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Handling characteristics of a hybrid electronically controlled rotor
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Abstract: A hybrid electrically controlled rotor based on macro-fiber composite (MFC) was
proposed. To explore the feasibility and control characteristics of this hybrid electrically controlled rotor,
an aeroelastic dynamics analysis model was first established based on moderate deflection beam theory
combined with the piezoelectric constitutive equations of MFC. Subsequently, using this analytical model
and focusing on the MFC model rotor, simulation studies were conducted to investigate the influences of
key control and design parameters on the rotor’s control response. With a design target of achieving a
cyclic pitch range of £12°, the feasibility of utilizing MFC for cyclic pitch control in the hybrid electrically
controlled rotor was analyzed. The simulation results indicated that by increasing the MFC driving voltage,
adding more MFC layers, and reducing blade torsional stiffness, the elastic torsional control authority of
the hybrid electrically controlled rotor can be effectively enhanced. Meanwhile, the model rotor blade tip

can achieve a maximum 1 Q torsional angle of approximately +12°, meeting the initial cyclic pitch design

objective.
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controlled rotor

SR gl
HA&/m 28
%K /m 0.121
HAIEAE/m 0.2
4/ (r/min) 600
et 1A 2
JE/(°) 5
F NACA23012
MFC 5% [a]4< & /m 0.08
MFC JEHLH 3L dy3/(pC/N) 487.9
MFC JEHLF %X dy)/(pC/N) -195.8

A PR

PLF £FXF MFC 3K 3y H R e e {H . 3K 2l 4 %6
DA B3R ) G AH A, 3 5 AT TR G ol s i 3 45
INREHE FL AT
3.1 Rl HL I (E

13 45 T N [R5 2l i e i (T 1R TR
3 F P i 3 AR R B N A, BIK s R I DA A
] f& > 500 V, KM%k 10 Hz, TTAHAZ 220 A
EIrfa] LU Y, B H R DG U4 9 1 K, iE3E MFC
M 5 R 0 AR BE AR N i A B AR T . AR )
Jifd I, MFC 51 A8 B g\ JF AR 78 2 R BLIE
ARk, 85420 (4) Fiat(28) AT, X S T MFC
BN S5 r 5 R A 2 2R vk s AR TE

e RS EEERONT, e B A R Ry An &) 14
fin o BRI LA H, Bl 25 3K ol e 04 05 {119
WA, AARIELEA L 0.75R A TH I R B(CH Y
WRAE XA I K, W] A T 0 3R B A A A 3 T A8
PR 0 A2 A0 IS 24 90°,
3.1.2 IR

FLS 25 1 T R [R SR sl 4 32 R R A U

3.0F —=—U,=500V
_ - e -, =1000V
L 25F --a--U,=1500V
] U,=2000 V
3 20 U,=2500 V
3‘3}—% e e e
% 1.5 a-® et
2 =
E 10 "_A _.,.—"—.—.—.—.
£ et
% 0.5 _"',o'.‘
Ao
e
0

02 04 06 08 10 12 14
Hnt AR B/m
(a) ZemPAR I AR R A

3l—u =s00v
==~ U,m1000 v
< 20 U,=1500V _
I U,,=2000 V Lo
S I U200V RISt &
=
£
pd
=
% 21
_3 L

0 60 120 180 240 300 360
TiLFC°)
(b) IR IR\
B 13 ARISKSIALE N MFC St 5% AR PR
Fig. 13 Pitch control from MFC-induced elastic torsion under

varying actuation voltages

— U,=500V
---U,=1000V
08r--- U =1500V
U,=2000 V g
o U,=2500 V SESEERNS
& .
B
b -
0.4
02 1 1 1 1 1
0 60 120 180 240 300 360
TiLFC°)
(a) FEERA-TI A
— U, =500 V
031 ---U,=1000V
e UL=1500 V
ok U,=2000 V
il IR U,=2500V 7 -7

