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Optimization design and analysis of driving mechanism of redundant
drive variable sweep wing
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Abstract: In order to meet the urgent demand of variable sweep aircraft in wide speed range, a kind
of driving mechanism suitable for distributed driving of locally rotating variable sweep wing was designed.
Taking the transmission performance as the index, the dimension of the unit driving mechanism was
preliminarily designed, and then the SQP (sequence quadratic program) algorithm was combined to
optimize the dimension of the mechanism with the energy conversion rate of the whole process of
mechanism deformation as the optimization objective. The output work of the optimized driving
mechanism under constant force was increased by 44.3%, the energy conversion rate was increased by
37.5%, and the driving distance was shortened by 9.7%. To solve the problem of how to distribute the
driving force of multiple driving chains, a quasi-static driving force solution method was proposed by
combining the force method of analyzing the internal force of statically indeterminate structure with the
traditional force analysis method of mechanism. The driving force of the four wing beam models under
certain load and component material conditions was calculated, and the dynamic simulation experiment
was carried out based on ADAMS (automatic dynamic analysis of mechanical system) to verify the
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accuracy of the driving force distribution model. The error analysis showed that the calculation error of the

quasi-static driving force of the model was less than 5.5%. Finally, based on the simulation results and the

weight of the driving mechanism, the number of driving chains was optimized, and the optimal number of

driving chains was determined to be 3.

Keywords: variable swept wing; the dimension optimization design of driving mechanism;

quasi static driving force analysis;

optimization of drive chain number

T AR T B AR R TR AT A A 25 KA AR BT 4
I 5E RS, A S AR AS [R) B QAT 41 T i
REHLINAT 2 B A RATHE 55 I AR R AT 2502 B M Ak
ILFEE SR A B AR, YETR CAT AR B B
th PRI ASIEALE, HARRIE R 3 B4 45 A8 e K,
AFEAC IS AR FEOT S Al AR )
KA R AR AR AL R T RREAZIE R
WA PR AT LA G b At ke IL g 3 TG o
ReXt T RALBAME 7 JE T — H 4552 R, &
KM SR — A E Ty M, AR Oy AT AR
KA JE M U AL 1 B R PR AR P 3R RE A5 7 0
PR 6 KA AR A AT IR T B R
B CATROR

NBRSHLAL 4 5K B I8 2O A8 5 L3 #4745
KR o RISl . B B HILEK B DL K e A ) BK
S AR5 I . SR F-14, F-111 5] HLAF
K2 R rh A R 9K 3l ek 2B HLIE Y S 4 A, 36
B — A0 28 12 R 2 w1 MFX-1 68 3F HL k2 LA
AT U AL S Rl AR TE AL 1Y, 38 1 5 A =Y
W R IK B8 34T B AL 7= A 5 U1 AR Y i
T A AILEL 0 5 i A, A X L IR Sl AL AL ) FE AR
F AL, Joo S5 Xt FALAN BT AR T AL v 1) 5K Bl 2% 2
AT T HUE T AR, Terrence Johnson 254 JH
188 % B R T B LA B T 1 B B ) AR Ak T
Z HICAR TG HLA vh 3K Bl i 0 A E TR R DL R 5 B )
WILEE [l R AT T ARt (HIEF A AR TR J7 X
75 Ji5 ML B ke A A N ) AR T AR ROAS
T fe ok R AE R R, O R D s RS . i
L S HLIK B0 1 K S HLA ELAA i B, 1 I
R AR IS K B R AR R 22 1 Z2 D Re AR AR AL 3 )
R34 A HL S AILER 31, Z AL {224 7 v L
F2 0 FORAR) Ml R f ) i 5 0 e ] DA LB A
5, DA SR e I R R R A, B R
B HH B, N B R 25 3l ) HR BT e
FAEH B SHLIR S S5 W 1T PR AT R R AR
Je A A BLER O, AR 5 b B 2 3 2o B )

dynamic simulation based on ADAMS;;

i L ST 3R S LI A, A [R] A5 A T — i il i H
42 ) A 3 S L3 AR AR 8 v A T B e sl s s
U, 53— 0 S 3 e ] i P A 3P AT DU e
WU A9 — 320 fil H R A B U1 A HE LU AL A ) 42
o B FOBFARH SR, SUIBE T LU RERH B
o SRR 9728 J5 SRHLEL, U NASA 5 R4 BT
TR T T 2R L IR R AR il H A
SO FEAS B W] TG BT AR S S LI . [
IR Tolk R 2 FALEESE TR AR I 1Z 4 42 (SMA)
] 1] AR R AL, H RS T 2k T
AR B B 31 A L 7 A2 ) DR L B ) A A
SR, H A S TR RE A RHR 3l i s iR
1 AL R L

TUAR KB ) i 2 ALY BAT B AR AT S P A4
e DI JBE ARG i B, AR SR BT B SR S LA AT 2
A PATR A 2, HAT K 4 7R 28 E T 0 i
JERN, AEdk 8 75 3 L, AR SOR A X g HLIT
AR UK BN 4 J7 SRR T 68 B B gl 45 A M B K
(7 ik 224 H Sl AL BB ) B S A i e T AL e b X
T SR 2l PR 25 4 Joi A K B L g 4 R O B A ) A
AR TR R AT B IR ] AR
Ja LI, XA B4R A A SR L3R ] LR B
I E 1) 35 G FIAT 2%, (AR L3 BoA Bbr 1 7R 3K fE
JyrnarFELE B HOE TR M TR A&
SCHE g i DR ARSNGB DA BT 5 TR SR 3l A4 4K
By J1 5y LRI RR, P 4 ) 5 T U0 9K sl ) 9K 8l )
G BEAR R T LA 4% UK ) S e 5 1 Ak B 4 LA
H R AR P AR AL B AR A

1 TEHENEFAREX

AR X0k B T AR i 4T A I SE R R, X
AR Je LS A B 2R AR

1) R D 350~ 559

2) SEPUARIE B H KR 1000 mm;

3) oy e 1) JR T A 3R T ARUAE AL R R R T
30%.



