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Abstract : The stabilization control of the longitudina motion of a hovering honeybeeis studied using the meth-
od of computational fluid dynamics to compute the control derivatives and the modal decomposition method to
analyze the control properties. At hovering flight , a change in the stroke amplitude @®) , or an equal change
in the geometrical angles of attack of the down and upstrokes ©0,) , mainly produces a change in vertical

force, achange in the mean stroke angle ® & mainly produces a change in pitching moment , and a differential
change in the geometrical angles of attack of the down and upstrokes 0a,) mainly produces changesin pitch-
ing moment and horizontal force. The hovering flight can be stabilized by feeding backd u,® qandd® to produce

4 $orda, O u,0 w,0 qandd® represent the disturbances in horizontal velocity, vertical velocity , pitching rate
and pitching angle, respectively) .
Key words: model analyss; N-S equations smulation; honeybee; hovering

) ¢ ) (
) :

i) ( [ 1-3]) 1
: Thomas  Taylor!

[5] [67]

:2006-04-03; :2007-05-17 3
: (10472008)
E-mail :buaawjh @buaa. edu. cn :



4 777
, 5y 3
ow’ ow’
. ., 5 = A6C|+ + Bu (1)
( ) 0 0
, , Oxe =M u (2)
, 0z =N w’ (3
“ " : (1 A ,
( Xo/m' Xe/m't o Xg/mt - g
, ~ Zi/m'  Zumt Zg/m 0
M MM M0
, 0 0 1 0
l ) Bu pu ;B
( , ( B u
) N-S ) (1 (3 X
) ; X z M
(X,z2 M ;
1 ):m sy ) XE
ZE XE ZE ;
11 Xu ) X
du" dDuUUdPW DdDwWUDg Dq-
Oxyz ( .o : tv, X = X/Q P US © .S
X 'z ),Z" =720 PU’S,M" =M/0 PU>Sc,
Oxyz Oc Xe Ve ze m" =m0 PUSt., " =1,/ PUSCE,g" =
u,w,q 8 /ULt = Ut xE =5 xel ¢P 22 =5 2l CA =
x Y Ut/ c; U (U=
X 2Pnr, @ ,n , T2
[5] ) c
[5] ' , tw (tw =1/ n)
' [5] :m=10L 9 mg,R=
[5] (8) (10),

1
Fig 1 Definition of the state variables and sketches of the

reference frames

9.8mm,c=308 mm,r. =0 57R, Iy =1 59 x
10°° kg - m2,I1:0 26 x1 62R(I1

) D =131°,
n=197 HzB =0 @ ) AX =
80QX :

1) p=123kg m’ :

:U=50ms,tw =508 ms, m =
108 23,1y =21.62,9g" =0. 010\ =8 24
(D A [5]

12

[8-10]



778 28
(@), @a, O, ),
(9
( [11'12]) ) 14
, ® ;
dg Oy , ; : B
as o, , (1)
1 ¢ i
2
od
oa; 21
u=|_- (4)
o¢ -
a da,,¢ d; 2(
_ " ) , -02<@Q9,
ob d¢ (0} ¢ _qb .. C e :b
3o da  dy o, ,%0;) <0 3 X7, Z M O,
a
( d0; =5 a4 Q, z .
5) pa,  Og oy ( Oq a. 2 ’ X B,
) ( P, =5° g Me ) 1 1 ,
5 a, 5) u B & '
(0} ;01
Xe/ m" Xa,/m" Xy/m' o X,/ m o ; ¢
Z/m' Z/m" Z/m Z/m ; a2
B =
Mo / I} MJl/ I; M';/ I; MJZI I}
0 0 0 0 1
(5) Table 1 Non-dimension contral differentiations
Xo , X, ( , X3 z Mg X, z M
) -0026 -0917 0049 0124 -3107 -0 194
L X z M7 X, ! M
-051 0001 -1361 -2105 -0.056 - 0 940
[9] _
, , (@a;,¢ ay)
, N-S
( , , 0} b
) ( ) (
N-S ) 1
[3,12-13] ( )
Z X ,
[12-13] a, o,
4 () :q) ( ) ’
, 0} 0)
;0(1 d) az 47 ¢



