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Flight mode analysis for stratospheric airships

YANG Yueneng, ZHENG Wei, YAN Ye, SHAO Hanbin
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract; The aerodynamic shape, overall design and operation principle of stratospheric airships are different from the conventional aircrafts

such as airplane and missile, and the flight mechanism. The dynamics characteristics of the stratospheric airship are different from the conventional

aircrafts. Therefore, the inherent mechanism and characteristics of the stratospheric airship need to be further investigated. The linearization

equations of motion for stratospheric airship were derived by using the “small disturbance” theory, which could be divided into longitudinal motion

and lateral-directional motion. The fight modes and mode parameters were defined, and an analytical method was proposed to analyze the flight

dynamics. Flight modes of the stratospheric airship were investigated based on eigenvalue and eigenvector of the state equations. Results show that

the longitudinal motion includes three modes: heave mode, surge mode and pendulum mode, whereas the lateral motion includes another three

modes: yaw mode, sideslip mode and roll oscillation mode.
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I 36z 2 [ 2 415 B 4 1) 20 ~ 100km 5 J3 22 (8]
(23 [N FEL, A0 1 RUAT 2 & 1 B s RAT i LA
FULR i 1) fo AR g B 22 8], S B = S AR
(AL o R AR VA R i, A Jnt il
A3 [ IALIZ A TRAL , FLRE A A IO A {1 B

BOSCH g3 00 2, M8 A5 TR K 56 T Y AR
AU WIS TR AT A A B R I L s ) X
BRI PATRR AL 55 10 KA T A, 15 RAT I A]
SR RPIRAES RN AT A, A
ERCPRZE CRE | s KA JE LSS s 75— 2K
P e EOMC R R DR Y VU i 2 e N Y i
FEEAT AT AR 55 HoH PR O DU
10 FH DA A i 3 2 18] QA T e B AR 1Y) 2T
Frhz—,

R AR SRR AR I TR T

«  YgFEEHA2014 —12 -24
EETA : 1K [ REEFE 4 BT H (11502288)

UHEHEDE R GEAIE ] R G S IR AT, KT
VETE-U 21 2 R A5/ 1) s 329 L, O 3R 7 e
FEATS5 W28 28 AT o Ui R Y A A
Jay T a3 S B CARB AR R T S 3 RS /AT
i, A LUT R S AME i 4 B Sl xos P e e
s FZUREEIF T AR SR B T g s (R Bt L
R RAT AR, B 2 2 TARRR 2 O (R
BRI IIE R . B S F R A
I RREAN R T RLSE AT AR B, 2
AW AT B T 24 W A R e — RO A A
MAEHL B, Mueller 25 4E 5 T 25 K AE (High
Altitude Airship, HAA) [ 3 J1 244880 BT/ i sh
SNk R T ELBF ST T R IR A R RR
PR SEEIE 1 BUE — 57 A 1) 3l ) 2 A )
U MES TS At Bz sl 5 R, I N )iz gk

YEE BN AHIREE(1984—) , 53 ARG RBFHL, UFI , i+, E-mail ; yangyueneng@ 163. com



.58 . B BE K 2= 2 i

537 &

FTTEE A HT A BLHFSE . Li Yuwen %S
T Skyship — 500 "W 3l 3 2R R 3 5 45 20K
KM T WER S SR, Sk (8] R
Newton-Euler J7 45 T e TR 975 [ B 30
TR SR AL Ak 7 5 Al Lyapunov F4 &
PEBIERTSE T RS SR E e, Eess UKL AY
I CAE AR LR 3l ) 2 R T 4, SR
SEALR LA J7 B 20 7 T 6 938 3 R 1 A
e,

RSOk R CRE S S R SR A
T e (BT R T AT RS 4 B A
FIATENLER 4 5 2 RGEHEARIBITE . FF XX — (]
B R A SR F /N B 7 S 4 B TR 2 T
HIRIEALIZ S0 72, BF R T B2 I i 254
7 5 008 3 5 3 BT bR 25 5 5 4 A {045
[, RGNS T 02 VR TS8R T
He— R R A 7E LB

