sH XS X g2l Cost functiong 0/8ct0H HHC 22 Al SH IS HOHE
oot e, o, 2 &S &ds=(n) & Cost functiong =ZAZAIII= HHC €9 IIX
B Z(Gnumc) 20 CHOHOD MO A& (a2 BSHOl [Het ZAGIACH ZEH-EE SHQ Lga AN
s 2o FR, SH Ms2 4P AHS AS=(m)0l TG0 (4P/0.5°/315°)2 HHC 23 R0 A
53.34%2t2 22 M ACHFig. 13(a)). Metd, SH M2 zHAsAII= HHC &3 X242
(4P/0.5°/315°)2=2 FHoE =+ UM, Ol 2H IS(ma =23 22 Z2A(Figs. 10 L 1
AXIECE Figure 13(b)2l 2tetel A o 2Es 0188 HHC AlZ0ld =8 ZYUoM= 5P
HE°9 HHC 23 =x=2(5P/1.5°/0°)2 H&ot= &2 65.34%242 z MZLUCH, 2H ISS
ZASADI= &3 X2A(4P/0.5°/315°) 2 LXIGHA L=Ch Z2E-EH SHo s o des o

£ =

S

2 Al
ol 2Eg 0/88 HHC Al8diold =3 Zi sSH &3S SE2 Cost function(d (4)2
FASoltE HHC 28 X20] XIGHA 210, HHC &2 =240 & Mo &0l M2 G20 £8t,
2H %2 =i &z M2 &S HZs Jddots 2HE dHY iAo d sH s =
HqaEse Lgg HAH oide Zumet Hlwst 12.00%et=2 ACH 0/ 22 XU0le ZH-E4
SHe dge I &l =E dIIM EES HEZ6tA 20 W22 BtHECLC
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Fig. 13. Fuselage vibration cost functions with HHC input at 40 knots

3.2.2 H" =X 100 knots

M 3.2 1O ZI SAGHA 100 knotsQl HIE =Z0A Z2E ©S 2L 2EH-E4 SH
orersE Y GHA PE 22 HHCE ZER56ls AR, HHC 23 X0l 2 2F wel 2359
280 HDA & AXIECHFigs. 14 & 15). E£8F 3PS &= XE2(n), 1.5°9 LK &Z(Gpuwc), &
180°2 MOl &2 (gn) ol HHC L& PJ(SPM 5°/180° )Oil/d S Q9o 2H p= 22 39.96%(Fig.
14(a)) 2 41.73%(Fig. 15(a))22 25 X A3 Ch.

2H voF = M2& = (3P/1.5° /403)°| HHC 22 XAHA 4P 2F 88 XS ot 429 ¢
2 IJ|IE Fig. 162 Polar Plots@& &Q0Ig £ A2H =H &= P& L Z=H-E4H SH 2
A e 2HES 0|28 2H o2 s o5 o4 Z0 HHC 238 XA 01| 2 4P 2H 58 A
Sl= A=20 Q& L 3D B35 HEO0| IHS SASICH

O 092 OZ



202341 YBRFE2Y EELIEES
Figure 172 HHCE OIE8t SH XS MOl AISdI01& ZDE LIEHHCH 2H-E4 SHO Lus
o ofe RYSl A2, =M MES BN Ea(A (4)= 5P A=9 (5P/05731592 HHC e
ZAUM 51.56% Z28HE0(Fig. 17(a)), za BN SHO e o WA DU X ASS
A 26 AS M2 22 ZA(3P/15°1800) X ZE-BA SHO LwE o oA 2ol ()
SH ME MZ Yy FA(BP/0.5°/315°0] CHE HHC 2 E2A(3P/1.5°/225°M M = CH
H2EI0(63.65%) Lwer S B4 ZIHD0H 12.09%843 O I HLECHFio. 17(0). E&t, HO
A2l [HE SH HSO MOl JE0l & oHA SLUA A2 A0IGHCHFigs. 17(a)2 (b))