L

0_
01 . . . . .
60 120 180 240 300 360
F i fa/C)
(b) C-F i

K14 AIRISRS) o AR R A b
Fig. 14 Control response under varying peak-to-peak

driving voltages

WEF AR PR RN R o & 16 W g Xof Ry RN T Y
FLER RN, KBl TR IEAE A 1500 V, JoAR(2E

P15 5518 16 3R H A P s e 06 i — 5 19
UL, BB B B o 2 i R B AL et
SRPEARIE AT ) B B iR AR A . AT 16(D)
AR, VAR Bl 2275 S T 7 AR 1R VR B

20250437-10



513

HIZE P4, —MiRA Ui e S B g

)

B4z 1) A B

02 04 06 08 1.0 12 14
Hn-AR w3 E/m
(a) ZRM AR AL BR ARG

— 101z - - - 20 Hz
3t /‘/\. ---- f=30Hz ---- /=40 Hz o]

it /(°)

AR5

BRI

0 60 120 180 240 300 360
TrifC)
(b) AN ASH B Iak

15 RFEBRSIHT B MFC Sk 5528 B e\
Fig. 15 Pitch control from MFC-induced elastic torsion under

varying driving frequencies

A i i T A f P AE, 10 Hz 3R 3h R A3t I+ 1 &
G (A LN
3.1.3  WIRAEN

K17 45 th TR A =N 3 72 MFC AN R4
AN T, Bl A ASRE R o [ 18 Mk i 4\
By N B B N, BK Bl R S 1500V,
RSN 20 Hz,

I 17 & 18 BT LA 2 Bl 4 90 46 AR A2 1)
AR, At AR PR RN B RARIESE A, DL 0.75R

C— f10Hz Y- - £20Hz

025

—f=10Hz - - - =20 Hz
-----f=30Hz ---- f~40 Hz

60 120 1éo 24'10 360 360
Frif/(°)
(b) C,- i

16 AN[FIFRBIITAT A HRma

Fig. 16 Control response under varying driving frequencies

—a— ,=—T/2 ..
201 - o -p=m/4 A
@ ..‘..(p0=0 . /.“
]:QEH 15 | — - (p0=T[/4
Y - p=m/2
=
ol
==Y
2 1.0
=
= 05
K
0K
0.2 0.4 0.6 0.8 1.0 1.2 14
AR S /m
(a) 242 ) AR B4R 1
2

SRV
N N

0=T/2 — - @=n/4 ---- ;=0 |

- = =4 e o=

60 120 180 240 300 360
FrBifaie)
(b) JARANFE AT R Bt

F17  REWIEGAAL T B9 MFC S5 AR RE R i

Fig. 17 Pitch control from MFC-induced elastic torsion under

varying initial phases

AT B 2 IS MEC BK 3l H s A DG B 4 2
Aeid 72, HoEAE 22 5 AT 2 A0 A [R5 R T Y #
2 107 B A T] L Z g AT

-0.5f ' 1
A et L 32 B SHHR
0 60 120 180 240 300 360 . i o . L
Jifie) AT e XHR A AR PBER A T B 2
O FERI M7 0 STFS. BB 7 5 46 5 Bl 3 A M

20250437-11



IR DA

— =12 — - p=n/4 ---- 9,=0
- - -p=/4 9=m/2

0 60 120 180 240 300 360
JrBLfa/e)
(a) #EHEA-IT i A

0.16
0.14 F/
& 012

0.10

0.08 | . . . . .
0 60 120 180 240 300 360
i fh/(°)

() C-H i ff

18 ANIFIRIARARNL T A ERZA M

Fig. 18 Control response under varying initial phases

N s AR T i Y A B 0.75R Ab 3T ) R A
R AL . B T AEARAS Ry B, e 3 ik
4 600 r/min, J 8 5°5 MFC YK 3l i, R W 1 1
1500 V, $5% A 10 Hz, JHH{; 2%

DL B X MFC i L B & | 2F 4k 5
A EE DL R LA MR, 20 5l iE AT iR A U
TEFE BRI R AT EL AT -

3.2.1 MFC #liisiE fl

K 19 45 1 T A W) MEC Al yE B T iR A =
HL P eSS R ER AR, K] 20 SR AR R ER AL R Y
BRI N, L=0 m.