%11

FH RS TUAR R 3728 J5 B3R SR S LA AR AL i 1T 5 43 B 2563

2 EITAER
21 BIEBHMATHRER

R SO T4 2 L B HLIR 3 f R e
AR AT IR 2 B T L | BR B A A 4
UL, FCRE (AR A1 7T 43 18 2 P 3G 5041 3 7
WAy [ P S E N b A A I 5E
[ 5 I 24 5 g v 1 [ S Bt T 5% 3 4 B 7T
e [ 2 R W B, (A BN A5t R AT S
BIE %, IR S P B B R TR B LA 52
B, i U 4 8 W s 0 s 3 0 T B2 LI I
s

5‘\1\\\
N -
4i3) B i
AL O
S
= \\\ \ s
% 7
= \\' . é/
\\ 7 7
g N\
je \
CERES WIS

B AR AR

Fig. 1 Deformation form of variable swept wing
22 TEEREEHIM

TE AR EARZOR M FTHE T, 0 T A TE AL
LS R 0 ) A, AR ST TR 2 B s 1P
THLFA A D 22 I 3 Y N B AR S ALAA, A0 5 Rl Zk
BOBE. EAT. WG BBREIE . ZHMRE T
B L, o SR R B AEALE b S 7L
SRR AR BRE 1 NI . LB B9 S A o0 S
6,5 6, BB TR, GRS % A A B AT
M 45328 8l S HE LR ZARL, LARR AR A% S 6 A9 4K
EIINEIE e DA Ee NS QAP E- S A T F S R
9% Sl i ) NOREREA T BT B I A RV AT AR 95 3 22 A
SEICE AP B RO B

)

&2 SRS AL e A
Fig. 2 Configuration of driving mechanism before and

after deformation

3 BH;HHMRESE RN

FEASER 53K %t B~ iz ) St AT RO 2R 1A
9 0 BT A R S B A AR B R R A
BLLEE DUAN i3 sl S 4 o ], R R KR
1000 mm, & 5% PO AR 38 324K B R £,=700 mm, W] 2
HP RN AT IERE P O MEE L =Lytan a0 FLAT
RERAE AT L, 5 Ly, SEAEH E WA R
3.1 HIHRESE

AT A FHHLAS ROBE 245 09 5 1 DA 40 s B A it
AR AT RN EA A B 3% L hiess
Hut O BB 3Ry L CHYIE RS, L, B Ly M iEFFK
BE, Lo BB RE, L g Hedut, B 5HLE I C s
] Y BE 25, LA ALK A8 T8 115 I 8 S (4 7K SF- 32 Bl B
B9, AL B 43 5 R A8 T8 1 AT R s 0 e rhoc, 47
B 53 i h ST J5 3 AT W I i e e ol o oy Al oy
R i T WL T 2% 55 BB B 1 e f1, 43 SR
PIFPFG BT JE 4t f A fl o L R 5 R Al p [
(1) 2R 1 51 M

BB =0A'+A'B - (OA+AB) (D
LA G & A 45

{Lszsin a,—Lzcos B,

. 2
L/ = L2 Sin @, —L3 CoS BZ ( )

L, —L,cos «a;

A H g =arcsin — I
FLRERE 2 E R LN
O0<L<L <L, (3)
HRar 2 (2) M (3) FF AR P8 Bt e >R BE, M
5BR Ly, Ly SMAS SR 5 Al A3 15] 4 s B9 2R X,

V4

Y
@3}
=4
&)
«— 7

L,
L 1) 4
A
|}
L, \
B ‘ﬁl B B>
cHel HESN 3 >
Lo
‘ L

3 IKSIHLIH S sl

Fig. 3 Closed loop kinematic chain of driving mechanism



2564 = B

38 %

DX N A TR A BN A, B X R IR R
WU RST AT, &L 5 B o anfal g MUK e 4
T PR RO IR BT A S

700

600 |

400

900 1000 1100 1200
L,/mm

B4 L, Ly Al
Fig.4 Optional length range of L, and L;

1000
800 |

600 F

Ly/mm

400

200

0

800

L,/mm

K5 L. Ly RUZLEER
Fig. 5 Scale synthesis results of L, and L

3.2 HIMRENMZEIT
JE 3 i R Al s HLAR AL Sl P RE Y B A8 b,
TN WU % B F v R 0 ff B N AL Bl P g
U o FEAT R LU T3 £ SR 8 bn ) e HILAG 9 RUBE
BUAE 1% 2l b 78 v i Fe 1 #f1 6 T AR 98 JLART 5C &R i
X (4) A2
6=|B-q| (4)

FEXT Ry A S s et o i vh R B ) AR R
AW NS N S 3 R AR L, dn &l 6 T
N MG B B R R T Ml B (5) 158,

o1 =B —ail
0, =B~ (5)
6max = max {61»62}

IRV B it B2 v B B KR A R AR AR X AL

ROBEHEATHI it e sl B rp it R KR )

0.6

— L,=950 mm, L,=550 mm
— L,=1000 mm, ;=500 mm |

051

04r

03r

o/rad

021

01— 7 ~1100 mm, Z,=600 mn¥
— L,=1200 mm, ;=400 mm

O 1
0.6 0.7 0.8 0.9 1.0
a/rad

Kl 6 EJifh 6 b o MBIk
Fig. 6 Change of pressure angle 6 with the change of @

FABLINIB 2] LAGRIE RS A2 By o B v 9 7% Bl 1 e
Ly S8

B 7 B MUK S5 KR ) ff o B Ly Ly 178
b, T AR g S BRI A R T A g /N L X
L,=880.2 mm, L;=569.7 mm B[ i HLA4 KB %) 25 %
T4

] 8 & W) 18 4 8 KU 5 1 3K sl HL A 1

sor |
oF
40

Ol ()

20

1200 700

600
Z, 1000 500

3
i 800 300

L

T RKRIEIIIN 6 BEHLA NI ZE 1L
Fig. 7 Variation of maximum pressure angle §,,,, with

mechanism size

0.10

0.08 1

0.06

o/rad

0.04

0.02

0.6 0.7 0.8 0.9 1.0
o/rad

8 ok SAIE B o RS 1E

Fig. 8 Pressure angle of selected point changes with &



%11

N FPEE: TUAYIR Sh AR S5 L3R 3R sh AL A AL 53 5 43 #r 2565

i 6 b o B84k, AL A I i A v i B KR
Ffa A KL 0.1 rad, B ATIACH BT BETT B HLAL H
A R 1% sh g
33 HIHMREM®RL
3.3.1 Ptk eRgifEi