Isolated rotor model

o
o

3
Oo.- o

o

% change in rotor vibration index
o

(SP/()S‘HHC/QS)

003 4yc=05°
B0y =107

9034015

&
S

(a) 3P actuation frequency

45 90 135 180 225 270 315 360

Control phase angle, deg

Isolated rotor model

[} ] o
o (=3 o
o (=) o

N £
s 8
OO

=}
o

% change in rotor vibration index

.e.ﬂd‘HHC=0.5°
'E-OA,HHC=1'0°

4 04.HHC=1 5°

(4P/04.HHC/¢4)

At 100 knots

)

=1

S
o

45 90 135 180 225 270 315 360
Control phase angle, deg

(b) 4P actuation frequency

% change in rotor vibration index

Isolated rotor model

'S
{=
=}

E= 05,HHC=0.5D

'E-as‘HHc=1'0°

05 =15

(5P105‘HHC/¢5)

w
o
o

N
(=3
)

.
o
o

At 100 knots

Control phase angle, deg

45 90 135 180 225 270 315 360

(c) 5P actuation frequency

Fig. 14. Change in rotor vibration index with HHC input using isolated rotor model at 100 knots

o
o

Two-way coupled analysis model

S

[$)]
o
0

o

% change in rotor vibration index
O

(BP0, el ®3)

“0-0,4,c=05°

-E-ﬂlHHC=1.0°

©-0311c=15°

&
S

(a) 3P actuation frequency

45 90 135 180 225 270 315 360

Control phase angle, deg

Two-way coupled analysis model

S o @ o
S8 8 8 8
LN

N

o

(=}
o

(=}
O

% change in rotor vibration index

Patia N

(4Pl0 ©-0,,,,:705°
80, =1.0°

€04 ic=15°

4H HC/Q4)

At 100 knots

N
o
o

45 90 135 180 225 270 315 360
Control phase angle, deg

(b) 4P actuation frequency

% change in rotor vibration index

Two-way coupled analysis model

400
(5P/05‘HHC/05) ©-0; 14c=0-5°
300 -B—OS_HHC=1,0°
€05 =15
200
100
g
At 100 knots
-100
0 45 90 135 180 225 270 315 360

Control phase angle, deg

(c) 5P actuation frequency

Fig. 15. Change in rotor vibration index with HHC input using two-way coupled model at 100 knots

4/rev Sin

4P hub axial force (Fx4p)
1
(3P/1.5%65) 1 At100 knots
1
; $,=45°
1

Baseline

1
-©-lsolated rotor model
-©-Two-way coupled model
1

2 0

4/rev

2
Cos

4 6

(a) 4P hub axial force

8

4P hub side force (Fy,)

o

4/rev Sin

-2

At 100 knots

(3P/15%,)
1

~©-1solated rotor model
-©-Two-way coupled model
1

-2

0 2

4/rev Cos

(b) 4P hub side force

4/rev Sin

4P hub normal force (FZ4P)

2 T
(3P/1 .5°/<93) At 100 knots
1.5 i
Baseline
1 1
1
1
0.5 1
1
1
0 el oo
1
1
-05 -5-Isolated rotor model
-©-Two-way coupled model
1 1
-1 0 1
4/rev Cos

(c) 4P hub normal force



4P hub roll moment (Mx4p)

5 7
(3PI1.5%¢,) At 100 knots
..... ¢,=0 )
c 0 3
7] =450
% ¢3 45 &
2 !
F Baseline 1
-5 !
1
1
-©-lsolated rotor model
-©-Two-way coupled model
-10 .
-10 -5 0 5

4/rev Cos

(d) 4P hub roll moment

4P hub pitch moment (My4p)

6
-6-Isolated rotor mlodel
-©-Two-way coupled model
4 :
& 65~45° <pO°
82 j
< Baseline
(1], o
(3P/1.5%¢,) At 106 knots
2 L
-6 -4 -2 0 2