1 FRETCRES N FEER

1.1 #HRREREHSHENX

W TR, E SCHTH AR PR o,x,y,2, FITRAL
BRF ox,y,2, " o BB B HUE CINF 0 K B
R=[x,y,z]"x,y,2 5350 Al o] A0 ] 08
EAOIRS s KSR 2 =[0,4,0]",0,¢,¢ 5
BRI S AR AL A FR e s R i v = [,
v,w] ', w 535 A A0 1 1 A
JE EE R w0 =[p,q,r]",p,q,r 530 AR
AR AL A1 T . CV, CG 53 3 0 F- i J= TG i

K1 Aebr R s s 2 ROR B
Fig.1 Coordinate frames and motion variables
L2 ZiEizzhriiE
I A TR U A G 3

JrRE AT REAL , ATARYA 1 LR A Bl R A
M) 2z Bl 7
L2.1 A& EiEs) iz

U = CRE G 1) £ 1 s B Oy R AT 3R
iV R

Mx, =Ax, +Bu, (1)

Kex, =[u,w,q,0]" FREM R0, =[T,v,
8. 1" MFEhlm i, 8, NEBUKTHE, T AR e 3 4
HRN v BHET IR %042, THZ B H A

m+my, 0 mz 0
0 m +my, mx, 0
M, = (2)
mz -mx, [ +mgy 0
0 0 0 1
X, X, X, X,
Z, Z, Z, Z,
A, = (3)
M, M, M, M,
o o0 1 0
X X, X,
Z, Z,6 Zs
B, = (4)
MT Mv MS
0O 0 0

Hpr X, Z, M (i=u,w,q,0,T,v,8,) 535 A il i1
T3 T ELT5 1) 3 LA AR A T3 HE S G\ ) 3z Bl 2 R
PR SR

X (D) S PHA R e M, 711

X, =Xltxl‘ +B1,u/, (5>
=,
Xu Xu: Xq Xt9
_ 1 Z, Z, Z, Z,
A =M, A =| _ = I (6)
M, M, Mq Ma
0 0 1 0
XT XU 734,
_ ZT Zv ZB
B, =M'B,=| " ” (7)
M, M, M,
0 0 0

1.2.2 #Ms&EiEsh s 42
V3t AR ) S i By R RN O
Mxs =Agxs + Bgug (8)
KXexg=[v,p,r,d]" HRE & ug = [0,8,]"
I &, 6, MR MG, u HIETI KRS
x,0,z, T Z A IS o

m+my,  —mzg mx 0
-mz, I +my, -1, 0
M; = (9)
mx -1, I +mg O
0 0 0 1



w41 PARAE . 5 PR U GRS AT +59-
YooY, v, o, )T BAFE A
L L, L L, Ay =)y (16)
Ay NN W, OV e & ke A RORHE G, v SR A AT
0 0 1 0 A ARFAE ] 5
Y, Y, Hi5((16) Al 45 :
Lo, (AE-A)v =0 (17)
B = N“ N (1) 3, E Oy n de I
N B (1T) 7423 T, U A7 LA 45 G 0 2

Hd Y, L N (Gi=v,p,ry b, 8,) 400 9 M g |
TR 1A LA B A e 3 FERS RN 1 38 2l 2 HORn 4
EEIE S G

X (8) 5 W Rl Ao Mg, AT

X, =Ax; +Bug (12)
X,

Y, Yp Y, Y¢
Lo oL o
Ag=M; Ag=| (13)

N, Np N, Nd)

O 0 1 O

?H ?3,

_ L, L
BszMs_lBsz :L 75, (14)
NP- Nﬂr
0 O

2 WESHAE

F 3 8liz gl 48 7 T il AT T4 5%
PER AL B S S WA B 5 | B A4 3z 3l
TERCY b, B e shis s oy /M shia 3 7 f i) 55
PO AR FVMESF TR, W E, Ak
Peshizzhoh AEZ BB G iz s, B
P Bhiz gh e 1 R T iz Bl Y A Ry
PN R, BT DA 2 AR Ak Eis
SR HAE S RRE
2.1 $HEERFHE@E
FAE(H SR ] 2 B P 3his gl v i i 2
AURFHES, FE g T LSt A 40 3has s il — etk
it FHE(E R E B B shiz sh ks Koz shia e
P FFAE R IR E #5128 S LS P %08 S 2 40A TR]
AR (B LU ARRAL 22 , AT ERGE T 4z s B2 iz
BEAR M ERER
X5 A A hE S, -2 A IR S
TR IR
X = Ax
{x(O) =X, (%)
T n 4ET7 8 A Fln 43 i v = [v, v, -

