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Review of Active Control Techniques of Blade Vortex
Interaction Noise for Helicopter Rotor
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Abstract : Rotor blade vortex interaction (BVI) noise is one of the typical noises of helicopters. It will dramatically
increase the overall noise level of the helicopter and bring severe noise pollution to the environment. Active control
technique is an effective means to reduce the rotor BVI noise. In this paper, a review of active control techniques for rotor
BVI noise reduction is presented. First of all, the active control techniques such as HHC, IBC, ACF and so on for rotor BVI
noise alleviation are introduced, and the development course and current situation of each technique are briefly summarized.
Then, the development and the tendency of the control algorithms adopted in these techniques are discussed and emphasized.
Finally, the development tendency of the active control techniques for rotor BVI noise alleviation is prospected. Considering
the domestic research situation, the key technologies and approaches for the research of the active control techniques for the

rotor BVI noise alleviation are provided.

Keywords : acoustics; helicopter; rotor; blade vortex interaction noise; active control

FLAHLRE AT DU B P A, NRERS AT =T
] RAT , X PR () AT R A AR ZE SR IR A
WASR) T R . e R RE A B ML T A
AT, [F]INF 2 B THATL AR H IR 7 ) e 3 R

gk P AR 4y S e NG PR 2 BRI TR
(Blade Vortex Interaction, BVD) M 7 | & i ik o

Y5 HEA:2017-10-11

E&ME: BxARREIEESTIIE (51375229)

TEZ BN IS8 (1988-), B VLA A FE™ A LA, &
BT T ) B L S SRS o

BIEIER: BV, 55 181, BB

E-mail: luyang@nuaa.edu.cn

(High Speed Impulsive , HST) M 75 | J5 i 75 4% fur Mo
FEFN LA MR Horr, BVIME 75 2 B HLE A S8
Ry s SR 2 — B e AR & AR ) Rk
5 5 SR A B P R T AR R A, 2 B
BUAL TR A B /N B2 HLBh R AT SRS
I, ¥ AR FIFEEE K BVIBE Y, BVIBEFS —22
I, 2% S 3 15 K BT AL S A e 7 7K, 2 R ™ B
IR LG I 75 05 G o DRI, G0 T A Rk B IS L T L
BVIE s o AR E ALk 75 A o 11 3 2 )
Z—

WL AFER , [ AN TN B 38 R SR P Sl ik e 3L 2%
I AL e B AAT B | O e R A TR AR —
EFEE LR T EE BVIEE LT, TEIEHAZ,



2 W

5 Ik

il H38 %

FIRTTIES B T AR TV . ST $ BN T
ERCRA R, HAPAS B CAT IRAS B3 R 22 5 2 23
— D FE R BV 7 I 42 i) 380 5%, B R 32 3 4% il
7

e 3 3= 345 i BOR B L H T 20 tHE22 50 4R AR,
SRTIAE KR Z AT, i BR FEH T e BRI 3
BN 2 T FE I, A BRI 3 B4 ) Nt
A DA BB AICHE 3 BV R 75, T2 A _F 120 80 AR
TG, — Lo S E R IR R A A i Hl R
HEAT IR BVI MR A 4z H 32 SR HON R A £ 3
25 i) e A PR AT B P 8 Ay D30 553 2 2 i i S 1 i 2
THEEEES, DA R SR SR T A

11 F i 3 4% il (Higher Harmonic Control, HHC)
ST B R H LR — Fh B AL 3= B4R o5 vE", HEaa H
TSk e A% e J5 R AN TR S B .
FEARJFHWE 1 2R @I 30 3 AR T
J7 BIAE B 38 SR B, 428 1) 4 N R AS e i TR A% 346 31 e i
A, P8 I AR PR A A 8 2 A - AR S, 25 e e 2
BN 78 A AH [

a)E#RHN
bz i #S A

P 1 e s o) e i ST R s ) D 2

SR, BT VE B 83 B 10 B B0 R} A ie %
R b HHC [ 42 il 45 25 52 21 e 324 vk By BR il
AN BB A i He i BRE H B N 1 B AR B A
Wk F 4 2R, HHC AN g 3% 1] 3.4.5.7.8.9/rev
LR NSy, T 2/rev HIFEHITEAE N 1. NfE
N ] I R 1 A T R SRV A ol
(Individual Blade Control, IBC) [ #E &0, H I A R
HE AR AT HHC HAR, IBC 22 3
HIE B 35 22 7E B SRl 28 e s 30 E7 B — R 3
3 T) DA B S B 2 1 U A PR R A T R ) AR RIS
Ao BFILER B« 2 AR H 02 (1 256 IBC #2il mT LA
SSICREIN]ETVE N

JRUE IBC A B 1 HHC 28 1 4 2 32 R 14 1)
L HIBC il KRG A H 45/ 2 2%, HIBC 5 HHC

— P TR LIRS B e AT ] T RR IR B D E R
T — LB U SOK BRI 1 8 e AR P
(Actively Controlled Flaps, ACF) . 5 IBC A~ A,
ACF il 22248 T 22 M N B VR Bl s X ) oz T 28 M- 5
G A IR A BB AT I ), A7 RO T IRBN D) E [’ 2
N ACF 5 #1 ]

a)EEI
bz il Z A

2 ACF JFiFE |

WEAh 3B IR T P T E L e B A
1] (Active Twist Rotor, ATR) & = sh #% J& 1 3 15 il
(Microflap) & H T- B {C e 3 BVI M 5 . {HAHEL
T HHC.IBC J& ACF R , IX P M e 38 1 75 32 3l 4%
HIBEAR A A T D

SR X Tie B BV ME 7S 2 B 2 1 R R I
W, ELFE RN T BVIEE S 2 3 0 S BRI R
PR I FREAR B R iR FH 1) 3= s i SR A%, AR
E HHUE R BVIME S L ahistil i it =%,