4/rev Cos

(e) 4P hub pitch moment

Fig. 16. 4P hub vibratory loads with HHC input(3P/1.5°/¢3) at 100 knots

46 One-way coupled analysis model

At 100 knots “©-(3P/1.5°19,)
- (4P/0.5,)

- (5PI05°/6,)

200

Cost function, %

0 45 90 135 180 225 270 315 360
Control phase angle, deg

(a) One—-way coupled analysis model

Two-way coupled analysis model

“©-(3P/1.5°%¢,) At 100 knots
-2-(4P/1.0%%,)

©-(5P/15%5,)

Cost function, %

0 45 90 135 180 225 270 315 360
Control phase angle, deg

(b) Two—way coupled analysis model

Fig. 17. Fuselage vibration cost functions with HHC input at 100 knots

3.2.3 H|& #&= 140 knots

Figures 181 19 22t 2H ©S 24 2 ZH-
A2 140 knotsQ 1= HI&H ZAHUHA HHC &3 =X
olad ZAHN M2 S oild ROl pol Hat HE0|
e XAUWAN ZH =5 YN ZEH-E4
ZASEASOH, = HBES2 22 79.96% 2 82.96%2 =2 S S AotCHFigs. 18(a)
(met 1.0°9 OIXl &Z(Onuwc)
off € 4P 2H dlE &&s ol 4229 2
I 2E-84 =k A ¢

ZH ds= 2l NMZBADI= 3P HS

ok

Al

o

Figure 212 =ZH-8d SH2 2gg 2

=
A0 OE sHM 83 MO Z2UHE 2HE0L
A ofid Z2EE 0lS8ote B2 ZH AsS= =

Bd SHMo 22 2 i LES 0l&dt=
20 OHE 2H .

N2 SAtGtH, (3P/1.0°/135°)2 S8 HHC
SHS Lgs oA o4 o =2H Ve

A2A[BP/1.0°/ps)2 HESIH MOl &2 (gn)2
I 3] HSE Fig. 200 LHEFURACH Z2H &=
|28 HHC AEdI0l& =& 20 4P 2H &2

OM U

Ofn 0%
> o

=K
Ol Aol BMEt i

d=29 =
A ol ZEE 0IE6tH 22t HHC &35
Hse SXHEgs= ZH-EHE sH LY

A8HAIDI= (8P/1.0°/135°)2 HHC && Z2A0A

58.27% =0 MZEO(Fig. 21(a)), 2H-Ed SH e A HAsS dcte B2 =W 2

As Mz g3 XR2A(3P/1.0°/135°) COE

a3t CHFig. 21(b)). 2H-4 SH<
MZAIDl= HHC 28 X201 A2 OZ2X

_'_

Ot

AL ()0l HE SH &S SH g2 ©

ne

(3P/1.0°/180°)21 HHC && Z2A0AM 53.97%

gt G ol ZEe SH dsS EU

M NSO AWM MLE8B0l M2 SASHCEH OlMH, MO
S AFSECHFigs. 21(a) 2t (b)).



Isolated rotor model
(3P/0,

N
Q
=}

“©-03,,c=0-5° 3,HHC/¢3)

e
a
o

'B-os.HHC=1 .0°

N
o
o

At 140 knots

% change in rotor vibration index
[$)]
o
o

0 45 90 135 180 225 270 315 360
Control phase angle, deg

(a) 3P actuation frequency

Isolated rotor model

N
o
o

B=S 04,HHC=0'50

'E'OA,HHC=1'0°

4 04,HHC=1 5°

1000 | (4P/ 04,HHc/ ¢4)

@
(=3
[s)

(=2}
o
=]

NS
o O
o _o©
oo

At 140 knots

% change in rotor vibration index
Lo VLN

-200
0 45 90 135 180 225 270 315 360

Control phase angle, deg

(b) 4P actuation frequency

Isolated rotor model

'S
{=
=}

“0-0;14,c70-5°

'E-OS.HHC=1'0°

€05 ic=15°

(5P10g 114! 5)

w
o
o

N
o
)