779

4
04 -3 - AY Z
- - AZ"
- ez z , z

I x

- *‘~‘

t} ob—w >— - L T X , X

% -*‘ 1a2 y x )
-02 ..

x\‘ X ’
~_04 N N N " N

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

AD

@ 22

- AX*
1.0 -:-AZ‘ B
T S e ( A (5]
o

N SN ) (1)

5 . 3y 3 u o®
-0.5

dw' 3w’ o,
) = A + Bl - (6)
—1.0 — h A i 3 6 q+ 6 q+ 6 ¢
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 i
Ag, 50 50 a
)
1.0 » - AX
;;g{, - 00057 00002 -00002 -00
0.5
3 .. A - 00007 - 00100 00001 O
; Y"::'='x =
3y o0 Se S 01205 00035 - 00675 O
R 0 0 1 0
(7
,]‘0 i A i " "
03 02 o1 o0 o1 02 o3 -00002 00011-00052- 0019
Ad | - 00085 - 00287 0 - 0.000 5
© | 00023-00090-00630 0 0435
- AXY
1.0 :AZ 0 0 0 0
% 05 *-am (8)
y o POTIEREN ORI T35 ( [14])
. o---"®’ ~- _

5 .y [5] A Ai2=0032%
-05 0091, 2 As=-0138 As=-
-1.0 — . ) 0 01( [5], 2); 3

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 (
Aa; .
(@ [5]1) Ao N, £N,i As
2 CD,GL; as )\4 nS n4

Fig 2 ®-series (a) Aa-series (b) ,:Fseries (c) andaz-series M:

(d) forces and moments data M = [311 312 Ns I’]4] (9)

( )

( ) ) o u &
ow' 3

( ) =M (10)
( ) > 5 q &3
a, S g

£16.6s &4 (10)
(6) , M~ ( A ,



780

28

M Mt Matlab ).
3 &1 o®
£z &2 L g o (12)
' A ¥ R F Y
& g a
0.032 0. 091 0 0
|- 0091 0032 0 0
" 0 0 - 0138 0
0 0 0 - 001
(12)
0005 - 0017 -0103 0112
. 0.003 - 0019 -0155 0 032
-0010 0033 0207 -0 224
- 0.008 - 0 029 0 0
(13)
€:€28: &4)
du' -0078 0185 0074- 0 027 |&:
ow' -0001- 0001 0001 0999 &
dq 0064 0181-0136 O &3
0 1981 0 0.988- 0. 027 L&
(14)
&1 -175 -004 179 03g[0u
€| | 327 009 219 006 |dw
& | 350 010 -358 025|3q
H 0 1. 00 0 o/ Lls0
(15)
(11) (12) €1 &
;E.3 E.4
(11) (13) €1,
£,) d¢ da, , Bn
1,2 3,4 1,2
( 1 ) €4)
0P da; Bn 4
1,2 3.4
(12 )
(15) : ,
du Oq

6 ( )

5K 8a:) dupq OO

3 H] y
50 5 8D Sa,. dai 5b
o 6G2, ( 4
)
23
22 ,
1) & &
22 dudqg &6 o ¢,
ow 0D,
1
0D = kdw' (16)
O0bP=Kkdu + kdq + kb (17)
ki, ko , ks ke,
o w
: , foYo» , 0O
dw dw (1
2
St = 25w+ 25 =
m m
-00Dw-00085P (18)
0D =Kkdw" (18) ,
S
m m
(- 0.01- 0 0085k )0 w* (19)
ANi=-001- 0 008 5k (20)
kk =10.59, As;= -01,
th=7, 7
( 60
)
ow (1) 2



781

3 dw . (D

ou’ Xo/m' Xg/m't - g7 [0u
Oq| =| Milly Mqlly 0 ||dq] +
0 0 1 0 e
Xyl m _
M3/ 1|0 ¢ (21)
0
17 ,
_ ou'
0¢=[k k k]|Oq
0
(21) ,
ou’ ou’
0q| = HOq (22)
0 0
- 0. 006 0 - 001
E = 0. 130 - O 067 0 +
0 1 0
- 0. 005
-0063 [k ko k] (23)
0
E
AN +B’+8 +d=0 (24)

b=00732+0 0052k + 0 063 0ks (25)