1 ETFTHHCHIEZ BVIERE £ 3
Ay

FLAE 1952 4, 3 [E N Steward At #2 H T HHC [
&, 25 B R H HHC Ky 55 5 K 38 e L i
I Jyo0 A, AR B AN AT M. 25K
ST F R HHC HoAR T T8, FE TR 1L
AR B LRI BN K o
2234 Z AR JE  HHC BOARALE AR 7 i H sk
., 19854, 1% [F Aerospatiale /A 7] 7E SA349 B FHH1
FRCIEEAT T HHC [ PR AR AR S T —
PR 98 HHC £ AR A7E e J5 1 1 8 /T 5%, [7) 48
Aerospatiale /A @] 7E SA349 B ML #4177 HHC H
T A BVI B S B JF 20 AT 88 U e 45 R 3R
B % 2 3 21 SA349 H AL, 3/rev [
HHC #% 1] 7] LLAG 2B BV 5 (32 50 UL T A2k
VEHERTE) o 2V KRGS R EE, LG ok i
Z W SR T 46 A AN J& T HHC [ JiE 3 BV W 5
F B HIE AR5
20 tH 22 90 4= AR 1 AH S BIF 78 T A & 22 il 36 [



3

ELTPHURE R TP 5 E s Pl HOR SRk 3

NASA == R @t 58 0 A1 48 [E 5% fiji 5 (Deutsches
Zentrum fiir Luft- und Raumfahrt, DLR) 43 %l 58 i
FHp, Brooks %5 7F 32 [5 NASA == R0 55 o 0 (1) 5 75
R AR AT T R HHC 45 A B A% BV E 75 [ HF
R R R, 158 6 5N 4 2 ARES (Aeroelastic
Rotor Experimental System) 4% 280 /) AH U455 71
BEE AZARIS AL T 4/rev I =1 18 B AT T
BVI M5 (15200 o [F] — I 8], 72 KK ) DNW XU
H, Splettstoesser & AT 1 55— I IR KU
U BN 40 %3 I UL 4 22 BO-105 L 4R K
R e 3 . AE1S—FE IR I 2 [ bR b IAEH 75 20
Bi e T I HHC 75 27l 523 %t 3 FhAS [ 1)
B I 2 B B N (B/rev , 4/rev , S/rev)HEAT T AR
BOAITFC , 5 R WIIX 3 o 2 iy N # AT DU R8I
BV 75 7K, AH [7] I Jie 3 41R 51 7K ~F S AR A3 e 75 7K
A PTHR . BEAMATS I, 6 T AR BT AL
NERARAS [ € (1) HHC 42 1l 4 Hh (B — PR3l AR
WEAEL S AR AL CAN B /2 25K, 75 2 I HHC 2]
A REMAF HELF R . T, BT HHC HR , fE[EH
535 E A AET 1991 4575 DNW KU HHEAT T BV
R R RIS IR 1 BT HR T ) P PR
il 50 CT RE RV TR AT AT PR 28501

SR HHC BORBAIE W] AT FH T P AIK BV e 5, {2
e H PR AL R e e . v R G HLEIE HHC
BORTE ELTHL I L JlaIR 77 18 A R IR 8 s s
JEEIHLEE, 58 Gk E = A 1F, T 1994 544E DNW X,
T, T4 220 BO-105 BE AL e BT JE T # 4 11
HART(Higher Harmonic - Control Aeroacoustic Rotor
Test) BT H ™o 230 H R H] 130 28 8 I 3 X
GO0 ) O P S HOR GO B AR AT 2 i T
PR B 45 I fi e 1E ) IR B 4% MR T J il 3
WHIT. B3 0% 1 Jod% e s fe SR sl /s
I (¥ BVI e 75 2 &, BT i i) HHC $28 #il 4505 B N
3/reve BEANE IR KR IS BE B A, B AL A
N3 T LR B 2 5 BVIE 5 (1) i S 4
—o [HAG M HART 56 140 20 i, Ho 6 %5
b & EH AN Tz 5 TSR v 5o A s
R IERAPE S R . 2 JE A, itk — 8 I x
HHC FA A% BV 5 ) A 5T (0 B A%, 2001 4
5% [ NASA B 4 DLR J¢ i H 52 it 40 (Office
National d'Etudes et de Recherches Aerospatiales,
ONERA) 55 2 Z BT FE MRS I 58 22 S5 1t i I B X 2
(4R PIV KL 5~ I A5 B2 P&, SPR A7 44 7 iR ]
BTD AR i 4 & 55) I & 7 HARTILRAGE . 5
S5 RL W] HHC BoR s A i 22 B A R 2 T
POR AL B 2RI A ) 2 B 7%, AT HI 55 1 BVI

IR T ), X/R

I, YR

K 3 HART 3G To¥ S A 0 BVIEE 5 2 ]

W (R

JE T B 5T 242 W] HHC 550K B85 A 24 B
e E BVIME A (H i T-HEOR A R, FAE
JEAEBh & ERACH K T B TR &, Sy 4l %
il B304 A2 B 5 [A M HHC B0 9 B 32 31 1 1R K1
PR o

2 EFIBCHIREE BVIIEE I shizHl

N Ak HHC 52 AR 1) IR S g, A 20 22 90 4
RIF 46, B AMIF TN R Z B A F B 085 ) T IBC
B o EA N THT IBC [ ie 3 BV A5 3545
1B AR 7 E BLE I KRS A R AT RS . SEE A
RRNAE AT V2 #E47 A 1E , Yo 5 21 BO-105 H
HLUH-60 4= R~} g # , L J CH-53G EANLIT T
K 1T IR 1) R R 36 B I 7T, T A A 42
IR KA TE BO-105 B J7HHLA CH-53G BT+ ALt
7k, B AR K HUAE TR U IR BVI FE
AR

