EBABTE G O A B Hh 7 AR R 5T

Research on Spin-Axis Extension of Thin-Walled Open Cross-Section Beam

K J7 BB

Lt (L)



B

H X

BEE 1
Abstract 4
RER 9
FBI1E Fih 11
1.1 IL®iz 11
12 HFRER 11
12,1 WERY a5 bEEEY 11

122 A7 b—27 VAR K2 ERRBEHELR (SPINAR) - 13

123 FHEA 7 L—F 7 /VEEYORE L SPINAR D FTREME e 14

13 AXFRXD B &R 15
F2E HERBEWMERROBEETT VS 21
21 IIL®IC 21
22 ERRMEBERROET MUEHE 24
23 BEEMI»BEESIREYZIT 2 —ExFNERBENERO B BIFE AR
25

24 —IREE—WEBE BROKEFHEF L B8 27
241 BEFHERME 27

242 EEHRETICBIT2EL-FANFOEMOBEE e 28

243 EOER 29

25 BRBRMEEBROBMEXERE L EHORE 29
251 HiERBRIC X 32 EHIEEERE 29

252 BEMEXRFNT A—F Ot 30

253 ESHDOEE 31

26 KEDELD 31




B

BI3E —EPRERBRRTE 2 9 5 [EEE O R EAFT
3.1 1ICHIZ

32 fETFRE
32.1 EEHFEX

322 BREEAT

3.2.3 QGalerkin IEZFIR L= 2 ERHT

33 —ImEE—mEB#MOBEHES L ER

33.1 HEFERMLF

332 BEEMTIC X B EME.LENL

3.3.3  Galerkin {EX2F|FH L= ERZEME
334 ED-BAEF.OEBEORE

33.5 ANEEEORE

33.6 EBMRELRIBREI LAEE

34 —URRMEXFF—InE AEOREHES L BE

35 KEDE LD

FA4E —EpdFRERNBIBTERO R © B R RARNT
41 FLHIT

42 fEATFE

421 EEIHFEX

422 Galerkin JEEFI U= ZERHT R OBER S

43 —IRET—HREBROREFES L BE
431 EEHESH

432 HERENEILEEICEZDIHE

433 HENEEFBHEZERCEZLER

434 REBENREZ— TG CTERZER DRE B

435 FEESIZLIHAENEYE

44 —URRMEXF—UREBROREFES L ER

45 HBEDELD

il

47
47
48
48
50
50
52
52
52
53
53
54
54
54
55

67
67
68
68
70
72
72
72
73
74
74
75
75



B

FSE HREMEMRBRORRICEIT 3 EIERER 91
51 XLwic 91
52 BHnTy MCEAFHBE T COALVEANBEER e 92
521 ZEBREE 92
522 ARV UENESRT T & LTO SPINAR (EVMR-ANT-1/3) - 93
523 FALYV—FUREE=F ) T HE 94
524 RAEBRERLEER 95
525 BAlnry FEBRELD 96
53 MZEBIZLOIMNENBRET CORECVMBAHRER e 97
53.1 EREE 97
532 ZERFE 97
533 ERFERLEBE 100
534 AV UEFRIEREOBIMNEEE DTN 102
535 MIZEHEERT LD 102
54 KEDELD 103
FE6E fimm 119
ZE IR 122
e 134

1ii



HEAEEL, BETHEEVWIFEALD, MERCTFHERE AL TEMBKICL
SAVWLRTWS., LA, EEEgRoEhs LTANLNTWEDIX, TEZ
LEAFERMNIELA L THY, BARKER, BIEIHBENEEE TR
TIZEAERANLRTVARY., Zhil, BREKNERY, PEROBRANER
AT - BEOSTRFITHY, £z, BEBRICK > TIELEEART
FORKRE BN, BITERUY ZERIYE, ZHELIVEHECTINGTHD
LEZOND. BARNEROBNEECET S INE TORRIL, FEERK
VHERBBEORBREICRONTRY, EEER, XLITIXA Y UEHRRRERIC
DWVWTOFEILREN TRV, UL, FHEEROBRELNRESBLRDOLNT
WL 2T, BRBEXILICHABMERL TN bDEEZDND.

AL OPFEE R E LT, B, MATEEATFENEHERESETERS
WFFRATIC TR EIRE K B 2 5HE SCOPE (cross-Scale COupling in Plasma universE)
B yya VREICET TRE SN TWA. SCOPE #HETIE, BHEAE V#5H
WHBROBET VT IFRUETHY, AVVEERRENLLBZT VT THEE
O E DB LWEIRISREND, A 7 L—F 7V EFRIC L 2 EABEEE
Z- SPINAR (SPace INflatable Actuated Rod) & B HF ThH 5. Z DF B &% SCOPE
WECTERTH-0IIL, EABRKEHERD SCOPE HEER Z18E L I A#T
L TBILERDD.

ARFZeo BHOIE, EHREMERZOR VS ABEROBINEE LA S NICT S
T ThBH. AHRXIT, HBEREWEROEEETY S, —EdPERBRNE %
45 A DL EMRENT, —EIPRERRITER O R v U S B RAENT, EW
BRWrE MR R ORI T 5 EERRIZ OV TR TVNS.

9, BREMERLEREL LTHRY, EEEORZERIT & X v a5 {H
BATCAWA DML LT, B ETORBRBRERNOBEET VY /T
A FEIZ DN TR, %Ex&/ﬁﬁﬁ@%ﬁL%&Lfﬁgﬁﬁkﬁff%
% EABETE SRR O, SCOPE BELEBMETRE LT 21T 5 720, AR
ﬁ%%%@@@%%—%&H%ﬁ%@%%0~%%ﬁiﬁ~%Em%u%?»m



=E

L. AERFEII—#FERREO—ETHY, —RER—E R
BrERIZOWT, BEEHE»BESEEZZ T AROMITERT Y DB HIESERH
%, Viasov T L BEM4EHERS & D’ Alembert DJFEEE L -, = OFEBERZ AW
c—UnEE IR EH HROKEHEA LY, —ENEARNER CIIELEE ¥
AR DD AR —EBE2ZBR LI REBITSKETHD L, ROESIEENE
FREBBICEZDHELHOMNI Lz, £, —MEEE e AR OMMEX
FNRTA—LZ %, HECTEEFHBREICHS L EOEFRINERELHETE
HEIWRE L. ZO—IEEMERE—iEE BRI OV TREMEIT 21T\, SCOPE
WETUELINDIRE Sm TlIt ERBRICBITZENOEELER T RN
LERLTE.

RIZ, BEHFET NV EEGEMEE~LET 272012, RELZEFO—EH
EH BT 2 F 3 5 EEREHZ OV VT, Hamilton DRI X 0 EBFREA L EH L,
BHERR OCBNRESEZHET 2 FELE N, ZOFER2 AV —HEE—
i E HEIOKERES L, AERE, GREE, REL, BOEFE, ROEER
EERBOBREZEOMNI Lz, o, —aidPrENENE 2 E 3+ 2 EiEiE T
%, BELEEAMFLOR—EKICER L - REZEIREID, b2 AEERR TR
5L, RUONHBENSFEETIHEICIE, | ROBREE LY KX WAFRET
BEICBRRLEICRDZ 2R L. BABKEMHERD SCOPE #HEEKH %
TBE Ll — Ut —im B R8O EFH BB LV, SCOPE HEDER AL L
— M TIX, EEFEERSGEIGERARA L L— RV ENLOOBHEETH S
ZEEERLE.

EHIZ, —HPRERNBENEEZE T 2 EEGEOET L EREIE, —ahxihE
PIBRBTEIR D R ¥ 8 R R AT 21T o /2. BEBINEEIC X 285 mANRD
BT LR VICHERFEALE LTEELZRIITHOL L, —EFRERBIMERD
A BT AEERRFOMEIT & U OEEHEX%E, Hamilton OJFERIC L Y HEH
L7z, & L CGEBIHERE Galerkin H5IZ XV BERUL L, BROREMEZ TS FiE
ZEWZ. ZOFEZAVE—IEEE—HE BROKEHES LD, NEEES
FELRWEAIT, EEREHRRIEL- AT OERECAY L— MZEbL
THRIZBHARLZETHDZ L &, NEBEIFEETVIBRHEEIC 2 2 HERE
FERFETHZLER L. BERMEEOEEBIZOVWTERL, ENBEINE
BElZXo TBRNARREICRDFIBEEEMRILIEETH S Z L 2 HEHERR
WEORLE. £, BEBRTROADHBINEEIISNLEERICEREL 5 X



Ca= ]

BWZ &AL, &b, BEb L ES R 2 EERES L, BENENE
HRETROBEISERBNARE 222 R L. ENRAMRMARRD
SCOPE HE#E# 2 E L/c —ImaMEF— i B HREOKESEFA LY, MEFIC
BHAREE L RDBENRONTD, ZOBEITIIREEDESVI/NESL AR
RFfR T 5728, MBRZOBESEREICKE ZEEIIALNT, HXERNE
VENERTHDZ ENGhoT-.

REIZ, SPINAR OFRZRIZBITA2ELERBR L LT, Bllury MIXDFEHER
BETTOACVENBERERL, MBI 2MINENRET COX Y U E#HR
HERERZER L. BRIosy NERTIX, BEBFABAEVEATHY,
SCOPEEE TITH) A VB M L IXR 258, FHERET TOL V7 L—F T )V
BMETEELEZ. £, MEHERTIE, WINEHNBET TORY VESRHR
ZEIEL, EFEEYOBREEZITE L. AR CEWBTFEEZ A, X
ErEMAFBRERICRT S, BNEEEOFMEIToE 25, BERFKRUE
BRRIZEBWT, SPINARIZEROEFE CEREICIRETHZ L 2R TE =,

UEDX ST, FFETIE, —sxiHERENEL2AE S 5 EEiOMTFiEE
BHL, BNREREFASDLFEEZTRTE LI, SOCEGHIMBET HE
WCETEATE DX O2IRL T, BHRBKERO R v 5 MR OEIRIEE %
Ao L7, AV CVESREROBRESIC, BREKEOEETT VEAWVD
ZENHBRPROMEREOBNREMRZHETILDICEETHY, BMEEROBE
BISERSZ EENICFMM T2 Z L AFTMETHEIZ & HRLE.



Abstract

Abstract

Thin-walled structures have been widely used in industrial machineries containing
aircrafts and spacecrafts for their light weight, high rigidity, and high strength. In rotating
machineries, however, most shafts are of thin-walled closed cross-section beams or solid
beams while thin-walled open cross-section shafts, especially those having no
symmetrical axis, are rarely used. One possible reason for this is that thin-walled open
cross-section beams are disadvantageous in rigidity and strength compared with the other
beams and the distance between the centroid axis and the shear-center axis makes flexural
vibration and torsional vibration coupled, which leads dynamic behavior more
complicated. Although many studies on dynamic behavior of thin-walled open
cross-section beams have been done, spin-axis extension dynamics and even rotor
dynamics of such beams have not been investigated before. The purpose of this study is to
analyze structural dynamics of spin-axis extension of thin-walled open cross-section
beams.

The spin-axis extension of a beam is a combination of two motions: one is rotation
around the longitudinal axis, the other is axial extension. As for rotation without extension,
the shaft is usually supposed to have an equally circular or rectangular cross-section in
which the centroid and the shear-center coincide, and flexural vibrations and torsional
vibrations can be analyzed separately. For the shaft of thin-walled open cross-section,
however, flexural-torsional coupling must be considered, because the two axes do not
always coincide. On the other hand, the dynamic problems of axially moving material
systems which are extensions or contractions, have been investigated by many researchers
in vibration problems such as band saws, papers, tapes, belts, robot arms, and space
tethers. Actually, there have been many satellites that mount deployable masts and wire
antennas which can be regarded as axially-moving materials. However, most of these
structures, especially thin-walled open cross-section beams, extend in a spin-plane or
without rotation, not along the spin-axis.

As the background of this study, a future scientific program to observe
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magnetosphere phenomena around the Earth, SCOPE (cross-Scale COupling in Plasma
universE), is under consideration at the Institute of Space and Astronautical Science
(ISAS), the Japan Aerospace Exploration Agency (JAXA). In SCOPE program,
spin-stabilized satellites need two 5-m dipole antennas which extend along a spin-axis
from a stored condition. The antennas need a deployment function, because they cannot
use centrifugal force to deploy from the stored condition. And they must satisfy severe
requirements for structural properties such as weight and rigidity to avoid unstable
whirling coupled with satellite attitude, because the satellites are small compared to the
length of the antenna. Thus, a newly conceptive extendible thin-walled open cross-section
beam actuated by inflatable structure, Space Inflatable Actuated Rod (SPINAR), has been
developed. SPINAR mainly consists of a storable thin-walled open cross-section beam,
an inflatable tube, and storage instruments. The beam’s extension is actuated by the
inflatable tube driven by gas. While the beam keeps its own rigidity during and after
extension, the inflatable tube does not need it. This mechanism is very simple and suitable
for a spin-axis extendible antenna. To make this new conceptive structure come true, it is
necessary to establish how to analyze spin-axis extension dynamics of thin-walled open
cross-section beams and evaluate the feasibility of the beam assuming that the beam is
mounted on SCOPE satellites.

This paper mainly consists of 4 parts: structural modeling of a thin-walled open
cross-section beam, stability analysis of a rotating shaft with a thin-walled open
cross-section having one symmetrical axis, analysis of spin-axis extension of a
thin-walled open cross-section beam having one symmetrical axis, and two
demonstrations of an extendible thin-walled open cross-section beam.

First, this paper describes structural modeling of a thin-walled open cross-section
beam. As a preparation to analyze rotor dynamics and spin-axis extension dynamics, a
method to make a distributed mathematical model of a thin-walled open cross-section
beam from ground vibration test is shown here. Since large space structures are flexible in
many cases, structural properties such as shapes and natural frequencies change in space
or on the ground due to gravity. Nevertheless, usually it is difficult to perform structural
test under no-gravity or micro-gravity, so it is hopeful to contain gravity effect in
mathematical model. In this study, SPINAR is modeled as an elastically supported

uniform circular open cross-section beam. This cross-section is one of many thin-walled
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open cross-sections having one symmetrical axis. In this study, therefore, the object of
thin-walled open cross-section beam is generalized to one having one symmetrical axis
whose cross-section is modeled that the centroid and the shear-center are located on the
symmetrical axis. Based on Vlasov’s beam theory and D’Alembert’s principle, the
governing equations of free vibrations for a thin-walled open cross-section beam having
one symmetrical axis suffering self-compression or self-tension due to gravity are derived.
The derived equations consist of three equations, and two of them are flexural-torsional
equations coupled by the distance between the centroid and the shear-center. Numerical
calculations using these equations for fixed-free beams indicate that the distance between
the centroid and the shear-center needs to be considered for the beam and the gravity
effect on natural frequencies was investigated. The governing equations are applied for
SPINAR to model as an elastically supported beam. The elastically supported parameters
were estimated to match with experimental natural frequencies under self-compression on
the ground. Numerical calculations for the elastically supported beam with and without
gravity indicated that the gravity effect is no negligible in 5 m which is full extended
length of spin-axis antenna of SCOPE satellites.

Next, this paper describes stability analysis of a rotating shaft with a thin-walled
open cross-section having one symmetrical axis. The government equations of motion for
a uniform shaft rotating at a constant angular velocity having mass eccentricities are
derived based on Vlasov’s beam theory and Hamilton’s principle. Then, methods to
estimate static deflections and dynamic stability are derived. Numerical calculations using
the methods for fixed-free shafts unveiled the relationship among angular velocities,
critical speeds, mass eccentricities, static deflections, and natural frequencies during
rotation. Also, it was found that the distance between the centroid and the shear-center
contributes to the dynamic instability in certain angular velocity ranges. Comparing the
results with and without viscous dissipation as internal damping, we found that if there is
internal damping, the system is dynamically unstable at angular velocities over the 1st
critical speed. An application of the methods to the elastically supported shaft indicated
that it is dynamically stable at the operational spin-rate of SCOPE satellites.

Moreover, this paper describes analysis of spin-axis extension of a thin-walled open
cross-section beam having one symmetrical axis. The effect of axial force due to

extension acceleration is added to flexure and torsion as non-conservative forces, and the
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governing equations of motion for a spin-axis extending beam of a thin-walled open
cross-section having one symmetrical axis are derived based on Vlasov’s beam theory and
Hamilton’s principle. After discretization of the derived equation using Galerkin’s method,
a method to investigate dynamic stability is derived. Numerical calculations using the
method indicated that, if there is no viscous dissipation as internal damping, a beam
extending at a constant velocity is dynamically unstable independent of the distance
between the centroid and the shear-center and the spin-rate. However, if there is internal
damping, dynamically stable region exists. Inspecting the effect of extension acceleration,
we found that if it becomes dynamically unstable due to positive acceleration, which can
be considered as the beginning of extension, buckling behavior occurs due to
self-compression. And we found that negative acceleration, which can be considered as
the end of extension, does not have a bad effect on dynamic stability. Conducting
numerical integration of discretized governing equations, we found that fast extension
leads to a large transient response. An application of the methods to an elastically
supported beam was conducted. From the result of an index value which was introduced
to evaluate dynamic stability, dynamic instability was seen during extension in a certain
extension time history. However, because the index value was small and the duration of
dynamic instability is finite, unstable effect cannot be seen and the maximum deflection is
finite in the beam.

Moreover, this paper describes two demonstration tests of the newly conceptive
extendible thin-walled open cross-section beam: one is an extension in space, the other is
a spin-axis extension under micro-gravity environment. The extension test in space was
conducted using a sounding rocket which mounted SPINAR as a practical application to
observe electrical fields. Although the direction of extension was in a spin-plane, it was a
good opportunity to demonstrate inflatable extension in space. Successfully, the beam
extended in space and fulfilled a function as a scientific antenna. The spin-axis extension
test was conducted using airplane parabolic flights. In various spin-axis extension
parameters, a prototype of SPINAR smoothly extended under micro-gravity environment
and basic characteristics of spin-axis extension could be acquired. Dynamic stability of
experimental results during and after extension could be checked by the analytical
methods derived in this study.

As mentioned above, in this study, an analytical method for a rotating shaft with a
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thin-walled open cross-section having one symmetrical axis was developed, a method to
evaluate dynamic stability of the shaft was shown, and dynamic behavior of spin-axis
extension beam was illustrated. In order to apply thin-walled open cross-section beams to
space structures, effect of gravity is ineligible in development tests because of structural
flexibility and size. As for dynamic behavior of spin-axis extension, it is important to use
an appropriate structural model. Also, this study indicated that it is possible to evaluate
the transient response after extension. Since it is considered that, in the future, thin-walled
beams will be used widely in space increasingly, analytical methods, which can analyze

rotor dynamics and spin-axis extension dynamics, derived here will be very useful tools.
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ZEbhRDOENDTD, HNEERFERICE L RDZENTFERINDG. £,
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TWT, A VEHMMET V7T OIIEERIca 7 M TRIThEIZR b2
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122 A7 L—2ITNWVARKICKZERNEEEHEBERESR (SPINAR)

AIRDO L O BRERDOH &, SCOPEFHEZEBHIEHHDELT, BE, 17
L—Z 7 NVHERIT X 2 A BN E B2 SPINAR (SPace INflatable Actuated Rod)
75 ISAS/JAXA % FLNZBEZE I TV A[21-23]. SPINAR OE&RK#X 1.3 12, f#
BEZ23m OREGDEEX#K 1.4 1Z7~7. SPINAR OEARHZ2ERGIL, FiR
RICER e 2 BRRNEE, K 15 IR TA V7 L—F 70 Fa—7, RO
WREE THD. M 14 128V, BARKERITI RSV #EEIZL Y ERIR
BEREFESN, AT V—FT7NFa—T7%F L LTUAPHA+FERISEZN T
5. HEARWER THIZRAWRETIMY — g Tn5s. A7 1L—%
TNF 2 —T I 3HE LIRETRIZM SN TW5., FRAR—RL VT REZEA
THE, A VT V—FTNFa—TNEARMERNET CHERET DT, ¥
RBABTEEII+FU A Y24 LFELHESh, BB+, BMERCRBWT, #EHHE
W RIXEREA 20 mm D RFFHE =D ESH 52, 1m%Y 8.12g Th
B. e, AT Vv—FTNFa—TFRIA LT 4 VBT, 1m%Y082gT
®%. SPINAR AEMDIET 2 SR EEIT 1 kgBETHB.

COERBMEHERRIL, BEROLNZRETROTAIILEREZIOND
e, TOMBRREBIIRD XS BCMBADEL. 0k > RMEERFIEALED
® & LT, STEM (Storable Tubular Extendible Member)[24, 25]%° Bi-STEM [26],
REABTEEZ D5 L TEL b DR7-29], RENDHD. TNOITERYY, &BH
B b2 2 b DREMThH o7, WETIIBLRM, BHBE, SEE A &
LREEHEORINOEAMERHVDOND X 51272V, BE, MEERL &
WCEFITHIZEE STV S[30-34]. ZD722>TH SPINAR 13, EPIBENTEZ A =t
BIEEM THDREL, AV T L—FTNVBERETI ANELE-TND. Shf
YEEIHIIFERICEETH Y, RYIHE OTRE TRV B LEROMmHEIC
BNT5. E7, SPINAR IHIHHEOBEE CEOMREMATHY, (1
V—Z TN HRICE - THBREELHIET S Z L R8T EETHS. 0oL, &
BTS2 RAVD Z LITH, BN EMCRELNTRETHY, EEEREL
T5.
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FB1E K

SPINAR I, HBEE, S, HIWHETH D7), SCOPEEHED A L i
FEEREE ORI EREW TN TE S, E/z, SPINAR T4 7
L— & TNAAEED—BTHD. ZORIZONWT, FHA V7 L—F T NEEY
DFRFE L SPINAR DO FRIAEMEZ REI TS,

123 FHA U IL—42 JILiEEYDIER-E & SPINAR O A[REMH

FHA LT L— X TVEEMDOBELEBE TS, A7 L—Z T VEENDOF
BRI & D AT, 1960 FEi123TH _EiF 72 kE @ ECHO HES R TH DL &
% 5[35,36]. ECHO #Ei3, Bl L CTEZ30.5Sm OB 7L Z2REL, &
WBEERPITo. T 1980 ERIZNT T, £ 7 L—F T VHEEHFROD
FHEAT— 3 VTR, Bl KEEM[IRE, 47 L—F T NVEEYEF
AL TEADOFTEHE Y AT LAOFFENTESR & 72 o 12[39-44]. 1980 FERH 5 1T HEE
DEEHM OMBIBEIRITHE, EENREAXORNBPRENTEE.

1996 £E1Z1%, NASA 231 v 7 L—& TNV T7 78R IAE (Inflatable Antenna
Experiment) ¥ 4T - 72[45]. Zhid, &TA v 7 L—& T UEEYD» b2 DREN
Y774 (BERE1Sm) &3ADKE (BSH28 m) %, EHELTEHE
NORESEDZERTHY, BREE6 kg, W1 REBEDS V7L —FT L
BEMMNIE LABEOY 7L 7 ¥R BR LD 81X, FHA V7 L—F TNAEE
MOEBROAREMZ R L2 & TREEHHN TH oz, FLIDERICIY, i
D BLFECEBOEIEEE, BUINBERT 7Y OB R & ORHMTRIZRE S
HEG AN, HOBEEMBU6RE T EOEM2ED TFHRA T L —F TV
S ORI o1, —F, BERIRL VI ETFHA V7 L—F TR
B OF SRS REBINEH L HD. FITNASA BRERED——DF
EERRI R T Ny 7R AWVWEZ L ThHSD. NASA Tid EETHRERLE VI
2 L—ya vEBAL, FRABECEEER LLERSMOEREXY, Bk
1% 3 EIRRZH L 72[47].