At 140 knots

% change in rotor vibration index
-

0 45 90 135 180 225 270 315 360
Control phase angle, deg

(c) 5P actuation frequency

Fig. 18. Change in rotor vibration index with HHC input using isolated rotor model at 140 knots

Two-way coupled analysis model
(3P0

003 14,c=05°
E=N 03,HHC=1 0%

©=0311c=15°

3,HHCI¢3)

4

At 140 knots

% change in rotor vibration index
[9))
o
Y

0 45 90 135 180 225 270 315 360
Control phase angle, deg

(a) 3P actuation frequency

Two-way coupled analysis model

(4P/0 00, ic=0-5°

-0 =1.0°

A.HHC/¢4)

4,HHC'

€04 ic=15°

At 140 knots

% change in rotor vibration index

0
0 45 90 135 180 225 270 315 360
Control phase angle, deg

(b) 4P actuation frequency

Two-way coupled analysis model

005 4,c=0-5°
-E—”S_HHC=1.0°

€05 ic=15°

(5P/05‘HHC/¢5)

w
o
o

At 140 knots

% change in rotor vibration index
O

0 45 90 135 180 225 270 315 360
Control phase angle, deg

(c) 5P actuation frequency

Fig. 19. Change in rotor vibration index with HHC input using two-way coupled model at 140 knots

4P hub axial force (Fx4P)

5 i
-©-1solated rotor model
-©-Two-way coupled model
L
5 e
_________ $3=0°
§ 9 Baseline :
3
|
1
(3P/1.0°/¢5) 1+ At 140 knots
1
5 L
-5 0 5

4/rev Cos

(a) 4P hub axial force

4P hub side force (Fy,)

1
-©-1solated rotor model
-©-Two-way coupled model
1

1
Baseline 1

4/rev Sin

4/rev Cos

(b) 4P hub side force

4P hub normal force (FZ4P)

3 T
(3P/1 .0°/¢)3) At 140 knots
2 ' 4
=45°
Baseline 1 & )
£ !
(]
I
3
A
-2 -©-l1solated rotor model
-©-Two-way coupled model
3 1
-2 0 2 4

4/rev Cos

(c) 4P hub normal force

4P hub pitch moment (My4P)

(3P/1.0°/6,)

1
-©-Isolated rotor model

-©-Two-way coupled model
1

$,=0°

Baseline

At 140 knots
1

4P hub roll moment (Mx4p)
3 : 5
-©-Isolated rotor model
2 -©-Two-way coupled model 4
1
- Baseline < 3
n n
8 82
3 <
= 1
-1 E
(3P/1 .0°/¢3) At 140 knots
2 1 -1
. B, (R 0 1 -4

4/rev Cos

(d) 4P hub roll moment

-2 0 2
4/rev Cos

(e) 4P hub pitch moment

Fig. 20. 4P hub vibratory loads with HHC input(3P/1.0°/¢s) at 140 knots



400 One-way coupled analysis model 400 Two-way coupled analysis model
At 140 knots “©-(3P/1.0%¢,) “©-(3P/1.0°/¢,) At 140 knots
200 B (4PI0.5°6,) 200 | "B (4PI05%19,)
©-(5P11.0°6,)

©-(5P/10.5°/6)

Cost function, %
S
o

Cost function, %

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Control phase angle, deg Control phase angle, deg
(a) One—-way coupled analysis model (b) Two—way coupled analysis model

Fig. 21. Fuselage vibration cost functions with HHC input at 140 knots

3.