1994, NASA SZ 87 52 vh O IG5 4 [E ZFL 8
F] W DLR A BRI B T AL 2> ) 48 15 53 ¥ (Eurocopter
Deutschland , ECD)7E NASA 4 7 AfF 55 o0 1) 40 %
80 L K A, 5 4 22 BO-105 42 R T e Bt 47
T EIRIFH IBC KRR L™, 56 i 5 2 H 2 i
FEAS AR QIESZ 5N AN [FI 2R B kg N /N it
FIO I IBC #2151 AN T B AL BVIEE 75 (1 520
BRI 45 BB < 2/rev (1) IBC 2 #1280 5 L 47, T Jik i
AN KN NIAR T — @ PR . TR
(142 , 1% KRG 1 & R G A e, SUEI T 2%
B 5 0 3 AN A (AR AT 2 AN, e AT
Ao —HFZJE 1 RT KRR 2 A, NASA
VU 5t 0 JZFL.DLR B & ECD JT & 1 45 —
WIFFR IBC KRR 1 v X R 36 et 17 g 7
& R G0, 4 22 5 KUER SR s HEAT 7 8 SR 22 o AR )
FAWE o WAL, IERE N TR T E AR, BRJEA R M R 4
Ab BEINT ST e A e 2 PR IR B IRBN K, iR



4 W

5 Ik

il H38 %

SR NE 1.

72 RGBS Ak b, 8 T8 IBC E AR M) T
FERLH BN 25393 5T BO-105 2 UH-60 B F+-#
FE TR CHF 7. HBO-105 X K I H £ i
ECD 1157 , 1 UH-60 i €15 H ) 3= 2Lt NASA 1 77
EAF — MR X ATE 1) IBC 12| R4 & H
ZFL Wit iillid o o IBC 2 il 2R Gu 8 o i AF 2l 48 UK
B, %R T AN G AR PR AT AL E , F o UH-60 IBC %
T RGP EAEBN S 23 T RARTFE ERS
5L AT ABBEAE Bl # DLOR B B HLIE & KAT .

1998 4, ECD Hf & ZFL DLR K 3 45 - 75 5t A
A T4 220 BO-105 EAHLEEAT 1 1 K FF A IBC
KATIRIE™ . AT B BV R, 22 58 K T
EETESE o RRATIRIG M 2 H & H 5 IBC #%
HI ARG S A WEEBVINE A, RIS T RIFH
P 2R, B0 UE T IBC #2Hil RGN T PR BVI M 5
(A v o 3k — 2 aE e 23 A i e R B Hds , PR
UEB T IBC il 51 S 1) 2 T BE 2 (1 38 Jn 2 BVI
M PSR E B R R . FE PR AT IR R AR |
ECD F|H BO-105 B AHLIFEAT T E XA IBC KAT
IR, R BE SR H T R ) d A AL A Rk
—— W Aoy B R, RITE AR A e AR ] 2 A
7 () A7 T R RS 3R AT S I, SRR A 4% i A
fre AT RIS 25 AR B, Bt i P ER BV 75 458
Hil RGMR BT, B 2 0] [£1K 5 dB ¥ BVI B 5 (b
TN 2 0, HAUAA |52 5 XU B 5 3 T 22 e AL
BEHZNEATER

21 204, NASA A Wit 5 i G B A ZFL %
7H B} i 2 K LA 7] (Sikorsky Aircraft Corporation,
SAC)#2 H 7 3T UH-60 B TFHL 1 IBC K47 i 56 56
WETH o ZI0H FEHEAEIBC R4 T UH-60 £ Jig
TP R S RE R HE T . N T BRI /AT
36 1 KUK , T H 1 56 75 NASA L T BIF 72 b a0 1)
80120 F& KA H1 14T 1 FF 31 IBC R ISR sk

55 25 R B AR R N BRI, IR A N 3.0 1)
2/rev IBC £ il AT LAAG R BEAK BVI B 75, H [F] 5 4z 3
KPR R 38 0 s BV R 75 114 32 i) 5 2R B o 2 11 i
B 38 KT 2 K. T T UH-60 FI IBC &
ATER5 , B AT AR A A OSSR EE &

LA, N T BRI CH-53G B FHHLIT 437 W 7 K
V-, ZFL ST vkl 1 & A T CH-53G B AL, HH
WEAED) 48 K3 1 IBC 452 # R4t , 5 UH-60 L
IBC KGR, ZEshisth B A KRG M EE. 2
JG 5T CH-53G EANLIEAT T H 3 ®AT I, i
I03RH  IRAE N 0.67°, ML A 30011 2/rev IBC #5Hill A]
DL 3 dB Y BVIEE S, Gk g fE 4% 2 %2 1.1°, BVI
W 5 i) DL PR AR IE S dB CHU TR P4l ) o Bifi J5 5 2003
4, ZFL A Al £ % CH-53G B ML LT T IBC &40
(1 PR R AT IR IEY , 28 DR I A R AT R EE R AT
T IBC RS 1 AR, F A S BVI FFhE .

g4y IR IBC FH T PRI BV 75 (1) KGR 56 A
AT, K 14 TR RIS . AR

1) 158 IBC =il R Gt (1) Wit £ 77 BuAL , ZFL 2
5T ILTArA 1 XA & AT

2) XFF 3T IBC ) BVI M 7 1 5h4% i), 2/rev (1)
IR 2 ) 0 2 o e A SR L S B %2

3) FLAS A IR TBC 45 il 1R A 7] B 52 B ek
(21

AR TIBC ] UL T B BVI e 7 , {H IBC 2 il
RGEARFEEMB IR BRI K. 550 HT
IBC ¥ il 5 Gu e AR FH W T R 4 0k 3, HAR 2 2% H
BAMBK, H5 R EAE3) 28 0B Bk R R
WA 8 A Gy YA, T — SE i 9 3 SXOR Wk it
58 O I 6] 5 —Fh S sh s A——ACF.

