514 410 2 SIS S DA NI S S (14 Vol. 51 No. 10
2019410 JOURNAL OF HARBIN INSTITUTE OF TECHNOLOGY Oct. 2019

DOI:10. 11918/]j. issn. 0367-6234. 201807134

Kk RFETAE KB 1 F W0 B 53 1

FRM E AR, AL 2] FA)
(1. PERIE T R (YD) H2EBe, T4 I 5180555 2. B /RIE Tl K2 i K2#Be,
WA JRIEE 150001 5 3. B 3 kS H AR I B A58 & @ ol , B 5 100076)

B OB ARIEFERMAANEAZAEURBREN ARG LRI FAEN R UIE  ARAFAREFETEN .
A A M DR T 28 i 1B G OB B A R AR ARG R . AR RSB B O R AL R R AW A FERIK
BERYHFEB AT MG AR LB ENNEELRRNFHE 2 HATRE AT, & E 25 5N i B 7]t
SRERELASBAFARLES RRAARRG AR ARAXNA: LEEARRKERYIHARAEFEFEAN SHEH
HHAREERE RRENEH 2 ERBEAFEFEANER, HR AR RBERRGHETERF; RAIRG B ET R
B B ] H 4 A A A — N ok B 1A P A K B AR/ME, B S X e R B B R T R AR ARG ERE 10T R
., [7] e 5 A 2 €25 oy 1A 2 B IR R /A Am i 18] T DL 4 A 2R E AR G2 AT E B AR L o i )L a8 o xR R B R AT AR o A
i T2 o o O TM%«%E’JW%‘J?%%?&%%ﬁﬁ%%ﬁ?%% BATIR E A2 I M.

KR : RHRARS N # RGN REAMBRRG; ZHER

FESES: 0313.7 S'Cﬁﬂam.;\ﬂ: A XEHS: 0367 -6234(2019)10 - 0030 - 07

Stability and dynamic response analysis of space elevator
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Abstract; To demonstrate the operational safety of the equatorial space elevator system and the mechanism of the
influence of the climber moving on the system vibration characteristics, the stability of the system and the effect of
the climber moving with different acceleration time and deceleration time on the system residual oscillation were
studied. A rigid tether model with two-DOF was established by Lagrange method. The stability of the topological
equivalent linearization system based on the small oscillation angle assumption was analyzed at the equilibrium
point. Two parameters which are the time ratio of acceleration and deceleration phases with the cruise phase were
introduced to study the response of the system. Results show that the system had gradual stability characteristics at
the equilibrium point both inside and outside the equator plane under the condition of atmospheric damping. The
motion of the climber would cause the tether to oscillate in the equatorial plane, which was mainly caused by the
Coriolis force. There was always a minimum amplitude of system residual oscillation in-plane for the deceleration
time ratio, which is related to the acceleration time ratio. The amplitude of system residual oscillation could be
controlled in level of 10 ~*degree by optimizing the deceleration time ratio, and the simulation result indicated that
increasing the cruise speed and decreasing the acceleration time of the climber could shorten the time for the
climber to run to the target track. Optimizing the time ratio of acceleration and deceleration phases could suppress
the residual oscillation and improve the efficiency and economy of the system.

Keywords: space elevator system dynamics; oscillation suppression; stability; tethered system; space

transportation

KB RGN — BB IR S NI 2 AR R, B RFERZ B RSk T, R RS %
JRAS R ZE (IS R G, B AR KA SR ERs BRI RNk A R H TR A B M
AR KRB RGETT AR 25 ()4 R TUR I —Fipiik R B 2 ) 5 A SR 4 40 B g it
JEU, ﬁ L6 T A A A S
Edwards™® JE/NTI25 75 0 4o 1T 22 48 15317 18

Wi BEHI: 2018 -07 - 17

{’E%ﬁfl\ j:ﬂzﬁﬁﬁ( 1987—) R % ,@4_4]}{3”‘{/5'5, Tiﬁéﬁ*%lu\ \éﬂﬂ \¢%:‘}{—\:’: u&?&%?ﬁﬁ%nj T
TR (1965—) 5, #8% , tit2k S0 Jei - BN RS 2R 48 A ST [ N A0 ik A k. 7