A LT L— & TVEEYITERER, BIURE, Ea R b, B
B BFIENRE L, THE RSN /INREER Y — T —7 LA 48R KRR
ZAREDTT 1L = /L[49, 50172 E IS RERIIIER AV, L LFEHA V7 b
27 \AEYEYIE, ECHO EREGE, KAFH AT MIFNRBELNLB/HS
NTWABIZHEDLLT, ERAICE>TWADRIK DTN THIDREIRTH
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B1E K

3. Zhu, EEEOBVIRFECREFE, BRZOBRKEOIZDOEL
B, FOREIEET, MEERESER Y, BRITNEFEEPIEINTHDHI LN
ERTHD. iz, FHEA L7 L—FTNVEEYO L 5 RREFTEEHIL, #
FEREBRCHEEENE S KE, FHETEOEELBRONTNT, ZOZLbERED
FTTWBRERTHD. FHA L7 L—F TVEEYOEROTZHITIE, EVKR
BESCEMERATSEL LRVEBENERAS 2 b 01 b EELES, AROR
B —o— 2R LTV ZENEETHD.

PED XS REBANDT S L, SPINAR OfEEF R OMBEESOWEILEITHNR
BETHAIEBARKERZIZTED, (V7 L— ¥ T ANFa—TRMET 7F=
T—& L LT LDBANTWRNZH, SPINAR [IHBHERESGRFH A 7V
— B TNEEM THD &2 B, £z, SPINAR X7 7+ & LTOFIRIETT
1372, BE - BAMEO—KRTHBEHM & L THRIA TS DR LD TV D.
ISAS/TAXA 2R IT 5 5F32 D A EREEBEICBW TS SPINAR ZEEER & Lo
EX U BB EN TV 3[51]. SPINAR % SCOPE FEICTREHICERTLHZ L
1X, KBREZORBOAZRRLT, [JRAELRFEH A V7 L—F T NVEEH DY
RIZEBRT DI LN TE 5.

1.3 FiwmX DB EER

INETRRCEEEREOL L, BRENEEBRREAC VELGFEERT V7
F & LTERTAEDICE, ZOFFEEERA Y #MiRBREEm L LTER
THDHILEHERL, BEETNVEIER L TEENTZITV, EORITHRZFHER
WWESTAZENRARTHS. £7z, SCOPEFHEEZ EHTH20IT S, FTERfT
BYEETAIEEOYE LEETEZITOLERDH Y, ZODITH AU EHH
HEREEYDREETLVRLETHS.

SPINAR 131 > 7 L— ¥ TV HEEABRMEE TH D55, KL TIX, SPINAR
R & W — R O— B FREABEMEREEZ RO TS . EOEAIX, HEABRKER
DA VEFAIZERT S EEIbE LY, EEEHE LTAY LTS LED
BIEEENCEIT BHIEEN, TNE TRZTONRP 2N THS. LhL,
SCOPE R EH L 5 51 7 L—F 7V HEENBKERIL, [kitd 255
BAEYTHY, ACVEHRBROBISEHZALIIL, BRICETITS
CLIEETHD. DLEICEY, AR, BERRAFEROX YU EAREREIC
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BIE Fh

BT BRI OV TIRRB D TH B, K XDRELEDERIIKRD XL S 1272
STW5.

0 BT, HABWERELEREL LTHRY, £ 3 ELUEOEEGEOL ER
W& A VB FEBAATICAW A -0 0EFE LT, #i EToORRBRER
DHEEET Y VST AFEICONWTIRAS. HEAYVEEFRBEEENE LT
HFLEREESFRNTH 5 ERBERTEHER D, SCOPE HEEMLIBE LI 21T
5 72%, AFRICTIE, BARKEEERZ &2 ORENTE & FFo—imitE X
— I EBRICET VT 5. BFRENE I —SERENEO—ETHY, —
A0 72— BRI AR BRTERIZ OV T, BEEGEIEESIREZT 2REO/IT &
RU Y OB BIEEEMR A, Viasov DEFH & D’'Alembert DRE L VELS, Z DX
BRE AW —SHEE—IRE BROKEHES L D, —ERNFRERBRREE T
BHLE L B AN LDEIOR—BE ZEE L REETSKETHL L, RUES
IEENEERERICE X ZEELHELNITD. iz, —HHEEE—ImE H
ROWHETIENT XA —F %, #ETCHEERREICH D & & OEFRDEERE
EHETEDLOWETD. ZO— B —imE BRI OW TR 217
V), SCOPE EE THEL ENAEE 5m Tl ERRICBIT 2 EHOEER ER
TERWI & ZRT.

BIETIE, F2ETROEERFET N2 REMBEENLET 57201,
RELF BSOS FRNERRNE 2 F T 2 EEEICOVW T, Hamilton DFEERIZ L
VESHFRERNLZEH L, #NEERVEBNZEELEET OFELELS. ZOF
BEREWE—SEE—E REOKEHFEF LY, AFEE, fAREE, RELD,
BHER, RUORGEHEERERSSOBREZAONCTD. £, —HdFER
MiE A AT 5 EEHTIE, BT LOR—KICER L ARZERED,
HLABWEFEBRCREIS 2L, RUNBEBESFET HHEITE, 1 ROBRE
Bl DR\ WAEETIIHICEBNAREILRD Z L 2rT. EREATERERO
SCOPE % B8k 2 18E L — il —i B R0 BEEEAI LY, SCOPE
HBEDERAEY L L— T, EEHFEFRBE/SERAAE =PIV END
DDEMEETHD T L ZHRBT 5.

EABECE, BIECTRDEESNEEDICRESYE, —HrPRERARREE
DAL ES FEERET 21T . HRNEEIC L 285 ABNZOMITERTY
RS & LCEERRIFT O L L, —ExFRERBARTE RO R v TR
[BEEOHIT L LY OESHHFERE, Hamilton DREEICEIVEHTS. TLT
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E1E Fi

EEHERE Galerkin IRIC L VBEBUL L, BINREHZADGHELZELS. IO
FELAVWE—REE—SHEBHROKEHERF LY, NEBERIFELRVES
1%, EEEMBHIIEL-FANTOERECA Y L— ML L THEICBINTR
BETHDBZL L, NERENFEETNIIBNREIC R MBERERENFEYT
BILERT. BEMEECEEIIOVWTEEL, EOHMBMEEIZL > TEHN
REEICRIBIBEERMCLIERETHD Z L2E 2 EOKEHERBR LAV
TRY. ¥£72, BERTROAOHBEBMEEIIBNEERICEZEL 52N

LERT. &I, EEEEUESFEREZEERS L, MEFPEVEMERT
EOBESEESNAEL 2D I LE2RT. EABRKE{HEERD SCOPE HEE
HAEEE Lt E B ROREHERFA LY, HEFICBHAREEL
RABBENRONTESE, ZOBEBITIIREEDESVIVNS S FREFHTHRDD
7=, BMEEOBERESRENCRE REENRLNT, HRRENEY ENFRT
HBHZEERT.

# 5 ETiX, SPINAR OBIRIZRIT2EFREBL LT, Blllnry MZEDF
HEBETCTOALVEANBRERE, MERCL2MNENRET TOAL V#
FHEBRERICOWVWTR~NS. BHllnsry MNERTIE, MERFMAAEVEANT
HYV, SCOPEHE TITH) AL VEAFREIXRR DD, FHEETTOA 7 L—
E TNV BREEIE L. E7o, MEHERTIE, BINENRRET CORAE
M{EELER L, EEEMOBNEEZITE L. KR TEW BT FEE
W, AVVENFABBRERICBITS, BNEEHOFMEEIToEZ A, BET
BOVEERZIZEBWT, SPINAR IZEROEFETIREIT 52 L2 HER TE .

BeETIE, AFECTHOMNIRAEILEZELDD. AR TIE, AL TEY
FEEROEESNEERKICEELEX RN E VI REIZESINTNS. §2b
B, AL LTVWAEEAEDEERBIIERRKTHDLLWVWIRETHD. HERE
WE L OSERFEFNTICOWT, SHBOMFEREL LTHRN5.

17



B1E F

LR

X 1.1 REEKEZREEE SCOPE

12 BEIRTERT VT T DA A=Y
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STORABLE

OPEN SECTION
TUBULAR MEMBER

- T INFLATION GAS
PASSAGE

STORAGE SPOOL
1.3 SPINAR #4:X

INFLATABLE

THIN FILM TUBE
INFLATABLE TUBE
CONTAINER .

ﬂ Size: 100 mm X 100 mm X H 150 mm

14 SPINAR RfEfh (HEBE X 23 m, IUHLEE)
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15 SPINARA V7 V—HFTNFa—7
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F2E HARKEROBEET V7

BRNFEEEEOBEET) VY

21 [FLC®HIC

AETIE, EARMERLZERE L LTHRY, F 3 EUKRDEEGEOLREMRIT
EAVVERSEERBENICHAVW SO 0MEFLE LT, HETORBRBERDL
BEET VI THHEIIONTRAS. LT, MEAVYVEHRMEBEREED
LLTHERBEFRTHSD, A7 L —F 7 LFRIZE 2 EABKEHER
SPINAR @, SCOPE &EZI8E L7t %217 5 7o, ERNEKEMRER 2 —iniH
X —HERRICETMMET DT LT oV THE~ 3.

BEACUVEAFREREEYO L ) REFRFHEEWIL, PuBE LB 548
EEh & OERRAENTCHIEIR DERET 2 E 21T O DI ERERBFET NV ELEL T
5. —RIEEHOFRPEME TESGE L LTHR I OBNELWEE, FRERE
REICKVEERIETAZEBNEDTHY, AT Y 7 by =T R ENEFIA
ERTWA. LaL, BT 52 &k, BHRERSEHCBITNRFERR 2R
HZETIIENTWAKE, B ENZEFZTTNARTOEEYE2R L TV B4R
AENEL BRI D LB REZE X T RSN S 5. RFE T,
—RITHEEY DA L RBREBZEET A2 ZLBNENTHY, TORTIE
Btk e U CHBIT CEZONREE L.

—7, BEETNVEERTDITIE, EREEHOBENT A —FE2ERIZLVE
BT ANERDHY, ZTOXDRERITHFERLaX M, FIEERENGHETITS
TEeNEL B, FHEBEICHAST, #HETIEAMEAL, BEERCEER
BBOENE LT, RERFEBEWIIL > TENLERIIREV. Zor
», BEAOEEZBBRICMMT S LOTEIHFETT VL, BRI CHER
WERTHS. Bl LT, K21 KEEETAEZFRLERET VT T 0E%S
EERT[52,53]. ZOFETIE, EEEMEZEIIIREL, »ENOEELTE
IR TE ABFETNEBETIZENEEL RS, 0B, K21 XEHE
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F2E HARKEROMEET VLS

RICEBRLICbDTHY, ERICIE, REEZE EBEEBECONIEERZ, 7
U NTARKHEZTET 2BHREICLIERRYE, HOWAIEREME LT
T2 67200,
#ERBRFHEIZERT DL, FRFEHEEWIHETRELEW, HEHVIIE
BLERDPKRYSLI-RWI b5 D720, BEW EOMEDIERFAEITIH 2D
XFELTERL, BEETNVICEOXFNEBET B FENDS. ZDOFIET
1T, EACBEIFIRERXRER AV iUE, ERERECER SN XET T
TR EOERBEEMIC ORISR TH B[54,55]. L L, RV HEIHRHEEES
YO FEEEEIEET D L, KEFMICAC L MBEIERZ L1, BEIZLAHT
NER Y 2T DOXFEREETH Y, KEHRFEEHD 2 ZEEEIREE[S6]D X
I RREBIEIRREEEZBRTILERHS. ZOdh, A UVEHRBEREEY
ISREF BN TAPBY T ENCEIVERTAILENEET LY. 22T, #
YL, SHEFEIZI TS L BEEMREICRY, B0 T2 L BESRKEIC
125, WEOHBEREEZERTRD, FHLLTEENRET COREET L%
BT A HFEDLEZONDD, TR L 1T, HEEFTNVICEHOEE S
DONNITHEERWET VLN FREL 2 5.
—HRIZRVEEY ZERE L UTETT 5101, RETANRRYLEEZLN
5. BTROLEMAROIL, BE-ESRARTERTHS. RFRTITROMIT L
KLY EEZ 50, ABFERIY, FEEERRIIHEEL 2 FROEIFERTY 2
R L2V, ROBVRESTHY, RERNREEINIROEHELRRZ LR
5k 02M%EE, EEAEPABTEREZRETS. BEEZEBER LEZROER
BT FE D AR ERIZOWTIFRIN TN T, KEFHIZH B IRETI,
BEEREZEBR LI HFEPREINTNB[57,58]. £7-, ShEFEIZHZRET
1X, Galerkin ¥£% AV ZIEEIRIE[S910, B %E AV 2B IBRIE[60, 61103 X
N, ERICE DR DL SN TWAB[62]. L»L, SPINAR OEERMEERH D K 5 72
HEARMERIY, ELEEEANT LEBOEMAEE TE RV LB W55
EBRHY, TOHRE, HITLRUYITERTEED, TNEBR LIZET VLR
VETHDZ BRSNS,
HABRMEROEIT LR T Y OB BHIREIOKRTIX, WESIHFrEz < oD
PZE VRSB, 2 DFFOGE, XFEh 2 FROHIFLER LY ixe TSRS &
720, ARFEZROHHHERLRFICHEHZS. 1 S o—EFrER BT O
B, XIFEh 1 FROBITIIMIIRE LR, ThEEAFROBmITERALY I
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FoE HARKEROBEET ) 7

HERRIREN L 72 5. 1 ObRERVES, 2 FAOTE AL VXS TERTS. 3
ElERFEDIEMERED, ROMIT LY EREENZOWTIE, ThE Thx 28
FEMRINTEE, 9, V—Y 7 %2EZE L2\ Bernoulli-Euler 122U\ T,
Rayleigh-Ritz {EIZ X 5 EHIREI O LIFRENRE I NIZ[63, 64]. LA L,
Vlasov[65)1Z & » THRIL 7= BB R R O NEFERR[66, 67)1C LT,
EARWERIIV - 7 OEENKRE L, BEEDRICIIREREVNGHS -
D[68-70], IWEVFEITIZIZV — L TR EBRT D OB—REY & 725 72[71-73]. Vlasov
DERIZESWEINZIZE T 2HF%IE, EEEMEEEE L- B BIREHETC
[74], —HREMRMEZ =T TB L &0 B BIBEART[75] K% USREIIRENEZT[76),
FRERFIEREERFBREZERMLERLIZODOIRERDHS. EIZ,
Vlasov DEin % FE I 7= 2E 7 /1[78-811% AW - IREMEIT[82-86]°, #EAHE
DI FHEICE R T 5 ERIREN87-92] 2 -7=b Db HBH. Lo, THHITEN
DEEBREZBR LIZFETIIRW =, SPINAR OEABKERD X 5 /i
YDGE, BEEMENPEES EEZZIT COHRETITo EHRBRERLELL
Tl TERWATREERH D, ThbnZ L Ly, EREMEROEEET ) v
ZITOIITF =R ERLBLETHB.

AKX TIE, A7 —F 7NV REEARKER SPINAR %, —#k/: AR
HZFO—Im B —HE HRIZET VLTS LIRETD. MTEEENTE I —d)
NPERBRMEO—EThH Y, —RN2—ExIFRERBNERICOWT, BEFE
MENEEBIREZZ T ZREOMITERT YO EHBIEEBEREREL, Viasov OHEH
D’Alembert DJFE L VEL . ZOEFRXE AW E—IREE—HEBROKEE
BIL Y, —EhRFRENBEWER CIXELE & AR LEOR—BE2EZRE L2R
BTN ETHD Z &, ROENINEESEEIRBEICE 2 3L L
I, ¥, —HEMR-RERROEEIE T A -2 %, HETHEER
REBIZHD L EOEFREHERBELMETEDLOIBRETS. ZO—hEtx
FF—im B BRI OV TREET 21TV, SCOPE HE THEL ENEZES Sm T
HERBRICBIT2ENORELBETE RV LERT. 2B, KETRDH
BHER, BE/NT A —%, ROEMEXRAT A—F1%, 83 BLBEOSESER]
THAWS.
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F2E EABMEROMEETY LS

22 FARBEHAEREOETIVIEAZE

SPINAR DEEHFM ThHHEHRBAMERE LAV 7L —F T A Fa—T D5 b,
A7 L —=F TNVF 2—T7 13 SPINAR OBEIZEMM R EE L 52 RV ERE
L, AFETITEARBER DA% SPINAR O#EHH & L TEF LT 5. £
BRIZIE, 417V —F T AF a7 10 %RECEEEME -6 L, WEXRD
HRETIIRORAMEZ R &3, ThbORE, BRBMEROMEERS
METDHZLICEY, BETAZLBARELELLNS.

R D SPINAR OERBIKERZX 22 (TRT. HEROERNEMERIL,
St DEEETIE E TR 2.2() DWTER IR ASHERF S5 28, X 2.2(b) DHAEE
T, WY —VSEPND - OBEBIRAE(T 2 &2z, HA Ra—
TRERXFTF LERFENERETHS. 017, BESMMEONERROELD
THIE, HERIIZE-TRARS., 22 TAMETIYE, 2R C—#ABREYE
R0 ERO— 7 TRESTIREN TV A LD ERELTETUETS. 2F0, ©
20T X EHn—JICTz=0 ¢ P L) AFEREBERLZREL, L
Ho—I0bEmETCORIZL & LT, BERNEMERE z=0~L O—EWEE D
— UM IR E R L T 5. B OBMEREE ST A —F T z=01T8B
TORMEZEANT A S TREMZ, EEREFETH 5 EHRSEERELH
ETED L) BUEIFENRT A—FEIET 5.

SPINAR DRFEIX 2.3 (23 MHEBRBEIZET L3 5. SPINAR OERBIET
ERII=8EIEEM TH DD, R TIE, SFEROCEMRESESF N E &
¥z, Vlasov DEFRICES EABKERE T5. SHEMENLRBERDOE
WEKTEIL, BELE&RABFL, ROCELZEYERTS 2 2OXEEZHVWTE
BRI LN TES. AEREEI—#HEREREmO—EThy, —dxik
EARRWEIIE 24 DX OICREAIND. K 2412B8W\WT, WEIFHREIITEHD 1
DIZ—EKL, BEiETARF.LIINHE EICFEET S, Viasov DER LY, Brm
FEFR LR (RELY—EV AT D) EWHRERDT, BEil&TAN
FOITEED2VABRS TRHEITR TV B ERFE Lz, Bl & EARTLOERE
n IIHEBRICEVIRESZEHTH Y, AFREAFETIE, 72835 x 5 CHBER
dIZELL 2% (K 23). AETIE, nE2WENRTA—FETHILITLD,
MFBRWTEIZIRE LRV, —RE 2 —Bii R BEMEE2H#% 5 .
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#EoE EFHENEROBEET VS

2.3 BEERLEEFBRE 2T 5 —ETRERERNE RO B BiRBERER

HETHE,BEESIEL ST 5 — M SRR EREO B HIRBERXZ,
Viasov DEEZa & D’Alembert DFFR L Vi<, 213, Biif ALV E2EX, BRI
BT 5.

— R OR Y, TRBICHIICBVLTWAIRIEL, XEENLRY TIFTH5
WEER X 2.5 1R T. EAHIEIX 2.5 DREIFEIZIER L, K 2.5(a)i3 B EEMIRE,
250b)TBERBRETHD. EEEER Oxz, Oz ZZNENK 25 DX )
WWEBRETD L, ENCX28FREDIES PR)T,

P=—ug(L-2) (2.1)
TREIND. 22T, pliR0OBMEIYVEETHD. 7z, g ITHERITRE
LAAWENIEE (MERDOEE 9.80665 m/sec’=1G) THY, g>0D L EZHEE
MEREER, g<0 DL EHESIRRER, g=00DL TEENREBERT.

FDE ) BNWEEREZEL 2O DR ZR 2.6 IIRT. 4 ZERBRKEOERE
E35E, PiX

oc=P/A (2.2)
LVEHE SNBBIEIE o)L LT, K 2.6(c)DREM/INER dAIZERTS. L
Bz BB 5, BABTRLOD X, y FREME uiz, ), vz, ), RLVAEZI(,
NEL (K24), x,y FEAOTEHEZELRAOEE, (#ETDL, ddDx,yFR
DENLA(z,1,E,8), Wz,t,E,0) 1T,

h=u—{p (2.3a)

P=v+(n+ &)@ (2.3b)
TRENS. H26(d)LV, ENCEXDdADx, y FRIERT 55 p,(2,1,¢,4),
p,(z,t,E,0) IR e REITHTHRIEZRT BDOLLT,

&, =0(09,) (2.42)

&, =8(06,) (2.4b)
ThB. ZIT, 0,(ztE0), 6,650 RdA DX,y FRADEDHAT,

6, =i (2.52)

g, ="V (2.5b)

THD (" WILE 2 ICBET 2R, ()RR (BT RES TH Y BEIC
IS CCRMAES o bAVD).
2.6(c)k v, AT LIZBITS x,y FMmERT Y DY SWFRERIT,
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F2E HBARKEROBEETY S

~&F, + [&p,dA - iz = 0 (2.6a)
~&F, + [6p,dd - p(i+nd)z =0 (2.6b)
M + [[=0p.& + &, (n+ E)ldA — 1§ —nu( + )& =0 (2.60)

LIR%. ZZT, F, FIIEABPLO, y FEARAKS, Midhaly by,
LITELEY OBEMEIYVIEEET—AL M THY, EEYL IR, G 2EAE
EEGREL, L, L% x,y FROWE 2 IRE— AV b, ,2WEB2KRE—AL N, T
UV EHE LT,

F,=ElLu" (2.7a)
F,=EILV" (2.7b)
M,=GJ,§ ~Elrg" 2.7¢)

TRINDS. KQ2)-RHZAV, RQOFNFNDOE 2HOBES 2 ETTH L,

[ep.da=5(Pu (2.82)
[ep,dd = SIP( +71¢)] (2.8b)
Ix + I 2 / !
I[—®x§+5py(ﬂ+§)]dA=5{P[—A—f—+n J¢ +an} (280)
LRV, L =L+ up) BEABFLEY OBrESYVIEEE—X L FE LT,
L+, , I,
YRy 2.9)

THHI LMD, X(26)-29LD

EI 4" -——Q—(Pu') +i=0 (2.10a)
174
EI yv"” —ai[P(v' +n¢")]+ 1+ ,um}f =0 (2.10b)
4
nn " a Is ! ’ 7 .
El'¢"" —-GJ ,¢ ——a—[P[_¢ +77vj]+ls¢ +nui =0 (2.10c)
Z H

B/oND. P ITEBHRERENTHLRQDERATS L, BEEMEIBESIR
T 5 —Ei A RRRTE RO B BIRE AR
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F2E HARMEROBETT VY

ELu”+ygé?KL—2Wﬂ+pﬁ=0 (2.11)
4
nn a ’ 1l . °r
El v +ﬂg5;KL—ZXV+ﬂ¢)}+ﬂV+ﬂﬂ¢=() (2.12a)
nn 7 a I l; ] e .
ET'$" -GJ ¢ +,uga—[(L-—z{—s¢ +77vH +1 @+ un=0 (2.12b)
z U
BFELID.