3 ET ACFHIREE BVIEE £ 50i5H|

ACFH A f H H LT 20 140 60 4FA8, S 9] HA
FCH R N T ZE 2 R e, B A T A

% 1 IBCHI T F#AR BV 75 ) AR 6 e R AT eI B

TRIG I [A] WAL WIRRA WIS O R IR R iEfi/deg  FEMEEUR/AB  IRIRACR/(%)
2/rev 1.2 -5 -2
| 1994 NASA,ZFL, é\)i'# BO-105 - 3/rev 1.0 -5 +130
DLR,ECD PR 26 4/rev 1.0 -25 +35
2/revtS/rev 1.0 -8 - 80
2 1998% ECD,ZFLDLR &f7ik3 BO-105 VAR 2/rev 1.0 -6 +50
3 2001 ECD,DLR,ZFL  KiTiRL& BO-105 ZiEZN 2/rev 1.0 -5 X
4 2001°" NASA,ZFL,SAC %R o UH-60 FIR 2/rev 3.0 - 12 +100

KR SE 5

5 2003%" ZFL KAT IR CH-53G PARZN 2/rev 0.67 -3 0




3

ELTPHURE R TP 5 E s Pl HOR SRk 5

Je Kt T IBC A K & 52 ., 38 40 0t 7838 %% i 0F 5
FIFH ACF SR KFEIEBVI M

1992-1995 4 [i] , 3£ [H 27 18 B A+ Ml A & Bk &
NASA ) 5 22358 [ TLE 22 R ¢ o0 R T 25 38 R
AT T ACF Jig B R G I MES 30 UE TAEY, 3
B /2 5 UF ACF HoAR Re 75 F TR S e . 3k
6 2 BH ) FH 108 1 e o 4 B (e 2 T AR IR BV
F3dB~5dB. FREVHIIL, HT YN EKAEE
[I1ES)#% , ACF FIIK N2 15 5 2 1, 48 38 11 i 2 A3
BH [ 8 PE S BN B TR Ve « 250 45 R Bk
5%, b )5 35 [ B BRI 43 3% ACF BRI JE T W 7% o

For 3 [ U T = BT T B A RSE R RS
F L, B SMART Jie 3 X050 K it Rk 4 4k = 2 48t
FBFURIER NIRRT

SMART Jiié 2 ) i 50568 4 W R At 18 4 M 1k e B
Dir4: R~F ACF KU RS . %158 )8 T SMART Jig
FIGUEIH 19— 384, i35 E P& A 7 \NASAL 3£
T it 22 5% [ ] B P et e v h R Js) S JRR A8 B T2 Bt
22 R AESE . 56 32 E %5 5 ACF 76 B 7
LR M PR T 6 4 i) B P e 2 T 5 THI ORI o
SMART Jig 3 i1 1 >4 R 1) 5 28 - Jo il 2k MD900
L HUE 3B 5 T ok, B 2t BB e 1R
T il 1) s AR B 2% ) DA BIR B0 J5 540 3 Al %, 40 3 {l
AN 2/rev & 6/rev, B KAWFE AN 6°. 37015
SR

(1) HiEEE R 0.15 I, B2 N 4/rev , IEAE 9 1.5°,
AHAE 30° [rIA8R B 45 10 T~ P AIK BV 5 e A A1, 5
T IX e B A ] 2 5| T AR BAR B FAar B3G5

(2) BT ELEA 0.165 B CCHINL 25 J5 BVIEE & A
WE RATARES) , B R 3/rev, TRAEL N 1.5°, AHAL 180°11]
HER P HI T B BV S A . AHER A
[ KAT IRAS I, 228 380) e A o8 e 28 SR 1 0 B 4 ol i N
AN Sy AME AT R B, 15 3 A 6] BRI BVI
W 7 fie A R (1) 2/rev 18 348 il £ 1l b SR I AN
W52 % IR AT BE & T SMART e 324 i 1 F 8% Wl
FEFrER

AN A ST R 50 R 78 sk 17 366 3 50y 4 3R s
R BE BRI, Z AR R T = e Re e B KAT R IR
THIH B —3 4y, B 3 ik ZE 0 2 B B R B i 4
A PERHITE LA B R 32 RS HART L0 A
PETERL . RGN Gy 4 3 b £ 42 50 1) S-434 B AL
T o 1R I0 1R A5 1) R G0 A RE R e FEAE B 48 0K
31, H RS TR ST P R

WU 7 TRD 0 = DLR 2% Sk 347 7 KU R 36
JRAT RIS L

2005 4, DLR & ONERA 7 % [H ONERA S1
JEEPF RG] 6 T 4 22 5 D L o H50RH AL e B e
177 IR G, 156 45 IR 0 - 1 34 B R A 3T
WA FEAR BVI M 75 A F1 s 5 40 T d/rev AR 3L
i) , 2 R OKS , e M s SR R LT

7% IR R 56 3 b E, S i &R 45 4 T 6
ACF BRI JEHF 7T, 2005 459 H , DLR . KK ELFHHL
ACINUSIESINE S EIPSE 153 R S I AN
G AEBK-117 EAML AT 7 K ACF ®AT 58,
IS T2 L AL I A B TR AN B e (A L
W 2/rev I 7 SR PR, 3,4, S/rev SR IR
Z JEAE 2009-2011 4 [8] , KM B F L 7] 7E EC-145
BN EXGHEAT T — R FIHT ACF €475, ik
6 F s TR FE S BRSO b AR ) A A T IR SR
FEA G Hh RN 7 T R AH D515 B o