BIEEE . LA, yhfan@ hit. edu. cn



5 10 3

FARIN, A KBS RGALENE LB )20 B - 31 -

Rt A, R 28 28 e M RN S B e i, BT
A v i T ST B R T AR R T R SR
() MR A BRI . g 24 o 4 2R S A AU BT LUAR 4 3
AR IIRIE A, O B R YRR
2 5B IS LU RIXE. Rt AR 22
R T WG R A R G5 B ) 2E W SRR, 2% T 4R
FEME S B b K 48 AR T AR S AR I P 4 R A
LB R 2 (K B0 7 W S L R 3 0 ) 45 5
M TIRZ EA 8 58 L. Hrp B R %
PEEIAN : Cohen &1 gt 57 — AN 5 25 I 4 48 4% 114
ARG WF5E T 2R C A% 1012 3l % 48 R 1 A 9 1a]
P35 A ) 4R35 , LA RORE U T 7 30 117 65 1 3 3
S ; Williams 2517 5% P w85 07 O 3 9 ot B2 18 25 e
Fhid PR R AL , RN H 28 R IR

M HRTRIBEE BARR R, 2 C S 112 3 R 58
Bl 2 m 1 A K 2 AR S A ] el R — B A Y
HOEENRGERE T —ERAERNISIE, R
Beletskii 25" BIFSE T KA ZR G5 2% 18 10 P9 25 15 R 4
R PR (H AR F {8 2, SGEE 1 1 P i3
T . LU, FRARE 1 % B TG 2 Y T pL Ak 4 il ]
DASCBRAM ) 2 G 5% A PR ¥, A Cohen 251 £ 43 #7
Fsp B 1 228 TC 2 %) i 3k B3 AR sk 3ok B3 sk [] A 45 1) R 1A
WA X B ELARTE sk | A7 3 3 2 ek B B X &R
AR M R S AR A .

RS IE DR TE KA FR GeAE 2% 38 1 P A RS A
TE DL S B 5 1432 Bl X 2R Ge 5k a4 32 R 41 ol B
ASCRAPAS I H J5 ik, 3 T — AN R 2 & W H
P ) NP 2 AR TR 6 /N R AR sl i, X L
N I LA 2R G0 1 1l A EA T RSO M T, B
S 5 AN RS T] H sk 3 s (8] G P AS S 8GR A 0 B
IR B BEX R G R AR AR IR T T SR

1 R ARG F

H1 T HENE &5 LK R T 0 AR B G 2 3ok
UEAT LAZ AT A5 B 23 F0 K TR L A, 2R 5E
AR TIPS 1 B 7. R TR B4 S5 i m, O T 48R
(A AR KN 1, R m, IS B AL d
M BENTAR R BT Iz 3. R R AR RS Ry, H
HEMEIE N .

HET AR TR AR AR Oy — xyz 2 3 AR A ]
Oy A TERE MR 2 B SRR, o Sl 2 A T LR A 1)
HNRZS 5y v R SO B AR TE - 1T, 7 1) 5 [
LT ) R ) 52 il Tl BT ARl 1, 5 vy B
WA TR SRR G TR EALE R A 0 (T N2 S
) B S T BB AR TR T AR IE R AN @
(HISMEShA) .