A5 % ] MATLAB " 14 fmincon fIi; 1k 2
B L —5 R 2 W ALR ROEE AT Ak, 1A
FRE R

x=f(f,x,A,b,Ae, Beg, by, ., 11,0, (6)

Kk B bR R EG xo A S E IR EE; 4.0
53 MR R ZMEAS 2 2K 24 RO 107 174 28 2500 R ]
B, 73 R R L 5 22 TR I 1 2R B
FTw) a5 8, F w53 90 AR 28 o X6 AT Ak 9 B A I
TSty OERARLANME R R o, IURALS
BOE SCRREL, HAB AR
min f (x)

A-x<b
Ay x =B,

s.t.{ c(x)<0
Ceq (X)) =0

7

L <x<u,

K () Fl () 53510 ny ST R R AR
P AR S
332 Hirk%L

FENLAE 2 2y ik A8 v, 268 [R1BK 30 ) 78 F R AL
Fa R A A% By ak T 04 i 1 ) K 5 IR Bl B
D g A D0, e — B 200 1 0 S R N T Y AR
R TN B 78 T 1) il 1t e Ab B s, IR AR Bl ik
P4 AR 1Y BE R AL 32 B AR pR AN LA RUBE 1
— Ak, DT ] st 4 S MG 6 AR R 9 9K 3h 7 4
FHF BT Rt D AN RE 5 A 3R DL /N
L% Vi

mE 9 frw, BURBEIR3h 510 F, Fyy M IKSN
TR TERF Ly I 10 053 J1, FyoN Foy T ET OAJ7
] 4 43 77, W 9K 3 1 28 34T AB 1% 3 B AT 4 0 A

BAEH IR
Fj,=Fcos Bcos 6 (8)
YER 15 R
. L —L,cos «
M=F,L,=FL,cos (arcsm L7> .
3
cos (arcsin LizLcosa cx) 9
L,

YR 3l 3 K Bl iy 5 e Bl A R i ACR T Eh A

LSS

9 AL ERSHA

Fig. 9 Optimization target reference map

@ @ L,—L,cos
lef ’ Mda:f ’ FL,cos (arcsin#)
3] @y L3
( in L1~ Lacos @ )d
cos | arcsin L a | da (10

YRS IR Sl SR B 2k B e AR AR T

W,=F-(L'-L) =
F (L,sin @+ Lycos B, — Lycos B, — L, sin a;)

(1
MU AR TE 4 R Y RE R AR N
W, ,
=y X 100% (12)

AR R TR Ry SR A A 2 22 0 R B0/ IMEL Y
Ptk i e, Rt b rh 7R Ou Ak B Fs b ds n 654
b B8 SR i AL I ) 82 Al Ay SR e /IMEL )

min f(x) =-n, (13)

333 4 R

0 4R 1% AR T ARSI LA H A et i 4% sl vk
fE, 7R fb ik A rpr gk — 25 B e 7 3 3 P BT £
TERAL G (25 RAT RE SR FFR A AL Bh kR . 2L
P B R 3 ff /INT 2008 i e, AN T 28 488 B L
R E KT 90%, H LI ML A% s BE 45
OESE SR

L, —L,cos 35°

‘35° —arcsin ‘ <20°

(14)
L, - Lz cos 55°

‘55° —arcsin ‘SZO

o3 —J7 11, X T E 42 Bl 4 5K Sl 25
2T IS 5, RIS U T 6
EIE 5 LK S T SRS B BT — S RO, il 7
A Bt RO ARz Sh B B . AR T



2566

= B

% %38 %

3 7% LUK By % T i A1 1) HE A b g — 2D R

B C E’Jﬁﬁ?ﬁlﬂﬁ%~%, W 2 2y 55 4

L
L,sin 35°— Lycos 35°= %

L,sin 35° — Lycos 35°<<L,sin 55° — L;cos 55°

L.
L,sin 55° — Lycos 55°<< 91—04
(15

3.3.4  PiAbsEE KAtk s

Fmincon pREIH AL T = Fp A [F] A9 08 A0 387
HESE R, 2 002 P8 kBRI (SQP) B ik |
{5 #1358 2 5 (subspace trust region) 5. ¥ DL J A 5%
4 (active set) B,

XF T2 AR A AR 1 (4 RSO0 Ak [ 0 B 3 5
17 1 38 S S B B AR R, R T AR )
ZARACI AR 5 A A, JB T SE R Ak )
PRI e AR St 4 — o) (SQP) B3 ke K i

fdiF MATLAB 15505 74 3 /9 46 A 45 2R %8 Bz
Ly Je Ly BB 535909 1100.6 mm K 603.8 mm, 4% F
B 45 R 5 R AT A RS 205 HLAG 6 AH ] 3K 3
TIVEH T iz sh 34 1 AT R LU AL AT S L
FTERE

2 1 R Sl S 3K 30 0 3R B B LA i IS
F ) R A AR IR SRR B A X e . Tl
Ry H0 Ty B e R A 3Ry, o R R AR £ A800T 3K
BAILAE (R TG, MILAG 1 g B A5 5K 2l R 2
TR A E 0 P, MU TR R,
bS5 WA TE L B8 B UA% Bl B i S L o oy 3
T 44.3%, RE R LR R T 37.5%, WS EE B
W/NT 9.7%, I IL AR R4

®1 MABTENAAMERERTLE
Table1 Comparison of mechanism performance before and

after optimization

FRIE T REREFEER%  WKEHEEES/mm
AT 219.1 50.8 431
eAea 316.1 81.3 388.7

4 ZERARBHASHERHBE

41 ZHETREINGE

SEPR NI, JEHR R AT, PR B,
YR 2 T B I i 1 vh UK sl ae R ol &, 1
TERCHE N S B T IR IR BUROIRES N EIUR
SR AN R S5 IR) RS, S fige R b 3 (] A% R ] 22

A3 B g 3 [ 9K 2l s B R ol A i % T LR RE 35 Bl
BT AL I Y RN B AL B, R T A HILA Y K i
FUEBE 1, 8O0 TUR SN . ESIA T 249048
HRhJE, N TSR] RE N 22 3R 3 i S ALY S
i, T BRIP4 9K Sl 7 LA RE A% SCRE Y
YR 3l B S LR, SR T 24 SRS BE K 3l an
i 53 B 25 ) L