JszAL:
IAE-A|=0 (18)
G o) FIRE N 1) R Bz shlidk Sy 4 B AR S
Dy RERS X TR A, (1 =1,2,3,4) BYERAE 7]
=
vi=[A ) L)L) ()] (19)
(A S fa (A) HHRFEFEFE (A E - A) 1Y)
Fe—171 4 MBR T
FAER R v, (i=1,2,3,4) A LLIER R -
. [ﬁm) LA () I]T
RGN AC RN AC N
BRHIEIE A, SR80 MR IE R B & TR
SR, AT E R RS A R A, D B )
FRIEJR 2% TC 2R 0 Oy S 50, e i G BB AT e
EL AR 2227 o
2.2 EERESBSH
ARV RFAE R L 4 3l iz 3h i 28 BUAS [] , i
— SRR AE (B B — X S BRI (B AR R A —
HAGE LS, FROBEA o AN (T X
IR 1B S 2P B, A AR TP 2 A Y
LA RGN BB 5 R MR
HERFIE T AT IR R
A +2éw, A + o) =0 (21)
K, & 0, 53510 ZERIBHE L ATCRHE A #ik
(21 X B3R5 T RN
k¥ +2éw, % +wx =0 (22)
(22) ATLATEZG 7€ 2(0) , 2 (0) BB 45144 T i
Frokf.
K (21) BYFHEAR Ny -
Aio= —éw, xio /1 -ELy+io0  (23)
A0 (23) WA, A LB — X R AR, B0l
P SEAR
K(22) g N -
x(t) =X, eM + X, e (24)
Horr, X, X, IR 254 «(0) ,4(0) B .

(20)



- 60 - B BE K 2= 2 i

537 &

= (24) R, 24 Ay o RS SEARIE 0 () 1Y
BHAA BRI Z &M, 4 A, —
X LB AR, W (24) W] 3R -

x(1) =2|X, |e"cos(wt +¢) (25)

b AR X R B AR D, @ o« (0), 5 (0)
i€ o

WA S 80 L

D) 22 1, BB BRI ] 0, 0 2P 0, F 3R
THRIZ IS HOE B IR — 2 (B
S0 Bt I ] 5 A W N ] o, 3R 1RSI Bh 24
AL BT IR AR P A (2SR HO) e I Ta] o iy
X (25) ArAs B Ies, WA

e/\tl/z :% ﬁ enfl/z :%
SR AR A
In2 . In2
by, = _nT ﬁ L= =
n
MRS R, WA
- R
A 7

D IRGIR o S To X THRE BB,
WA w (vad/s) 75 B I 18] Y B 9% 57 UK, T 30
T(s) Fmndicig— T e . gis(23) il

w=w, «/1—.52
polm_ o 2m
O w, V1 —fz

3)FEMINIRGIRELN, 0 FREMINRZ K
N, , FHRGRSHAR SR Z AR KRN, ,
(BB, U 275 4R ¥ 49 38 vy s3I 3 BELJE 3 /)
i AT AR
y o Zhe 2 /1-¢
2T 2mé
IR T RS MRS B E L, 1E T4
KL F T TR S R, XT 4 B
A I] (SR ] ) B8 Bl iz 3y 7, 2 AFEAR g —
X ICHEIZAR 1 £ i FIBADAF SR A5, A, BF,
iz s
x,(t) =Ae"cos(wt +¢,) +X; €™ +X, e

t

t

x,(t) =A,e"cos(wt + @, ) +X3,4e)‘3” +X4,46)‘4
BV L O VK /R L /AN T
B MR AEAR XS BB S AR & RS P )
RIMKAR (PRGEEIRME LG A, Ay e 0 A M
BL2Z @1 @s, oy FIEATABIS IR E LL ) Bk %
FREAR B IO A0 P R o