LA, 3 B % B K 2 1) PATT Fl Friedmann %%
N ACF £ A F P& AR BVI g 5 JEAT T 40 350 3
WHEFEE, PATT T H H R S 3l 75 45
BT R T AT T BV 75 32 g4 il 1 05 BT, JF
BT ZBR AT T ACF T B IR | B0 DL K&
IF) B 93 41 e e (1 47 BCF 9, 7 B+ BT P B B 4 i B
EYN T H B . BEFER B, R ACF [A] i Jkdi
M2 TTAT 1, (EL A2 5 B el /B8 M (1) 25 SR AR L, [
N YRR A M 1 BRI A8 1R O SR A 22 o T IR X B T B
Jr SR R FELAE Dkt S o Mg Ty T ) 22 S, AT 5
PIQR 3 A SRS

ACF B8 SR HHC X IBCH AR A &Z,  H B
28 22 RAE AR EE HH SR T H T (R BV 5 1)
A R e — PR BT S B T
4 HMMEAEE BVIEE £ HEH

AR
4.1 EHHAEERE

F= Bh 1L e AP ATR, i 42 J8 SCRDA A i 1E 2
I PR 08 B 4 I 3R T P 85 R A M 2 i mT DL 32 34
e B, R e 5 8 R kLS g R R A
Ay,

H 570 T ATR R 73 i b T Bt 7 b B, =
LG R A2 B BEM R IR BN S AN A2 5 R % fak A
PR & EoRW, A ATR #E4T BVI BRI 40 T 71
WU B, H A 3 [E (1) Fogarty 2540 % 55 KR %
Ik ) Anobile . Gennaretti ZE¥2 53R4T T #5045 =1
o AHAF M, Anobile 76 SCHR[42] 4 T —
TR ) T v o s ) 3R 1) ATR 42 6 PG e 32 BV g
P T7 L HAshA R 550t 1 .0.87 r A1 BVI ifaf



6 W

5 Ik

il H38 %

B R, P AL AR AL A A2 T 260°~320° 1 JitE A »
PLYsk/IN o] B AR 5200
4.2 EFaEEEE

Microflap A5 F&— ANl R HIM% Je i . @
ik Microflap 7] DA S48 32 i Jay 35 A B 1 7 7 S ARt A
J1HE, T AW 908 46 2, H Microflap SR 4% il
HIAVL RS S 75 o AT HoAh 3= sh 41 77
Microflap J~J /)y, BT &5 D2/, BB AT 98, HLAE 3%
I 258 g A B2 S AN K o

2 H 71 M1k, A F Microflap 347 BVI [ I
FUILAT B AE A BB TR B, 5 BN K 2 (1) Padthe /2
Friedmann iff 5% 1 Microflap %} T B FF HLIR IR - [
JAEREFRTE T R HIAE L 9 HoXPHE T 5 5 Microflap
J W F Microflap % T BVI [ B (52, g5 3k
B : XU Microflap 75 BVI [ g 77 1H B 2 AR T 5
Microflap. %5 4b, 5 H & I gh % i) 77 XL LA,
Microflap 7£ P M 1] [F] It 2> P B IR 2 K P [ 3
S EHES

P BE T R LI B T AL BV S 3 )
PGB ER 2 —, BHR R B L3 #EH R iz e
P WSS B B W, DRIt 42 ) SRV 1 e AR
F=EL LR LYSEAN

M BV M 7 = ) 458 il B R (1) & iR v] LLE
e, B H FT R Lk, G PR TR BV 75 45 il 5% 1
W sLbrR A, 3 W EARAR A 1 25 GRS R R
R FIAIER 3 4 ) Sk (T R D .

WA 2T TR, B & FIH RIE AT B —
— AR 5 V5 F R I AN B 4 /) B U R )
s AE ) T EE L, TR 2 el . T3 & 0 FHE R
TEN R —Fh 2 SR ARA TSR 70, LB T A e 8
LI S) B IF MR, 2 VF 2 A B I Rl

T PRV 5 11 52 [ N Johnson 7 20 22 80 4F
A ™, W10 H B2 N 1 BRAR BT iE 3 1) 9%
BRI, 2 J5 A N T e = BV S 34 .
FESCHR[44], Johnson VE4RHHIR [ 1250, JF R 45
T FEREVE ) = KAFAE :

(1) M A 28 30 T o 20 P AR 1 5

(2) KA /D =ik 8RR 2 38 I EIL R R
BIZH, ] S AT E R HE IR 5

(3) KM XU H AR er &L

TERE S 30 Z 4, THEFRVEA 2] 1T 205
HIREH 5 87 FH A58t 128 T 4 e 3] Jie 3 BV A 455161
BTSSR i 8 = B4R Bl 4% ) K R A e 3R AR B R
HilvI%E R G . Shaw &0 7T 1 3 FhAS ] (1) T Hi B2

2 o) % < ] 2 U N R L T 2 U Y 2 A S
A%, FF HAECE A7 30 SRR 50 3R B B I R 4% )
a3 25 U s s A A, Jacklin M@ 1 B 78
G3EFUNT G T X T 8 B vk rhobaim B B kAT 75 42 Rl
() LA R G AR TV OISR /D — 3 R IR 28D
BN/ R IR B8 A KT S /M)
T7EOW . FERSIE AR E M SO T R A S
S PR 5 P A5 T T 6 S R ARV EAT T B, G5 R
BRI S5/ ek 2 A, Hoar 4 BT vk AT A
TREELIHN. KA LMSIEFRERY IS ED,
BA VRN H S T Se e s . AT RR
BYERE, T X RIR SR AT EE 2 R,
SRR AR N HER S S . Dan Patt S 7E |
NI 5E B S Al L, MHs B 18 A 6 HHC S0 i
SV VBRI DT AT TR B R HE T A EUE
DI, N TR PRI T 256 I ER FEAEY

] A 77 T8 A0 JBT AR 6 T A% 42 T 6 BV 1)
Fenit B T 3P R S S U LMS Bk
BUNLMS H3: Je IR -R IR 2 D , 6 3 Fh e
SFERISC SR B T et R st 48 B A Rk
BT THRIESR ST S84, JRdEd 07 5 20K
IR I0E 1 B3 H Ok B 1A AR