RQ.IDE x FRAOHITOMNIO B HIEBIERNTHD. 2XQ1)F, n%
HERIEE LTy FAOBMITERTY B ERT 5 EHRIRSE#KNTHS. KilB
ALLT, EBEARETHD g=0DL &, X(2.11), (2.12)iF,

ELu" + 14ii =0 (2.13)
EIV" + @i+ ung =0 (2.14a)
Er¢" —GJ,¢" + 1§+ puni =0 (2.14b)

L7225, N2.13), QINIIERSBEEEZ AW TERMERDD L ENTE B, —F,
X(2.11), 2.12)iF, g 2B DEICEE z NEEND D, EFIEEET— FEFEHETE
TZEICL VLR /ED LN TE 3.

24 —imBEE—iInEBRROBIEFTEN EEE

24.1 WEHEEH

—Eh PR BT R O EARR R IRE S 2D 20, BEHEFZRLE
8295, BEHESRMEFL LT, K23 OMFEAKMEIZET VL L7 SPINAR D
WEITE R RRZ AW S, Z 2Tk 22 SiDEFIEFE TR X 57—
BEXFE—ME AR TR, —HEE—HEHRTHIROERSMH

u(0,0)=u'(0,0)=u"(L,t)=u"(L,t)=0 (2.152)
v(0,2) =v'(0,7) =v"(L,t) =v"(L,t) =0 (2.15b)
$(0,t)=¢'(0,¢) = GJ ,¢'(L,t) — ET'$"(L,t) = ¢'(L,1) =0 (2.15¢)

EFEATS. EEL, VU JIEBEHER TS D z=L THWKT . —ExIHE
WEMEOWE T A —%n, L, L, I, J,, L. 1%, BTEBRIVRDD Z N T
[65-67,93,94], FFEAWE TiX
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_md’t _d’7(7’ - 6x) 7= 7’ 7 = ud’
G 48 TP 3 7T g4

(2.16)-(2.20)
E72%. ZIT, dITER, riIRETHS. BARMERIIN 1.4 1R LIRS
WHE—BBEEM L L, ZOMBERLEHE N T A—F 2R 21ITTT. dér
EUIFRBI LIz, £ E & G, BRBKRREA TOIERER L BEIEEK
ZROI-% T, ARERMITY 7 U =7 NASTRAN IZ L AIEEBTE2T\, B
AREEP—HTDHLOIBRELE.
BEFEFIZBNT, WENSTA—FIIRK 21 OFF, g OLEEZDHEEHM
b5, nBRRERRDZLIIWEBERBELRDZETHY, Z0ORDAKIINE T
A—EHRRDZEDTHDN, ZIZTiE, nDEELFALZRFEHLEL LTH
W5, 2B, K21 OMEIEREWE ST A—F1X 258, ROEIZUBRTHLHA
W5,

242 RENBREATICET3E0-EAHPLEROEE

BEHRETH S g=0 DL 20EFRBEH L BFRSGT— FERL, Bt
AWTHLEEREn OREEZERTS. A3 BRESERRIINQR.13), 2.14)TH 5.
n=0&1L,L=1,2,3,4,5mDEEDu,v, g DI~4ROEFIRE I AR 22177
HFET, L=5m DL ED u,v, g DI~4ROEFEREE— FEX 2.7 17T, =0
DEE, u,v,  IZTRTHIIRENL 2D, EL=[LY, TORIXMBEN LM
REBIRTENTE, u by OEFIREE L BFHIEEST— NIZZE L5,

nEELEHL ED v ERDI~4ROBEFREFEOEILE R 2.8 1TRT. #&
Bin/d N1 OLEMPRAMERERS. nBdETEE, n=0DLXMITH
oy bg PERR LENTHZ EBRREND.

n=d CThHABREAMERIZIONT, L=1,2,3,45m DL XD v EED 1~4
ROEFREE 2R 23 17T, | ROEFREBIZOWVWTIL, =00t EDHE
BIREE DD OEEEIELRT. T, L=5mDL ED vp ERD 1~4 KD
EHEEREE— F2K 2917 T. n=d D& D 1 ROBEERESKIT, BOEIIC
KoTRRDY, n=00D L EOEFREEITHA, 15%ULNEL 5.

INLORRIY, —BFERBRNEROREMTICH > TiE, Eldhd
FABFDEOR—EEZE LB RABRETH D ENREND.
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243 EHDOEE

n=d THHABAPTERIZONT, g2 BbI¥LED, uD 1,2 ROEH
IREE L v BERRLD 1~3 IROBEFREEZ K 21012 T . u L vgERRDO EH 5 1,
g=0 THLIERMNREBEZEEIL, ¢ NRE LRI EEEHRETIIER RS
NEL 72D, g 23 BESIRRECIIEEREENRE 25, 72, 1
ROBEFRENEUTL u 43 g = 55.6 m/sec® T, v EFK DS g=40.0 m/sec’ TOHz & 72 5.
Ihbid, BEERILVEETHIEANMEETHY, 5 m ORFBREKEEZE T
D —InEE—IRE BRI NEWVIE) DENTHEM4G TEETIE NI L E
Y. L=1,2,3,4,5m D& X, u & vaERD 1 ROBEFREEMN 0Hz L7025
LEDENNMREZR 24 1R T. ZOEIIEEIRL, F4 EOKEHEFITH
W5,

n=d TH»H2HAFHAKERIZOVT, 1GDEEEMRENBESRIRET, L=
1,2,3,4,5m DL ED 1 ROBEFREEZ K 2.5 1277, BHERESEL, EEHR
RBIZHENTR SRR <+ G TTH L EHEERRETII/INEL Y, -1 GTF
ThHOEEFIRRETIIREL 2D, i, ZTOERIT, BREVIFEREXL
B EWIRENS.

25 BERRNEHREOEMIBRIGELENOLE

251 i ERERIC kK AEHIRSEERE

SPINAR DRMERIZONT, RERE % Ei L EFRSREZAE Lz, Repse
BEZX 2117, RSB IREIHh, ax74%ZML, 274 FL—n
IZRST2N—R 7 L— M % 0.5~80 Hz DIEFZHE THRFIT%. SPINAR X, £V 7
L—Z TNTF 2 —T RENARETR—XT L — hD LICEERL2EET 52, B
EFMIT22HY, H2.20b)TO x FRANIIE LT u OEEEEEKE, y Fricin
RLUT vy ERRDOEFREEZBIET D. SPINAR DE XL, 2HBRETHS
22m, KU20,15 1.0 mZBERICEE LB TERLEZ. L—V—LAM3H%H
WTAR—RT7 L— b LERNBEEERED B HEEOBMEZFHEIL, BAEEUSSHE
T CEARESZ RO, BREREFOBEEREZER26IZTT. i1 o
HEEMRRECOERREHR THS.
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252 BEHXE/NSA—S2 DK

SPINAR %7 Mb§ 2 — MR — IR B R OBER &M, BETE T
A—F K, K, K;Z#EBALT,

u(0,¢) = ELu"(0,8) - K u'(0,6) =u"(L,t) = u"(L,£) = 0 (2.21a)
v(0,) = EI V" (0,1) ~ K v'(0,6) = V(L) = V"(L,£) = 0 (2.21b)
8(0,0) = GJ ,§(0,1) ~ ET$"(0,1) - K ,4(0, 1)

= GJ @'(L,1)~ ET$"(L,t) = ¢/ (L,{) =0 (2.21¢)

LIRESD. Ky K iZx, y FEDBITE— AV b ET2bR M, K43 LY My
ERLY AZBEURTT 2BRITRER THS. K, K, Ky 3EHAIRETH B DT,
BRRSBROERELHETE DL IICRETS. ZOB, #HEXE RS 2A—%
TERRMERORIICLOT—ETHD LT, HEHEIE, Yo THERRK:
BELTWDZLdb, V- /e 5. BEENEERMEIZIIGOEE
ERERETHRLNTVWADT, BIFET BN T g=+1G £73.

(1) x 5 e TR Eh

x FEEITRENZOWT, WS OMhD KDL ED, u O 1 ROBEHFEE
X 2.12 17T BHEHERERIT K B/NEL2P13 /&L 72V, K, =15 Nm/rad
DELEXWERELZREETETNS, HWT, K =15 Nm/rad BV 2 1k
DEFRSEZ K 2.13 1277, 2 ROEFIRSGHLEREL BHEETETY
5.

(2)y FEEIFI L v iKE

y FEMFRCVIRENZOWT, BARDEHETRELBEDO L & D vg ERD 1~3
ROBFEREFEK 2.14 177, K 2.14a)0L y FHTZbHADH, K 2.14(b)
IRC Y ABOHBEIRE LT & & OREFERR T, TN K, =40 Nm/rad,
K4=0.007 Nm/rad TH5. Zhbid, RS 2m DL ED | ROEFIRENEE
REZHETEDLIWELE. M2140)EY, RUVADHREBERRELE
PEHEERIL, 13 ROEBFREBEEREL RSHEETE TV,

PLEX Y, SPINAR %E7 /LT 25— —iRE AR OBEMETF T X
— &%, yFREDLDABAEZREL LT, AHTKRKRNDODILITEDA.
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u(0,) = ELu"(0,1)— K u'(0,£) = u"(L,t) = u"(L,£) = 0 (2.22a)
w(0,£) =/ (0,£) =V'(L,£) =v"(L,1) = 0 (2.22b)
$(0,1) = GJ ,4'(0,£)— ET$"(0,1) - K ,6(0,7)

=GJ ¢ (L,1)~ ET¢"(L,t) = ¢'(L,1) =0 (2.22¢)

72721, K.=15Nm/rad, K;=0.007 Nm/rad TH 5.

253 EHOEE

AIECHE O NIRRT A —F D—EE T FE—IEBHRICH L, EAD
EEIIOWTRETS. R2TIEEANRETHD0 G T, BEEHERETHS
+1G T, BEFIRRETHD-1G TO 1 ROEEESROBEHEFR L RT.
ENOREIZ L EFERBMOBMOEMII—HEE—HREBZLRALTH 3.
EERZ2FFHME & LT, SPINAR D SCOPE H E##H #18E L= 2 B% D 5m T,
EREREEIL, EESRBICHENT, BEEHBRETIIN BwhEL, BESIE
REETITH 11 % K& <25, ENOFECL 2EAEGROZERIIERTE RN
ZEBRRINSG.

26 KEDEED

AETIT, BRABNEREEEEL LTHR, 53 ELUEO EERE D 22 ERRT
& AV VEG REBRAITICAVWS -0 D%EF L LT, HETORSRBE RS
BEET VI THHEICONWTRNE. £ LT, BEAY VEFMHBEEY
CLTHERBEARXTHD, A7 —F2 7V FRICL AERNENEBER
SPINAR @, SCOPE EEZ1BE LT &1T 5720, BRI ERE L —ikiE
MR B HRICET LT 5 Z Lz o\ Tz,

X TIE, AN MR L — R AEENE 2/ o— IR M X —i E
HEIZET MET 5. ARENEE— S PERBRMEO—R&Th Y, —Bii
—EREARBERICOWT, BEEEBIBESIREZZ I 3EB0MITLEALY
D B HIEEEMR A, Viasov DHEa & D’ Alembert DJFRE LV # -, = O R
PRV —tREE— IR E HROKEHESI LY, —EHRERNBRNER TIIELDL
B LW AMHLEO R~ R EE L IRBET S LETH S 2 L, ROE T
EXERRBBICE X DEELHALMNI L. £, —HEEXE—SE B20
BMESRE NG A —F %,  ETEEEMREBICSH S L EOEERIRERME S #
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ETEDLOWRE L. ZO— It —E MRSV CIREEMEN 247\,
SCOPE HE THEL ZNDEE 5 m T ERRIIBII 2 EHOBEL ER T
RN L BN LT, 2B, RETROIMEER, WE/ 7 A—%, KUK
XEFNRTA—21L, BIEUROKEHEFATLHANWS.
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—

Hardware Mathematical model
4 ™\
Ground based test P arameter tuning
in 1-G
i Feedback
Adjustment Analysis in 0-G
- AN J

&

Constrained conditions

21 KE7 T FTHEORERESES
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;
i
I
f
L

\

(b) BEEAHEOWEIR & EIEEh DR E
2.2 {HE#O® SPINAR (£ > 7 VL—F T NFa—T %5 LI KEE)
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Shear-center N Centroi

X 23 MHFEEEWE

Principal axis

/
(+u, +v) o__//zﬂ +¢

Principal & Symmetrical axis

Shear-center n Centroid

I 7

L

2.4 —HEhAXIFRE A BT OIS S FRIRE,
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Az=L

Il

z

Gravity
Gravity

z=0
XY <o

(a) BEEMRKE (g>0)

z=L

(b) EES|IRIRME (g<0)
X 2.5 ZOBEEMHERELBESRRE

x’yI FT lF+6F

1 [
—

>
>

z  z+0z

(a) AWM FHDER

() BUNRSERDOAHDHYD WV

E‘@EM o

Gravity in self-compressed condition
z+0z

<

o+00
(b) RTY bV T FRIOESR

MU g
e 9+50
l oz ‘
X,y

L

(d) BUhR SHINTEERICEB 5I5R VIS
26 ENEEEL-—SXFREARKEROADEY &1
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3 2.1 SPINAR MEIE LW/ T A —%

Parameter Value
Diameter, d 0.020169 m
Thickness, 7 0.000169 m
Mass per unit length, u 8.12X 1073 kg/m
Modulus of elasticity, E 13.22 GPa
Shear modulus, G 4.62 GPa
Moment of inertia, [, , 545X10°10m*
Warping constant, I~ 1.43X10713 mb
Polar moment of inertia , J, 1.02X 1013 m*

Polar inertia per unit length, J, 8.26 X107 kg m
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Fz22 n=00¢XOBEFEREE (—HEE, g=0)

2.7

38

Length, L | Natural frequency of u [Hz] Natural frequency of v [Hz] Natural frequency of ¢ [Hz]
[m] Ist 2nd 3rd 4th Ist 2nd 3rd 4th Ist 2nd 3rd 4th
1.0 16.7 104 292 573 16.7 104 292 573 43.1 231 569 | 1060
2.0 4171 26.1| 731 1431 4.17| 26.1] 73.1 143 11.2| 583 143 265
3.0 185 11.6| 325| 63.7| 1.85| 11.6| 325| 63.7| 522| 263| 64.0 118
4.0 1.04| 6.53| 183| 358| 1.04| 6.53| 183| 358| 3.14| 15.1| 363| 669
5.0 0.666 | 4.18| 11.7| 229 0.666| 4.18| 11.7| 229| 216| 9.95| 23.5| 43.1
] E
g B g §
E s E s
7 & T &
5 g 3 .
Z 0 1 2 3 4 5 4 0 1 2 3 4 5
Coordinates, z [m] Coordinates, z [m]
(a) u BT 1 R, v 5L 1 ¥R (b) pFSL 1R
I =
2 B e s
E 3 E 8
9 & %5
§3 g% -
Z 0 1 2 3 4 5 Z 0 1 2 3 4 5
Coordinates, z [m] Coordinates, z [m]
() uH3L 2 IR, v IRIL 2 IR (d) g TRSL 2 K
= =
g § g g
£ 8 E s
T e T e
53 ‘ 53 -
Z 0 1 2 3 4 5 Z 0 1 2 3 4 5
Coordinates, z [m] Coordinates, z [m]
(e) u T 3 ¥K, v ML 3 K () pM3L 3R
= =
& 8 g &
S % 3%
£ -~ §3
Z 0 1 2 3 4 5 4 0 1 2 3 ) 5
Coordinates, z [m] Coordinates, z [m]
(g) u TRIL 4 IR, v JHSL 4 IR (h) ¢ TRL 4 IR

n=0m0%LEDEEKREIE—F (—IHKEE, g=0,L=5m)
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Non-dimensional Non-dimensional Non-dimensional

Non-dimensional

F2E ERNBAMEROBEETY

#&23 HMERAWERO v EROEFRESE (—IKEE, g=0)

* Increase ratio from uncoupled natural frequency

Length, L Natural frequency of coupled v ¢ [Hz]
[m] Ist (*) 2nd 3rd 4th
1.0 13.0 (-22.1%)| 51.5| 813 189
2.0 329 (-21.0%)| 13.1| 20.5| 475
3.0 149 (-194%)| 599 9.23{ 21.2
4.0 0.859 (-17.5%)| 349| 529| 12.0
5.0 0.563 (-15.6%)| 2.32| 346| 7.72
s
g R
g 2 g
e
& TE
B 5§
0 1 2 3 4 5 Z 0 1 2 3 4 5
Coordinates, z [m] Coordinates, z [m]
(@) v ERL 1 IRD v (b) vg =R 1 IRD ¢
=
g S5
3 5§
2 E s
a ¢ e
.2 .2 .
el o ©
0 1 2 3 4 5 Z 0 1 2 3 4 5
Coordinates, z [m] Coordinates, z [m]
(c) v ERL 2 IRD v (d) v ERL 2 IRD ¢
- —é -
5 2 §
g 2 g
(] 0 O
k| E 8
& A
B g3 ,
0 1 2 3 4 5 4 0 1 2 3 4 5
Coordinates, z [m] Coordinates, z [m]
(e) v ERL 3 RD v () vé ERL 3 IRD ¢
~ Té -
5 2 §
£ 2 g
ol __ e ] QO 9
s - Es
& e
S - §5
0 1 2 3 4 5 Z 0 1 2 3 4 §
Coordinates, z [m] Coordinates, z [m]
(&) v ERL 4 KD v (h) v ERL 4 KD $

29 MEHBERO vé BROEFIREE—F (—HEE,g=0,L=5m)
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|

Natural frequency of « [Hz]

I
. ;
-100 -50 0 50 100

(a) u TH3Z

Natural frequency of coupled v¢ [Hz]

Gravitational acceleration, g [m/sec?]
(b) vo IERK
210 EHMEEICHTLEEREBEOEN (—IREE, n=d,L=5m)
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H2E BARKEROEEETY 7

Lenath. Z Gravitational acceleration when natural frequency is 0 Hz
ength,
[?n] g foru g for coupledvg | Lower value
[m/sec?] [m/sec?] [G]

1.0 6950 4220 430
2.0 868 544 55.5
3.0 257 168 17.1
4.0 109 74.3 7.58
5.0 55.6 40.0 4.08

®25

d)

Length, L 1st natural frequency of u [Hz]
[m] g=+1G(*) g=-1G(*)
1.0 16.7 (-0.07 %) 16.7  (0.07 %)
2.0 4.14 (-0.56 %) 419 (0.56 %)
3.0 1.82 (-1.92 %) 1.89  (1.88 %)
4.0 0.993 (—4.60 %) 1.09 (4.40%)
5.0 0.605 (-9.22%) | 0.723 (8.43 %)
(b) v¢ ER

* Increase ratio from natural frequency under nongravity

IGOBEESERIBEEMEZZIT S L&D 1 ROBEFFEHE
(—EE, n=
(@) u TSL

* Increase ratio from natural frequency under nongravity

Length, L | 1st natural frequency of coupled v ¢ [Hz]
(m] g=+1G(*) g=-1G(*
1.0 13.0 (-0.12%) 13.0  (0.12%)
2.0 3.26 (-0.90 %) 332 (0.89%)
3.0 1.45 (-2.95%) 1.53  (2.86 %)
4.0 0.801 (-6.80%) | 0.914 (6.36 %)
5.0 0489 (-13.10%)| 0.628 (11.55%)
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X 2.11

ERIREEAERE

#£26 BERRBEERE

(a) u JH3I
Length, L Natural frequency of u [Hz]
[m] Ist 2nd 3rd
1.007 9.81 74.9 -
1.507 4.74 35.8 -
2.062 2.92 - -
2.172 2.66 18.0 -

(b) y R
Length, L |Natural frequency of coupled v ¢ [Hz]
[m} Ist 2nd 3rd
1.000 7.00 18.5 -
1.504 4.25 11.5 -
2.062 2.65 7.00 15.0
2.172 2.55 6.30 13.2
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— Theory
Experiment -

5N_n_1/r:dd4____:_

K, =
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D O~ O IO T M N — O

[zH] 7 Jo Aouanbaiy [eIMeU IST

o

Length [m]
95 ud 1 ROEEREEK (g

+1G)

-
—

R4 TR KA

2.12

Theory
Experiment -

|

1 '

/RS T S S, PR —— R —— S — -
i | | t 1 ' )

J

o}

Kouonbaiy ermjeu pug
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2

Length [m]

213 K.=15Nm/rad DL XDy D2 ROBEFREE (g
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S

— 20 i "

‘% — Theory

3 i ,’ X Experiment (3rd mode)
ST L b i N il o Experiment (2nd mode)
= B .

3 s e Experiment (1st mode)
5 | | :

o 10 e N NN R
Q i ! :

5t . :

S S S U NS P
S= i l f I '

= - l | i I

3 [ F ? 1 :

= 0

Z 0 1 2 3 4 5

Length [m]

N’

E 20 [ 4 | T

b c? | — Theory

3 [ ! ' X Experiment (3rd mode)
'g 158 f-- -\ o Experiment (2nd mode)]
3 N, ® Experiment (1st mode)
G . | l !

S 10 oo N N b [RRREEEEEEE
(&) | | |

g 1

1 ! | ?

S NG Peooe T ~ ]
d:‘ " I I l |

= i : . : ‘

] 0

Z 0 1 2 3 4 5

Length [m]
() RV ADRZRFEMEIE (Ky=0.007 Nm/rad)
214 RBR2DEESTIEMGDO L ED v RO 1~3 ROBEEFREEK (g=+1G)
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F27 —IWHEXF—REBRO 1| ROBEEESK
(@) u 3L (K,=15 Nm/rad)

* Increase ratio from natural frequency under nongravity

Length, L Ist natural frequency of u [Hz]
[m] g=+1G(* g=0G g=-1G(
1.0 9.67 (-0.19%) 9.69 9.71  (0.19 %)
2.0 293 (-1.04%) 2.96 299  (1.02 %)
3.0 140 (297 %) 1.44 148 (2.88 %)
4.0 0.799 (-6.49%) | 0.855 0.907 (6.10 %)
5.0 0.496 (-12.30%)| 0.566 0.628 (10.93 %)

(b) v ERL (Ks=0.007 Nm/rad)

* Increase ratio from natural frequency under nongravity

Length, L 1st natural frequency of coupled v ¢ [Hz]
[m] g=+1G(* g=0G g=-1G(*
1.0 6.06 (—0.02 %) 6.06 6.06  (0.02 %)
2.0 2.81 (~0.64 %) 2.82 2.84  (0.62 %)
3.0 139 (-2.68 %) 1.42 146 (2.58 %)
4.0 0.787 (-6.55%) | 0.842 0.893  (6.07 %)
5.0 0.485 (-12.86%)| 0.557 0.619 (11.25 %)
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£53%

— B MRS E = A T 5 BEREMO R E RN

31 [FL®IC

0 EOIE, —EHERENERICOWT, BEEENBESIREZT D
DT ERL Y OB BESERALEE, —RETE % B BROEEFHEF O,
BB AL R E IR E S EARSSRICE A DEEEER L. T,
S 7 L— T AHERIC L A ERENEHER SPINAR %, —#Rk/QMEHEEZ
BT AH— TR EERICET ML, BAERBRERELED L )ITH
WHEAT A—FEREL, ENOFELRN. HAETE, —HdiRER
BWE %A+ 5 EEEDORERITZIT D .