Bl FEXERFENMEETEE

Fig. 1 Rigid tether model of equatorial space elevator system
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Tab.1 Parameters of tether material

mEFKE ROEGER AREE i SO
I/km A,,/mm? v/(kg'm™3) E/GPa oo/ GPa
10° 10 1 300 1.000 60
o

dOos(°)s)

2 20 10 0 10 2025

0/(°)
(a) M3
10 ¢
_ost
T oof
S
3
o
05 F

J
1070 10 0 10 2025

o/(°)
(b) THSMES)
E2 %éﬁ*ﬁ(cl/M1 =5 Jl ,Cz/Ml =5 /Jz)
Phase diagram of system oscillation with the damping
J, and ¢,/M, =5./],

Fig. 2
coefficient ¢,/M, =5

)& (e,/M)* =4, =0, (e,/M,)> 4], =0, 1]

Hf”Eﬁ%%EME?WWﬂH%E@ﬁi*E,iT,mjﬁ%mE’J
RS 0 AR LA E T R (7 ) B il A b RS 1 5

3V (e, /M) =4], <0, (e,/M,)* =4], <0, 1]
FEIE D7 R B AR A 9 %o 7 £ S R By AL AR, AT R
FaoE £ AR LR E Iy R A B Z e Al AR 11 5

4) 5 ¢, =c, =0, MIRFAET7 R A AR Ry 9 X 52350
FRHPERA, , = =i /T haa= 20 /], REH
JCPHJE 250, 3 X AE L Il FUE L, B R G E %
SR R AR E W R R TR e 1.

FILL R B, S RH A R i R G AR S
FRIEAR , &L RS S IR R G FN S, B 525 S8R
TIRTE DL T LA R G0 5 I R Ge e s B As e
PERFAEAR R B B AR LR 5 48 BA W i A e PR AR AE

T
ik
¥ or
=
s
o
-1F
) i
2500 025 0 025 5.00
0/(°)
(a) TN
2 -~
1 -
s o
S
3
o _1 L
“500 025 500
<P/(°)
(b) T4MZES)

B3 Rs#EE(c,/M, =2./], ,¢;/M, =2./],)

Fig.3 Phase diagram of system oscillation with the damping
coefficient ¢,/M, =2 ./]J, and ¢,/M, =2 ./],

1.01

05
2 of
S
3 05F
=

-1.0

-1.0 -0.5 0 0.5 1.0
6/(°)
(2) A #3)

50r

251
2 of
S
3 25
=t

-5.0

-1.0 -
o/(°)
(b) THAMES)

B4 ZREHEE(c,/M, =2/5./], ,¢,/M, =2/5./],)

Fig.4  Phase diagram of system oscillation with the damping
coefficient ¢,/M, =2/5 /], and ¢,/ M, =2/5 /],



234 MR

T

e

A

n

g,
¥

=

K i 551 %

3 RG] F AT

—FBOR UL, 1 ICEENC &5 1 J5T ek LA S 2
WRAGIRARIRG , (HRX 5 25 ORI
A S5 SR AT AEA OR300 T — MR IE gt is
TS, P — Pl LU T B B sh P O i, A5
BLICAS 13z B % 5 G077 A 00 Bk A% IR 3 B4 52 )
/M.
3.1 BEREMETN
K B e 2% B3 sh o R GU i B4 sl i,
Hig gt d (1) %28 e, —RIEBL T, e X
BB HLE d(0) BFRIZA I NI B T, &
FILEE T, BB T, AnE] S R, e B, B
TR d (1) $2F 1E 5% 1 2855 1 16 A 2 508 Ay 3ok
v, TAENE B, d (¢) [F)RE $ B T 52 1t 28 52 ¥ i
M BABUEBIE Hy J5, WO E. MR d () 1
ol T A T A TR ).

d()h
L /—‘
Ha 7777777777 /
d()h 3
V2
T o — 7 ——T, %
Tac Tad
B S BEERRAYEE MM E

Fig.5 Velocity profile of climber

Bedrizshpy ikl ol 280 T, T, . T,
v, R L, HARIRAN
v

?"[1 —COS(%)] 0=<i<T,;

d(t) =dv,,T,<t<T,;

Uc Tr(t_TachTd)
7{1 —COS[—

st .
2 Td ] }5 Ta(: t Tad

(9)

BECERr i v LAt = (9) sy 3R 18, A T

ETHITSEH, 51 a Bl L £, = T,/T, 1

R [E] LY ke, = T/ T, VR A5 38 G5 0 107 1) B B

S0 BECAS B3k 1 #UIE Yz sh AL v] DL o 2
e Ty koo kg v, R H,y AR .