MAIE 19 FIE 20 AT LA H: B MFC 41270
FELA3E K, IR Sl Pk Re A B EE T, AR PR i | 2R
VESEA VLRI ) R B IRAE I 0 K. 2 A
1B, SR T DN, kR AR K Bl 4
Tl S8 B S A A R
3.2.2 MFC #lis i &

K 21 4510 T AN [A] MFC 07 8 T iR A =X
1 BE SR AR BEER A, 1] 22 St B RN R Y

)
201 - e -5=4/9 P
--A-7=6/9 T ke

Lsk=" =809 v
R

R\ B/(°)

R4z ) AERE S,

02 04 06 08 10 12 14
Bt 1 i /m
(a) ZEMAR A A IR i

| ——1=2/9 ,
- - -)=4/9 e

B TGN
L -~ 1=8/9 e SO

[\
/

—_—

BN LA BRI\ L /(°)
o

0 60 120 180 240 300 360
Ji /(%)
(b) IS BRI\ Bt
K19 AR MFC §liisa Hl T Ry s R i g
Fig. 19 Pitch control from MFC-induced elastic torsion under

varying MFC coverage ranges

FRY\m S . MFC S 1 8 530K 2 H 4=2/3,
MFC 5 15 o7 B 5 AR M e /NFR B L, 43 39128 0,
2R/9. 4R/9, G XTI Ao B A 2 AR L
HRHR

ME 21 5K 22 AT LA 24 MFC i %3 [
NS, Bl B T A, A B R A e
EAE AU EeR SV S DIEY VGOl TR N
B TR AV A T 2R AR T, 2 o ) e AL T T 22,
BRSO FH L ROR 25 T RRAR, e KA fa 28/ o

0.8 . . . .
o /1=2/9 L TUN
- - )=4/9 A
07F ... J=6/9 i AN

0 60 120 180 240 300 360
JrBifie)
(a) ¥EERAN-JT VA0

20250437-12



F A, — MR O e R R IR

LR ¢!
T T T T T | L[:Om )
025f. ] ---L=2R9
Lo 2 0.71 .- L=4R/9
0.20 F~ % P

@)
0.05F — =219 S0~ 7
seed=49 N
0F ---- 4=6/9 R
=809
7005 1 1 1 L L
0 60 120 180 240 300 360
Frifa/(°)
(b) C,- i

20 KNI MFC 4l i Bl T i3 ghme iy

Fig. 20 Control response under varying MFC coverage ranges

16L ——L=0m
- & -L=2R/9
--a--L=4R/9

1.2

0.8

0.4

A2 ) A BRI/ (0)

02 04 06 08 1.0 12 14
A2 1) 3 /m
() En A 1) AR I R et
2 . . . .
—L=0m
---L=2R/9
-+ L=4R/9

R /(%)

B e B4R

0 60 120 180 240 300 360
I RLFI()
(b) AU FALRE R
21 KA MFC flisen 8 T B e A AR p gl i
Fig. 21 Pitch control from MFC-induced elastic torsional under

varying MFC placement positions

3.2.3 MFC £F4Eflii% /)%

P 23 45 T A [a] MFC £F 4Gl A0 B Oype T
FIR A o e S AR BE R N S o TR 24 Ry X
FR\ R BRI B, MFC 4% K 5 5 3 K
FE 2t A=2/3, MFC By Al 1 o7 B 5 0 1 fe /MR
B L=0m,

4 MFC 21 44 15 A B o 45°, 28 A DLGk 3]

0 60 120 180 240
JIBEfane)
(a) {ELRA T AR

0.25 : : : : :
0.20 k
015t
J
0.10f
005F — LOm
- - -L=2R/9
- L=4R/9
0 60 120 180 240 300 360
FOLF(°)