P 10 Bz RIVA 22 SCRETCAR SRS A 7n 91, [ 7R
PLEAT DUARSE L, REAR IR L ARBCA 80 L e,
5 T e — v -5 T A — S B A, T AT D5 — g 5 T
GREHE . AEAT B AR, DRI 22 A B
JE 25 TEFT A B AN B 3 R (2 8, 12 it AR
PRI B U Kl A P DRI T AT U A P AT
Kl Fi~F, 99830 11, F oS ATE L

N
|
N

F| ot o mmm o l £

AT S |

Frumly @ === 01 l
ALY/ |

STV

| —, @ S
B VB

Jl

B 10 Z3XEETUARIRSI R

Fig. 10 Layout of redundant drive with multiple branches

42 ZHETRIEIEFHSRI D0
421 WREHZ I 08T

FEN]ASTE AR, SRSl B P RCR A, —Fh
Sk AT AR T HURE A8 T ) SR B 3 2 (1 3R 3l T W 3
DL v AT B T 4R AS Bl B o A O IR A
T3 Ry AT AR T S5 R AN I i R B I )
R B 1~ 12 AR T 5K 3l i sz
J1o3#r . B A, Bi. C 5 IERRER i A BT IE
FES RS AECHAL |« P s DL S5 HL5
T Ab, F o 3K 3 4 5K 20 T B fig 5 3 5 2 is B
KB I7, 1 RIS EEYE T, Fy 3G 0 9 ) S 7
J1, REATTSBA )t B3 5E 153 7.

{F—f1 =R cos f

Fy=Risin ' (16

I By i Al ) A2 Bl A v S o0 B e
KO6)Gthe i TEFHMME Gz EHSNY
DB, RiFTT [ AN AT J7 18]



%11

HIRE vt TUAR IR A2 J5 S LI AR ShHLAG AL 3t 5 20 A 2567

11 SRSl P s 3z s S A
Fig. 11 Quasi static balance analysis of driving slider in

uniform motion

K12 BRI
Fig. 12 Static balance analysis of sliding block locking

{F’+f2:R,-cosﬁ

Fy,=R;sin g an

T Yot A o A (1) g ih o Aok
FoR B Sy 2 41 0 B i 1k 00 B /N IR Bl g, SR R EE
By, F o BRI S T, RO AT B T 1%
6 2304 43 77 B R T A R AS 54 Sy L] AN AR
R, EFF N IR, R, DT IR FEFT . FE RATHR
KATIL R, WG B AR AR BOR, Y iy PR g
FER KK, ALK R, 5 RARSE, BIR, = R/,
I Al

F=F+fi+f (18)

T BRI TN TR R G R R A R 5K
K S EERE R KT 0.002, RIIL TN N F = Fro
R B A ) o L 2k sl 1 BIK 3 1 5 R [R] 28 B A
[ (57 BT i BB I 1 e /NI 8 ) A A, T 2
B B, AW AR S5 4 S LR AR &R 1T
SR FH 45 ¥ 3 2 0 O v SR A 0 1 B i S ) 3Kk sh
KN
422  JUIARZSR R BRI

WK B &5 My A m—1 IR Sh BT, H A B
T A R B SCRE I E R O R G, 2,
m=1), BRI R m, WE 13 fiR. A
SER i, 7E e E W AR AR R XOY 5 nOr, A
P& XOY W X i 5 HT &L E A, nOr M n il 5
AT E Ao BHE 1~m ¥ 0 5 8000 AT,
BRI HIN 4, 4y, -, Ao

R(m—l)n R X

(m=1)t

13 R SRR SZ T 43 hr
Fig. 13 Force analysis of the whole structure when the

slider is locked

Qs 13 B s i SR S AILAL 8 R ) AT AR T 4
P L B LA AN AR R 2R 19 52 J1 18 B, T X BR AL AR
DA £5 T e AT DL LRI S, m 2 R B ARk A 7
Z S50 M, WU FE ST T3 10 A0 A B 45 S B T B i)
HLOBCEEAL 3R IR R A T 8 D PR B
AR 25 K6 Ay e R 2548, 76 nOT AB bR 2R 0T 31 - £
T = (19) frR:

m—1

> Ri+F,l=0
i=0

Mi = 0

m—1
ZR,»,, +F,,01=0
i=0

i=1,2,---,m (19)

KM Ry, 5 Ry, BVHTZRBERE h 0 O 4b 1) I T7 7%
T ITIE M n J7 0, R, 5 R, 8RR i(i=1, 2, -,
m=1) Wty B AL R J1AE 7 7 [ R n U7
] 1 53 i, Foe 5 o0 90 N B0 26 3 A5 fof 37 «
] F1 n 7 [0 (53 6

AP 1~m—1 Ry — 1 ¥F, e B 88 = %%
WA E KRy + Fpel =00 WHLAT A m—1 43K 3
T, WA 2m AR, d13X(19) /151 m+2 A4~
JE, HI A m—2 A2 R4, 55 AT m—2
A1 e 25 K P4, H2 T KGR 45k g 24
) 1SR kN FE RS B AR T7
423 FEFIEMN I8

HUEL 14 JT 7R 0 8 5 G580 0 1k A 254,
H Ry A Re 53500 R EFT @ XTS5 L A, 15 A91EH
JIHE n B0 T 7 00 B 43 7 o T 45 44 1 A2 TE B 1A 2%
19



2568 o= 3

% %38 %

P14 JRkIEAEHE
Fig. 14 Basic structure of force method

AmA,-n = AiAin 0

KA RS K m T8 A, 5EAE B 0 J7 8 L,
Aip RN KAPE i A6 A; 5EALEY n T5 10 0EAS o

i=1,2,-,m=2

Omi1 + 0111 Omi2
A= Oma Oz + 622
6m(m72)l 6m(m72)2
R = [len’R3mns"' 7Rimnv.“ ’R (m-2) mn]T (24)
AP = [A7712P7Am3P’ e 9AmiP’ e ’Am (m=2) P]T (25)