2H. (1 +k,, +k,)

Vel =779 +k, +k,

HK(9) . (10) HREITHEE R iz s A . andit

HEFRAL T IETFHRES, I v, > 05 M1 , 3R [FlH v, <O.

(10)

&6 735l T 2R IE a8 I HE R R IR T 28 R T T

% GEO i LI S )N GEO B R Ml R L, &

LRGN A FLR A ODE4S R 7 ik SK i R 40

N 17 R (6) 4RSI 1, B e as ) i &

KR BR BT 16 8 EE v, =40 m/s (Rl o, =
144 km/h) BRI EG by, = kg, = 1.

0.107

0.051

0

-0.05¢

-0.100

6/(°)

t/d

[ 39 [SSIF
oS o o O

d(t)/(m-s)

L ¢
(=

t/d

B 1/108(rad-s2)

E LV o o »

t/d
() BRI

El6 ZEREHZEBIRHNEX REHIFIT

Effect of a climber ascending from the bottom of the

Fig. 6
ribbon to the top on the space elevator

K6 T, WIHR I 20 R A &R G Ik e W) IR
fre, — HECERIT Mhiz 3, BHK SRR 51 R 5
o] — (5. 7EZEIEERIETHY T, B B, B 1 22
FER P R GE B I 12240 B A PR R (5 Bk B e T
AR ) , I B C I AOE 2. 7 2R AR IE TG T, B
SR RNANpABTSLIE ) IES N EVEPIN i 32 R
wr ] RGN I AR IR Sh AE 1 T 4R 80N, HETTA [0
ML BRI B S, I B R ) A IR R e
R ZEE. HEEAHFE ILIETH , R G REA N FH
PEA A RSB ZEMEES N GEO B IR 7] 4y i i
PG ICT L R, (H 2 R GE R 42 11 5 M sk A 5%
77 ) AR ] TETHHIR [0 B FH A SIS 1) T 3524 15.5 d,
RGN R AR IR AR 0. 024 6°. 7E1K 6 (a)
H, RGERYIR ARG WA LUE 1 R G AE 8 8 1N Y
BEN AN S d, I HARTCHUE T BN 4k A IR {E
DA S A2 ) Jo 50 AT T 0

BRARAR S 1 R 5 B E 45 1 BT I AT 32 LA



5 10 3

FARI, A5 KB RGURRE ME L B 1 RS 35

Ko BAREIIE = AT G, BT S804 ERRME. Wi
A BB EAEE A, B & RGR Y ks 107
JERG R EAIE T RGRE B k. (A2
R, BN IR G B4 R ILA Tk
SEEFEEAAE, WAL TR E TR R
. 5 R B3 i 22 B P RR D B /MR 355 A6 T
T B PR AR 1) o B AT T S SR, LAk
o= A B K I FR A IR 7 R
3.2 RIMELERKIRE S

SN B G R AR G R AN RS ), AR SCR
FHVRRE SR @ ER 0 I8 15 [B] b A 7 325 R S 0 R G ok
IR A R B . ZEIC AR N SE B R Lk, P RE
MO T HEFRZE 1.0, Jg k] B &y DL 0. 1 3K &
2.0, 2Eg L) v, = 40 m/s AYIKATE RS E GEO
HUIA. 5 B R E 7.8 .