22 AN[F] MFC LA BT AR A fif
Fig. 22 Control response under varying MFC placement

positions

e AL RO s T S 21 4 A1 Bl 0051 90°HT, MFC
B EE RSN F1 4 0, LA 25 7= A= H 4, d sl %
A% R AR B R, R 23 FToR . 1K 24(a) 45
TS AR R ] R L R A AR 0°
5 90°mT, BRI L SRS N Sk 0, A B T B H]
At FRCAAEXT PRI A, i MFC 5274 — 2 1Y
PSR R 7, DB AN R R
3.2.4 R HIEERIE

DA o S o 1) L W BEAE K A 100%,, 1] 25

—*— Oypc=0° A
_ L6 - e -0,..~30° o o
8\_/ oA ‘OMFC:450 ‘-"' ',r.."—
ﬁ 1oL T Our=60° ,x;_/./"
N N — o S
;E% * Oypc=90 A/"/.’
7l
f=xny A
g 0.8 F :i‘
=3
@ o
+ 04F ,-
%
0 A U S

02 04 06 08 10 12 14
;féﬂﬁém‘zﬁ/m
(a) ZEMHAE 1) R BE R i

20250437-13



a2

izs sh i 2k
. ; . . —a— K=50%K,
2 Op=0° ) 31— o -K=75%K,
= = Opc=30° iy o | -4 K=100%K,
~ RN, <
< Onpc=45° Dt \‘\ ﬂ@ —v - K=125%K,
rq%nﬂ 1 Oy =60° ,/-/ N = | KE150%K, e
2 | By =90° i N k- Pl J—
.& 7 \Y i B A_,A-“"A‘
20 7 il A v vy
N 7 £ LS RA0808
= p /,/ « i
= \ d =+
X A < 5
D —1F K ats >
) \\—\ // " 0
N
-2 ' 02 04 06 08 10 12 14

0 60 120 180 240 300 360
T )
(b) IS BRI
23 AN[F] MFC £l M B T WS A% AR B4R i
Fig. 23 Pitch control from MFC-induced elastic torsional under

varying MFC fiber orientation angles

0.8 T T T T
— Oec=0°
= = =Oypc=30° //""' '\'\.
07| Opc=45° 1"/'//\\"\ i

== Oypc=60° r/ AR

0 60 120 180 240 300 360
D)
(a) #EZEAA -7 1A

025} -
0.20 F 0. 2
N\ o
\\ //
. 0.15F \\ g i
S : '
0.10 f A / |
—0, MFC:OO' \\ VA
|~ = = Ourc=30° "1 e i
0.05 a5 S o
Opr=60°
O ypc=90° I
0 60 120 180 240 300 360
Fififa(°)
(b) C-HhifA

[l 24 ARl MFC 21 4l 1 2T A3 )i
Fig. 24 Control response under varying MFC fiber

orientation angles

5T SR T HLFE W KR IR A 2 s e
MR BE RN B 1] 26 D)k ot B 4 O B T R
Wl . MFC i K B 5 2 M K2 b A4=2/3,
MFC B #fi i 7 & 5 2 R M /NE R L=0 m, 7£
] 26 Hfv, I 25 T A I ff1 Wit 5 5 R 1 AR ARG
R, DL SR o B AR 1) 43 AT o

20250437-14

Bt i 8 /m
(a) T AR AL BRI

4 : . :
— K=50%K,
3| - - -K=75%K, -
-+ K=100%K,
27 - K=125%K, !
K=150%K,

BN LA IR RN L/(°)

0 60 120 180 240 300 360
TrBEfi/(°)
(b) FARAT A AR fit

€25 RIRSERHHEE R T B s R B R

Fig. 25 Pitch control from MFC-induced elastic torsional under

varying blade torsional stiffness

MIEL 25 ] DL Y, 3t H 5% W 2], 2t

i i AR R R G R . [T 26(b) ~I&] 26(d) 1
F W, 2 MR DN, 2 i g M AR T i R
K, R [RI B 25 5 B0 A3l g 5 R Y (8 0 HL 3%
FAw/N, TS BO RN