Elaho[EER A 2 S EEERIYT, #—ty, EE, B#HI v 7 b, FIRDL
NBEHT, —MBICEFELNIBRERTHY, REESTLEEREIEZ
AEEREEAHET A ENEETH D, BEE/IFEIE 100 FULEDOREERH Y,
B DRFFRITFER AT, < iZ Dimentberg[95]%° Tondl[96]DEEIZ, EHF T
IE Nelson @D L E 2 —[97]RILUA S DFEE[IBIZE L DL TN D.

EEESRO T CTHLAMEER Th S EEE (K3.1) 1%, RoMmiTEREERL
L, fEATCIXEE, AEMECFENEICSMERTEIRETAEZRD . ¥
WIE O & 5 1T HAME I R b QIR TE L 3, HDEERE TR
FEEBNEEZ A LIZBELAONTWS., & ZAN, BT 2HELH
Bral, AU LOEKRELER LLFERIIEEICRONATND. ZThbid, W
HERXHEMTED MY GEERNEET HE99, 100]1%°, fERREE @@ O
KRR IR C ORENT[101], EAMEBARBROMIT102]2LTHS. LirL, #
REEERIT, BEOEE AT OEBOERAERTERVEIEHEN TV SEE
BV, FTOHE, 2B TR LI, FEGEROBHREGTHHITEAT
DISERT B0, ZEHEMET, M JEEEZENTFEYT, —EAEETH
ELTCWTH, BEL-HANTLMERCERT 2 EREBRE LIBTPLEL R D,
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B3 E —adHEABRNTE 2 F 7 5 Bl O K ERT

INETHREENRPoTEBAIZOWTEERL, BSOS, BHEERD
BRGITHE D EREEOHESCE MREI A Z L 2 BHIZHRD N2 b D TH
by, PESOENFAMESIC TR VREDCRWEARBEEIT, EEE#0
REBRENORRINE BT HEEZTND.

AETE, RELEFO—EXFEARNE 2 HF 3 5 EEE#IZ-OV T, Hamilton
DEEIZ LV ESHFEXEZEH L, #NERROBNREELHEET D FiELE
. ZOFEXRVWE-—IREE—IHE BBOBEHEF LV, ARE, BREE,
RELD, BHEFR, ROEGHRERREROBGEALNITS. 72, —x
PR ENE 2T A EEE T, Bl RANTLOR—EKIZER LI2AEE
EEN, HAAEERRTREIAZL, RUNHBESFETIHEITE, 1 K
DEBEE LY KREWAEE TIIFIRBNAREICRDZLERT. ZLT, ¥
ABANTE B D SCOPE AEHH A HE Lz — B SR —in B O ERT
L v, SCOPE EHEDERA LY L— FTii, BEREEIRSRSERAE Y
L— FEVEVWLDOOFNEE THD Z & LHERTD.

3.2 fEWFE

32.1 EFHAERX

X 3.1 (R RSBV T, EESEREER O-xyz (XEMEZERICH L 2 #hiE
VIE—EDAERESTHEEL TS, ES L OEBIOEE S2BAEEIT, 2
B & YATICESEEERICEE SN TV, EERESRERESICIVIRIM
FEOBEIMIBENES O LV RELD ¢, ¢ KITEEN TN 5. BT 2 128 L—4RETE
DEL L, BiX Viasov DERIZE S BRENER LT 2. BN, HElEE, ¥
¥A uE—RA 2 MIEA LRV,

—Eh AN E A S 2 EL AR 24 DX O ICRT. nIXEL-EARTT
DIEEEETH D, —ERTFRERENTEEOD, HHME 2 IZB TS, EEEERERTO
B AFRLER 32 1R BEFRRIDOEL Colxew, yeo) & T AMTHL So(xs0, Vs0)
ERESBRS L EITIC x SRR E L Th—RIEIRRDIRV. T 2T, Xeo, Yoo, X505 V50
IR TERIND.

xCO:'eX (3.13)
Yo=ey (3.1b)
st=ex— 77 (3-10)
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Yso=e, (3.1d)
FehBERCVIIHMNE L, B z, B ¢ 1BV, G, SoldnkfrocEE,
FNEN Cxdz, ), ylz, 1)), SCio(z, 1), sz, NI T 5. BABTF LD x,y TR DL
L% uz, ), vz, 1), RUVAESENDETDE, X, Ve Xs Vs IFIRATREIND.

Xs=Xgo+Uu=e.—nN+u (3.2a)
Vs=yso+tv=e,+v (3.2b)
Xe=Xs+N=e+u (3.2¢)
Ye=ys+ np=e,+v+ ¢ (3.2d)

ZOEETRAXT, RFLVVYLIRIAXUE, RLUVOU—EY T 2EE
T5E,

T=%ﬂ@&j+m?+g@+@ﬂ¢ (3.3)

1 L ” " ” 4
U= [} {EIu" + EI V"> + ET$" +GJ ¢ |z (3.4)

E72B. ZIT, pldMOBMREIYVEER, L ITELEY OBRMRSG ) ESE
F—RAU DN, EIZYU IR, GIITAWREMERE, L, L3 x, y FRAOKETE 2 KE
— AV N, TRV I ER, J, IEE2KRE—AMTHY, (), (O))IFE
NEIULE z, B ICBET 2RO ERT. £, Xz 0), Yz, 01T, EEERE
EZ O-XYz TOELMIBTHY, t=0D& XIZ 0xz & O-XVz3—KLTW3
E LT, x,y. DEEREEIELHE

X;=x, coswt -y, sinwt (3.52)
Y. =x.sinwt + y. coswt (3.5b)
TXRES.
Hamilton O R
5f%r-uyh=o | (3.6)
2LV, K(3.2)-(3.5)h b ElEREHDIEFRFFER F 2
ELu"" — pod*u + paii = 2 praw — 2unod = pe @’ (3.72)
EIV" = par'y — una’e + pi + uUng +2 pani = pe,’ (3.7b)

Erg" -GJ,¢" - un’ e’ ¢ — un@™v + 1§ + prpi + 2unani = une,®  (3.7c)
NEPND. TIT, L (= Lo+ ) TEABTTLEY ORARS S Y BT —
AV R THD. REBEESTFBOES, XFTRICLDVDTHAZIVFDERK
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GHTMo BN, B HEHHFENIFACTHS.

BBV T, AMEBEIREFHICEESEHLEZONLDT, AHET
X, WEEEDOHZBMMERT 5HEOBNRTEELTAS. RO HERE
AERT B HDE LT, :(3.7), 3.7b), 37)DELIZ, TN ENEEEc,u, ¢,
e, BMAD &, WEEREZBE LI Emih0Es) s

ELu" - pau + pii = 2100 = 2U1j0p + it = e, o’ (3.82)

EIV'" = @™y — une*d + 15 + pn + 2o +c, = pe,o* (3.8b)

ET¢" ~GJ ¢ — una’p— pme’v + 1, + pri+2pmaii +c, = e, o’
(3.8¢)

WELND. ZIT, cnepegld, THEN Ly FM, LY FROHERERE
ThY, BELy T&FA, £ FOBRRBRREZHIZLOTHS.

322 FHEEAT
KB DERIMS DEREET H L, BHHELRMEN
EIu"" — po'u = pe,w’ (3.9a)
EIV" - pa’v— una’$ = e, 0’ (3.9b)
Er¢" -GJ 4 — un’a’¢— pno’v = e, o’ (3.9¢)
WELI, u kv, sk DERIISBESND. KB.9EML LHNBNETHR
u(z) = C, coshk,z +C,,sinhk,z+C,;cosk,z+C,,sink,z —e, (3.10a)

w(z) = C, coshk,,z + C,,sinhk 4z + C s coshk,,z +C,, sinhk, 4,z
+C,5c08k, 5z + C g sink, ;2 + C,; c0sk 4,z + Cyg sink,;z—e, (3.10b)
#(z) = C, coshk,,z + Cj,sinhk 2 + Cyycoshk, 7 + C,ysinhk, 5z
+C,5 c08k, ;7 + Cyesink, 45z + Cpp cOSk 4,2 + C,ssink, ;2 (3.10c)
BDELND. 22T, Cu(i=1,2,3,4), ks, Ci, Cpi (i=1,2, ..., 8), kugi (i=1,2,3,4)
i3, EEEOBERENEL AEENDRE S, RE1)DHEMRPBRKL 254
HREPEREETHD.

323 Galerkin £ % R A L =R EHBH

K(3.8) LB DES RS FERTH Y, e, ¢ TELOFERREICOHRE N
2D, BELOKE SIIEGEHOZERCEBRTHD ZLDBT0S. €
D HEEHFNCIT e 0, % 0 L LT HRIREEL, ZOHE, REY)IEEROE
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M IRENERE
EIu"" — poo*u + ptii — 2 oo = 2unog +c,gi = 0 (3.11a)
' (3.11b)

EIV" = puo*v— puna’$ + (i + ung + 2 et +c,v =0
ET¢" —GJ ¢ — un*o*¢— una’v + I§ + uni+ 2unan +c,p =0 (3.11c)
L7225, RGADICHIS LIZBWRERT 21T 5 728, Galerkin 1512 & 5 EHIRE

. T . -
BOEPEZRNTZFEZELS. £F, u v, gBENTNREAFMEZFHRET D n
,NDBFAREETREIND LIRET D.

EOFAREH Ulz), Vi(2), &) (i=1,2, ...
(3.12a)

u(z,) = TOU,(2)
(3.12b)

Wzt =37, 0OVi(2)

i=1

#z)= Y50 ,)
INDu v, ¢ ZR(3.3), BHIZRAL, e,e,% 0 & LT Lagrange DiEBNH IR

(3.12¢)

d oF, .
21?(5_:( —U)j—a—q-(T U)+ 6—%=0 (i=12,...,3n) (3.13)
@O O ... o,O0 =G & .5, %% ..V, 4 4 ... 8} =GO}
(3.14)
WZRAT3 L,
(3.15)

[m]{q}+[g1{g} +[k1{g} =0
DITFIFERICEEINS. 22T, {GONI3n IROFEHEREIESY RV, FplINE
BEIC L 28R T,

F, = -12- j: fe.i? +c,9% +c,97 iz (3.16)
DEIICREND. T, MiTE—FEE~ M) 7 X,
MU 7R, [kiTE— RAME~ N 7 X CThHBH. BEXIFFEOSAIZIIZFIThIZ
K BITFURGT DS RNZ NI B . [m], [K)ERFRTE, [glIBERFMTIICTHD Z L2 b

REB.1SE Y ¥ A 7Y RT AL TR B[103-108].

K3.15)I2HB VT,
{g()}={gq}e” (3.17)
LIRET D E, BHEEFER
(p*[m]+ plel+[k]){q} = {0} (3.18)

[ElEE— RYr A
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NELND. ZIT, {HIBERERARS bV, p IEREICHESE T E8RERA
REfchsd. REHBNL, KG1)M1 L/ OND 6n D p DEES, EIHEZKREE
THZLIZEVITY.nED p EFNETNDOERENETATHNITENEZETHS.
nfEDp M5B, 1 DTHLERFNETHIUIHHNALETHY, TD5H, EBE
N0 THIUIFAN—D 2 P RABIREE, 0 LS THNIZT T v FBARRETH
D.

3.3 —imEE—inEREOMEEN L ER

331 HUEEESEH

T FEERAWC, BEARNELZE T 5EEHO—REOEEEZALNICT S
2%, —HMEE—HEEEIOWTHREHENZTRL, BET 5. BBRORES
BRERICBWT, FIZHRELRZWVWERY, ROKESEREZA V-, BimidsE 2
BEIZCHWER 23 OEEREmE (=4 &L, R2.1 OMEERLWE T A
— & F W, BREMKITRNQ.15E V. BiDR &3 SCOPE ETHEL &
NABBHBEOL=50m & Liz. BT TIMREDe, % lmm & L. XET
LE 2 ELRM nOAEEXFANREE L THREHEZITOIBERH 5.
Galerkin = CHERTAREEK U, 7, @13, RBID)De, nZ2 0 &THI LITEKY
BoND, FEEERENOIEEREED u, v, g TNTND 1 ~n ROBEFREE— N%
AW, n=4t L ZnbERREKEERREET— FIIRK22 LX 2.7 THHR
BHREZELNTVS.

332 BEFICLAEEEOEMN

M BRMTEEOREITIC L A ERRE LT, olXT 285EmD x, y TRD
BOEMOWIHE [u@)], VL) + ng (L) ZE 33 IR, ERELEMIT, oE
UTEL, HAAEE (GEREE) CTERKER2S. 1| ROMBREEL, xHH
230.67 Hz, y 5 0.57 Hz TH 5. ZOx FRAOFEBREEL, FEEERFD x5
M1 ROBEREF (F22) TFELWV.

1 ROFEBEESHEDNL 20D o TOBMOE LR EE 3.4 1277, BRFMA
IEREERERL LTREL, SbiIZoPbKk&L 5L, EEERD 2KROHE
HIREIE— FRD X 512720, LAME, BRAFMOKERE ‘HIKE— FAR~OE
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LAY IRSNLD.

©% SCOPEEENDERAL Y L— FTHD 033 Hz KEE L L&D, REL
BlIost+ A AEMELEMNEDORELXHN 3.5 \ORT. WX 7 7128 2EEIX
Ly FEEH 1 THY, EMELEMT, xy HH & BRELIAIL TRE 2
B ENREND.

3.3.3 Galerkin EZF A L-BNREN

ERWERETHDy=0 DL D, MEHBEEID Galerkin 5 X 2 EREFKE)
¥EE 3.6 ITRT. HEENT 005 EFAICEDER, THMIZEDEEZRT.
ZEHB THEL RDDIIEDERBEET I0E I N THD. BRESHOE
LUE p27 13, w=0 D & & DOFEEEREBIRBOEF RSO HFE L, oDHEM
ChbEENTS. F77, p DERNREL R D0 OFEEPHFEL, TDOLERE
THENEZD. B, REERRIL, FANN—VzVRBREELT T v FE
REENFETD. FAN—TV o VABIREE L I2DDI3a22=0.57 ~ 0.67 Hz
al2r=3.00 ~ 418Hz THDHN, TOERLZ2D0lE, K 3317 LIZfERE
BEL—ET5.

K3.6En=4DLETDFERTHS. FHET— NRROEELZFADLO, n=1,
2,3,7TDEEDRRZR 37 LK 38T, BARHHERE— FREIZL, BF
REBOLLUE, EWARE, BROEFRBH TIZE—HT 525, BVARE,
EXROEFREE CIIERE— RREICE - TRRS. K36~K38LXYn=3
U b CHEHEREIIFEALEZERIR LN WD, REEHEFIZB N Tr=
4LTHLIIRETHDHEEZDOND.

334 E-tAETPOIEORE

n=00&EDOFMBITIZ L DEMBLEMER 39 ITRT. n=0 & L7o{RAEH
RAFEMEETHD Z 05, x,y FRAOEREEII—HKT 5.

n=0 D& XD Galerkin IEIZ X 2 ERERIREEZ K 3.10 27T, n=0Th?
ZEIZKY, iRl 0ERPSEEIND. ol XDbT—EDOEFREK
216Hz X, KUY OEFRERK THSD. £z, FEERERRC—FH LTS x FHL
y FEOEFREE R 0 LV ETEN, REEHRSEZTT o IIFEELRNT
EDFMB.
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n = d DEFBAKEIZER O 22V — A 2 — B PR B RTE OBIRR E 2 1
BB, n=0%EELL, 2200F7 A—FxTNTNELS L EDOH
MZEEEH 311 W TRT. EB(LSE B35 A—F1, K 3.11(@)2 1, DA, X 3.11(b)
MyDHT, Galerkin $i1Z & HEREFREED HHIWT Sh 2 REBK & FEER
AT, K3.11@ICBWT, LA I =150 & &2 REEE PSR, 71
N—Dx U ABIRBREREBIFEETH OO0, 77 v ¥RRZERBIIFELR
V., —F, E310IEBNT, =04 TiE, AREFETHDpd=11ZRO
P HA NV VABIRREER E 7 T v X BARRERBROTE S HFETD.
SE Y, —R—EFRER BT T, E0-YANTOERESRRE L 2o
T, FAN—V 2V RABRREL 7T v FBARRENEE 5 AREREPFET
AZEBRE3IL LVREND.

33.5 AEHBEEOTE

NERE DL BERT 3 HBADERREREZ LS. n=d OAFRKEHICS
W, y= 001 DRMBFEE 5 X 258 O Galerkin I & 2 EREHREIEZ X
312ITRT. FEE3L20)EE, 1 KRE 2 ROEFREEOEDERD A &L
K LCRE. BEICL Y, BEESHRICIIAOERRREET 58, FARIZITRL
TV, IEREROR 3.6 L BT 5 L, BAEREIIe 0BT LIERR
B L IELL 0T LT T, BEROEREELBLS L EQEHVPFEICHFEL,
REEHRRNEE D2 LBHD1D.

33.6 BMERELLIBERSLAEE

gL v, EEEENT, 1 ROGREBEELTCEELCOIL, BETHH LW
2%, 31310 L 1 ROEREES®RT. M313LY, 0=033 Hz TEEL
TV AEEEEL, B L=663mE CHHEETHD Z EBDND.

34 —EEMTE-HERBOBEHENEEE

A HERO SCOPE EEEMAME LN EIT ) 7, —ImiEX
B E R OMIESFESI R R L, BET 5. R EHIN(2.22) T K, =15 Nm/rad,
m:amﬂ%mm&?5u%m—ﬁﬁﬁ~%am%&ﬁﬁkLtﬁ@%ﬂﬁt;
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BEMELEMEZR 3.14 1O7T. EFESCAbEBESISFREDYD, x, vy
MO 1 IROBEREEITIEVES 725.

Galerkin {12 X A EZEEFHESE A X 3.15 177, IbbbEEEICEOER
BMTERMLDTD, 1 ROEA N—Vx 0 ABRRE EFEBRIL, 3.6 D—5EE
—IHE RENILE, &L RoTWB. £z, SCOPEENDERAE L — M
033Hz THY, ZTORD 1 KROBEHFREED 023 Hz L AL L— X YEND
OD, E315 PO AREERARITIEE 2N LB 505.

35 KEDFELSD

KETIE, F2ETCROEEERFETT N2 EGHRAELRET 272D, R
BELEFO—EXIPNERREE 2 H 3 2 EEEI-OV T, Hamilton DFEIZ LY
EHHFEXZEHL, BNERRUBNREERLHET D2 FELZE W, ZOF
HBEEAWE—REE B HBOREHEFA LY, RORZHALMILE.

o AEE, EREE, REL, BHER, RUEEREFRSEOREMER.

o —EIRIFREABWEEZAE TS EE#MTIE, Bl FAKFLOR—EITER
L= AREERED, bOARERETREISZ L.

o WEBEENFEETIHBAITIE, 1 ROGHEE LY KEWARE TIIEICE
BREEICRDZ L.

F1LC, BABWEHERD SCOPE HELHZEE Lz — B iF—i%E B

EROEESHERF| L VW, SCOPEEEDEA A L— hTIX, EERREA RS
ERAE L L—FEIVENWLODOERNEZETHAIZ L 2HER L.
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C/

o0 Veo)

32 —EFREElTE OEEEEBER COEDL L EARF D
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Centroid deflection at free-end [mm)]

Angular velocity, a¥2 7 [Hz]
33 BEETICL2ELESEDbS (—BEE, 7=d e;=e,=1 mm)
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Centroid coordinates in x-direction, x, [mm]

Centroid coordinates in y-direction, y, [mm]

F3E —EPRERBANTE A T 5 Einih o 2 ERET

ol27=0.5Hz a/27x=0.33 Hz

Undeformed
0
Rotation-center
-1
-2 w27r=1.0Hz
-3 o2r=2.5Hz
_.4 b
..5 1
0 1 2 3 4 5
Shaft coordinates, z [m]
(a) x 5H)
5
4 aV27x=0.5 Hz

a27r=0.33 Hz

Undeformed

L a2z=1.0Hz

Rotation-center

al2r=2.5Hz

—_— — e ! . 1

0 1 2 3 4 5

Shaft coordinates, z [m]
(b)y Fm
3.4 BOELBR (—REE, n=d, e=e¢,=1 mm)
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1000 F B — 2
g P —  x-dir -
= .| —— y-dir i
5 100 Yy /,/
Q -
10 3 e
Cg F //’/
= [ R
7
k3] -
5} : .7
5 0.1 F ,7
o F _
2 1 -
] P
& 001 ¢
Q
@) L
0.001 ' S it -
0.001 0.01 0.1 1 10 100 1000
Centroid misalignment, e, e, [mm]
35 RELEICHT DAERELEMNEDRKE
(—%EE, n=d, @27=033 Hz)
5
E A
R 4
Q
S
é‘ 3
g Im
g |-
H
=
2 |
<
|
E Y o
a A
g Re
O ¥

Angular velocity, a/2x[Hz]
3.6 Galerkin I5IZ & 2B REFIREE (—IREE, n=d,y=0,n=4)
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BIE

wn < el ~N -~ o

S £ > ]
[zH] 2 7/d ‘Kouanbay Teinjeu xo[dwo)

3

2

Angular velocity, a¥2 7 [Hz]

o

(an=1

o < o p.p\o_..
et el

[zH] % 7/d ‘Kouonboyy fermeu xadwo)

i

o

Angular velocity, a2z [Hz]

(b)n=2

L2 EREFRSK (—IRERE, n=4, ¥

=0)

-
—

3.7 Galerkin }%E1
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FEIE

BV

(ayn=3

Angular velocity, a/2 7 [Hz]

/

n | <t . [s2} . N , —
e

[z2H] #7/d ‘Kouanbay jermyeu xajdwo))

o

o o« o o~ - o -
T e

[zH] 2 7/d ‘Kouanbayy [eimgeu xo[dwo))

0)

d,y

(b)n=17
61

Angular velocity, a¥2z[Hz]
3.8 Galerkin {512 X 2 EREFIREEL (—IHREE,



BI3E — W AEARNE 2 H T 5 s 02 E R

Centroid deflection at free-end [mm)]

0 1 2 3 4 5
Angular velocity, a/2z[Hz]

(3.9 BAEITIC L 2ELEREZDS (—IHRERE, =0, ex=¢,= 1 mm)

Complex natural frequency, p/2 7 [Hz]

Angular velocity, a/2 7z [Hz]

X 3.10 Galerkin ¥£12 X 2 EZEAEES (—IKEE, n=0,7=0,n=4)
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Non-dimensional moment of inertia

Non-dimensional distance between
the centroid and the shear-center, 7/d

F3E —EHRENBNE 2 E T 5 EREORE R

[ Stable
B Divergence

F-y
L J’JJI‘J1J|‘
e U] |
L}

w
LL Lht4~t

in y-direction, I,/I,

[
E

Angular velocity, o/2 z[Hz]
(@) L DHEESHETZHE

[J Stable E Divergence [ Flutter E3 Divergence & Flutter

(il

Angular velocity, ar2z [Hz]

(b) nDHE AL S THE
K3.11 n=0%2&EHEIINRTA—FEELEET L ZOBILEME
(—SREE, y=0,n=4)
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Complex natural frequency, p/2 7 [Hz]

Angular velocity, @/2 7z [Hz]
(a) EDEH L EDERHERT

01

02

03

Complex natural frequency, p/27 [Hz]

le
&

0 1 2 3 4 5
Angular velocity, a/2z[Hz]

(b) 1 k& 2 IROEDERDHFKR
3.12 Galerkin I K A ERERREE (—REE, n=d,y=0.01,n=4)
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FIE

[zH] 2 7@ “K119070A IRNSUY

Shaft length, L [m]

X313 MERREIE 1ROGBREE (—HEE, 7

=4)

d,y=0,n
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FIE

[wwr] pus-291y J& UOLOS[FAP PIONUI))

Angular velocity, &¥27[Hz]

%

d,ex=ey,=1mm)

tizbd (—IRHEIESIR, 7

ZXBHELDL

BARAT

X 3.14

< ™ ~ 1&0

« : g

(=4
[zH] 2 7/d ‘Kouanbag Termeu xojdwo)

d y=0,n=4)

Galerkin 1B\ X 2 EREFEEE (—HWBEMEXE, 1

X 3.15
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54 =

— R BN E RO R E VB R R RN

41 [FLHIC

KETIL, BIETROEETARRESY, —HdRERBEFEROA L
BF A BT R (T Y. £33 ETH, —ExIERENE LA T 5 EEEz oW
T, HBERENSEARETHEREL TS L XDBMNEEEZHALMNILE.
HESFEAIC LN, EEET 1 ROBKREELZBXRVWARE CENLETH
D, 1 ROBBOEEIZEIEVI/NEL 25, AV VEFEMBEIE, 1 ROBERE
ErBiRVWREETHESEIILNFARTHI LB bNID, BER, K
SIFRFEICKEL, BAMIChoEREOBEI L, BEMEEIZXSET R
2, BOEITLRAUVICEMEELE52D. AETIE, ITNOoDOEEEHALNT
THZLNEHTHS.