0.107
& 008
b
& 006
&
1@ 0.04f
<&
& 0.0}

0 0.5 1.0 15 2.0
k

181
171
161
151

14r -~

J&Ft et a]/d
\

3F -
k =k,
B/MRGIRE
11, 05 1.0 15 20
kdc
(a) ZCIRIBITHE]
B 7 ZRGUmMNS5ZMEssm BEREEEAXER (v, =40 m/s)

Fig.7 Relationship between the response of the system and the

12 /4

—r—

time ratio of acceleration and deceleration

T8I T REIRARG AR e g5
ARy 3z i T 18] Fifr 2 TR 45 B0 i Dl S s ] L 22 ] 19 72 Ak
KA. T (a) AT A ), 38 RS € 5 0ol 15 1] L
ko BERE AT M R GEBR AR AR 10 5 W IR R LR AR AR
D PRI R ARAS Foe/IMEL, T) A 288 Q2% 1 Jom 3 s ] L D)
RAE T ZR G R ] LY A B G2 R BRI

SR O, T T RS ) I RE R AL AR I
I , 075 2% 0 WA D 1 02 5 14 1 [ -
0 B2 2. FLR i B U A ) 2 T 5 B M
TEBK 1 R 32 AT W B L 772 OB IS ) A/t
G A R R A 5, U R G0k AR
ST 2 — A/ N I . 398 28 2 o e
BFIE] H e, 7 B B 1 T L e, R TR HE R 25
AORELE , ARSI M 1] O 0 60 2851 11 7 (b) R T )
B i, BEAE T 2 AT B A e S B D S5 Dk
3o e 1) 77 7 B8 390 0 2R IV T D6 ok )
HA 2 SRR 88 54T R Bk, WA 7 28 Uk
R, LAk, = 0. 1 i), 1S5 A4 2 SR
VN ] L Ky, = 1. 1, F B 28 45 1O 5% A % 7% 6 i 12
70003 956°, J k,, =0. 1 B 5% , {FES 4 H e
THIH I3 24 2.8 d B ] 5 24 402 B i) B e, M
0. 1 K Z 1.0, FLRGIRT £ 0 (E U /MR
B AE (T 2 AR I B N2y 2 d.
M, A28 B RV 0 A0 JE 114, BR8]
Bt 4T

[ 8 44t T R SIS A T FE T 00 F R ik
AR A4 U (R 400 S0 R 0/ N e B 6 L %
SRS, b, B g 0. 1. 33 M 4, B8 T 28 6 A

0.040;

0035
50.030 F
520025
& 0.020¢
& o015}
X 0,010}

0,005}

v =40 m/s
-—-v=45m/s
----- v=50 m/s

16 1
15
2
= 47 o
E _
=4 3} P -7 v, =40 m/s
il o7 -——v=45m/s
12 - e v=50 m/s
- —— /MR GIRIE
1 . . ;s : ! ; i
05 1.0 15 20 25 30 35 40

kdc
(a) ZEICEFIZATI ]
B8 REZEECHEEEETREME (k, = 0.1)

Fig.8 System response under different cruise velocity



At

- 36 - MR

T

=4
/

551 4%

TR, A A 1 R G AR AR kR (HE R
el B 8] HG -t vl LA 7= A 10 70 R g Y B A AR Ay
PRGNSR, W 8 (a) 7. 224 1 A 3 J32 B
K, R T AT B A 00 ) 2550 Fr 5 8 1 28 T 2 il e s
B 5 7R3 e B 2 T ARt i 451, Rk
W MAIRMERE k3000 & 22, K 8(b) Hmf
VLA HAEARAS B R AR A I 5 T i B, 385 A e 253
PO T D4 2 s (i 1T )

4 % @

“a

1) ZET/IMA FEAR 5 R AR i 5 K86 R G dhi 3
SEN BRI RS, 2% R GV S AR e AR
NAESRTE 1T SN EAT A E AL

2) AL 2 M 3 Bra 2z T, 51 A
Jn I B 18] B (kA Ry, ) IF 8 AL, ATRE 2R G0k
RIRG TR 107 ~ 10 7 BE iR G B A, (R
WIE T /IMA BEBR 5 PR

3) X BEE s ol 1 18] LU (k. ) 9308 BT 6 O 3%
GEHRARARG A /IMEL, [R] IS o g [ e D) e 1
ZR G R AL P 1] LAY B

4) 1EBLE AR Ab T f AL I I 18] A, [ e 3 K
ST J3E Il N R E A5 R N TR] AT LS w5 R i
IR TRE.