3.3 BRIMEEERIE

AR 1 2 85 BT 58 BT A A i ML, it b

— K=50%K, - - -K=T5%K,
- K=100%K, -~ K=125%K,

........... K=150%K,

0 60 120 180 240 300 360
TrBEfane)
(a) LRI DT (A0



HIZE P4, —MiRA Ui e S B g

51
0.3 ; ; . : : R3 BE MFC #HRFER
02 [ ] Table 3 Material properties of single crystal MFC™

0 60 120 180 240 300 360
Ji i)
(b) C,-J5hiffy

|
NS}
L

RIS 50/
|
S

-6

0 60 120 180 240 300 360
Trifaie)
(o) JIHIFe fn-Jr b s

b2 04 06 08 10 12 14
B i {3 B /m
(d) L - et A28 0

P26 ARSI NI BE R (4R R

Fig. 26  Control response under varying blade torsional stiffness

BEILLL AL S B A B E, BRI : MFC H R e I
{8 U,,=2500 V, 5K 3l §il % g 10 Hz (g 38 5% 3
600 r/min) , MFC i % M- #ff %, B A=1, L=0 m, %
2% O 32 R D B TE (B Y 50%. S HRUAR BEAA HH
T IR 00 R M R B i MIFC A R BR BN 2%, Hob k2
B 3, MR, a0 BT AR B v
ARV 1) r B AN [R5 60 R A ) s A A L n
27 Fios o

WEEZ & 27 09U Bz 36075 3 £ b Y HH 5% £
AT, H T 2 L W R A, KB 1 R Y

28 E ¢z
W E/GPa 6.23
R E,/GPa 11.08
YA G,)/GPa 2.01

TR vy, 0.229
JEHLH$L dyy/(pC/N) 1 896.52
JEHUEEL dy)/(pC/N) —861.20

02 04 06 08 10
B4 ) {3 B /m

27 AU E T BB ST AR i ] [
Fig. 27 Time history of blade elastic torsion angle under

optimized parameter configuration

S s LR £ 20 030, TEAILES f R 5 —
FE CEE, (RS Tz A 5% A e O B T 00 b AR (R
Sy &, Al 2 X MPC e in— 2 & ) f B R
(=320 V), 7= A= S Im] 5% £ R K8 H 52 e, L
28,

MAIE 28 H AT LA Y, 38 4 X MFC i in & 16
H) i L, AT HRTE A3 g R B RS T L A4
W] MFC 7E iR A Ui 2 e 3 rf 2 & b 78 B iR #
PIIRE S . TEMATIRAS B AT, b a] =4

& -5
T
Lo L L S 0
02 04 06 08 10 12 14
AR [0 B /m

Pl 28 it o e P, P J 10 SR LA o v D
Fig. 28 Time history of blade elastic torsion angle after
applying bias voltage

20250437-15



IR DA

a2

%ﬂ2%%ﬂ$§ﬂ@’%g.m?ﬁwi$h§w¥

AR RLAF AR A i RPN ER 25 4 8%, 5 IR IE T 1%
R AU FAERAT AT LUK B T A9 £12° 8 ) A2 R
BOGE I HAR, WL T ] MFC 52 B 2 iE 32
JE 7 A AT S A R

4 & g

ARSCHEH T —FpIE T MEC 317 8 91 28 i
N, HEERAE Sh A AT B R TR A U s i 3
T EFX MFC 1 JE A8 BE e AT T < sh
“EPSHAE | SR BT LA AR T TS
&5 T,

1) T EATE RIS K MFC LA K J7
TR AR A A R IR A A Y, A R
BB MFC Jié 382 #5 20 mi J7 F50I0K £

2) i 4R MFC B3R 3f . 3 i MFC %
i BT L W B A i, WA AR MR A
3 AR e S 1 SR R i

3) 4 MFC 19 J5] 9128 BE #9055 5 H e 35 )
9 5 A T AN (), AR 5 B b 5 R E, 7R A
SCREE R SELE R, BT R AR A R
) T 5% 25 4 7 8% LAY, 5 TR IR 22 Je B AL 3K
W R] 7= AR 1200 JE AR O A, SR B T T Y R
AR REERDAIE R, 58 0E T 3% P R A = 4 e 3 R
MFC #47 JE 9148 BE A A7 2500 .