B S ENOEEARBET AR, N RY—, BET—7, BEL O X
5T, IRIRIKIR OB ERASERE—E D 2 Al EETT HIRTL[109-114]%°, HI
R TELNDHE, vRy 7T —24, BEA L, TH-0OXIIZ, BEXIIU
W X VEFEOR SBET HRARETR LN, TOEBAFEIT OV TEAIZ
R ENTWVWB[115]). ABFFE TN T 2 A LB RERIIBREDHRRIIEEN
5. BEOBRBIZONVT, OB IROEGEZ IS 2 BRIZFEAE T HIRENT Spaghetti
Problem[116] & FEITZH, (HBRUIMMEFIZOWT, EBITRIEOFE, BINER
RIEKRERRY, ETNMVEFERRRDIFRL RN FEPRESNLTVS
[117-120].

DB XTI D BN DV Tid, Tabarrok H[121]3FERAEZ B R L 7-E
BFREAZEH LTS, £z, Wang S[122]i%, (HERIGHEEORHU/MEENIZ DU
T, BEICIKTET AF— FEERZHWVWT, Galerkin IEIZ K AELENT 21T o 72
F O, BOEFNALFIEICET D B50[123], A ¥ ENBREZ & 755124,
125], VAN THET 554 OME[126], HREEEIT —F % L OERZ EICER
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FA4E —EXTRENBRNTERO X B R

T ARSI A3 B BE OfEFT[127, 128], < VFRT 4 {LIZ & B #7129, 130],
AHREREIZ L H#IT[131], ERICFHEE LBERT 258 DT 21T o726
[132-134]HHD. LL, ZNbDFHEL, EHRFEXAREETHVMOE10MHE
BLZTH 72, HEINER R OBEEROFEIZ OV TEBEICEHME L 72 b DT
RN FE T, BEFRIEID IZAE Y LTWAEE DT b RSN TWARN. 51T,
RBLRBOIL, BEMRETHY, ERBEMEEZNRIZILIZLOH RO,
RETIE, BRIEEIZLZEFMAPZOMTERALVIHRTFNE LTE
BERIETHOL L, —E#HAFRENBNEROR Cr#imBREROBmITEAL
» OEENHFER%E, Hamilton DREBIZ LV EHT 2. £ L CGEEHFEXZ Galerkin
B VBERL L, BMREMEAL HEEZEL. ZOFEZAVE—REE
—HEBZOHEHEMN LY, NHEESFELRVWEEIE, ERERRERIIE
DA LERECAE L — ML LT EICHNREETHDZ L L, N
BEENSEETIUIBNR IR D BBEESRMBRFET S Z L 2RT. [BEM
HEOEEBIZOWTERL, EOBRBMEEIZL > TBNARLEICRIKIIEE
EMEICEPERTHD L 2E2EOREHERELAVTRT. £, BEK
TEOADHEBINEEIISNEEREICERELEZ RN LETT. 2 BEHOM
B — B2, BNREMOREBEYZE LT, BEBILLZEHHE
R HEES L, BESEV L HEETROBELERIPRESRDILETR
+. EARWEMERO SCOPE HELEHEZIAE L — X —ihE RO
HEEH LY, BMEBRICHHNRREL RDIHEVRLONEDR, TOHEITITR
BEDESGVI/NEL BRER TR 729, HEREOBERNEREIIKE 2
BIRONT, FRENEYERERTHD ZEETT.

42 fEWFE

4.2.1 EFAFRER

R 4110, BRACVBFRICHEL TS L EOBBRETT. RS LOK
FRTDE SHE S RBMERN, R VENLHTICRELD e, ¢ KTHENTNT, X
EUEIE ) L —EDAEETEEL TWA Z &L, § 3 BETR @ s [
UChDR, RETIE, BBICLY LR OB LOL 25, EEERER
% Oz %, BB ACVENC—RTHbOL L, x y 80z BiE Y ICoTEERT
B. HEL, O-yzid, EWAOMEROBEEE 2=0, B HTRE 2=L0) &
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RALSREL, BEBOBHBICHXICADYE, AVVHMEEBEHTILOL
+5. THIIEFEREERRBET S b0 THEMN, BWHEROD z BRI RRIC
L\ =, EEHFRALEETEZ N TES. BIERIT, Viasov DE
HIcES —EEO— S FERRNERE L, B, EEESE, PrAoT
— A2 MIERA LRV, 2FL, BEHOESBCO T, EeFEXEHOBE
T, LM mBNEEL LTEXD I LRTARTHDZEERITTT.

BAMEIR T 2 FIANCERE L2 b 0 L3308, [ERIEEIZ K Y 87 MR P, )
P=—zl 4.1)
MWRAETSD., 22T, pliR0OBMESYVEETHS. HEMERILL> 0720
T, P<0r72Y, BMMEIZIIEBABETO, R MG TRROEHRIIBL. X
=, BEREERIL<0RDT, P>0L72Y, BHEENZIXBEHEKT 0, YT
MCEKOBIEANM. RE.DEE 2 EOXQDEEKE~ND L, HEmERY
FHTSRD z BERSYETH D Z L 2EEBTHE, [ EHERCRE LRVWEMEE
g ENEMTHDZENHND. KETIE, ZORNE, FL2ELRAURET,

ZOMITEREVICHEREAE LTERT D LT 5.

EL—VAMPOERESYy, TABTLO X, y FROEMZ uz, ), vz, 1), AL
DEEG(z, 1), ERTHNE LT, —ExiFRERBEREL F 2 EOH 3 EL Rk
KK 24 O X 52k, —EHREARKEEO, »OME BT D, EERE
L TOELLEAMTLIER 32 OBY THDH. ROBBTRLX T, KTV
TRV RAX UL, EO®EBEIREMOBKE 25 Z &SN 3 E LRI,

T= % jo“” U + b + 1+ o) ez 4.2)

]' L(t) ” n n ’
U= [{ELu + ELY"? + BT +GJ ¢ ars 4.3)

LB ZIT, LIZELEY OBVESYVEERE—A VN, EXYV IR, G
TR ABTEMEARER, I, I 13 x,y FADKE 2 RE—A >V b, TiZV -7 EE,
JIIWEE 2 IRE— A FTHY, (), ONTENENLE 2, Bl ¢ IZBET DRI
DERT. Eir, Xz 1), Yz, HiE, EBHEREEZESR O-XYz TOEMIET, x,y.
DEEEELER (X@3.5) LVKE 3.

RN L BRI EW, X, PI2EB DL, RATEINEBORMERERIC &
HHDE LT,
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éT/Vnc = J.O [E(Pu )&l'l‘gZ—(PV +P7]¢ )§V+E(P~;¢ +P77V)5¢

—c,ubu —c Yo —c,4¢ |dz (4.4)

TEZBND. 2T, L (=L + ppf) XEAMFOLEY OBME S YV EHEE

— AV N THB. £ cn o cdd, FRELx, y FH, AUV HFEORMERERE

THY, BWFELy IZEFH, BE— FOBRBRESEEEBEITIZLOTHS.
Hamilton D JRER

[*6r-8U+oW,)dt =0 4.5)

&, R(B2), (3.5, @1)-@GHX Vv, R UEFEIZMET D —ExFRE AR E R
DEFHFEX
EI u"" — po*u + pii — 2w — 2uno +c i + pu' + plzu” = pe o®  (4.6a)
EI V" - pa*v— una’$ + 1 + uné + 2poni +c,v

+pulV + pl" + pnld + unlz¢' = pe o’ (4.6b)
ETY" ~GJ ¢~ p’ @’ ¢ = pma’v + 1,6 + pify + 2unen +cyp
+ L +1Lzd" + puniv' + unlzV" = une o’ (4.60)

PNEPND. RREEXFROFE, XRFITNRIZL 20 THTRVFOERK(A.3)
o325, Bon2EEHFEAIIF L THS.

4.2.2 Galerkin iZ%ZFIA L -RERIT R UHEES

R(4.6)1%, FOHEN 00D LOETE HIREL, LOEE2ED, BHAHTE
DBFE RS TR TH S, R@.6)& Y HEL, HEER (0=0) 20T
RUVIEEREE (n=0) O, HEEITEEICOVTIE, Wang 52° Galerkin %
FIR LI RIE R RE LTV B ([122]. AEEHTTIX, Wang DOFEZHWVT,
K46 DEEMRIT R OEMERES 21T . 728 Wang b OFEHT TIX, fHEIDOZD
EEAFRERO LEZEK L TWAN, RET T, BERAREUKTROME
MEEZEDEBROHBAY— V2R 2D L5 RFELEL.

=7, EBHFERE Galerkin IEIZ X VEEEU(LT 5. u, v, g B3 ENTRENEM:
PWRT A nEOTREEU, V,, 0,.(i=1,2, ..., N)DREFES TRIND LRET
5.
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u(z,0) = S EOUL0) (4.73)
Wz, = 35OV LE) (4.7b)
#z)= 3 A0, (2, L0) (470

ZIT, U, V, &13, HEEER (0=0) 22T FEERE (7=0) O 1~n
KROE— MR TH B. T— FERBALE 2 720 TRL, LOS UTERT 54
DE 3 EORG.I)EIFER-TWVD. THD u,v, g DEFREIHS 2RO B8, Flx
T U OFRFRE#S %

], =2gi=ll§-gi (4.8)
ot oL
¥ 2
g =9Y _joU ;20U 4.9)

DEITTBE, HEHRVBEZIZRD. RAIZKADERAL, K4.6a),
(4.6b), (4.6c)FNFNIZ, H(4.72), (4.7b), (4.7c) & H T, zITDONT 025 L(H)DES
ECTHESTDL,

[m(L)){g ()} +[g(L, DGO} +[k(L, L, DGO} = {f (L)} (4.10)
DITFIRICEEBIND. 22T, [m(DE LITEEFET S E— NEE- MY 7 X,
[g(L, DXL, LIZEETEE— Ry A a~= M) 7 X, [k(L,L, DXL, L, LI
FT5E—RAME~ R 7 X, {f(DNTLITHEFET BE— F—KAX7 b TH
D,

GOy=@, i, ... 0, v, v, ...V, ¢, &, ... §,}" 4.11)

13 3n ROEEFEIZEST ML THB.

H@.10)DBE#AL L 7= BB FERTBW T, {fL)} ={0}& L, G@O}ET5
EREMFTZITZIE, HRFTOBHNREEREZFAID LN TES. j ZEEEAT
cL, {gny %

GOy ={qL, L, [)}e@®LDHAGLIE (G212  6n) (4.12)
CIRELTHEONDEEEFERD L nf8DOEHIEEOEN o, & EELERD
5. BHARRELRDDIX, aaBEDEETHY, o DXKE SPTHHARELE
DEEVWETRTHOTHEIND, n{fHDag® 5 LOKKIE

&, (L, L, Ly =max(e,(L, L, L), o, (L, L, L) , ..., &, (L, L, L)) (4.13)
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PEMERERDOEEL T 5.
BERESIIRA.10)IT DOV TITYY, Newmark-giE% V5.

43 —HEE—InEHEOREHEN LER

43.1 PEFHEEH

KM FIEE AWT, —ERFRERBRMERO A ¥ hhmBRO—RIMEE
FRALNIT B, —HEE—HE BRICOVWTHEHERAEZRL, BRT 5.
BEERRIIBWT, BRENTWE T A —FSMNIE 2 EEXE 3 ETH
7K 23 ORFRKE (7=d ROK21 OMEERELEE AT A—F @A L
7r. BREEIXQIHERA W, BMEBEHEL LT, RELIZea==10mm, A
v’y L— MISCOPEHEDERAY L — FTHDHa2r=033Hz L L, BlI L=
Im»5 L=5mETHETILDE Liz. 3 ETITo ZEEE#D Galerkin 5%
FIA LS EEOBESESI LY, TORE Y L— Tk, BHEEZEORIIH
HEETHBZ LRGN o TS (K3.13). FRLEE— FREIZn=4TH 5.
Nermark-AETlIp=1/6 & Liz.

432 HREEIBMREMICEALEE

HREENBNEEMEICEZ DHEBLRADLLD, L=0L LEEDL, L5
27-BETHD, EREBBIDa_ (L, L,0) DEEREZE 42 177, K420y
=d, o27=033 Hz DFEE, K 420)iEn=d, o2z=0 DFE, K 4200)i%n=0, 027
=033 Hz DR OEESHERFRTHD. 727701, M4213y=0Th5. K420)
L0, FEEEER, —EdTERBENEENAY S LERLERETHRELTND
EHIIEICBAREETHD I ENREND. ZHEHELT, n=0 Xido2z=
0L LEBEDERTHIR420) LK 420C) THEWNRZE THD Z LITEDD
V. DF Y, MBS, 7ol BREL, BEEENSTFET VIR ICBNAR
ETHDI ENHN5.

n=d D ow2r=033 Hz C, NEBENEET DD a,, (L, L, 0) DEFEREZK
43 1R T. WELIEy = 001 THD. K42 BMZEFRRIPFETDHZ
LWSB. n=d h0al2r=033Hz Ty 2B &R L EDa,, (L, L,0) =00
HEEEA T 4.4 17T, y= 0 S CHITBIMEREBRNFEL, yPREVE
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FOERLREL 2B, £, BLEF L=66m UETIHRELLLICEADLTE)
HREEICR DN, TS 3 ETHLNIR > EE#MOBHIRERRARS
IZE2HbDTHS.

433 HEMEEHIEBNETERICERSFE

HEMEESSNEERICE XS FEBERANDED, L=0L LEEDL, L%
Ex B0 a, (L, 0,L) NEEHREX 45 LH4617T. L#0TL=0L72DD
FIEBICB LN —RTHBD, T2 TIHEBRMEEOEELZFRANDT2DICA
Wi y=0THY, RASIZEDL 252720, K461TADLEERT-ROEK
BEEHERKRETHD. £/, M4.5(a) & X 4.6(a)iIn=d, o/2z=0.33 Hz DFF, X 4.5(b)
L 4.6(0)iZn=d, o27x=0 D, K 4.5(c) & X 4.6(c)ixn=0, o/27=0.33 Hz DED
BEHBERRTH 5.

M 45a@)& Y, FEEEO—EIXFRERBNER O X U BMGRRRE, EO
MERMEEY 52 581003, BHNRERR L BNAZEREIFEL, BRUR
FREERTIE, EOBBMEENKEWVE Y a_ (L,0,0)ITKE< 5. K45@)
L 450b) K 4.50c)E BHET D L, K45@DAHIIIRNT, L=6.6~T7.1m ik
PO/NERIED L THNALZEFERENROND. JHUIFE I ETHLNIR-T
SERBEEOEEGEOBMNEZERGEICL D HOTHY ,L=66m & L=T71miTZTH
FN1RE 2ROEREEN 27=033Hz L 2 DR IITHET 5.

AEOEEHFRNOEHBETIE, L LHERIZBE LRWENINEE g L213%E
MTHDHZLE R, AR, F2ECHEWVZFERICIVENTEEEET
BLEDgERODBIENBFTRETHY, ZHUTER, MEINEFRICEERET D
LEDLEBRTIENTES. a27=0 THDHX45OLITITFE 2 ETROEEE
BETHLEDg (£24) ERALTHSB. ZDgiL, a,,(L,0,L) =0D%H
BMEICHB., OFV, EOHBINKEIZ L > TEBIHARREIZR 5RILEEEMIC
LVERETAIRFETHEI LBAND.

BDOL 5% -EBOREFHEFRR TH DM 4.6 T, H4.6(@ICBNTOHR, L=
6.6~7.1 m fHEAD/NERIED L TEMARREEL %D, TN HHEIETHLNZ
720 - MEBREDOEEGEOENEZERFIZLI DD TH DD, K46 TiE, 0
SEE L — AR REIENRETHD. OF Y, HEKTRRLEOADBEIMNEEIX
BHNREMHICEREY EX RN EBO1S.
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n=d 7 2a27r=0.33Hz T, NEEENFETDHDa_ (L,0, L) DEEHREE
47127 F. BEHIZy=001 ThH5. K4.5a)L X 4.6()\t~, BRREER L
AEFEFBITIE—DEGRIZE>THIT LN TS, ZhiL, E3ETHLMNT
ol EEEROEGHONTREIC L 3FELALEHRTHE LEILNS.
L L, K47 OEFEERORIT, MEEREDOHEL TR 44 O X ) ITHREIC
Ko TELT D HD TR

4.3.4 BRN\Z—2IZIG CT-BMREEOEREE

R NY — 552 OB EEEOREBRELZRNS. MBIXL=1mM»
HbL=SmETLL, BHEFENIBDTHIK 48 DHENRZ— L, HEREN
10 THDHHM49 DEBEBARAZ—VEEZDHZ L L L. MBRY— U ITERIIC
ETD XD, (HERMERL HEBEROIMEESFHFUESHORFE L 2D L 51
BEXTHD. y=001 &L, MEOHBARE—V 25X 2RO a_ (L(), L(), L))
DORHBRELZXK 4.10 12777, K410 XV, HEREES1BDOREY 10 O {H
BHROMBZIIEICa,, (LE), L), L) <0 TH Y, BIRETH D Z L3590
3.

435 HEESICLLHENEVE

BEESEZITV, BEAAFZ—V0BWNIL 3, BREYEOLEZITS.
Nermark-FEDFIHAEIX, BERIOL=1m—ETHEGELTWVS L X0, &b
HIRERBEDITEZT. T, BEI3IEOHENICLA2TbABRTHY,
HEATDOL=1m LHBBEDOL=5m T, K411 DX3ZE26N5. M48D
HENRF— LK 49 OENY — %52 -ROEEREIZR TOELERE
%0, 1), (0, D& K 4.12 127~ F. HEBRIIROBEY THS5. H4.12@)I1221T,
HERT 1= 1sec £TIY, M 4.11 D7ebABR CTEEL TWD . MENFEBT D L,
T2 b BIGRIZ AR EED SN, BRI LAY 5. BEPIX, EOEREN
X,y FENCEFICHEMNTS. L=5m L7253 t=2sec AR, ELEHREMIL, L=
5 m OF LWEEREBIZM2 > CRESERET 5. Z0BESEREL, X
4.12(a) LK 4.120)D EBLH S, 53 ETRD K Galerkin ¥EIZ & 2 EHIREM DI
fLUE (1&IX0.28Hz) THRFRHIL TWAHAHDEEZIHN5.

HEREN 1 BORD 10 RO LBBRTFIIBNEE Ch o7, MERKTHD
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BELEWMEMEX, H4120CHEXTR4R20)/MIL<HTAZONTNDS. ZDE
WZBIL I T 5720, BEFObAERER 4131777, K 4.13(2)A3BEN
BRTR, K430 —ERERBEF CHERIOFMIZEZ L=3m DL X,
X 4.13(c) MR EECER AR, 413 HEEZOZRKRIZDOAFETHS. HEEHD
L=5miZttrR3 L, MEHOL=1m D& XD-bABRIZFEEIT/NEV. HE
BOEBAERFIZ 36U T, HREFRIA 10 ORI IT AR EEIGEVIREE T2 b AT
DDIZXL, 1 BORZIE, HEVZbETIHBL WA, 2%, HENE
W, BREFPERETICHEL, FERENS LVEND-D, BEKTHROS
BEICERBNBKREL 2D Z EBoN5.

44 —IREEXH—IHERROMMEES L ER
HABARTEMRRO SCOPE HEBMAME LT &21T 5 -, —usmiky
i E HROREHEFZ T L, BRT . BREEHNIR(.22)TK, = 15 Nm/rad,
K4=0.007 Now/rad &9 5 LISMNI—IREE— B HRLRKETH S, y=0.01 T, fi
BRE® 1 B THIH 48 DHB Y~V 2 EX RO o (LG), L), L(2) OB
FBEZK 4.14 1275, —HBEE—HEBRICHAT, FAUERERTH BN, i
BEFida,, BDELRVBHREEIC/R>TWA. ZOROMERS I X 5 EELE
ZR TOBELIEIRALE x.(0, 1), 0, D% X 4.15 \ZR T, HEKRTHRORRENE
i xe, ye & bFAKI 16mm L HRTH D, BIRLEICR B y=001 OBIERESE
REHBT D720, WERFEIEBHREL 25y=007 DED a,_ (L@, L), L)
DFEFEBEZ K 4.16 12, BEESIZE B x(0, 2), y0, D% 4.17 173, X 4.15
ERA1T L2HARD L, HERTFOBHEEENRER>TWBIZLEDLLT, [HE
KTROBRREMBEINSEFR U TH S, T4, y=0.01 HEDICEIHRLE >
2oTH, REREDEGVI/NEL, HREECTRDLED, MEETHRICKE
RERLBSTHNARNWE=HLEEZLNS.