FHEC T B AR 3h T sh ¥, e 2 BV 75 32350
P 2 A R R M, = BRI 45 ) #3 H HB 15 50
R ZEES5HRA—E. Kk, 2 HAT NI ACE
PR PR ER BV S 2 ) B S b R . Horb s 4
o3 B R oo 2 S S AR AL AT ]
o] 3 1 4 i) A A S AR S 2B AE AR A — B
(1) T 0, o BV IR 5 (1) 3= B4 ] fn) @ i Ak R 1 — 4
FRF ). T T A B U AE S 6 A5 5 14T &b
T, A ) 2 A H A5 T A A e Y, (SO R
G5 IR S AL WETSCRTIR , 38 4o B R I%
BARCEHUT T 585 B n g A, H e B 4 i)
B N AR, BT I8 SRR D22 s T T H BV R AT 7
LA W A 1) 9 58 4% SRS R AT 5 Rl I A% ) ) B
KABIETE LB, F3 5 T H AR e P S S e 145 )
L, T RE R M AR AE 6 IR A 250 .

H R, B P AT BV 75 32 g4 il 5 R 4%
il BRI AT LT 0 4 Hh AE AR T A6 BV b, R T
Ji 3ot B 3R ARV IR AR DGR 9 o AT B AE R, B RHE 1Y
W5, DSP AU BRI HORTG B 7 K2R S, BT
LR I I 5 AE T B B A ORI IR 3 R R B
FlESRFAFE RN, MBS, B8 E &R %
i BV A T L4 B T A S S SR S AR, 48 o) SR
TR R, A i B BV MR R g o) AU E 15 22 i i
il =



3

ELTPHURE R TP 5 E s Pl HOR SRk 7

6 ERARIVIK

FE] 50 T BV 75 ) F 7 32 22 4 b T 3R i
Ft, Hoh AR E AR R S ZE K R B AN S X BV R 7 [ 4
B 55 o0 BT B0 7 L S5 T F& T BN TR N IR 47 LA
FLE AR BV g R A T AR
B, B H A b AR BT SR PR R

Horb, 6 HHC BRI BVI I 55 (R B 7238 15 B 7
TR BT B . BB R E RS TR IE
Beddoes JE7E/2 M5l 1 5 884 77 12 A Farassat 1A A
3, LT —ANRERE LT N R B U I 2 o) 5 T ) e B
BT IR BB g 5 e 7 SRR B TSR I = Y
I KRR T 45 A6 T BV e A5 A 62 i, [ I 2
I F4) 2 77 2 A I T L 2 R St v A 0 W 4 i 2
Wi AR K. A SCAE 35 ) A e 38 8 a8 0 VAT T
BV 7 T B8 35 2h #7207 WF 90 36 B OE 24 1 5%
P o) T K A A A AT, BRI IR IR T A
T3S BB , AT BRI BVIE = . BRIERS , 47
JA FEEEEET CFD $UE /7 X FW-H R Sr T BT
HURE T BIRAS e 38 BV 75 0k 55 14 v g AR (A
PLIT, FRFETAZ I IRTT R T M s 2 X BVI
Mt 7 AL EE S SO 7 e TR B R S
1) 308 T i 2 P A R A AT 98 B4 1) e B BV
FHIEM,

TER A IK B IBC 77 1, i [7) Js ViR B 2 5 T
CFD/CSD/FW-H_pds J5 #1455 W 75 4341 771293 Bt
T AR IKE) TBC 42 il AHA A i A R AT 26 S5 AN [ %
il 2 H0o6 BVI MR [, 4 SR B« e LA 22
(1) IBC = sh % il 2 3, BVI B 75 [ 0l ik 5 dB~7
dB.

FEARIG T 78 7 T, B4 DL & N T r 42 e 3L 45
G I8 G AT T E 3 7S I T 3R 3 B R AR
MRT —EMER.

It Ah, % F ACF. ATR Microflap %5 5 A Fl T B&
R BVIEFS , [ N %A TR AT KK

7 BHESRE

ELTHHLE . BV 7S 3 B2 ] 5R 2 i 32 5)
N CLUBER IS (R EREF ISLEE 2y S L R E
& B BRI R R F N AN, ISk 5
TREZFAE KRNI . BB [l Bt | A
45 e 3 BVIWE 7= L 4% i 1) R L RE m] WL, BRARRK
S RIE E X A AR AR T KRN
J1W077, R T 2 Rz Uy 2 (R ORI AN K
o BB BT B T A E AR
X T B 51 AR B 7K T n A e A RE PR A5 7

i EALGEHER. Ak, HEAEN S ETNL L&
AR R IR BN 5 e 3L RE 10 25 5 LBl A
HpZ 8,

JE 72127 UGEE A0 R, H AT AOT e 1 o B
WHIE T, 5 AR A0 o 9 — A 2 3, G DA S
BORTE N HURBUE 75 1 — 0 R

(1) Esh#%. BIHATNIE, B T HHCEOR Z 4,
AR SCHT IR A DU A o) 05 5, AR Sh R A A AR
FESRE O I XAESh & OV RE S FTFEMESR e T
S I ER . AR S AR A R 2k AR T HL 5 2
TSR B e BHESh & 7 A LA B, 5 2
SRR o PR AT ) s P e v Pl S 1 A
AR FE R BN Z —

(2) IR SE . HLah ©AT I I BT, e 3
ENME T B I HIR AR K E RSN
Ao LEIXFERIE LT Z4E 6 BVI M | JEIR 2 15
LT F e e RO, S L SR P ) SR 8 H A R iR AR E
P S B R RE 7, T ] AR 48 R RE 3 A AR
kg, BB B &N RE ) S s AR e M B
e 0 42 1) S0 R LR TR S PR A% o o

(3) Wl Sl RIRIE R R . i@ BV 25
PG T AR KR R0 A R AT IR . S e
F BV 75 L B2 i H R KR 3w 7T, 75 2R
S 28 110 576 ¥ 1Y) e 38 2 et 2R i 1 7 3 e 7 S
MR T B, I 5 o B Y e 3 3 342 R 4t
PO i) i e £ RAT 16 7 T U e 4 RS &
S ] e 32 AT A1) S Sh a7 g 35 BV 5 00 8 i i
S 3Tk
[1] LOWSON M V. Progress towards quieter civil helicopters

[J]. The Aeronautical Journal, 1992, 96(956): 209-223.