S Z Bk

[1] AIKEN E, ORMISTON R, YOUN L A. Future directions in rotor-
craft technology at AMES Research Center[C]//Proceedings of 56th
Annual Forum of the AHS. Virginia Beach, US: American Heli-
copter Society International, 2000: 10-30.

[2] SAXENA A. Primary control of a Mach scale swashplateless rotor
using brushless DC motor actuated trailing edge flaps [D]. College
Park, US: University of Maryland, 2015.

[3] SAXENA A, CHOPRA 1. Design, development, and hover testing
of a Mach-scale swashplateless rotor using brushless DC motor-ac-
tuated trailing edge flaps for rotor primary control[J]. Journal of the
American Helicopter Society, 2017, 62(2): 1-12.

[4] Bive. M P03 R L 052 (D] 7 a0 m o L 2
2004.

LU Yang. Research on the electrically controlled rotor system[D].

NN

Nanjing: Nanjing University of Aeronautics and Astronautics, 2004.
(in Chinese)

[5] BN, i v B fst IR 25 vl 140 8 3 2 I 4 Wl [ ). A &=
2, 2009, 24(10): 2213-2220.
XIA Heming, LU Yang. Study on the blade pitch control of electri-

SIS

cally controlled rotor in hover[J]. Journal of Aerospace Power,
2009, 24(10): 2213-2220. (in Chinese)

[6] A i e 28 5l R BRI [D]. Mt M
LA LR KA, 2012,

[7

—

[8

—

[9

—

(101

(11]

[12]

[13]

[14]

[15

[16]

(17]

(18] %

20250437-16

WANG Wei. Study on the design technology of the synthetical test
system of electrically controlled rotor[D]. Nanjing: Nanjing Univer-
sity of Aeronautics and Astronautics, 2012. (in Chinese)
LR LR S BT BLA S R BT S (D). B AL
KK, 2014,

WANG Chao. Research on the aerodynamics characteristics of the

1 55 %

helicopter with electrically controlled rotor[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2014. (in Chinese)
T eI RGN/ S PR SR G = R BF 5[ D). R AL
AL ZS R K 2, 2014,

MA Jinchao. Research on coupling control of main control and ac-
tive vibration of electronically controlled rotor[D]. Nanjing: Nan-
jing University of Aeronautics and Astronautics, 2014. (in Chinese)
HAE L. R P R A S 4 K S8 AT 5 (D). B At g A
ALz K K22, 2017.

DONG Xiangjian. Experimental study on the active noise control of
electronically controlled rotor [D]. Nanjing: Nanjing University of
Aecronautics and Astronautics, 2017. (in Chinese)
D&, e, TURR R . A e S AT T N O
R g (3. 025 3 )1 % 4, 2018, 33(12): 2950-2957.
FENG lJianbo, LU Yang, WEI Ruizhi. Experiment on active con-

R

trol of low frequency in-plane harmonic noise for electrically con-
trolled rotor[J]. Journal of Aerospace Power, 2018, 33(12): 2950-
2957. (in Chinese)

ARNOLD U, FUERST D, NEUHEUSER T, et al. Development of
an integrated electrical swashplateless primary and individual blade
control system[C]//Proceedings of 32nd European Rotorcraft Fo-
rum. Maastricht, Netherlands:
2006: 1051-1063.

RNOLD U, AUSPITZER T, FUERST D, et al. Preparation for a
wind tunnel demonstration of a pure-electric, swashplateless indi-
vidual blade control system for a high speed rotor[R]. ATAA-2019-
1369, 2019.

AUSPITZER T, HAAR J, ARNOLD U, et al. Development of a

pure-electric, swashplate-less individual blade control system for a

Eurocopter Deutschland GmbH,

high speed rotor configuration-research program update[R]. AIAA-
2022-0326, 2022.