%% Xk

[1] PEARSON J. The orbital tower: A spacecraft launcher using the
Earth’ s rotational energy[ J]. Acta Astronautica, 1975, 2(9/10) :
785. DOI:10.1016/0094 —5765(75)90021 -1

[2] IJIMA S. Helical microtubules of graphitic carbon [ J].
1991, 354(6348) : 56. DOI; 10.1038/354056a0

[3]COHEN S S, MISRA A K. Elastic oscillations of the space elevator
ribbon [ J]. Journal of Guidance, Control and Dyanmics, 2007,
30(6): 1711. DOI:10.2514/1.29010

[4] GASSEND B. Non-equatorial uniform-stress space elevators[ C ]//

Nature,

Proceeding of the 3rd Space Elevator Conference. Washington, DC:
[s.n. ], 2004

[5] WANG Zhenkun, FAN Yonghua, CUI Naigang, et al. Non-

equatorial space elevator design approach [ EB/OL]. (2018-08-30)
[ 2018-09-11 ]. http://journals. sagepub. com/doi/10. 1177/
0954410018797879. DOI:10. 1177/0123456789123456

[6 ] EDWARDS B C. Design and deployment of a space elevator[ J].
Acta Astronautica, 2000, 47 (10) . 735. DOI. 10. 1016/S0094 -
5765(00)00111 -9

(71T, &5, XINA, % RESEORUPFEERLT]. S50t
Kiz# A, 2015, 338(2) : 41
WANG Xiaowei, LU Yu, LIU Bingli, et al. Progress of study on the
space elevator technology[ J]. Missiles and Space Vehicles, 2015,
338(2): 41. DOI;10.7654/]. issn. 1004 —7182.20150210

[8]akerni, /NI, XA, 2. K6 RGIEmPLHIR[T]. &
SRS HAAR , 2016, 345(3) 5
ZHANG Puzhuo, WANG Xiaowei, LIU Bingli, et al. Preliminary
study on system indicators of the space elevator [ J]. Missiles and
Space Vehicles, 2016, 345(3) . 5. DOI:10. 7654/j. issn. 1004 —
7182.20160302

[OIRI-ER, Wik, MAEs. SR TR RGEIBRBHLI].
24, 1999, 20(3) 7
ZHU Renzhang, LEI Da, LIN Huabao. A sophisticated dynamical

AL

model of tethered satellite systems [ J]. Journal of Astronautics,
1997, 20(3) : 7. DOI.10.3321/]. issn:1000 - 1328. 1999. 03. 002
[10] WILLIAMS P, BLANKSBY C, YEO S.
effects in tethered aerocapture missions[ J].
Control, and Dynamics, 2003, 26 (4):. 643. DOI. 10. 2514/
2.5093
[11]WILLIAMS P, TRIVAILO P. Performance optimization for a towed-

Heating and modeling

Journal of Guidance,

cable system with attached wind sock [ J]. Journal of Guidance,
Control, and Dynamics, 2006, 29 (6): 1415. DOI; 10. 2514/
1.23875

[12 ] WILLIAMS P. Dynamic multibody modeling for tethered space
elevators[ J]. Acta Astronautica, 2009, 65(3/4): 399. DOI.:10.
1016/j. actaastro. 2008. 11. 016

[13]BELETSKII V V, IVANOV M B, OTSTAVNOV E I, et al. Model
problem of a space elevator[ J]. Cosmic Research, 2005, 43(2):
152. DOI.10. 1007/s10604 —005 - 0029 - 1

[14]COHEN S S, MISRA A K. The effect of climber transit on the

Acta Astronautica, 2009, 64 (5/6) .
538. DOI:10. 1016/]j. actaastro. 2008. 10. 003

[15] WILLIAMS P, OCKELS W. Climber motion optimization for the

Acta Astronautica, 2009, 66(9/10) .

1458. DOI:10. 1016/]. actaastro. 2009. 11. 003

(45

space elevator dynamics[ J .

tethered space elevator[ J ].

koo4r)