¢ =0.0004 + 0. 000 3k:+ 0. 001 Oks + 0. 063 Oks

(26)

d=00013- 0 0063k + 0 0010ks (27)
(24)

. (25  (27)
ke ke ke ,
Ai2=-01+0 091i As = - 0 138(
th=7,
7 , ).
(25) (27) ke = - 0 876 2,k =4 279
ke =0. 657 1

0P = 10 59 w' (28)

d¢=-0876Du +4279Dq +0 657 DO
(29)

(2) 8a: Sas( 5D 50, Pas S

oa, dd; ,
00; = kO w’ (30)
00, = kd u" + kd g + kO (31)
23 (1) kk =3 14,
ko=7.768 9, ks = - 2 615 9 ke = - 0.946 4

) Ai2=-01%0091 A3z = - 0 138
Ais=-01 1 oa; od;

o0d da, o0,

o
2 4
(
)
Dudley  Hlington'*”
Ennos™®
QO = 14)
3
(1) , ® a,
¢
a:
(2) 3
, O d0,) dudg 00 3



782

28

Od( 0da;)

ow ,

[1]

[2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

5, P B By ) |
( 4 )

Hlington C P, van den Berg C, Willmott A P. Leading
edge vorticesininsect flight[J]. Nature, 1996, 347: 472-
473.

Dickinson M H, Lehman F O, Sane S P. Wing rotation
and the aerodynamic bass of insect flight[J]. Science,
1999, 284: 1954-1960.

Sun M, Tang J. Unsteady aerodynamic force generation
by a model fruit fly wing in flapping motion[J]. J Exp Bi-
ol , 2002, 205: 55-70.

Taylor G K, Thomas A L R. Dynamic flight stability in
the desert locust Schistocerca gregaria[J]. J Exp Biol ,
2003, 206: 2803-2829.

[31. ,2005 ,26(4) :385-391.
Sun M, Xiong Y. Biomimetic mechanics of micro-air vehi-
cles—dynemicsflight stability of a hovering honeybee[J].
Acta Aeronautica et Astronautica Snica,2005 ,26(4) :385
391. (in Chinese)
Sun M, Xiong Y. Dynamic flight stability of a hovering
bumblebee[J]. J Exp Biol , 2005, 208 : 447-459.

[C] . :2005 ,25-29.
Sun M ,Xiong Y. Dynamic flight stability of hovering in-
sects[C]  Proceekings of Chinese Conference of Mechan-

ics. Beijing,2005:25-29. (in Chinese)

Elington C P. The aerodynamicsof hoveringinsect flight.
II. Kinematics[J]. Phil Trans R Soc Lond B, 1984, 305:
41-78.

Dudey R, Hlington C P. Mechanics of forward flight in

bumblebees. Kinematics and morphology[J]. J Exp

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Biol , 1990, 148: 19-52.

Hlington C P. The novel aerodynamics of insect flight :
applications to micro-air vehicles[J]. J Exp Biol , 1999,
202: 3439-3448.

Sane S P, Dickinson M H. The control of flight force by a
flapping wing: lift and drag production[J]. J Exp Biol ,
2001, 204 : 2607-2626.

WuJ H, Sun M. Unsteady aerodynamic forces of a flap-
ping wing[J]. J Exp Biol , 2004, 207: 1137-1150.

Sun M, WuJ H. Aerodynamic force generation and power
requirementsin forward flight in afruit fly with modeled
wing motion[J]. J Exp Biol , 2003, 206: 3065 3083.
Bryson A E. Control of spacecrat and aircraft[M]. Prin-
ceton: Princeton University Press, 1994.

Dudley R, Hlington C P. Mechanics of forward flight in
bumblebees. I.
ol , 1990, 148: 19-52.

Ennos A R. The kinematics and aerodynamics of the free
flight of some diptera[J]. J Exp Biol , 1989, 142: 49-85.

Kinematics and morphology[J]. J Exp Bi-

(1976 - ) , ,

Tel :101-86565034

E-mail :buaawjh @buaa. edu. cn

(1978 - ) ,

E mail :akangk @163. com

(1955 - ) , ,

Email :m. sun @263. net