WANG Jian, WANG Haowen, WU Chao. Development of swash-
plateless helicopter blade pitch control system using the limited an-
gle direct-drive motor (LADDM)[J]. Chinese Journal of Aeronau-
tics, 2015, 28(5): 1416-1425.

T 405 8 . 3R K Bl o 4 5 3R B i R 4 BF 5T (D). R AL R
HUL S ALK R 22, 2024,

YE Mianhong. Design and test research of the root-driven electri-
cally controlled rotor [D]. Nanjing: Nanjing University of Aeronau-
tics and Astronautics, 2024. (in Chinese)

CH K. Active rotor control for helicopters: individual blade control
and swashplateless rotor designs[J]. CEAS Aeronautical Journal,
2011, 1(1): 23-54.

WILLIAMS R B, PARK G, INMAN D J, et al. An overview of
composite actuators with piezoceramic fibers[C]//Proceedings of
IMAC-XX: A Conference on Structural Dynamics. Los Angeles,
US: The International Society for Optical Engineering, 2002: 421-
427.

TR, T3 AR5, VR 35 Sl A e 3 IR Sl 28 A e 2% 1 A
A 1], FE TR 2 0 K R 27 24l 2023, 49(12): 3397-3408.
ZHANG Xiaochi, WAN Zhiqiang, YAN De. Optimal active tor-
sional control for rotor vibration reduction[J]. Journal of Beijing

University of Aeronautics and Astronautics, 2023, 49(12): 3397-


https://doi.org/10.13224/j.cnki.jasp.2009.10.013
https://doi.org/10.13224/j.cnki.jasp.2009.10.013
https://doi.org/10.13224/j.cnki.jasp.2009.10.013
https://doi.org/10.13224/j.cnki.jasp.2018.12.015
https://doi.org/10.13224/j.cnki.jasp.2018.12.015
https://doi.org/10.1016/j.cja.2015.08.005
https://doi.org/10.1016/j.cja.2015.08.005
https://doi.org/10.1016/j.cja.2015.08.005

513

HIZE P4, —MiRA Ui e S B g

[19]

[21]

[22]

(23]

[24]

[25

[26

[27]

(28]

3408. (in Chinese)

MONNER H P, RIEMENSCHNEIDER J, OPITZ S, et al. Devel-
opment of active torsional rotors at the German aerospace center
(DLR)[R]. ATAA-2011-1824, 2011.

LIM J W, BOYD D D, KIM D H, et al. Aeromechanical evalua-
tion of smart-torsionaling active rotor[C]//Proceedings of 40th Eu-
ropean Rotorcraft forum. Southampton, UK: Langley Research
Center, 2014: 567-584.

PROUTY R W. Helicopter performance, stability, and control[M].
Boston, US. : PWS Engineering, 1986.

WETI F S. Design of soft torsion rotor systems at Kaman Aerospace
Corporation[C]//Proceedings of 58th Annual Forum of the AHS.
Montreal, US: American Helicopter Society International, 2002:
561-570.

FIE3C, WE. R SRS I BT 7 R e R AR E H R
BT TS [D]. B LA A R KA 4z, 2003, 35(3): 268-272.
WANG Haowen, GAO Zheng. Unsteady rotor airload prediction
using a comprehensive aeroelastic analysis[J]. Journal of Nanjing
University of Aeronautics and Astronautics, 2003, 35(3): 268-272.
(in Chinese)

BEDDOES T S. Practical computation of unsteady lift[J]. Vertica
(International Journal of Rotorcraft and Powered Lift Aircraft),
1984, 8(1): 55-71.

LEISHMAN J G, BEDDOES T S. A generalized model for airfoil
unsteady aerodynamic behavior and dynamic stall using the indi-
cial method[C]//Proceedings of 42nd Annual Forum of the AHS.
Washington DC: American Helicopter Society International, 1986:
243-265.