45 XKEDELD
K%ﬁm,%3$vﬁbt%?w%éam%§éﬁ,—%%%%@%%@%@
AV VBT AR 21T o . MRIEEIC X 38ARAREOMITF ALY
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v L — MCBEDOLLTEICEMARRZETHD.
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s i . .
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-1 C -~ -

0 5 10 15 20

Time, ¢ [sec]
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(2) fREREFRY 1 B ODRF
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N
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(b) fRRFFRI10FDDRF

410 {HENRZ—2 %252 7B qp., DREBRE
(—3R@EE, n=d, o/27=0.33 Hz, y=0.01)
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F4E —ERTEARMERO X © U BT

— Equilibriumat L=5m

----- Undeformed —— Equilibrium atZ =1m
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E4E —EFFEARMERO X U AR RENT

----- Undeformed —— Statically deformed —— 1-sec extension —— 10-sec extenison
5 5
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K413 HBBRPORLAER (—HEE, n=4d, @27=0.33Hz, y=001)
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FsE HARKEMRRORREICRIT D EKEAR

BH%

SN FETE PR ZDRFEICE T HRAHER

51 [FL®IC

AETIX, FHEESOBARMEERER, FHEA—KTHESHE LTER
ThHBRZ LETTIED, BRFOA V7 L—F TNV EENBIETEZR SPINAR O
FHRET TOELERBRIZOVTIRRS. U\ T, SPINAR OH/NEHBRET T
DAY EAAHRERICOVTIRS, F UL 2 OFFBSN A Lt R
BEHL L THERTHA I LEMHRTDH. LI, FA4EE TOMTEEZ A,
DA HARBREROEREZFMT 5.

FHRET COERERRIIEH 2/ v MILVITo7%. SPINAR DRI
SCOPE #HE TUELRADZAVVEISMTIIRL, AVCVERNTHoHOD, #H
HSBEYWOFEERET TOA 7 L —F TN HBOEIE V) S8BT,
EFIZBERBES Tho7z. Bllor vy MIEEIZRAL, SPINAR NFHERE
TCTEMELEZLAHRTHIIENTER. £, ERHE VS ATH SPINAR
ESFHRT 7T & LTOMBEE+oICRE L. ZhiX, BARICEITZFH
AT V—E T VEEY OPOFERH, ROHRIIBITAFEHA V7 L—F7
NEEYMDFIOEFNIRTHDEEX LS.

WNENRET TORY VT HERERIT, MEROKDBRRIT (TR
77748 IZKVITo7-. SCOPEEHELZEE LIFHELEREIZ, AU L—
MRA VT —va VEHNREERERLTCERLEER, BRKAEVL—12E
ted bW HERRNT A—X T, SPINAR IZEEFICAC E#FRAHRE LZ. £ LT,
FAEETOMTFIELZAV, A UVEAFMERERICKITS, BHREEDRT
MEITo-E 25, MBRROMMBEHIZE T, SPINAR IZEROEFRE CIRE)
THZELEMRE T,
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FSE HEARKEHEROMBIIREIT 2 EIERR

52 SRAIOYS Y FCKS52FHBRETTORE v ERBEEER

521 EREE

AIETWIHERIZ 7 > NEBRIT, ISAS/IJAXA BMT-72 [ERL 19 FEEE 1| %kE
BleZry b S-520-23 BHERAEER] Thb. KERII,

o FHEEEZE DOEER 100~300 km DFEIRIZE VT, FHERK & ERERRDE
BEBAEL, KRFTOESEHZSARLMERATI L.

e BWVWEE (100km) DOHEIAEBIOEELZZERTRE T LIZL-
T, FHRET COF LWERIFEDOEIEZITI Z L.

EWND 2 0DT—<EFDO. vy ME, KS1@IIZFT X5 IZ2& 8508 mm,
S 524 mm T, BEARES, E—#EF, EEHTI VB IND. BRBERT, K
KHTTREEDY, K510 L O ICEESICERINT. 28, K5.1(0)
\ZiE, AEBRTHHAYT S EVMR & EVMR-ANT, KU'MSI 28R TRLTH 5.

SPINAR i, BlAIEERD | D Th 5, B - VLF/MF #HEIKZ(EH EVMR (Electric
field & VLF/MF band radio Receiver, X 5.1(b)ZEDRRE) DOESGEHAT 77

(EVMR-ANT, X 5.1(b)FROKHRER) O—EIZEA Sz, EVMR I, EREE
FOBHRFHAI L EFEEHEL B E L, 4 KD EVMR-ANT ### L7z, K 5.2
IZ B SRR T S N2 IREED EVMR-ANT %7R7. EVMR-ANT 1%, £ THE
KT, vhry Mg EEENIC 90 deg BEITEB SN, XALD 2EXKDT VT
FTTIROIAR—AT VT T EHBHT 5. 2007 7T FD 55, 1 XTI 52m
tip-to-tip ¥ SPINAR (EVMR-ANT-1/3), o> 1 %34 2 m tip-to-tip D Y R T
77 (EVMR-ANT-2/4) Th5.

a4y MIg—a—7 ACVSNOEERIEEZITDT, J—Xa—UBRERIT
BEAE VI STV 10HZ TRV T 5 K RES Tz, ERRICHRARITL 0.9 Hz
TREY LTWz®), SPINAR OFHERIAL VEANBETIToI &l
B.
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& sE HARWEHRRROBRRICEIT 5 EIERR

522 REVENEER7TFELTOSPINAR (EVMR-ANT-1/3)

AEERTIE, EVMRANT-13 D754 NEFA LT V=T YV U TETNVEHR
£ L7-. EVMR-ANT-113 OV 25 AR EHK 53 12, SMEER 54 1277
EVMR-ANT-1/3 A& FEIZIZEKFEER 20U L e b —23F&, ZhEiLl
FREER R 5.5 1R T, 5.4 HROFEERICEVT, SPINAR (ZERICERE ST
TW5. SPINAR OHEAEEMERIZ, X 1.4 ORELSDLBROMELEER THD
TATEL X R Y, FEE L U TEEHEY QFRP (Quartz Fiber Reinforced Plastic)
ThHY, BrHF—& LTESR 10 om ICEBEREAA LAY M7, By —»mb
EVMR-ANT-1/3 AE~DESHESIT, HABKERORFHARHRICH > /28
EHTBAZ FVE. SPINAR 1 DOBBEZIIN 24 m THY, MERED
EVMR-ANT-1/3 #[X 5.6 IZ7~9".

BREHLY, ) —Xa— BEEETSRBEIZITAD X DTTOMBERD-
7= 7=, SPINAR I% | HRRETHREBT 3 L HsREtIniz. MENEV\ L, SPINAR
BITIziE, MBRTECRESRERANBEL, BRI DIAEELRHD. Z0Ox
e LT, BABMERE Y — V2R A v 2 B TRE L7 (K 5.5).
T DREEHIEL, BITOMENIEFICE LN 257D, SCOPEEEN L H e
v VSRR OEAITIIANRND, AERO X RAY U EANEE TIIEL
Thb. Brih—L LTOBERESIX, ERE A v ¥ 2 BMTHEOIRAA, [
J—NTIEREELTHIFEFZE2CLTHY, AV v TV U I7E2 NI
EVMR-ANT-1/3 S8 O ZEMICBEN D LI L TH D,

AT V—BTITANFa—TDA 7 b—a VTBERZFY, EVMR-ANT-1/3
AEOHRTHOBFBFTEFRERT AR (K 54) HHEIhs. SR
BERTTAED, A 71— 3 TRAIBETEEMIIHEIND Z L0345
b, ZD), FARUVROFEENEISMPa & L, A V7 L—FTNLVF
2—T PR LRVAEL LT, BEZEHRTI175 kPa, KEHFTT75kPa L2DX 5
WKLrXab—FE2AVWTHELE., A 7b—varyTRiE, M550
EVMR-ANT-1/3 A&HFRIZ B2 DEBFIC LV BB EMELZITS . BEES
FOLVF 2 L—FEIEICIE, ZRENRT VHZARESFBRITTHY, BIRAR
IZBWT, EADEBERENL X o L—FFBLITI) LB TES.

TH—, EVMR-ANT-1/3 LAEERHVEMELRTY, BRIXERTE D
X2 T B, M7V TTOMBEIHID L5122 2O Y —/LE2XT TE
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B SE MARMMEMERROMRKICRT 5 EIEAR

faL7e (M54). MERMCEAEL TR rrFry 2 L LT, ZOEBHIIIY
VI b ESTERERBREEEZFA LT 7 Faz— RN T 5N TWB.
F o, EERICIIEERERET e —F ) —ra— R8BI 5h T 3.
WA U — A ERBRRTE RSB DN DB, BERVBEREDL DD, a—FJ—
T a—FOEEEHEBERRITEE L2, 2EBROEEGRZIEEL TRL
ZEIZLY, 754 FROBIEDHBBRAEZIERT I LN TES. n—#Y
—Ta—F I FHEELRHTESL5IZL TN 3.

774 NETNLVDOEEER 51T

523 BALIV—HFIREEZAYUE X

IO ETRZZ =08 & Lz & & D, EVMR-ANT-1/3 O{RRBIZEFR T2 FER
FA LV —F AR 5217, BEXRAHEERIE, SRS ON IZRo&icy
VT —IRERE EREARADOHEBY — VA EBEITITY . BREANEL RDE
Midt=5948ThHY, BEFABRNOCHEBRIBETCOIA LT IEZEELTY,
EVMR-ANT-1/3 1%/ — X a— U BHEEH% S RRECHEBMIEED. 754 MEDMH
BRMAIIIPEETDHY, ERAIIRILIPTHLERSIIITLTWVAS.

MERREE=F V7 T5D, RKEDT7I5A4 NT—F%T LA RIZEL
7-.

o EXMIHEIKD ON/OFF

o EXRMEHEIEDOE—F

o BRI DEARA

o n—F Y —xa—FaEEEK
o HMEBRUNOEERE

i ETOfEL DEFERERTIE, FA L2 —F U AZFETLTHEMBRBIRER
D, BOBBRIETEEAVELH-T-DOT, FRAOICKIE L 4 BEOE— %
EXHHERIIE L T3,

EVMR-ANT-1/3 O ERILZBBRIZ L VHERT 5720, 774 MR, FIOER
H2% MSI (Multi-Spectrum Imager) & ¥ EVMR-ANT-1/3 DEE##RE Liz. MSI X
Bllnry NEBRO2ODDT—<EITOHBTHY, nry MEEEZELLT
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sE EARKEHRRREOMRBICEIT D EIEAR

EVMR-ANT OETIZ#E#H I (K 5.10)FREEORRE). ®EX, ARV
Y AEERA LT CCD 7 AT ThEBFROMEER D EVMR-ANT-13 R EiT2 &
HIZ4FH. MSLIZIZA YV R—RavBa—FMExTHY, ELELE/ 70
BEPB7 7 ANVEROBEFT —XIZEBRL, TUVA NURERITEETS. B
B7F—21%, 2 BOHRAaVE2—¥E2AWNT, RARICHETY 77 A A
WCHERTXA X512, arvEa—20HHEEG 2K 5.7 1277

524 RPERERLER

(1) BHlv sy b

74y MEX2007 49 A2 B 19K 204 (BARR) (2, JAXA NZHEFHZE
MR LTS EF bz, vl y NORMB L OER S R OB EIX
£TEFT, BEHE S5 BIc/ —Xa—VREPTON, 56 ICBRZRIEL
fz. vy MIERE 28 B TREEE 279 km IZEL, 2 TORMZEZKX,
NZIBERELICET L., REIHE, #ERIZEOR 2.3 m/sec, KR 28CT
HoT-.

(2) EVMR-ANT-1/3 EXHIHET L R~ R
EVMR-ANT-1/3 ES&IEH L BEa~ v RIZL TESIZE = 2 & 2SHESR
niz.

() HERE

X 5.8 iZ EVMR-ANT-1/3 OEXHIHEIFED ON 122> T b DHE/NRF—
BRT. 794 NETAORARRICINZ, = P=7 U TETNLOH LR
HRLTT. HERRTIY, K&FROCEEEZAVWCEZEFTRRE EMH L
7z, RARFORKMERITI2425cm L 72> TEY, EVMR-ANT-13 iZ£HEL
T LR INS.

RAREIL, BT T —FRETIZOmBOHERDY, BES—FHHEL
T5. I, RFABIOKXEFIZBNT, BEAIVA VT L—FTNVFa2—
TRIOEENIZFEEL TV ZERH, BEERTHESNLDTZOBRLZZ L23
FETHD. =oV=7 )V IEFNVOEEFTORRBRTIE, BMETREN 1
MEETLH2D, ZOMICEELLERIIERL, V77 —fRE O H
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FsE BARKEMRRREORREICIT D EEAR

BIXR O,

V7T —ER R VERFRORRME &, [BRFBRHEIZIT 02 BEREDEMN
HB. ZhiE, AT V—=FTNFa—TREEHE L TEK £ TORRER,
EABMERINIGHY — BN TN DS & XIEFET 5725 H D45y DR R
RZALTTELTHEALTNWREDEEZLNS.

754 NEFARFROBBEEIX, = P=T Vv SEFALOEZEF DR
BEEICHANEL RoTWS., ZhiX, /—RXa—VHEERICFEETI&E
K&, BIE L L CHEARITER %2 EVMR-ANT-1/3 #EEIZH LT, BES A
CTWADLHEIND.

@MSIIZ L B2 EERY

MSI IZEREERFICLY, TEE2REHHE O TR 20 MOEBREZ TGS
HIENTEE. BRRETHRESNZERL 72720, ARREBITEH
TH5. K59 ITHBBED EVMR-ANT-1 DEEZ/RT. \RERALIL =92 BT,
B EEITH 140 km ThB. ARL VR LBBEDD, BEENSHER
EERDBZLIFREETHH, M58 DHEESLY, 2R LEEEL A
T ENTES.

(5) BHEFHEIT T & LTOMEE
EVMR-ANT-13 IZBEEHA 7T > T F & L COEREL +SIZ R Lz,

525 #AO4Sy FERFEED

AERIT, Blinsy FTORECVERNERE W FIRERAKETIEH -
LOD, FHESEEHOFERET CTOA 7L —F T VHERDELEL VD K
ZBWT, EICEEREESTho7. Bllory MIEEICRAL, SPINAR
NFEEHRET CEHB LI L 2HRBTHII LN TERZ. £, EFRLWVWIR
T% SPINAR IIEBFHEIT T & LTOBER+DICRZ L. Zhig, BXR
WCRBITDBFEHA VT V—F T AVEEHOPOFEEFH, RUOHRIZBITH5FEHEA
VI L—FZ T NVAEEMOTIOERRATHB EELLND.
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BS5E HARNEHRROBREICKT 5 EHRR

53 MZERICLDIMNEHRETTOREVEARBEER

53.1 EBREE

AR, MEEABRFEZ +—F 5 (E7EH (FR 16 £E) BF FHE
SERIRICET 2 A%EH ERIE) I TiTbhi [EESHHE X L s hHR~ 2
NOMRZEELHIRICET 2E8R) 2% TF—~ L35, AERTIX, BT
D SPINAR PR VB RHBEEN - L THRTHIZ L 2HERTZ0ONER
THD. MEBIZ L2 NENREIZBWT, SCOPEEERZHBE LELES L L
CEBBTON, FRMOHRLERER — 2 BE L. KETIE, B4
ETOTFELZA, ZORCUVEHRAERERDREREDOILMEEITS .

WUZEREIC K DM/ NEDREIL, BRRIT (SR Y v 2754 R) Itko<T
EBRIND. 1 AONRSFRY v r 754 MZK > TERINAIMNENEEIL,
20 DHEBET, ZREHEDONEIZIY 3X102CRETHS.

728, AFEBRITIZ SPINAR DX VB HAMBERICN %, ERF &2 DS
RBEPEFENTVD. BRF F %803, BEEMT B & R0 ORERE KT 2
EXUHEETA ERF (ElectroRheological Fluid)ZFfH L= SIIREB TH 0, EELHE
Lo THEMDRE Z I T 77 4+ TIEHT 3. ERF #2807 & A EEEER
&, BNEARETIZRWT, FELRBEHLERT S AT ARBRITT 20
EEBRIE LTS, 72721, RBRIXTIZERF # 3%/ LIt S W 3% NE A
BEDOHIER L, HEERICOVTEMIITIANR.

532 REHE

M L7z #1ZEM1E, Grumman American Aviation Corporation #1¢0> Gulfstream-II %!
WTHD. EREBOWMAZK 5.10 1277, 7L — AL, MZEEERLEZOR
SHANZERE 472 ERF & V3% UMZS L B S, MUNE BT 7 L —
LEEPEETSD. K510 D A &, B AICIE, HME Yaw 815 FIC SN R
DRI THY, ThEh, BUNENBEDOEOE/IGERE, ERF #2302 &
LHRE DESIEEZEHAIT 5. SPINAR IE, 7L —ADEERHMAICREL
RAET—=TNOEIZEE S, B Roll BAE] 0 122 L LA BEE AN f
2o THET 5. SCOPEHE TUHEART VT FEIILISm ThiM, AERILH
ZERANTIT S 7o, EREBOKE SIZHIBENHY, SPINAR IHEES 23 m
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FSE EBARKEMRROMRICE T 5 EIERR

DHDERANE. TR 14 IR LEREREREEDO LD TH 5.

SPINAR ERBRWEROIAY — i, EEsdRHTI o —F ) —xra—
SRR THD. AER T —F ) -z a—F D VA EENLBRE
ZROOND LTI L TR0, BEFTHEINE I »EANVAEET
ERTAZLNTES. SPINAR DR U HBHOEELZEBET A0, BER
BEOLIZETFIH AT EEEL, BARKEROBRMERE L. ZORE
X, BRIZHES BEHBOEE Rl B 5O X IZebE L — LV EE2BETS. &
2L, BREOBEEEIL, A1V I7L—F T NFa—T DA T L— gV EHD
LFRISNA2HMEBEEIIS CTBEITS L5 ERIMNIBEL TS0, EBE
BEIEMBEELIIRERD, T A AT L BB E OEBRIIIESNAE U,

A7 b—aVEBIIAY Y T—T NV EICERBENS. K511 A T—
TNV EDEBERY. AT — T A OEEFIZNS.11 Z R CEEEY ThH B.
SPINAR iI7 — 7 VHRIZEE SN, AR, L¥alb—F, TAHEHAE
B, BEER, TUVINARERH, TUOINKNEAR, HERy IR, F—F5
Fit, B Y 7 X, NZURABLY, BERE REPEDICEEINDG. 4
V7= a VEBOBRERRERKSI2IRT. AT L—va U HRAIERT,
2 MPa [ZFREINTZH AR NP EFNCER LZ 2 2O X2 L—2%E Y B
Esh, A7 b—3270Fa—71C8a 305, sk OEILIIEE &
DEMFEZERENY T THRATA2ZLICEVITY. TUXNALRMESET
CENKEDFHIEERFIZHY, AT —a vV TAREEA VT L—FT
NTF 2—TNEZFHEIT 3.

A T—T NV EORGET —F 1%, ERBRFERIHY —LOREERETS
O—FJ—xa—FD/YOVREE, AV T7b—varHARE, A7 —%
TNFa—TNE, ROEMAOHBZ2TRIIEETHS. AL T—TMZIET
L—% BT THY, BBRAA v F TRV RBREHICIEDH S Z L BNFETHB.
FEREZ/EI D, "IRV v 7774 MRRERNICERENEBICFLMNR
WEHIZLTHY, AT —T N EDEREIIMS L CTHBRGREILE LT —F 5
REITH>TEDBTES.

RIRY w7754 ML, 3EIDOT 5 A hT;20 BRETY, 1EONRZHRY
Y7774 NCLEDAE VEHRABRERETo7. ERAT A —FITROBE
DThb.
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FSE BHBAWEHBRZORRICRIT 2 EIEAR

e APV L—hFO0Hz (REUFT—TNVEE), 0.83Hz (50rpm), 1.33Hz (80
rpm), 2.08 Hz (125 rpm)

o AT L —I3VES:15,20,26,30,35kPa (BEFNZER L2 OO L F =
L—&Z OEDIES)

o ERF ¥/ RIHIEE: 0V (7 L— A ZBEICEE), 0V (7 L— Az BEIC
JEEZE), 300,400, 600, 800, 1000 V

AL — MNOFRKIE 125pm X, SCOPEHETHEEL TWAEI 5m, AV
L—F20mpm (033 Hz) IZH L, A L— b LEFREBEOEBFECIZARS X
HIZRRE LTz, SPINAR ZEM2MEMEO—HEEXRRELIKET DL, BF
FEEFHIIR IO 2FICKATE720, HEEES2m TOAY Y L— M

yem?
20 rpm 1/(5 m)? =125 rpm (5.1

DEITKDOND. AL —heAf VT L—vaENL, HEnUHHE
TOERRRTHELZETHY, MEBERTITETRERS. AV L—HZ
ONWTIE, BT Z AT TRE L2 AT — 7N LD~ —H OO R B
nh, A7 L—a VENIOWTIIENFNSOEEDOELZRD S,
EBRFIEIILRDOEY THB.

o +1 G TICT, HBARBEROMN, 7V —FTNFa—TORHE, I
AR SAOERFE, BEOGE), KB/ST A —F ORGE, 7—5 et
DORE WEIDONTFHRY v 7 7574 FTIIARE).

o RVUT—TNDT L —XERR, AV UBA EBREFEIEREL, TRV v
7774 NERtA.

o WUNENBRERZERBIZVEIIITA YT L—a V2L, A VEHS
FEREREZRE A7 L —a NHEETIED D Z BN TE B, EAMIC
EBRIET ETIXLED 2.

o [HEMERR, AV VT —TNET L —FTEL.

o RIRV I T7T74 MET.
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BsE HARMEHERRORREICKT S EMAR

533 EREFERLER

20 FIRREf T A VEIFRHERERD DS, SPINAR IR AKAE L L— L
208Hz 2B H DWABERNNTA—FT, EFIZALEHEHELE.

(1) BNEAREROFET — & ORHBE

EE | BOHRIT—FE2ERL, A VBAFRABBOBRERLELNITAS.
A L— MIREMES 0.83 Hz (50 rpm) (2Kt L, EER{EIL 0.81 Hz (48.65 rpm)
Thole. A7V —a VEHOREMEIL3SkPa Tho7z. ERF ¥ /8T &
B HIRIIIT o 7=,

ETERICEY, XFTARYV v 7774 hH, SPINAR I FEL TV RS E
TARAEVEIFFIZHB LI E MR TEL. AL VESAEE LRICA Y
YL TWAREEZR 513127 T. K513 1I28WT, BARKEEDBHEORE
NIZR.Z2 BFEAZAFOMEAIL, SPINAR OAREIOIRNE Y OFL3HE LT
BRI ZRTHS. 2, BEXESEBIZEEEN, BHROEICEIZEF
L, MINENREROBEDLARICL DHEEZH KB bR.

RIRY w7754 NHOFEHET —F ORFEBRESK 5.14 LK 5.15 177
5.14(a), (b), ()iITFNZh, EARBBERENM Y —VOEEZRET 52 —4
V—x o a—EFD)R NVAER, A7 b—YalrTARE, A7 V—F2T7 )V
Fa—TRETHD. £z, ES5.15@a), OIIZENEN, ERF ¥ I LB HE
BT (510D A K), #HEE (X5.10 DB &) OEE Yaw Bi5 RO E S INE
EThsd. ZIT, B ld, KS5.4@IBITAVAEERIHTL &25
LEE=50& L.