A AP ITCER AT S Sy 2705 R i, JEAR
YASWR

Ap = ﬁ (A/?jp +

A A FoRTE A, AR 2 D7 ) L B fr P51
BN s M. N VAN A, Ab4e %46 & 7 mfE
B FY I, SR B AR Bl NS 15 M. Np.
Ve A PSR INESHIN T3 E. G 5 5 4L
SRR R AR 4. 1, K 230 A R AR
TR AR R B

TR iCGi=1, 2, -, m=2) 0 B A R % 8T )
B4y N E M G, 20 AL 1L K 20 B A,
I, K, 3w, R A5

NN,
EA

KVVp
d 26
+ GA > s (26)

li o
Su=gy i=12--m=2 Q2D

ENG A SN G R RN
Been o WM m EEEE M AL, O 05 R

K S T e, TR K QO HERIL MG m AT
— 8¢, 7E n Jr AR 2

V) TR m b oy SAERSAL 0 J7 19 07 P, B
TE ¢ S n 7 WA B up, x1 = X X2 = X, 4

AmA;n = {6mi29 6mi3s e 961nij9 te ’6mi (m-2) ] .

T
|:lemR2mn, e 9Rimn, e ’R (m=2) mn] +AmiP

4 iAin = —0;iiRimn
QD

Kpi=1,2, -, m=2,6,; 5 4, 5775 R E 14 4514
o, M m b4 AR AR AL n D5 8] I AE 4, 4k
SIS n 05 1) 6L B8 T O 0 2R AE A, b 51 n
T i B 5 6, A B R i | A, AR A A7 n
D5 1wy Jy i 5l RRR o J5 m AL RS o FF (2D LA
K (20) IF455 4 TR T 15

A-R+4,=0

P A R RERE, R J9 RN 50, Ap 1 2 A
(REZA]i
XF TR B Z5 48, ] gE— 20 TR IT A

(22)

61n1(m—2)
‘5'"_2{'7'” (23)
Om(m-2)m-2) F O(m—2)(m=2)(m—2)
x,=x, 0, HE(26) R
cos?8
Mp,=tp, (X1,%) = ﬁﬂl (X1, +
M

28)

+
EAm_].x2 E G

Om-1

Lix, %, . (sinzé ch0526>
An‘l

o
Xy =X
.
(2M, M, +2M,Ms+ M, M, + MsM,) + MMZM3

X
y (xp,x0) = §1M1M4+

Horp My~ M, O SRR 281 R S
2) AERPE m LA AL 5 18] 1 24 A 8
G = 1FAE ¢ KEB1E R n 7m0

My =My, (X)) = %Mz(xl) + 22;:_]
e
{X‘Z’;l (& —x)- sz (x5, =x1) + i (%, —xi‘)}

3) FERIE m L e, AR 7 51 J1 P = 1
HE ¢ siBERI n T7 M 2w, 20 <xA:



FH RS TUAR R 3728 J5 B3R SR S LA AR AL i 1T 5 43 B 2569

11
sin 6cos 0
Mo =ty (X1, X)) = T'ul (x1,%) +
Lix x, M;sin 6cos 6 (K, 1
——tand+—m—— -—
EA, . x] A G E
(30)

%,[xl > -xZH:J‘7 Hﬂﬁ%%fiﬁ%um:ﬂpr (.X'z,.xl )o
4) TEFE m b oo, AR 7 07 1n) ¥ 45 2 A
G = IBFE ¢ B0 n 5 i Bou, .

sin dcos & xiLs
Hg, =Hg, (x1) = Tﬂz (x) + ZEAm,l'
X (x,, y —xl)sin 6cos 6 (K,,, 1)
tan 0 + “ — - =
A, G E
3D

6mij:ﬂPn (xAjsxA,-)5 i=1,2,--,m=2; j=1,2,---,i
6,,”'_,':6,"],', i=1,2,'~,m—3; j=i+1,i+2,‘”,m—2
m—1

AmiP :anﬂqn (xol-) + Fm‘r/'lqy (xoi) + ZRimﬂﬂPn (xli9x2i)
i=1

(32
X Px=min{x,.x, }, x=max{x,.x,}, i=1,
2, m—=2.
424 WEERAIR SN ) 06
BeAr A (23), K (24) . K (25), L (27) . KX
(32) BDATSRAS AT 2% m 145715 50 A, Z3EHT i(i=1,
2, -, m=2)TE n IT 1A T Riypo
F:=R;,,cos B (33)

Loc,, , —Loa,_, cOs a

FH B=arcsin T

Ru 55 R H T, BCHEE S B, ~B, , 1)
WERR S R o F3ml P 2 (33) SR HL . W dk B, A HE
A IR B 1 AT A 1P (19) SR A, 2tk m—1
ANBR B EE R IR BN J) T AR
43 THEEH
43.1 RS

BURG S DU AR 3L %, 55 DU AR 3 JR IR BS O iR
B M Loc, = 1000 mm, W 55 U AR 38 52 ) A7 250K B2
M Loc, tan 35°, Fii A R FE Loa, = 1 100.6 mm, %
FFABE Ly, 5, = 603.8 mm; HARFLRIEE O SEEE
ﬁ’%”ﬂ‘jldoq = 5/7‘L0c4’ Locz =3/7 'LUC4’ Locl =1/7
Loc,, FoAx 45 SCRE W AT S ir &A1 380K i 5%
SR8 AT i BRI E R

DU AR 32 AT B Ay 45 I BT, #R 1 AR 4=1 000
mm?, SRR E=110 GPa, AR N 0.31; BT #
1 4,=1 600 mm’, #1445 i E,=40 GPa, J#A L
hg0.25, # S 1,=213 333.3 mm®, oIk R B
K,=12.

o

432 IMEER

ZETH AT A3 R AR P SC8E . = A~ S ik
KA S TUAR IR S SR sl F1 43 B g 3, anfel 15~
B17 iR o [ 1S SR AU fl 27— R 58 DU S B 3
B8R B J7 4 e g 3, B 15 WA A = = U
L [R) 9K 2 B 9K Bl 1 4y Fe 4 5, ] 17 Sk DU 2% 57 4
[F] B 50K 2y B 7 3K 3 g 43 BL 45 2R, Forh FyLF,L F
N F AR R E T DU 3R shAE R 9K 50 7