LEISHMAN J G, BEDDOES T S. A semi-empirical model for dy-
namic stall[J]. Journal of the American Helicopter Society, 1989,
34(3): 3-17.

LEISHMAN J G. Two-dimensional model for airfoil unsteady drag
below stall[J]. Journal of Aircraft, 1988, 25(7): 665-666.

BAGAI A. Contributions to the mathematical modeling of rotor

[29]

[30]

(31

[32]

[33]

[34]

20250437-17

flow fields using a pseudo-implicit free-wake analysis[D]. College
Park, US: University of Maryland, 1995.

W, MR B FR W, A5 R R R AT 4k 52 A bR IR B 6
B 3% 3 4 P I 5T 0], 4R 3 TRR 244, 2023, 36(6): 1695-1705.
QU Jiao, DU Yuemin, JI Hongli, et al. Actuation characteristics of
flexible piezoelectric fiber composite actuator device[J]. Journal of
Vibration Engineering, 2023, 36(6): 1695-1705. (in Chinese)

F R, JH SCHE, SN R L F 4 52 G R R R Bl i L3R B
AT R [9]. i 25 2442, 2017, 38(1): 220313.

WANG Xiaoming, ZHOU Wenya, WU Zhigang. Dynamic shape
control of wings using piezoelectric fiber composite materials[J].
Acta Aeronautica et Astronautica Sinica, 2017, 38(1): 220313. (in
Chinese).

R, BRAR RS, ST, JR HL 2F 2 52 5 bORHAE 2 N T 35 1 3
T 8K 3l P 5 W0 RE B2 R[], 0 %5 2% 4R, 2010, 31(2): 418-
425.

LI Min, CHEN Weimin, JIA Lijie. Drive characteristics and stiff-
ness influence with piezoelectric fiber composite actuators on air-
foil surface[J]. Acta Aeronautica et Astronautica Sinica, 2010,
31(2): 418-425. (in Chinese)

B F L. AT 09 3% MFC 3K 2l 1) 3 2h #1 5% Jié 32 0F 53¢ [ D). 79
AU B AU 2SR R 22, 2025.

ZHAO Yuhang. Research on active torsional rotor driven by paral-
lelogram MFC [D]. Nanjing: Nanjing University of Aeronautics
and Astronautics, 2025. (in Chinese)

K B2 BT U 1 R G 114 = LA G 3R O B AR A e
0 F 5T (D). B a2 : R AT 25 LK R, 2025.

ZHANG Jun. Numerical simulation and noise control study of ac-
tive torsional rotor based on fluid-structure coupling [D]. Nanjing:
Nanjing University of Aeronautics and Astronautics, 2025. (in Chi-
nese)

PARK J S, KIM J H. Analytical development of single crystal
Macro Fiber Composite actuators for active torsional rotor blades[J].
Smart Materials and Structures, 2005, 14(4): 745-753.

(R TR A&)


https://doi.org/10.3969/j.issn.1005-2615.2003.03.009
https://doi.org/10.3969/j.issn.1005-2615.2003.03.009
https://doi.org/10.3969/j.issn.1005-2615.2003.03.009
https://doi.org/10.2514/3.45639
https://doi.org/10.1088/0964-1726/14/4/033

	1 数学模型
	1.1 结构动力学模型
	1.2 空气动力学模型
	1.2.1 气动力模型
	1.2.2 入流模型

	1.3 MFC驱动力模型
	1.4 运动方程求解

	2 模型验证
	2.1 静止状态下桨叶扭转特性验证
	2.2 旋转状态下旋翼气动载荷特性验证

	3 参数仿真研究
	3.1 控制参数研究
	3.1.1 驱动电压峰峰值
	3.1.2 驱动频率
	3.1.3 初始相位

	3.2 设计参数研究
	3.2.1 MFC铺设范围
	3.2.2 MFC铺设位置
	3.2.3 MFC纤维铺设角度
	3.2.4 桨叶扭转刚度

	3.3 操纵性能仿真验证

	4 结　论
	参考文献