=080 =50 bVETIE, BEOMNENRENLETDHETAY
YLTW3 (®5.15@0). t=500 X0 A EFRBENEES. BEKRTE
2N, —EHBRMELETZ=99FE L. =99 ~ IS8HIIHBERTED
AEVIRETHD. =158 TT L—F TRV T—T VDALV EEIEL
72DT,t=158 ~ 200 TP EK TR O EBHRENMRETH 5. r=20.0 D%,
2PRE CHUNENRREIIKT L.

BRI r = 49 TRRICR Y, Z20%, BINENREFIIFEICHETH- .
BRI KV T SIZERITFNEED (K 5.14(b), FRIZA V7 L—F T
Fa—T7 ONEITHE LD (K5.14c), RIS ED. [HREBREIZ =50
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ESE BARMEHRRZOBRRICEIT 2 EIFRR

BWienT, BEABENSHERBETIZL 0 BORBEE LS. ZHITER
oy NEBRTULRONEFA LT T EELZbNDS. A VEFRERF, A
V7 L—a U ARERIZIE—EE 0.004 m*/min ZRY. £, AT L—
ZINF 2a—THEITKI 29kPa #EEIIEBH LTS, Zhb LY, TAKRY
NOFEED 2 MPa BE HIVE, —ERE T SPINAR 2 HEIHOLNHZ N
REND.

X 5.15()20 5, B/NENRENEZELTNBELEILLND =5 ~ 150
& Yaw 815 7 O E S E 1L 0.031 G, BEERZ 0.009G L RDHNB.
515(@) & X 5.15(b) & DB L Y, ERF ¥V OBEFHIFIC XL - T, BEHAY
v (r=99 ~ 158%) L BEHEEI®Y (=17WLE) T, fEIHh T
DT EMPRENDG. —F, AV UEIFRERY (=50 ~ 9.9%) & BHHEE
A (=158 ~ 178) TiL, BEIVXRERENMEERRELTNS. =
ALiX SPINAR OHEREHENBEOBE), RN T L—FIZLBAE U T—T LD
BHEBNREREE X ONS.

(2) HHBRWER B HImOELBR

FUEBRIZHL, T3 VAT7 CHRE LLBEZERET T2 L1240,
X1 5.16(a), (b), ()T~ T HEABKTE R D B B0 2 KD 7. [X5.16(a), (b), (c)
FENETN, BRAZEOCAE AR, MERAYVH, ROHEZAE S
ELEZEOBHBOEBI THD. AR LZL I, ©5F AT L BHEE DR
BEIZIIERDAEL, ERBRRNEYVEZEHTAZ LIIR#ETCH LD, ©5F
ZH A TEBREICTEAFREZ X, #MEFmME Y& Lk Ry MTRT. 7L, 1
Fy M3f 09 mm THD. Fi, EREBORERZEICLY, BEBENCH
WEEEFLDAET A A A TEEB EICTBEI L CLEo/z. 22T, EERAETIC
BWT, BEBOEEF.LEK 5.16(d)D & HITRE L-. B HAMBOEEEFOE,
BEATEHEERBIITNEN | RICEEINSDD, BRFIIBEITS. K5.16 1
E2THBEOREHFLZERE LTS, K 516 L9, BMERERMEE®ZD
SPINAR i3HRDEFE TEEIREI L TWD Z & Ro0 5.

B) A7V —arEhHLBEEE
X 5171, A7 b—a VEAREEEBREEOBMFZELZRT. SPINAR

DIRFEEIXA 7 L —a VENTHERMETHS Z LTRENS.
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534 RE EAREBEOERZRE MO

EA4BEE TOMTFREL R, ACUVEFREERERICBITS, BHNEEED
FMEITH. = 2T, AEBRTHVZ SPINAR 23, 4 EE COMEFERFT
AW — iRt — B BRICET ML TE D L5, B3 ETT o EEEg
DEWREBTFELY, BEE S 23 m O—HEERRF—IHE BENBNEE
THAZHOITIE, ALV L— IR 1 ROFBREE232Hz2 U T THOILERDHS.
AERIZBITD, BRAE L —FX208 Hz THY, ETOERNT A—FIZ
BWTHEBEZEAEC UV FITFNEE TH o2 LBTND.

BT, B CREEZ R LI —RIZOWT, FA4ETITo BT FEEZ AV
TR VEG BT OBMZEEOFMEIT 5. BEFHEFIZRWT, AV
L— MIERETHS 081 Hz LT3, MENRY—VOEREIITRATH S5,
— UM IR E RN 05 m 2523 m ETA4IMTHET DL L, K
508 IR HBAREZ— U2 ERTS. ZOROEIRIZEMEDIEIE dnx OFRFHEBR
X 519177, FEAE— Nk 4, BELIZ 001 THD. HEBRER, dn
IXEZZRVEBNARREE 2D, REEDESVIV/NIEL, TR TED,
SPINAR IHBROEFE CEEICIRETHZ LMW and. TN &L, ERER
E—EKLTW5.

535 MZEBEERFELD

AERIX, BERFOL T L—2 TNV HEREARKER SPINAR 25, SCOPE
BWEOAC VEIFMHEREED L LTEATHD Z & 2HRT 272D Thbhi.
WZeplc L AMUNEHBREICBWT, SCOPE HEZMEE Li-&G2ERIZ, XY
VU= hRA T L= aVEAREEFEELTERLEER, RRAEVL—
NeEThHWHERNT A—FT, SPINAR IFEFICA Y VA AR L.
FLTC, HB4EETOMTFERZAY, RAECVEARBERERICBITS, BINE
EMEDFME T2 L 25, HERRUMEERIZBWT, SPINAR IIEROEFE
ETCIREITAZ L 2R TE .
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54 XEOFEL®

AETIE, SPINAR ORRRICHITIERERE LT, Bllnry MIXAFH
RETTORECUVENBRERLE, MEBICLIMNENRET CORY VE#E
MEBERIZOWVWTERN. MEREZELT, FRBESOBENRTERMBROE
BEAFRAD, BEAV VEFRERBEEY L LTEETHL I RSN £,
B 4EECOBFTFEELR, AV UVEEFRBRBERIZE TS, BROREEDE
HEITo/me 25, MBFRUHEBZIZEUNT, SPINAR ITAROEHE CIEE)
THZLEZHERTE .
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. EVMR-ANT-4 (Ribbon antenna) =Sl EVMR-ANT-1 (SPINAR)

77 =

"

EVMR-ANT-3 (SPINAR) # &z EVMR.ANT.2

= : .
Mechanical and electrical device of SPINAR [ibdu.0bon antenna)

o

5.2 EEREERICEE INRED EVMR-ANT

EVMR-CONT EVMR-ANT (SPINAR SYSTEM)
 EsRE Rk RS422 SPINAR-E
z=sa—-#%]. e CONT SPINAR-M
1SHEE — =)
f‘ 3 1 LED P
RS-122 1
MEH-12:200P

' i ]
R
5V-120mA BV ;

9V-2000mA - ’ "'
{e20=47" 0
- P
ol
> Fv g
24V-100mA T P WREF Y
VAO IPSC24
\j T2 A
15 Pin [ Len PAMP
D-sub FS HIF8h~L v H _
N2~ ~
[oemme -t | o S
1 P AMFE A2 8] s 4 | lﬂ IME HEH Sy a7 =

53 EMVR-ANT-1/3 > 2T LHERL
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54 EVMR-ANT-1/3 4\

| 5.5 EVMR—T1/3 g (RERIRER)
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X 5.6 {HEIREED EVMR-ANT-1/3
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#51 EVMR-ANT-13 754 FEFTNLDEE

(a) A&

FELHE HE kg HE KEEke
7T FH 0.26 2 0.52
AT V—=FTNFa—T 0.04 2 0.08
BER, BER (71— a BB 2.86 1 2.86
GalE: A 0.30 1 0.30
BIRHR 0.12 1 0.12
KEEF 3.88

(b) FtHiEfE

FERE HE kg HE HEE[ke
By fir&E 0.10 1 0.10
aRxI BT b 0.08 1 0.08
FHERAET 0.18

3+ 52 EVMR-ANT-1/3 OHRBIZBEETIEERI A LA —F R

RER HE
t=0% TR
t=55% ) —Ra— B

t=57.6% EVMR-ANT-1/3[E ¥ EJRON

t =584 % arFuys (Prr5—) @
t =594 EREF B

t =624 % EREF B
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— Flight (Extended length: 242.5 cm)
— — Ground test in atmosphere (Extended length: 239.3 cm)
- = =+ Ground test in vacuum (Extended length: 238.5 cm)
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|Gas valve open

I
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I
| | !
PSRN (R W TR SN N N S | 5 | I T SR S

0 1 2 3 4 5 6
Time from EVMR-ANT-1/3-power-ON (¢ = 57.6 sec) [sec]

5.8 EVMR-ANT-1/3 @& —

5.9 EVMR-ANT-1 {8 BRI,
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Rack . Movable base Rack

Nose
<

ERF damper I ——. ERF darmper
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111



FSsE HARWEMEROMRICEIT 2 EERR

vptons ay , » Spin direction

ontrol box

Gas regulator

X511 AT —T )V EDOEERE

Gas supplier attachment

(*) Measurement data
Gas tank

|
Gas regulator

Flow gauge*

Gas valve*

Gas regulator

SPINAR [---| Rotary encoder*

X512 A7 —a yEBOEERR
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X513 [HEHBAECURE (B30 2T LI35ICEE)
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Flow velocity [m*/min]
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Gravity acceleration [G]

Gravity acceleration [G]
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Beam length, L [m]

&, [Tad/sec]
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FHE (cross-Scale COupling in Plasma universE) 234 Y, SCOPE HE THOHEZ L
VEAERT T L LT, HMREE, SR, 88 sRikoA 71—
FINFRIZLDHBBRFFITH S Z L 2R~z ARLTIE, A T7L—&7
NERERRWERO—>L L THEY Eif7= SPINAR (SPace INflatable Actuated
Rod)IZ[R & 72 W —fR D—BT FRIE A B IR T R ¥ 87 M0 B D BhAY 28 )
CHALMNIL, Z0LTHENBEEEMHERD SCOPE HEEH 2B E L-FM%
T5Z¢%BfELE.

UTICEETELONZRREEZE LD 5.

F2ETIY, ERBENEREZERREE LTHRY, £ 3 EUROEEOZERR
& A VEEMERENTICAVWSZO0%HE LT, #i Lk ToESRBRER)
CHEEET Y VT AFEIC VWA, BMEA YV EFHEEEEY L LT
HEREELFXTH 2 EARMEHRERED, SCOPE HEBRHR Z18E Ui %17
D, RN TIE, HARWEARRE Y KM RNE 2o — i
—IREHRRICET ULz, HERNEIE S ERNEEmo—ETh Y, —
RE IR — B FRERBMTERIZ OWVWT, BEEHI B EIIELZTABOMIT
RU Y OB BREERN %, Viasov D3 & D’Alembert DFEE L Y #EU\=, =D
ERX AW —mEE—HE BROBEHESI LY, —EFRERENER T
FELOEE AP LEOR—KE2EE LZIEBMIT S LETHE L, RUE
TMEEPEEREEICE X ZHELALNI L. -, —HEE R HmE
HEROEMERE AT A—2 %, #HECTCHEEMRREBICH S L & OEHIEESHER
EZHETEDLIORE L. ZO—EERE—E HRIZOWCEEET
1TV, SCOPEHE THEL INDZREX Sm T ERRICB T AEHDOEE S &
WTCERVWIEERLE.

119




Fe6E

FIETIE, F2ETROEEERFTT NV & RIEHHEBE~ILRT 572912,
RE L& R o—aix PR BN 276 3 2 EE#5C -0V T, Hamilton DJFEEIZ X
VEBFEXFEHL, BNEERUSNEEEEZHETDIFELZE V. 20
FiEx AW —IREE— % B HEOBESESN LV, AKE, GREE, REL,
BOER, ROEEGEREFREKROBREZALNC L. o, —H#xFRERRR
Wi A A 3 2EEETIE, B & TABFLOR—BUCER U REERENN,
HOLAREFERRTREIZZE, RUNBEENSTFETLIHEICIE, 1 ROMERE
EXVREVWAEECTIEICBNREEICRD L2 R L. EREMEHER
D SCOPEHEIEH A 18E L 7= — IR iRF— 3% B B O EEFTEHI K ¥, SCOPE
BWEOERAY Y L— FTIY, EEGREFRESESERARAE L—FIDENVS
DO REETHDHZ & MR LT=.

FTAETIE, FIETRODEETLVZILICRESE, —HXHERFAEER
DAYV RBRENT 21To. BEIMEEIC L 285MANROMmITLRAT
VIZIERFEAE LTEEZRIETHOL L, —HEFRERBERDOR L 5
FHEREEOMIT LR T Y OEESFERX%E, Hamilton DFRBEICIVEH L. 2L
TEEBHFERX% Galerkin IEIC XV B L L, BINREMEZFADL FELZE .
ZOFEFRAWE—IREE—IRE BROKEHEMN LY, NEEESTFELRND
BAX, EEEMBRIIEL-EABFLERECA Y L— ML LT HICE
MAREETHDZ L& &, NEBRESTFETIUIBINEEIC 2 5 HBERERENTF
FETBZLERLE. MBIEEOHKEBIZOVWTERL, EOMBIMEEIZL -
THNARREICRDFRIEEEHRICLZEETHD Z L 25 2 EOREHERR
LRAWTRLE. £77, BEKRTEROADOBBIEEIIBNEEMRICERELE
ZIRNWZ L ERR L. &I, BEEb LEE AR A EEES L, HESEN
LB TROBESERENKEL 2D L2 R Lz, BERABKEHBREO
SCOPE HEHBH A TE L — X B HEOREHEF LV, MERIC
BRARRELRDBENRLONEDR, ZOFBBITIIREEDERSVWB/INS AR
BRI CTRD 27720, HMEROBESSREICREZ2EEIIRLNT, BXENE
DWENERTHD Z ERghol.

% 5 ETIX, SPINAR DORRICRBITHEIRRE LT, Blnry MIKLBF
HBET CORAYVENHEBER L, MBI M NENRET TOR L H
FraBRERIZOWVWTR~. Bl y NERTIX, BHEFRABAEVEANT
»Y, SCOPEHE TITH) AL VEIAM L ITRR DD, FHERETFT TOA 7 L—

120



FE6E fEm

FTNBBREEIE L. £, MEHERTIE, MINEHBET TOR Y ES
MBELZEIEL, EEEVMOHNEE LR L. AN CEW-ETFELH
W, AECVEGREBRERICBITS, BHNREMOFEELITomL 25, MEF
EOMEERRIZIBWT, SPINAR IZEAROEFE CTIREI¢ 5= L 2R CTX /.
AR TIE, —BhIRENERRE 2 F 3 2 EEGEhOfET FE 2 EH L, —#hxt
MERRMEZE 3 2 EE#OBNREEZHBIT 5 FEELTT L L bIZ, &5
(RS HERTO2HBAICETHEATE L EL T, ERBEMERO R
B FHBROBNZEEZHA LN L. R VEFREROEIMSEEC, K
HOWEET NV EZAVD Z N BT R MEREOBNEEEEHET 27210
EETHY, MEROBELCERDZ EENICTHM TS ENFTRETHIZLED
LTz, WNEBEDOR Y A RBREED S EHT 5201001, BEREET
N FAWTEHEARKES L OBBEREZR LA SLETHS. Zhitsk
DIFFFREE Lizu.

121



(1]

[2]

[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

BE W

& XMk

TR, ANER, HRE, A, MOk, FRME, MBI, BALE
B MEEERICLAFESTSR~ [F0B] ZLBREOERCLT T
SCOPE-WG {&EBh#E, 5 5 BIFHERFEY /R U U LHEEE, 2005, pp.
194-197.

Cherchas, D. B.: Dynamics of Spin-Stabilized Satellites during Extension of Long
Flexible Booms, Journal of Spacecraft, Vol. 8, No. 7, 1971, pp. 802-804.

Modi, V. J.: Attitude Dynamics of Satellites with Flexible Appendages — A Brief
Review, Journal of Spacecraft, Vol. 11, No. 11, 1974, pp. 743-751.

Longman, R. W. and Fedor, J. V.: Dynamics of Flexible Spinning Satellites with
Radial Wire Antennas, Acta Astronautica, Vol. 3, 1976, pp. 17-37.

Sellappan, R. and Bainum, P. M.: Dynamics of Spin-Stabilized Spacecraft during
Deployment of Telescoping Appendages, Journal of Spacecraft, Vol. 13, No. 10,
1976, pp. 605-610.

Honma, M.: Dynamics of Spinning Satellite with Flexible Appendages Extending at
a Constant Speed, Proceedings of the 12th International Symposium on Space
Technology and Science, Tokyo, Japan, 1977, pp. 313-318.

ZERIL, HEATR, BRRA, MTEARE: BERUVA YOI AT IT AL
RU—a VOER, BARBRFESFRICE C R, 60-580, 1994, pp. 4023-4031.
Meirovitch, L.: Stability of a Spinning Body Containing Elastic Parts via
Liapunov’s Direct Method, ATAA Journal, Vol. §, No. 7, 1970, pp. 1193-1200.
Meirovitch, L.: A Method for the Liapunov Stability Analysis of Force-Free
Dynamical Systems, AIAA Journal, Vol. 9, No. 9, 1971, pp. 1695-1701.
Meirovitch, L. and Calico, R. A.: Stability of Motion of Force-Free Spinning
Satellites with Flexible Appendages, Journal of Spacecraft, Vol. 9, No. 4, 1972, pp.
237-245.

Meirovitch, L.: Bounds on the Extension of Antennas for Stable Spinning Satellites,
Journal of Spacecraft, Vol. 11, No. 3, 1974, pp. 202-204.

122



BEIMK

[12] Acuna, M. H., Ogilvie, K. W., Baker, D. N, Curtis, S. A., Fairfield, D. H., and Mish,

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

W. H.: The Global Geospace Science Program and its Investigations, Space Science
Reviews, Vol. 71, No. 1-4, 1995, pp. 5-21.

Harten, R. and Clark, K.: The Design Features of the GGS WIND and POLAR
Spacecraft, Space Science Reviews, Vol. 71, No. 1-4, 1995, pp. 23-40.

Bougeret, J.-L., Kaiser, M. L., Kellogg, P. J., Manning, R., Goetz, K., Monson, S.J.,
Monge, N., Friel, L., Meetre, C. A., Perche, C., Sitruk, L., and Hoang, S.: WAVES:
The Radio and Plasma Wave Investigation on the WIND Spacecraft, Space Science
Reviews, Vol. 71, No. 1-4, 1995, pp. 231-263.

Harvey, P, Mozer, F. S., Pankow, D., Wygant, J., Maynard, N. C., Singer, H.,
Sullivan, W., Anderson, P. B., Pfaff, R., Aggson, T., Pedersen, A., Falthammar,
C.-G,, Tanskannen, P.: The Electric Field Instrument on the POLAR Satellite, Space
Science Reviews, Vol. 71, No. 1-4, 1995, pp. 583-596.

Pfaff, R., Carlson, C., Watzin, J., Everett, D., and Gruner, T.: An Overview of the
Fast Auroral Snapshot (FAST) Satellite, Space Science Reviews, Vol. 98, No. 1-2,
2001, pp. 1-32.

Pankow, D., Besuner, R., Wilkes, R., and Ullrich, R.: Deployment Mechanisms on
the FAST Satellite: Magnetometer, Radial Wire, and Axial Booms, Space Science
Reviews, Vol. 98, No. 1-2, 2001, pp. 93-111.

Burch, J. L.: IMAGE Mission Overview, Space Science Reviews, Vol. 91, No. 1-2,
2000, pp. 1-14.

Gibson, W. C., Burch, J. L., Scherrer, J. R., Tapley, M. B., Killough, R. L., Volpe, F.
A., Davis, W. D., Vaccarello, D. C., Grismore, G, Sakkas, D., and Housten, S. J.:
The IMAGE Observatory, Space Science Reviews, Vol. 91, No. 1-2, 2000, pp.
15-50.

Reinisch, B. W., Haines, D. M., Bibl, K., Cheney, G, Galkin, I. A., Huang, X.,
Myers, S. H., Sales, G. S., Benson, R. F., Fung, S. F., Green, J. L., Boardsen, S.,
Taylor, W. W. L., Bougeret, J.-L., Manning, R., Meyer-Vernet, N., Moncuquet, M.,
Carpenter, D. L., Gallagher, D. L., and Reiff, P. The Radio Plasma Imager
Investigation on the IMAGE Spacecraft, Space Science Reviews, Vol. 91, No. 1-2,
2000, pp. 319-359.

B, EOfE, BB, AEERA, WIER, BREE 171 —%7

123



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

BE IR

NERIZ L ZHEEEMEr Y FOBSE, F 49 BFHERFEINESREERES,
J& B, 2005.

Watanabe, K., Higuchi, K., Watanabe, A., Tsunoda, H., Yamakawa, H., and Sekiya,
T.: Structural Design of Ultra-Lightweight Spin Axis Extendable Mast Using
Inflation Extension Method, IAC-05-C2.1.B.07, 56th International Astronautical
Congress of the International Astronautical Federation, the International Academy
of Astronautics, and the International Institute of Space Law, Fukuoka, Japan, Oct.
17-21, 2005.

Higuchi, K., Watanabe, K., Watanabe, A., Tsunoda, H., and Yamakawa, H.: Design
and Evaluation of an Ultra-Light Extendible Mast as an Inflatable Structure,
ATAA-2006-1809, 47th AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics, and Materials Conference, Newport, RI, USA, May. 1-4, 2006.

Rimrott, F. P. J.: Storable Tubular Extendible Member, Machine Design, 1965, pp.
156-165.

Anon.: Tubular Spacecraft Booms (Extendible, Reel Stored), NASA SP-8065,
1971.

MacNaughton, J. D., Weyman, H. N., and Groskopfs, E.: The BI-STEM — A New
Technique in Unfurlable Structures, Proceedings of the 2nd Aerospace Mechanisms
Symposium, Santa Clara, CA, USA, May. 4-5, 1967.

Rennie, B. B.: New Closed Tubular Extendible Boom, Proceedings of the 2nd
Aerospace Mechanisms Symposium, Santa Clara, CA, USA, May. 4-5, 1967.
Herbeck, L., Eiden, M., Leipold, M., Sickinger, C., and Unckenbold, W.:
Development and Test of Deployable Ultra-Lightweight CERP-Booms for a Solar
Sail, Proceedings of the European Conference on Spacecraft Structures, Materials
and Mechanical Testing, Noordwijk, The Netherlands, Nov. 29-Dec. 1, 2000.
Campo, F. D. and Urien, J. I. R.: Collapsible Tube Mast — Technology
Demonstration Program, Space Technology, Vol. 13, No. 1, 1993, pp. 61-76.

Igbal, K. and Pellegrino, S.: Bi-Stable Composite Shells, ATAA-2000-1385, 41st
ATAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference and Exhibit, Atlanta, GA, USA, Apr. 3-6, 2000.

Hazelton, C. S., Gall, K. R., Abrahamson, E. R., Denis, R. J., and Lake, M. S.:
Development of a Prototype Elastic Memory Composite STEM for Large Space

124



[32]

[33]

(34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

BE

Structures, AIAA-2003-1977, 44th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, Norfolk, VA, USA, Apr. 7-10,
2003.