400 - —=— F;
——F,
350 F
Z 300+
R
R
e 250 +
200 +
150
W—W
35 40 45 50 55

(%)

K15 —3BETUARIRS IR S 1 7 as s
Fig. 15 Driving force analysis of two branch chain

redundant drive

260
ol //"X/ww“\.\\
200 M
200
—a— [

9Kzl JI/N

180 [ —— F3
160 A F,

35 40 45 50 55
(%)

140 |

120

16 = SCHETUARIRSNI IR J) 73 A5 R
Fig. 16 Driving force analysis of three branch chain

redundant drive

22T AR AT AR AR AR [R) £ 8T AT HH 5 DU S5 K
SHIIKEh F1 R 443 N i L iR 5 SR R Al P 4%
SCRETUAY IR B 1 e R BK 38 71 400 N, [R] b A 52
FEWLNT 9.7%, ROR—Me; ] =4 Ik 3 i
i KUK B J1ok 255 N, [6] L B S B 98/ T 42.4%,
AR R A ol DA S 1 U AR R B ) e R Bk B
179 240 N, [R] LU B SCBE U/ T 45.8%, BUR BT -
B A B 2 2 0 BK 3 S 2 3G ALK Y A, PRI



2570 it o= s o M %38 %
2201 25
200} m ~ 207
——F, v F, 4;:;
180 @ 15}
Z 3
% = ol
% 160 | E
it
140 b /MM il
120 - 0 5 1.0 1.5 2.0 2.5 30
35 40 45 50 55 s
v 10 RS BT £ A
B 17 PUSZ4ETCAY IR Bh SR B 1 BTt S Fig. 19 Change of sweep angle with dynamic
Fig. 17 Driving force analysis of four branch chain simulation time
redundant drive
400
ST — 1525 4 % 7 TR 2 K T 11
BESCH ol —F
44 ETF ADAMS MBI AR TELR g
FEASSCHS 4.4 45K H ADAMS 3 ) 2 ) H B
BRAE 23 0000 W SR . = S R DU S B TUAR IR Bl AT 2001
ISR M. RS e
R 38 0 0 S, AN 18 B, B LT 0 | | T
0 5 10 15 20

2% 37 Bl 1 9K Bl 3 AR IR v;=2 mm/s, v,=6 mm/s,

v;=10 mm/s, v,= 14 mm/s,

V=2 mm/s

4’ I
V,=6 mm/s |

i e

—» R
V=10 mm/s

—» ‘ﬁ:@ﬁm{ v ||
V=14 mm/s [ =

P18 TURIKS SN 2N

Fig. 18 Dynamics simulation of redundant drive

BEE [ B[] A 30 s, {5 ELAEECh 300 42, 15
EL I T 2% S e i v O i 50 00 ) B B R L3R S 4t A
s Ak, FLRE S R A AR fE AP 19 Bif R, 24405 BB 41
255 28 s B 5 A AR Ak A © R 2t 200,

Kl 20~ &1 22 43 53 R A 2% . =45 U 4%
SCEETUAR IR BN 10 B 124 0 A BT 25 R, IR B2
J& B — B 18] B T B A B B, K8 2
AR AR A o 3 TR BSR4 0 5 05 EL A A &%
SEHEA TR 25 50 BT LA 2 BRS Z AT A5 0 (G 0 2
4.5 RESW

23~ 25 R HR B AL R 5T E

SRR )
F20 “ITHETUARIRSI O HOMT AR

Fig. 20  Simulation analysis results of two branch chain

redundant drive

300
250 F
§ 200 f ~
_____ F,
100 | | |
" > 10 15 0

TR AL BE(°)
B 21 =SCHE ARSI B4

Fig. 21 Simulation analysis results of three branch chain

redundant drive

SR A F LU A 1R 25 40 A, Hdh B AR o A S
BRI, b R s 2% . il AT L
KIAE a Jy 35°0F, WiFPUR 3h ) 45 RAFAE R K 22
B, o KRR 2ZE Ot 26%, X & T4 IR sl #5 t
A L o ) B — TR Al 50 S Bl A AR AR A



%11

FH RS TUAR R 3728 J5 B3R SR S LA AR AL i 1T 5 43 B 2571

250

,,,,,,,
b

200

K3 F1/N

100 - - :
0 5 10 15 20
R
B 22 PUSCHETCARSKBh T A4S
Fig. 22 Simulation analysis results of four branch chain

redundant drive

30
25t CO 5 =5k
20t O 55 =256

KB 1R 2%

0
36 38 40 42 44 46 48 50 52 54
a(®)

K23 ZIBETUARIRSIR AT

Fig. 23  Error analysis of two branch chain redundant drive

14
12 C 3kt
10 [ 56 =04

8 [ 25U =4k

REh SR /%
N

36 38 40 42 44 46 48 50 52 54
a/(°)

B 24 =3CHEICARIRSIR 20T

Fig. 24  Error analysis of three branch chain redundant drive

18
< 16 [ 2F—37 5k
& 15 £ 4k
%10 O 45 = Sk
3 8 4 s
=

WAL oo, e i
36 38 40 42 44 46 48 50 52 54

(%)
25 PUSZEETUAIR SR AT

Fig. 25 Error analysis of four branch chain redundant drive

M, R BE IR SN RER MR R S, A
TSR H A TR S B B3 i B R L ANE
S NI P e RS R 3L e AR R F S PN
R TN P SN S SN i DA VR R R

12°7e A3 R 22, DRI SRR H 1 v 25 R 2l
TIRFGAEARUN T8 I 2 AT fa S L B AR s Ty A A
HE AT S WP 58 5 LA — DK 5l
JEACS) A Bl 1A RS AT v i S A A
a AbAE 350~55°Z [A] I}, 5] v 2% S BE 1 9K 3l g %
FEAHEIE 5.5%, PR AT RLIA A AR B i i A5 0K 8
153 B ARE R EA B R JE

5 ETHMRERIKHEEHE LK

ARSI 2 R TUAR IR B 1 O AT A R AL
A B I A P, H H T B Sl AR A
9K 2l Bl AL 3K B T, il 3 22 9 T AR B Bl B
S FEWUREAR TRt Ko A5 25 AL T it
FE LI T 5 /NSy B AR 0T i 348 D 3 R AL Fr 3K
SRR B ST
51 HIHMREWITE
5.1.1 HBHLEE