[2] BRENTNER K S, FARASSAT F. Helicopter noise
prediction: the current status and future direction[J].
Journal of Sound and Vibration, 1994, 170(1): 79-96.

[3] YUY H. Rotor blade vortex interaction noise[J]. Progress
in Aerospace Sciences, 2000, 36(2): 97-115.

[4] LOWSON M V. Focusing of helicopter BVI noise[J].
Journal of Sound and Vibration, 1996, 190(3): 477-494.

[5] BROOKS T F. Studies of blade-vortex interaction noise
reduction by rotor blade modification[C]. Proceedings of
the 1993 National Conference on Noise Control,
Williamsburg. VA, 1993, 12: 57-66.

[6] HOAD D R. Evaluation of helicopter noise due to blade-
vortex interaction for five tip configurations[R].
NASATP-1608, 1979: 6-76.

(71 SEHA, TR R EAE . RSN BT LR R+
P 5 M 7)) R EM KK FFHR,2015,47



(8]

(9]

[10

—

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18

—_

[19]

8 oH 5 kg = 384
(2):235-242. [20] GMELIN B L, HELLER H H, MERCKER E, et al. The

HAMMOND C E. Wind tunnel results showing rotor
vibratory loads reduction using higher harmonic blade
pitch[J]. Journal of American Helicopter Society, 1983,
28(1): 10-15.

SHAW J, ALBION N. Active control of the helicopter
rotor for vibration reduction[J]. Journal of American
Helicopter Society, 1981, 26(3): 32-39.

SPLETTSTOESSER W R, LEHMANN G, VAN DER
WALL B G. Initial results of a model rotor higher
harmonic control (HHC) wind tunnel experiment on bvi
impulsive noise reduction[C]. 15th European Rotorcraft
Forum. Amsterdam. The Netherlands, 1989.

STEWARD W. Second harmonic control on the helicopter
rotor[R]. Aeronautical Research Council Reports and
Memoranda, Nr 2997, 1952.

KESSLER C. Active rotor control for helicopters:
motivation and survey on higher harmonic control[C].
36th ERF. Paris, France, 2010.

RICHTER P, BLAAS A. Full scale wind tunnel
investigation of an individual blade control (IBC) system
for the Bol05 hingeless rotor[C]. 19th ERF. Cernobbio,
Italy, 1993.

YU Y H, GMELIN B, SPLETTSTOESSER W R, et al.

Reduction of helicopter blade vortex interaction noise by
active rotor control technology[J]. Progress in Aerospace
Sciences, 1997, 33(9-10): 647-687.

POLYCHRONIADIS M. ACHACHE M. Higher
harmonic control: flight tests of an experimental system
on SA349 research gazelle[C]. 42nd Annual Forum of the
American Helicopter Society. Washington, D C, 1986.
POLYCHRONIADIS M. Generalized higher harmonic
control — ten years of aerospatiale experience[C]. 16th
European Rotorcraft Forum. Glasgow, U K, 1990, Paper
no. [117. 2.

BROOKS T F, BOOTH E R. The effect of higher
harmonic pitch control on blade vortex interaction noise
and vibration[J]. Journal of the American Helicopter
Society, 1993, 38(3): 45-55.

SPLETTSTOESSER W R, LEHMANN G, VAN DER
WALL B G. Higher harmonic control of a helicopter rotor
to reduce blade vortex interaction noise[C]. Proceedings
of the 15th European Rotorcraft Forum. 1989.

KUBE R, ACHACHE M, NIESL G, et al. A closed loop
controller for BVI impulsive noise reduction by higher
harmonic control[C]. 48th Annual Forum of the American

Helicopter Society. Washington, D C, 1992.

HART programme, a quadrilateral cooperative research
effort[C].
Forum. Ft. Worth, TX, 1995.

American Helicopter Society 51st Annual

[21] VAN DER WALL B G, BURLEY CL, YUY H, et al. The

[22]

(23]

(24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

HART 1I test--measurement of helicopter rotor wakes[J].
Aerospace Science and Technology, 2004, 8(4): 273-284.
SWANSON S M, JACKLIN S A, BLAAS, A, et al.
Individual blade control effects on blade vortex
interaction noise[C]. American Helicopter Society 50th
Annual Forum. Washington, D C, 1994.

JACKLIN S A. Second test of a helicopter individual
blade control system in the NASA ames 40 by 80 foot
wind tunnel[C]. Proceedings of the 2nd International
American Helicopter Society Aeromechanics Specialists
Conference. Bridgeport, CT, 1995.

KUBE R, VAN DER WALL B G. IBC effects on BVI
noise and vibration — A combined numerical and
experimental investigation[C]. American Helicopter
Society 55th Annual Forum. Montreal, Canada, 1999.
BEBESEL M, ROTH D, PONGRATZ R. Reduction of
BVI noise on ground-inflight evaluation of closed-loop
controller[C]. 28th ERF. Bristol, UK, 2002.

JACKLIN S A, HABER A, DE SIMONE G, et al. Full-
scale wind tunnel test of an individual blade control
system for a UH-60 helicopter[C]. American Helicopter
Society 58th Annual Forum. Montreal, Canada, 2002.
KESSLER C, FUERST D, ARNOLD U T P. Open loop
flight test results and closed loop status of the IBC system
on the CH-53G helicopter[C].
Society 59th Annual Forum. Phoenix, AZ, 2003.