= JF0ME S Jls delSHO Uotd s 2H &S MO JI8el HHCE HE6tH 28 &

SHMe &S MO Al2dlold HFAE =otRULt. O0ll, TEH-EHd SHe 2gst L e G
ofd 2o & RS oA ZE=S O| otA2 O, 02 <?lot0d CAMRAD Il & MSC.NASTRANS
tZ ot AL
40 knots2 M= HIE# XZ2H0M Z2H o= 2 2H-E4 M2 %ttc'l@ AN oid ZE=S
Ol85t= &% 26 &ss =ASAII= HHC &3 X24(4P/0.5°/315°)01 M2 2XISHH, =H
TS0l 22 66.83%2 66.89%2t= FAOHH =0 MZEHJACH SH ds=2 e & 2Le S
off Aol 2E0l CHGHO! 2F2F (4P/0.5°/315°) & (5P/1.5°/0°)0IlAl 53.34% % 65.34% ZI0H Z A= ACH
100 knots@ &< (3P/1.5°/180°)2 =& HHC &€ ZAHUM ZH = ZE(39.96%)1 ZEH-
e SHQ rger oA oA 22(41.73%)2 ZE AS0l M2 HIZGH X MZEA2H,
ager I e oA oA LEE 0IEot 2r2F (5P/0.5°/315°) & (3P/1.5°/225°)0I Al 51.56% %t
63.65%2 =i SH s MZES 22 AL 0F HlY 22401 140 knotsOlAl ZE-H= 21t
SH-E4 SH e AN oA D0 22 sLE (3P/1.0°/135°)2 HHC ¥ X248 HNEE
M 79.96%2 82.96%2= =ZH &2 =W MZE0l A= FAFGHCH Eg, ZH-8#d SH 2
derer o ek o oAl ZME HIWE M 22 (3P/1.0°/135°) ¥ (3P/1.0°/180°)2 HHC &=
ZAUMN SH &S0l = A ACHSE8.27% X 53.97%).

40 L 140 knots2| HI™ HTO0IA 22 AA oild 229 =0 SH 85 M2 &
Hl & *_._ °f It 2H s MZ 2= X2AW SLotCE 100 knotsOil A ZEIEH ZH 7&'% PN
A0 getgr A oA Al SH MSS FASADIE LH A0l A2 LXIGHA ZXIS = A
MZEe2 20 MZZACH Al HIgH ==(40, 100, ¥ 140 knots) & =ZE-EtH EJHIOI gesr &
&rgtel A ol ZUE 22 HlWE o SH 7&'%2 Z0 MNZAIII= HHC g A2 A2
&0lotH 40 & 100 knots2l 22 zIl MZE2 X0IE =2RUCH 0l Z2H-Ed SH< HAH oA
Jlgel &F0 et 8IIM EE HE R X0l [[H':OE “PCFEIE}. Eeh 2H el zASE
?I8 HHC &= ID*_’P =2 et S BE Sl et g2 xASE % HHC &9
20 LXIoHK EUACH, 0l 2H 2l B2, 5042 o= 7&% ot=s 4201 M e g, =2
Ao SH &S %”% =2 gere] Zugt OIELAII H20IC. == ZH-2#4d SH2 2
A ol 2EN Z2H X SH MS MO ds= Eototes JIE2 =z A A0l O
g4 A0 2ot

>

o

I es

O

[1] N. D. Ham, “Some Conclusions from an Investigation of Blade—Vortex Interaction,” Journal of
the American Helicopter Society, vol. 20, no. 4, pp. 26-31, 1975.

[2] G. J. Leishman, “Principal of Helicopter Aerodynamics,” Cambridge university press, 2006.

[3] R. K. Goodman and T. A. Millott, “Design, Development, and Flight Testing of the Active
Vibration Control System for the Sikorsky S-92,” Proceedings of the American Helicopter
Society 56th Annual Forum, Virginia, USA, pp. 764-771, 2000.



(4]

D. H. Kim, T. J. Kim, S. K. Paek, D. |. Kwak, and S. U. Jung, “Application and Performance
Evaluation of Helicopter Active Vibration Control System for Surion,” Journal of the Korean
Society for Aeronautical and Space Sciences, vol. 43, no. 6, pp. 557-567, 2015.