G B AL HE AR Y o it 5 9K Bl H Bl AL DL S 22 3T
WA EEAT 2, 3K kR, 3% FAH R 2
Y () LB AL T AR, TUAY SO 38 in -t b SR
2> S EUIR B i S HLECER 3G N, TR 45 DT AR SO
KBRS 2T SR R . B, e
9K 50 1 5 BT 2 R 0GR DA S 2 AT R
KESHTEZRMXEREXHE ., Bl
J 5 HAR R IR 3l BIE L, =X (34) fiiR:

r=3F (34)

_%

A T RN SIS (N-m), s R 2Z2F1
B (m), F RN Kz 1 (N), n RoR L FLRCE
FE W R SR G OL R, BN SRR A R TR
e P ORG BE, REAS SORE 22 4T % 2 2 O s=10 mm.
BRIE 22 KT RCR — R 30%~40%, A< SCHURCR
M 35%.

AR SCAHR 9 fe KB B 0 i 22 DT AR B B 9 3K B
ML ML T . F ShAIL Y o e AR AT P e LA T
(3 INT AR, ] 26 J 7 R 2 5545 31 B 705
BIHLA A 46 5 T A (] YOG &, B LAl SR/l
“RBFUAHRIAK(35) .

m;, =—0.07T%+0.51T +0.34 (35)

512 #ZATFHEE

VAT RPN i RS 2T AR R LK
FEA O, >4 v s AL AR 5K I Ay 22 AR B AR
(8 22 KT LA AR IR BIK B 3ok R 424 0 ik B R ) B A -



2572 o= 3

VAN S 1

38 %

y==0.07x’+1.51x+0.34

0 2 4 6 8 10
BUEHHE/(N-m)
P26 JRBNHSIHLET 5 HATE SR R
Fig. 26 Relationship between weight of driving motor and its

rated torque

W IY B IR 2T G T L S IR Bl R B LAY
i DL SR B R IE L, B
m, = 1.16m,L (36)

52 EFHNHREMIESNESBRL

R T B RGBT AN IR B e 4% S A K
shid B AR, FE A — IR S LA 14 45 SBE Kl
FAF RS s, (= = A8 IT
AR UR Bl 1) $5: KR B) 1 4390k 400, 255, 240 N, H
9K 5y L St AL 5 2 T AR R A IR S LG 1 B R I
s 1 (34) . K (35) W, Z2AT T B0 o it vl
=R (36) B E .

A 2 AT . = DU OK Bl S A A O
ALK B 4300 R 7.81, 7.8 kg A1 9.42 kg, i ff FH
SANIK B B R S LA T e, TR
AP IRz sk, RS T ML B S B Y Wt 5
U, PRI AT DA 22 AILAA) A e e B Bh BE K H Sy 3.

®2 EIVMREBILE

Table 2 Summary of drive mechanism weight

BT

wap WA EEEIT it
Tk 2.86x2 1.29,0.80 7.81
= 3k 2.00x3 0.90, 0.56, 0.34 7.80
U 1.90 x 4 0.86,0.53,0.32,0.11  9.42
6 & it

ARSCE) T — P TUAR I 3728 J5 ST L3 BK 5l HL

DA BT NGRS 50 Hr, #5200 R R AIZE I8

1) B3t 17— P T R e % 302 ) AL
S IR BB I X ROZ #AT Tt fife
Je ) BR S AL 7 1 g A A T B i 2 g
AR SRS B R AR B AL Ak

2) $H T — R F IR A UK S g 11 o
BRSNS 43 BRI IE 3L T ADAMS B30 12205 B
55 UF P VAR AR (R 1 R, DR 25 40 AT B % BRI
TR v e AR K Bl R Y 1R 25 /N T 5.5%, X 43
XL LIRS A EESHME.

3) JE T 05 LA 4 SR R AL R A o e Y 3
R 1) 9K 2 4 2 H AT R4, dee 2400 1 A =
AR Bl S A

CESd S

(1] Bearis, 0wk, SO, 5. A8 HLIL Y & e BLIR £ 34 ).
ML TR HE A, 2021, 50(1): 12-18.
DUAN Fuhai, CHU Yutian, GUAN Wenging, et al. A review of
development status of morphing wing[J]. Mechanical & Electrical
Engineering Technology, 2021, 50(1): 12-18. (in Chinese)
(2] ##, 75, K. T2 RKHLIAE 2 & < 3h 5 25U o
8 [9]. b0 B TR 2222 47, 2017, 37(2): 119-125.
HAN Han, YU Yong, HU Jun. Numerical investigation on un-
steady aerodynamic characteristics of variable-span morphing wing
[J]. Transactions of Beijing Institute of Technology, 2017, 37(2):
119-125. (in Chinese)
[3] Thc . w7 AR T8 R AT e A 5 O o 5 e 4 ) 7 2k O
FL[D]. Kb @B R K%, 2017.
MA Wenfeng. Research on modeling and longitudinal robust con-
trol methods for hypersonic morphing aircrafts[D]. Changsha: Na-
tional University of Defense Technology, 2017. (in Chinese)
OB 9K 3 2 8 3L ) ) 2 R B 5T (D). 1A R
TR WA R Tolk K2, 2020.

CAO Guangyu. Research on dynamic characteristics of deforma-

[4

—

tion wing driven by parallel mechanism[D]. Harbin: Harbin Insti-
tute of Technology, 2020. (in Chinese)

VT R AT e KR RO B R BF S [0]. R
S AR, 2017(2): 26-33, 46.

XU Yuntao. Research on the development and key technology of

[5

—

smart morphing aircraft[J]. Tactical Missile Technology, 2017(2):
26-33, 46. (in Chinese)

TRAHE, B e, At BT A2 XA R BB 0 8 25 P
HLAG BT [I]. W VLR 2% R (124 R, 2022, 56(3): 444-451,
509.

XU Junheng, YANG Xiaojun, LI Bing. Design of wing mechanism

[6

—

with variable camber based on cross-spring flexural pivots[J]. Jour-
nal of Zhejiang University (Engineering Science), 2022, 56(3): 444-
451,509. (in Chinese)

BHAWE. BRI A 4 UK 3 A8 2 BEHLIR T [D]. #E At
HAL MR K, 2021.