Sickinger, C., Herbeck, L., Strohlein, T., and Torrez-Torres, J.: Lightweight
Deployable Booms: Design, Manufacture, Verification, and Smart Materials
Application, IAC-04-1.4.10, 55th International Astronautical Congress of the
International Astronautical Federation, the International Academy of Astronautics,
and the International Institute of Space Law, Vancouver, Canada, Oct. 4-8, 2004.
Leipold, M., Widani, C., Groepper, P., Sickinger, C., and Lura, F.: The European
Solar Sail Deployment Demonstration Mission, IAC-06-A3.4.07, 57th International
Astronautical Congress, Valencia, Spain, Oct. 2-6, 2006.

Rehnmark, F., Pryor, M., Holmes, B., Schaechter, D., Pedreiro, N., and Carrington,
C.: Development of a Deployable Nonmetallic Boom for Reconfigurable Systems
of Small Spacecraft, AIAA-2007-2184, 48th AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics, and Materials Conference, Honolulu, HI, USA,
Apr. 23-26, 2007.

Belvin, W. K.: Advances in Structures for Large Space Systems, AIAA-2004-5898,
Space 2004 Conference and Exhibit, San Diego, CA, USA, Sep. 28-30, 2004.
Clemmons, D. L.: The Echo I Inflation System, NASA TN D-2194, 1964.

Keffer, C. O.: Experimental Investigation of Packaging and Deployment
Characteristics of an Inflatable Toroidal-Space-Station Configuration, NASA TM
X-1079, 1965.

Roberts, M.: The Use of Inflatable Habitation on the Moon and Mars, AAS PAPER
87-217, The case for Mars III: Strategies for exploration — General interest and
overview (A90-16651 05-12), San Diego, CA, USA, 1989, pp. 587-593.

Thomas, M. and Friese, G J.: Pressurized Antennas for Space Radars,
ATAA-1980-1928, 1980.

Doughty, R. O., Jones, L. R., and Clifton, J. V., Expandable Rigidizable Solar
Shields for Protection of Cryogenic Propellants in Space, Journal of Spacecraft and
Rockets, Vol. 7, No. 12, 1970, pp. 1419-1424.

Mikulas, M. M. and Bohon, H. L.: Summary of the Development Status of Attached
Inflatable Decelerators, AIAA-1968-929, Aerodynamic Deceleration Systems

125



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

BE R

Conference, El Centro, CA, USA, Sep. 23-25, 1968.

Mikulas, M. M. and Bohon, H. L.: Development Status of Attached Inflatable
Decelerators, Journal of Spacecraft and Rockets, Vol. 6, No. 6, 1969, pp. 654-660.
Gillis, C. L.: Deployable Aerodynamic Decelerators for Space Missions, Journal of
Spacecraft and Rockets, Vol. 6, No. 8, 1969, pp. 885-890.

Bohon, H. L. and Miserentino, R.: Attached Inflatable Decelerator (AID)
Performance Evaluation and Mission-Application Study, Journal of Spacecraft and
Rockets, Vol. 8, No. 9, 1971, pp. 952-957.

Freeland, R. E., Bilyeu, G. D., and Veal, GR.: Development of Flight Hardware for
a Large, Inflatable-Deployable Antenna Experiment, IAF-95-1.5.0.1, 46th
International Astronautical Congress, Oslo, Norway, Oct., 1995.

Chipara, M., Zaleski, J., Dragnea, B., Shansky, E., Onuta, T., and Chipara, M. D.:
Self-Healing Polymers for Space Applications, AIAA-2006-1946, 47th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference, Newport, RI, USA, May. 1-4, 2006.

Adams, D. S.: Mars Exploration Rover Airbag Landing Loads Testing and
Analsysis, AIAA-2004-1795, 45th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, Palm Springs, CA, USA, Apr.
19-22,2004.

Lichodziejewski, D., Veal, G, Helms, R., Freeland, R., and Kruer, M.: Inflatable
Rigidizable Solar Array for Small Satellitess, AIAA-2003-1898, 44th
ATAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference, Norfolk, VA, USA, Apr. 7-10, 2003.

Masciarelli, J. P, Lin, J. K. H., Ware, J. S., Rohrschneider, R. R., Braun, R. D.,
Bartels, R. E., Moses, R. W., and Hall, J. L.: Ultra Lightweight Ballutes for Return
to Earth from the Moon, ATAA-2006-1698, 47th ATAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics, and Materials Conference, Newport, RI, USA,
May. 1-4, 2006.

Lindell, M. C., Hughes, S. J., Dixon M., and Willey, C. E.: Structural Analysis and
Testing of the Inflatable Re-Entry Vehicle Experiment (IRVE), AIAA-2006-1699,
47th ATAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and
Materials Conference, Newport, RI, USA, May. 1-4, 2006.

126



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

BE R

Watanabe, K., Higuchi, K., Watanabe, A., Yamakawa, H., and Tsunoda, H.:
Ultra-Light Weight Inflatable Actuated Rod for Antenna Extendable Along Spin
Axis, IAC-06-C2.P.1.10, 57th International Astronautical Congress, Valencia, Spain,
Oct. 2-6, 2006.

Glaese, R. M. and Miller, D. W.: Derivation of 0-G Structural Control Models from
Analysis and 1-G Experimentation, AIAA-1995-1121, 1995, pp. 3399-3412.
Natori, M. C., Takano, T., Noda, T., Tashima, T.,, and Tabata, M.: Ground
Adjustment Procedure of a Deployable High Accuracy Mesh Antenna for Space
VLBI Mission, AIAA-1998-1923, 39th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference and Exhibit, and
ATAA/ASME/AHS Adaptive Structures Forum, Long Beach, CA, USA, Apr. 20-23,
1998.

Natori, M. C., Takano, T., Inoue, T., and Noda, T.: Design and Development of a
Deployable Mesh Antenna for MUSES-B Spacecraft, AIAA-1993-1460, 34th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference, La Jolla, CA, USA, Apr. 19-22, 1993.

Tsunoda, H., Hariu, K., Kawakami, Y., Sugimoto, T., and Miyoshi, K.: Design
Evaluation of a Large Deployable Mesh Reflector, Journal of Spacecraft and
Rockets, Vol. 37, No. 1, 2000, pp. 108-113.

Bishop, R. E. D. and Parkinson, A. G.: Second Order Vibration of Flexible Shafts,
Philosophical Transactions of the Royal Society of London, Ser. A, Vol. 259, No.
1095, 1965, pp. 1-31.

Shih, C.-F.: Vibration of a Large Space Beam under Gravity Effect,
ATAA-1986-907, 1986, pp. 355-361.

Shih, C.-F.: Verification of Large Beam-Type Space Structures, Journal of
Spacecraft, Vol. 24, No. 5, 1987, pp. 469-473.

Schafer, B.: Free Vibrations of a Gravity-Loaded Clamped-Free Beam,
Ingenieur-Archiv, Vol. 55, No. 1, 1985, pp. 66-80.

Naguleswaran, S.: Vibration of a Vertical Cantilever with and without Axial
Freedom at Clamped End, Journal of Sound and Vibration, Vol. 146, No. 2, 1991,
pp. 191-198.

Naguleswaran, S.: Transverse Vibration of an Uniform Euler-Bernoulli Beam under

127



[62]

[63]

[64]

[65]
[66]
[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

BE

Linearly Varying Axial Force, Journal of Sound and Vibration, Vol. 275, No. 1-2,
2004, pp. 47-57.

Virgin, L. N., Santillan, S. T., and Holland, D. B.: Effect of Gravity on the Vibration
of Vertical Cantilevers, Mechanics Research Communications, Vol. 34, No. 3, 2007,
pp- 312-317.

Garland, C. F. and Calif, B: The Normal Modes of Vibrations of Beams Having
Noncollinear Elastic and Mass Axes, Journal of Applied Mechanics, Vol. 7, No. 3,
1940, pp. 97-105.

Gutierrez, R. H. and Laura, P. A. A.: Coupled Flexural-Torsional Vibrations of a
Beam Flastically Restrained at One End and Carrying a Concentrated Mass at the
Other, Journal of Sound and Vibration, Vol. 58, No. 2, 1978, pp. 305-309.

Vlasov, V. Z.: TEREMEIT Y OEEG, FRIRE, FE, 1967.

FEAZRE: MRILY SR, SRS, BT, 1990.

IIREER: IS, AE, IR, 1992.

Christiano, P. and Salmela, L.: Frequencies of Beams with Elastic Warping
Restraint, Journal of the Structural Division, Vol. 97, No. ST6, 1971, pp.
1835-1840.

Gere, J. M.: Torsional Vibrations of Beams of Thin-Walled Open Section, Journal
of Applied Mechanics, 1954, pp. 381-387.

Bishop, R. E. D., Cannon, S. M., and Miao, S.: On Coupled Bending and Torsional
Vibration of Uniform Beams, Journal of Sound and Vibration, Vol. 131, No. 3, 1989,
pp. 457-464.

Gere, J. M. and Lin, Y. K.: Coupled Vibrations of Thin-Walled Beams of Open
Cross Section, Journal of Applied Mechanics, 1958, pp. 373-378.

Timoshenko, S., Yound, D. H., and Weaver, W.: Vibration Problems in Engineering
Fourth Edition, John Wiley & Sons, New York, 1974.

JNFHEBE, BRE: ERERERO B BIRENC OV T, MBI ERTHeE,
Vol. 12, 1961, pp. 1-26.

Arpaci, A., Bozdag, S. E., and Sunbuloglu, E.: Triply Coupled Vibrations of
Thin-Walled Open Cross-Section Beams Including Rotary Inertia Effects, Journal
of Sound and Vibration, Vol. 260, No. 5-6, 2003, pp. 889-900.

Jun, L., Wanyou, L., Rongying, S., and Hongxing, H.: Coupled Bending and

128



[76]

[77]

[78]

[79]

[80]

[81]

[82]

(83]

[84]

[85]

[86]

BE K

Torsional Vibration of Nonsymmetrical Axially Loaded Thin-Walled
Bernoulli-Euler Beams, Mechanical Research Communications, Vol. 31, No. 6,
2004, pp. 697-711.

Jun, L., Hongxing, H., Rongying, S., and Xianding, J.: Dynamics Response of
Axially Loaded Monosymmetrical Thin-Walled Bernoulli-Euler Beams,
Thin-Walled Structures, Vol. 42, No. 12, 2004, pp. 1689-1707.

Klausbruckner, M. J. and Pryputniewicz, R. J.: Theoretical and Experimental Study
of Coupled Vibrations of Channel Beams, Journal of Sound and Vibration, Vol. 183,
No. 2, 1995, pp. 239-252.

EESH: EHEERE b OBABKES 0BT, B EAREFESRIREER,
No. 267, 1978, pp. 69-82.

BESH: BRBEKEM O—RERTO | —BRXOER(L, BERBREESR
CERE4E, No. 279, 1979, pp. 13-20.

BESLE: BRI O—RERZ O 2 —RADOILEYE, BARREFRW
CER4EEE, No. 280, 1979, pp. 27-37.

Lin, W. Y. and Hsiao, K. M.: More General Expression for the Torsional Warping of
a Thin-Walled Open-Section Beam, International Journal of Mechanical Sciences,
Vol. 45, 2003, pp. 831-849.

ERER, KEER: 74Ty =y EmOBRBEKEIIY OfmiThal
HIRBHRE~DIER, LB KRFETFEHF IS, Vol. 25, 1974, pp. 79-88.
Bercin, A. N. and Tanaka, M.: Coupled Flexural-Torsional Vibrations of
Timoshenko Beams, Journal of Sound and Vibration, Vol. 207, No. 1, 1997, pp.
47-59.

Ambrosini, R. D., Riera, J. D., and Danesi, R. F.: Dynamic Analysis of Thin-Walled
and Variable Open Section Beams with Shear Flexibility, International Journal for
Numerical Methods in Engineering, Vol. 38, 1995, pp. 2867-2885.

Ambrosini, R. D., Riera, J. D., and Danesi, R. F.: A Modified Vlasov Theory for
Dynamic Analysis of Thin-Walled and Variable Open Section Beams, Engineering
Structures, Vol. 22, 2000, pp. 890-900.

Jun, L., Rongying, S., Hongxing, H., and Xianding, J.: Coupled Bending and
Torsional Vibration of Axially Loaded Thin-Walled Timoshenko Beams,
International Journal of Mechanical Sciences, Vol. 46, No. 2, 2004, pp. 299-320.

129



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[97]

[98]
[99]

BEIR

REES, IWAEE, =K #E, LILEZ: BENFENHER LT T 286

MEHER A TOMT - AU VERER, BAERFERRIE AR, 57-535,

1991, pp. 665-671.

=ANE, REES, LIUEE, IUNEE: BENENHEELZF T 286

MERER A 70T - 22UV ERIRE), B ABIRFSRICE AR, 59-564,

1993, pp. 1985-1992.

BHEA, N, ZAr#H, LIUEZ: SERICESHENLIY 0T - -

UV ERIRENICE T 28798, B ABEEMEIFESE, 18-3, 1992, pp. 121-128.

Kollar, L. P.: Flexural-Torsional Buckling of Open Section Composite Columns

with Shear Deformation, International Journal of Solids and Structures, Vol. 38,

2001, pp. 7525-7541.

Kollar, L. P.: Flexural-Torsional Vibration of Open Section Composite Beams with

Shear Deformation, International Journal of Solids and Structures, Vol. 38, 2001, pp.

7543-7558.

Librescu, L., Qin, Z., and Ambur, D. R.: Implications of Warping Restraint on

Statics and Dynamics of Elastically Tailored Thin-Walled Composite Beams,

International Journal of Mechanical Sciences, Vol. 45, 2003, pp. 1247-1267.

Roberts, T. M.: Section Properties of Thin Walled Bars of Open Cross-Section, The

Structural Engineer, Vol. 63B, No. 3, 1985, pp. 63-67.

I BAKEM OEARF NI OWVWT, BABRESHRIE A R,

66-651, 2000, pp. 1996-2000.

Dimentberg, F. M.: Flexural Vibrations of Rotating Shafts, Butterworths, London,

1961.

Tondl, A.: Some Problems of Rotor Dynamics, Chapman & Hall, London, 1965.

Nelson, H. D.: Rotordynamic Modeling and Analysis Procedures: A Review, JSME

International Journal Series C, Vol. 41, No. 1, 1998, pp. 1-12.

IWABE, AHES: FEE#RO N5, 2 o)+, HIK, 2001,

fRE#, ENER, FHBE, FAES: BEHHOMIT LR T Y OERIRE)
(F1#) , BAERFSTRIE C R, 46, 1980, pp. 375-381.

[100] INERIESE, KHEE, MEF— BEMTFICI VBB SIS EE#RHOMIT &

U0 OERIRE (BB 1 ), B AEBESIRITE C R, 53, 1987, pp. 2257-2263.

[101] NEEESR, KEE, FAHE—ER: ShvEb b OFEREE &G T 5 EEEhD

130



BE I

UV IRE, AABRFEFHIE CHR, 61-584, 1995, pp. 1265-1270.

[102] Banerjee, J. R. and Su, H.: Dynamic Stiffness Formulation and Free Vibration
Analysis of a Spinning Composite Beam, Computers and Structures, Vol. 84, No.
19-20, 2006, pp. 1208-1214.

[103] Ziegler, H.: f&1EZLE DORE, BEEE, I, 1973.

[104] Bolotin, V. V.: JERTFRUBEMER ERIRE, BREE, T, 1977.

[105] Meirovitch, L.: A New Method of Solution of the Eigenvalue Problem for
Gyroscopic Systems, AIAA Journal, Vol. 12, No. 10, 1974, pp. 1337-1342.

[106] Meirovitch, L.: A Separation Principle for Gyroscopic Conservative Systems,
ATAA-1995-1489, 1995, pp. 3028-3043.

[107] Janssens, F.: Solution of Linear Gyroscopic Systems, Journal of Guidance and
Control, Vol. 5, No. 1, 1982, pp. 92-9%4.

[108] Gladwell, G M. L, Khonsari, M. M., and Ram, Y. M.: Stability Boundaries of a
Conservative Gyroscopic System, Journal of Applied Mechanics, Vol. 70, No. 4,
2003, pp. 561-567.

[109] Barakat, R.: Transverse Vibrations of a Moving Thin Rod, The Journal of the
Acoustical Society of America, Vol. 43, No. 3, 1968, pp. 533-539.

[110] Wickert, J. A. and Mote Jr., C. D.: Classical Vibration Analysis of Axially Moving
Continua, Journal of Applied Mechanics, Vol. 57, 1990, pp. 738-744.

[111] Zen, G. and Muftu, S.: Stability of an Axially Accelerating String Subjected to
Frictional Guiding Forces, Journal of Sound and Vibration, Vol. 289, 2006, pp.
551-576.

[112] Orloske, K., Leamy, M. J., and Parker, R. G.: Flexural-Torsional Buckling of
Misaligned Axially Moving Beams. 1. Three-Dimensional Modeling, Equilibria,
and Bifurcations, International Journal of Solids and Structures, Vol. 43, 2006, pp.
4297-4322.

[113] Orloske, K. and Parker, R. G.: Flexural-Torsional Buckling of Misaligned Axially
Moving Beams II. Vibration and Stability Analysis, International Journal of Solids
and Structures, Vol. 43, 2006, pp. 4323-4341.

[114] Lee, U. and Jang, I.: On the Boundary Conditions for Axially Moving Beams,
Journal of Sound and Vibration, Vol. 306, 2007, pp. 675-690.

[115] Wickert, J. A. and Mote Jr., C. D.: Current Research on the Vibration and Stability

131



BE I

of Axially-Moving Materials, Shock and Vibration Digest, Vol. 20, No. 5, 1988, pp.
3-13.

[116] Carrier, G. F.: The Spaghetti Problem, The American Mathematical Monthly, Vol.
56, No. 10, 1949, pp. 669-672.

[117] Mansfield, L. and Simmonds, J. G: The Reverse Spaghetti Problem: Drooping
Motion of an Elastica Issuing from a Horizontal Guide, Journal of Applied
Mechanics, Vol. 54, 1987, pp. 147-150.

[118] Downer, J. D. and Park, K. C.: Formulation and Solution of Inverse Spaghetti
Problem: Application to Beam Deployment Dynamics, AIAA Journal, Vol. 31, No.
2, 1993, pp. 339-347.

[119] Kobayashi, N. and Watanabe, M.: Dynamics and Stability of Spaghetti and Reverse
Spaghetti Problems Coupled with Fluid Force, Multibody System Dynamics, Vol.
11, 2004, pp. 111-125.

[120] Sugiyama, H., Kobayashi, N., and Komaki, Y.: Modeling and Experimental
Methods for Dynamic Analysis of the Spaghetti Problem, Journal of Vibration and
Acoustics, Vol. 127, 2005, pp. 44-51.

[121] Tabarrok, B., Leech, C. M., and Kim, Y. I., On the Dynamics of an Axially Moving
Beam, Journal of the Franklin Institute, Vol. 297, No. 3, 1974, pp. 201-220.

[122] Wang, P. K. C. and Wei, J. D., Vibrations in a Moving Flexible Robot Arm, Journal
of Sound and Vibration, Vol. 116, No. 1, 1987, pp. 149-160.

[123] Fung, R.-F., Lu, P-Y,, and Tseng, C.-C.: Non-Linearly Dynamic Modelling of an
Axially Moving Beam with a Tip Mass, Journal of Sound and Vibration, Vol. 218,
No. 4, 1998, pp. 559-571.

[124] Yuh, J. and Young, T.: Dynamic Modeling of an Axially Moving Beam in Rotation:
Simulation and Experiment, Journal of Dynamic Systems, Measurement, and
Control, Vol. 113, 1991, pp. 34-40.

[125] Lee, H. P: Dynamics of an Axially Extending and Rotating Cantilever Beam
Including the Effect of Gravity, International Journal of Solids and Structures, Vol.
32, No. 11, 1995, pp. 1595-1606.

[126] Taleb, 1. and Misra, A. K.: On the Dynamics of an Axially Moving Beam
Submerged in a Fluid, ATAA-1980-0705, 1980, pp. 268-273.

[127] Creamer, N. G.: On the Deployment of a Flexible Beam from an Oscillating Base,

132



BE I

ATAA-1990-1239, 1990, pp. 459-468.

[128] Creamer, N. G.: Deployment of a Flexible Beam from an Oscillating Base, Journal
of Guidance, Control, and Dynamics, Vol. 15, No. 2, 1990, pp. 527-529.

[129] Banerjee, A. K. and Kane, T. R.: Extrusion of a Beam from a Rotating Base, Journal
of Guidance, Control, and Dynamics, Vol. 12, No. 2, 1989, pp. 140-146.

[130] Banerjee, A. K.: Order-N Formulation of Extrusion of a Beam with Large Bending
and Rotation, Journal of Guidance, Control, and Dynamics, Vol. 15, No. 1, 1992, pp.
121-127.

[I31&EHE, IR RFBICR S AET 5130 OBRISEAFATIC BT 205,
H AR F A s SCE C IR, 64-622, 1998, pp. 1963-1969.

[132] Kalaycioglu, S. and Misra, A. K.: Analytical Expressions for Vibratory
Displacements of Deploying Appendages, AIAA-1988-4250, 1988, pp. 270-277.

[133] Kalaycioglu, S. and Misra, A. K.: Optimal Deployment of Spacecraft Appendages,
Acta Astronautica, Vol. 20, 1989, pp. 83-88.

[134] Kalaycioglu, S. and Misra, A. K.: Approximate Solutions for Vibrations of
Deploying Appendages, Journal of Guidance, Control, and Dynamics, Vol. 14, No.
2, 1991, pp. 287-293.

133



BEE

B

FHFIE, BEVDREMAKREHRRFEOELRBEFTIZ, MIITBIEATEH
MZEFRHBEEFTHRFHELRTL L REFRARFRRFEOZR TKOND
MOREADTIREOTI TN LD TY. MOKXLR, 5 FHEHD-St%
BRLUZEACRIZEE LR ZITIANTLLEIVWE LE., £, —FERESHIZ
BBTXWn, Bllns vy NERIUMEBRERICEDOIBRXELZEXTVWIEEEE
L7z, FARITBIELVWETY, BEZEVTWEEE, BIRICOWVW TR &R
ERTCWEEEE L. (2 kEREOREOER CHELSMHI OV THHRAIC
RoTEXBMONTWEEEELE. LDEVBILELETET.

TN R AREETER T EATR L ORERRERRFEDELER
WSS, /MABISEIE, BHBREEREE, RAE—REERICIE, FRIXO%EF
EX L TCWEREEELE. RXETCHIZY, BROIBERZBLTARIZ L
DEVWHLDIZTHZENTEELE.

AFEOERICE L, BRMERFELEROWIERE L ILIFEEOT ~,
b NCHMRAH Y 2 LY —F, ¥k - 7 FT v ZHEREHOH 2 IZITKRE
BHEEIZRDELE.

e 2R A B R S B A D E R TR b A BUE5AEAIIT,
HEICT 2 TERLE B AN, FBBRAKEEFFICENTWEEES
L. %7, ZEAENFEEROEHIIRERBHEEICRY £ L. FITHEER
EOROMTAE, E2TPo L ASBETH - EIUEARORBT TREELH
DBVFRAEFEEZEDZ ENTEELE.

Biglz, Z03EM, BEPEN T T NEZELRRICOL VEHL

—y N

£
2008 £ 3 A

K 5D

134