D. H. Kim, T. J. Kim, S. U. Jung, and D. I. Kwak, “Test and Simulation of an Active Vibration
Control System for Helicopter Applications,” International Journal of Aeronautical and Space
Sciences, vol. 17, no. 3, pp. 442-453, 2016.

K. Nguyen and |. Chopra, “Application of Higher Harmonic Control to Rotors Operating at High
Speed and Thrust,” Journal of the American Helicopter Society, vol. 35, no. 3, pp.78-89, 1990.
K. Q. Nguyen, “Higher Harmonic Control Analysis for Vibration Reduction of Helicopter Rotor
Systems,” NASA-TM—-103855, 1994.

C. Kessler, “Active Rotor Control for Helicopters: Motivation and Survey on Higher Harmonic
Control,” CEAS Aeronautical Journal, vol. 1, pp. 3-22, 2011.

S. A. Jacklin, A. Blaas, S. M. Swanson, and D. Teves, “Second Test of a Helicopter Individual
Blade Control System in the NASA AMES 40-by 80-foot Wind Tunnel,” American Helicopter
Society 2nd International Aeromechanics Specialists’ Conference, Bridgeport, CT, 1995.

H. Yeo, R. Jain, and B. Jayaraman, “Investigation of Rotor Vibratory Loads of a UH-60A
Individual Blade Control System,” Journal of the American Helicopter Society, vol. 61, no. 3,
pp. 1-16, 2016.

S. A. Jacklin, S. Swanson, A. Blaas, P. Richter, D. Teves, G. Niesl, R. Kube, D. L. Key, and B.
Gmelin, “Investigation of a Helicopter Individual Blade Control(IBC) System in Two Full-Scale
Wind Tunnel Tests: Volume I,” NASA-TP-20205003457, 2020.

D. H. Kim, “Blade Pitch Control by Swashplate Higher Harmonic Control,” Proceedings of the
KSAS Annual Spring Conference, April 2022.

Y. L. Lee, D. H. Kim, J. S. Park, and S. B. Hong, “Vibration Reduction Simulations of a Lift-
Offset Compound Helicopter using Two Active Control Techniques,” Aerospace Science and
Technology, vol. 106, Article 106181, 2020.

S. B. Hong, Y. L. Lee, Y. M. Kwon, J. S. Park, J. S. Kim, and D. H. Kim, “Airframe Vibration
Reduction for an Unmanned Lift—Offset Compound Helicopter using Active Vibration Control
System,” International Journal of Aeronautical and Space Sciences, vol. 23, pp. 102-114, 2022.
B. H. Park, S. W. Bang, Y. L. Lee, and J. S. Park, “Active Vibration Reductions for Airframe and
Human Body of UH-60A Helicopter in Low—and High-Speed Flights,” Journal of Mechanical
Science and Technology, vol. 36, no. 11, pp. 5363-5373, 2022.

T. Chiu, P. Friedmann, “ACSR System for Vibration Suppression in Coupled Helicopter
Rotor/Flexible Fuselage Model,” Proceedings of the AIAA/ASME/ASCE/AHS/ASC 37th
Structures, Structural Dynamics and Materials Conference, Salt Lake City, UT, pp. 1972-1990,
1996.

H. Yeo and |. Chopra, “Coupled Rotor/Fuselage Vibration Analysis using Detailed 3—-D Airframe
Models,” Mathematical and Computer Modelling, vol. 33, no. 10-11, pp. 1035-1054, 2001.
W. Rex, T. Pflumm, and M. Hajek, “UH-60A Rotor and Coupled Rotor—Fuselage Simulation
Framework Validation and Analysis,” The 45th European Rotorcraft Forum, September 2019.
J. W. Lim, D. D. Boyd Jr, F. Hoffman, B. G. van der Wall, D. H. Kim, S. N. Jung, Y. H. You, Y.
Tanabe, J. Bailly, C. Lienard, and Y. Delrieux, “Aeromechanical Evaluation of Smart-Twisting
Active Rotor,” The 40th European Rotorcraft Forum, September 2014.