XIE Shaohui. Shape memory alloy driven variable curvature wing

~

design[D]. Nanjing: Nanjing University of Aeronautics and Astro-
nautics, 2021. (in Chinese)

ST ). AV ML I BT HL WY BE R A K A1 i AR Y 32 3 45 i (D).
At R A R R A, 2021,

ZHI Pengbo. Torsional stiffness compensation and torsional defor-

[8

—

mation control of flexible wing[D]. Nanjing: Nanjing University of
Acronautics and Astronautics, 2021. (in Chinese)

RIS, sk, B3, 5. HLILAT B BOR 89 0 1T S B3 B
[7]. ®AT F12%, 2020, 38(6): 1-7.

NI Yingge, ZHANG Wei, LU Yi, et al. Application and modeling

[9

—


https://doi.org/10.3969/j.issn.1009-9492.2021.01.003
https://doi.org/10.3969/j.issn.1009-9492.2021.01.003
https://doi.org/10.3969/j.issn.1009-9492.2021.01.003
https://doi.org/10.15918/j.tbit1001-0645.2017.02.002
https://doi.org/10.15918/j.tbit1001-0645.2017.02.002
https://doi.org/10.16358/j.issn.1009-1300.2017.02.05
https://doi.org/10.16358/j.issn.1009-1300.2017.02.05
https://doi.org/10.16358/j.issn.1009-1300.2017.02.05

%11

HIRE vt TUAR IR A2 J5 S LI AR ShHLAG AL 3t 5 20 A

2573

(10]

(1]

[12]

[13]

[14]

[15]

analysis of wing folding technology[J]. Flight Dynamics, 2020,
38(6): 1-7. (in Chinese)

XU H, HUANG Q, HAN J, et al. Calculation of hinge moments for
a folding wing aircraft based on high-order panel method[J]. Math-
ematical Problems in Engineering, 2020, 2020: 1-14.

T AR AL G 4 7E AR TR LS T 7 248 T (0], 9
PRPLAS BE 1, 2018(17): 234-235.

YU Haiwei. New application of shape memory alloy in variable
thickness wing[J]. Internal Combustion Engine & Parts, 2018(17):
234-235. (in Chinese)

ZEdp . A TR BEHLIE K B R e R 5T (D). R A R s A AR

K2, 2012.

LI Yang. Research on actuation system of a variable-thickness wing
[D]. Nanjing: Nanjing University of Aeronautics and Astronautics,
2012. (in Chinese)

MRk, Foms, v e, 45 CHLAM B B R R BT U = S

W5 4087 [0]. 23 R 80 F1 28 24, 2013, 31(1): 40-46.

CHEN Qian, BAI Peng, YIN Weilong, et al. Design and analysis of
a variable-sweep morphing aircraft with outboard wing section
large-scale shearing[J]. Acta Aerodynamica Sinica, 2013, 31(1): 40-
46. (in Chinese)

Sk AT T A R R B R R IM]. JEET: i A Tl

J A, 2007.

GOMEZ J C, GARCIA E. Morphing unmanned aerial vehicles[J].

[16]

[17]

(18]

[19]

[20]

(21]

Smart Materials and Structures, 2011, 20(10): 103001.

JOO J J, SANDERS B, JOHNSON T, et al. Optimal actuator loca-
tion within a morphing wing scissor mechanism configuration[C]/
Smart Structures and Materials 2006: Modeling, Signal Processing,
and Control, San Diego, California, US: SPIE, 2006: 24-35.
JOHNSON T, FRECKER M, ABDALLA M, et al. Nonlinear anal-
ysis and optimization of diamond cell morphing wings[J]. Journal
of Intelligent Material Systems and Structures, 2009, 20(7): 815-
824.

MOOSAVIAN A. Variable geometry wing-box: toward a robotic
morphing wing[D]. Ryerson: Ryerson University, 2014.

EALE. AN I I 835 05 F4 H7 (D). W R I
W R Tk K2, 2014,

WANG Lijia. The scheme design of the uav morphing wing and
simulation analysis[D]. Harbin: Harbin Institute of Technology,
2014. (in Chinese)

SHEN X, XU L, LI Q. Motion/Force constraint indices of redun-
dantly actuated parallel manipulators with over constraints[J].
Mechanism and Machine Theory, 2021, 165: 104427.

X322 23 ) 2 A B0 3 2 SRPLR A2 0 LB 43 AT [D]. b %8
I IR, 2018,

LIU Wenlan. Force mechanism analysis of spatial multi-loop mech-
anisms with overconstrains[D]. Qinhuangdao Hebei: Yanshan Uni-
versity, 2018. (in Chinese)

(B % F)


https://doi.org/10.3969/j.issn.1674-957X.2018.17.118
https://doi.org/10.3969/j.issn.1674-957X.2018.17.118
https://doi.org/10.3969/j.issn.1674-957X.2018.17.118
https://doi.org/10.1088/0964-1726/20/10/103001
https://doi.org/10.1177/1045389X08098098
https://doi.org/10.1177/1045389X08098098
https://doi.org/10.1016/j.mechmachtheory.2021.104427

	1 变后掠机翼技术要求
	2 设计方案
	2.1 变后掠机翼变形形式
	2.2 变后掠驱动机构

	3 驱动机构尺度综合及优化
	3.1 机构尺度综合
	3.2 机构尺度初步设计
	3.3 机构尺度优化
	3.3.1 优化函数简介
	3.3.2 目标函数
	3.3.3 约　束
	3.3.4 优化算法及优化结果


	4 多链冗余驱动力分析及仿真
	4.1 多链冗余驱动布局
	4.2 多链冗余驱动准静态驱动力分析
	4.2.1 驱动滑块受力分析
	4.2.2 几何不变体系整体分析
	4.2.3 基于力法的内力分析
	4.2.4 准静态驱动力的确定

	4.3 计算实例
	4.3.1 模型参数
	4.3.2 计算结果

	4.4 基于ADAMS的动力学仿真实验
	4.5 误差分析

	5 基于机构质量的驱动链数目优化
	5.1 机构质量的计算
	5.1.1 电动机质量
	5.1.2 丝杠导轨质量

	5.2 基于机构质量的驱动链数目优化

	6 结　论
	参考文献