3 ERETCETRITES

3.1 HEEzhEss

UGS o B 58 kAT e s Z,, 2,
M, B AR /N, A 0] 3z Bl 4 45 AR 56 1 m] LA e
A -

Xu Xu' X([ X@
-~ 0 Z, Z, 0
A, = o (26)
0O M, M, M,
0 O 1 0
A, IR RIRE Z T
S _Xu _XL' _X]‘l _Xe
- 0 S _Zw _Zq 0
A, =det(sI -A,) = _ _ _
O _MAI S _Mq My
0 0 -1 s
~(s=X) (s =Z,)(s" =M,s —M,)
(27)

A, BB RURF AR -
=X, A =2, M WIO

WIEIN 1 2 2l YRR AR 2 (26) T3 Al 15
A, RS RAIE (R -
A= =0.022,, = =0.877,A,, = =0.072 + 0.097i,

HRIEIN1i32 2 J5 R B RS AL, AR G AE A 1]
BB N LT =R

D) WAABEES o FHIEME A, = X, X507 A RS
RIS, W0 2 (a) BT o AR SRRl 17 3 J5E
u FIE ARG T “ IR AT 317, BT ABRZ
RIS o TURFIEGE A, = X, PRBL T ol b i) i
B u SR AL 280 8 R B M TUE . I,
IRTMBES IR WA T, = - 1/X, BOR, R
Ao MRHARFE AR K A0 0 R AL 0 A v 45 < R AR
A, = - 0.022 B2 XL /D FHFAE(E A, =
-0. 87TTRIRBUFAEME A5, = —0.072 £0.097i 5L
HRAYZEXTE . DAL, Ay XS AR R TR A A 22 4 4
AR AR o Hh D 3 Al A0, il i i 52 0
HEAu iy WA A% R BORL A 3 120s 5 9 &=
8.9m/s, AL T IRIMBLA

2)IFUEZS . FHIEME A, = Z, XPRARLZS
PFUUEERS AN 2(b) Birw o IS FRME 3 1 1]
BB w AR w IR S B TR ELAAS KL
Al T ALK R DL, BT AR Z
PRUUREAS o JEMFIEAE A, = Z, PRBL T il /AT
LRI B 4w SUR B 224k, Z,, 8% g




WERAE, 55 FIZ I RATRES i $ 61 -

(a) IRIMBEAS
(a) Surge mode

~
Cr—-—-

(b) YIRS
(b) Heave mode

OF: =11 e
(c¢) Pendulum mode
K2 YmisaifidniEE
Fig.2 Modes of longitudinal motion

(B, FLFE A5 380 B A 38 g £ ) 3 K. PP S
B, A T, = -1/Z,, 1R
i Re AE FE [ %) OKG Bf RF AE (B 23 B AT A5 RRAE
Xy = —0. 877 4 X {38 K FHAEMH A, =
-0. 022 FNE HAFAEME A5, = —0.072 £ 0.097i 5
B AEXTEL . PRI, Ay XoF I ) 37 DTASE A Ry PR U
B, HE 3 A, I E T R Aw e
/NG, 2 40s JEYEE — 1. Sm/s  RAE T FEDL
B

3B FFEAE A5y =

R R SERU R, Xob RO 25 SR B A 2
() BN o RS FAL CREAERAM 7 7] 1) B F 428
B, 2 MBS . I RVRRAE(E A5, 1 FRE K
M, PRBL T R F R g 5 R A IRFABELJE
LM, R T S DER I MELE A, BT
R EO S OARES, B RO TROZ
B AR SR SR S BB AR T 1) R s
B M REZ AR AL, G 3 B, FRAE TR
o WENMSHEESHE 1

M, = /M. +4M, i
2

10
E ~ e T o SNSRI, S
3 HERTI
a 9 i i i i

0 20 40 60 80 100 120
0 T

4 TFIREZS ‘
B
< 4

i i i
0 20 40 60 80 100 120

Ag/(rad/s)

s o
=] =
5 o

AG/rad
=)
to

i i i i
20 40 60 80 100 120
Time/s

K3 iz shiZ oLt 4

Fig.3 Variables of longitudinal motion
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Fig.4 Mode of lateral motion of airship
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Fig.5 Variables of lateral motion
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