FUERST D, KESSLER C. Closed loop IBC system and

flight test results on the CH-53G Helicopter[C]. American

American Helicopter

Helicopter Society 60th Annual Forum. Baltimore, MD,
2004.

MCCLOUD J L, EVANS W T, BIGGERS J C.
Performance characteristics of a jet-flap rotor[C].
Conference on V/STOL and STOL Aircraft. 1966, 29-40.
DAWSON S, STRAUB F K. Design, validation and test
of a model rotor with tip mounted active flaps[C].
American Helicopter Forum.
Washington, D C, 1994.

DAWSON S, MARCOLIN M, BOOTH E, et al. Wind

Society 50th Annual

tunnel test of an active flap rotor: BVI noise and vibration
reduction[C]. American Helicopter Society 51st Annual
Forum. Fort Worth, TX, 1995, 381-392.

STRAUB F K, ANAND V R, BIRCHETTE T S, et al.



ELTPHURE R TP 5 E s Pl HOR SRk 9

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

(42]

[43]

Wind tunnel test of the SMART active flap rotor[C].

American Helicopter Society 65th Annual Forum.
Grapevine, T X, 2009.
LORBER P, HEIN B, WONG J, et al. Rotor

aeromechanics results from the sikorsky actively flap
demonstration rotor[C].
68th Annual Forum. Fort, Worth, Texas, 2012.

CROZIER P, LECONTE P, DELRIEUX Y, et al. Wind-

American Helicopter Society

tunnel tests of a helicopter rotor with active flaps[C].
32nd ERF. Maastricht, The Netherlands, 2006.
DIETERICH O, ENENKL B, ROTH D. Trailing edge
flaps for active rotor control aeroelastic characteristics of
the ADASYS rotor system[C]. American Helicopter
Society 62nd Annual Forum. Phoenix, A Z, 2006.
RABOURDIN A, MAURICE J, DIETERICH O, et al.
Blue pulse active rotor control at Airbus Helicopters-New
EC145 demonstrator and flight test results[C]. American
Helicopter Society 70th Annual Forum. Montreal,
Canada, 2014.

PATT D, LIU L, FRIEDMANN P P. Rotorcraft vibration
reduction and noise prediction using a unified aeroelastic
response simulation[J]. Journal of American Helicopter
Society, 2005, 50(1): 95-106.

PATT D, LIU L, FRIEDMANN P P. Simultaneous
reduction in

vibration and noise rotorcraft using

aeroelastic  simulation[J]. Journal of American
Helicopter Society, 2006, 51(2): 127-140.

Chopra I. Development of a smart rotor[C]. 19th ERF.
Cernobbio, Italy, 1993.

MONNER H P, OPITZ S, RIEMENSCHNEIDER J, et al.
Evolution of active twist rotor design at DLR[C]. 49th
AIAA / ASME / AHS Adaptive Structures Conference.
Schaumburg, 1L, 2008.

FOGARTY D E, WILBUR M L, SEKULA M K. A
computational study of BVI noise reduction using active
twist control[C].
Annual Forum. Phoenix, A Z, 2010.

ANOBILE A, BERNARDINI G, GENNARETI M. Active
twist rotor controller identification for blade vortex

19th AIAA / CEAS

American Helicopter Society 66th

interaction noise alleviation[A].
Acroacoustics Conference[C]. Berlin, Germany, 2013.

PADTHE A K, FRIEDMANN P P. Simultaneous BVI

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

noise and vibration reduction in rotorcraft using
microflaps including the effect of actuator saturation[C].
American Helicopter Society 68th Annual Forum. Fort
Worth, T X, 2012.

JOHNSON W. Self-tuning regulators for multicyclic
control of helicopter vibrations[R]. NASA, T P, 1996,
May 1982.

X0, AR AL . L TR AL 5 A 4R S0 AR = 2 42 o) £ 4
1A [)). BGAFEEIR2009,21(20):6347-6351.
AR, TR LR U FE A TR AR BE P 1 F 7T (D). 7
A AT MR K 4, 2013,

SHAW J, ALBION N, HANKER E J, et al. Higher
harmonic control: wind tunnel demonstration of fully
effective vibratory hub force suppression[J]. Journal of
the American Helicopter Society, 1989, 34(1): 14-25.
JACKLIN S A. Comparison of five system identification
algorithms for rotorcraft higher harmonic control[R].
NASA TP-1998-207687, May 1998.

PATT D, LIU L, CHANDRASEKAR 1J, et al. High
harmonic control algorithm for helicopter vibration
reduction revisited[J]. Journal of Guidance, Control,
and Dynamics, 2005, 28(5): 918-930.

ARV | LTI ZE AL WS T B £ ) SR B 7T (D). R
TR K 5 2009.

SEEAL B E ARE S RE-R TSR
L ZHREat 7] BEE SR 2010,31(6): 1106-1114.
A IRE . AT S HO e R AR TP R
SCMALERAETE[T]. AUES IR 2013, 34(11):2520-2528.
TSR ARE A, RN S v B R ) e 3 A0
A AT AT FE (K5 [)]. ALEE AR 2017, 38(7): 65-
74.

TS, BV, IRAIR 55 . e 3 220 T 0 A T 3R 22 R
LR HIFE T[] L FR,2014,35(11):2901-2909.
MRz’ , 48 B 4 R S, 55 L BT HHC J7 V& 1 e g
L e 2 B0 it 5[] RRES 3R ,2017,38:(10):
11-24.

R, $H 8 7, Bk BT IBC Jy ik g 3 BVI s 3
SR 7)) iR, 2017,38(7): 120-132.
AR . R e R S B U T (D). R AL T
FAUERTR K, 2017.



