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B1E GF0ERE

1.1 BEREEE
TN, R OEE R 3 Ikt — 2 U v RZE[H(Buclidean space)(WIE 87255 D
S0, RS TWARWZER)TRET S, BPREKRERE T 5720120, ZOZEHAI
EEREFA (coordinate system) & B ET A MENH D, BHEIEH L11ICRT LS REZGFHIL P
JE#E R (Cartesian coordinate system)&Z AT 5. EH
REERNE, A O & 3 DOEVWIERZT 5(HEY A3
\ZA =V 7 Enisinbie s, 72EL, BT LT
TIXENA R 111 DR & ICEE L72H FFR(dextral
& D right-handed coordinate system) & i3 5. R B ‘?"P
HHAPOMER, K111 Dp =1,2,3)D X5 7% LT :
B2 (T 5L M)EEFE (Cartesian coordinates) % AV T et
RETE 5. ) 112 CEEROFIZ N SR, 5 |

E A EAE LIS b F#3 EEHE (eylindrical coordinates), EREEIE 22
(spherical coordinates)2 EA3H 0, ZiLbE—R{L L THR
JEEfE (curvilinear coordinates) & FEIEN 5. F7z, EAREIEHR 1

> el ,3’7'_\‘L/\;¥T\ > . L .
Bt S, MEERRLEXEND 111 RS RO R b

1.2 RS RiL

FHEOEERNICEDL I MEESS 2 20F, 3 koe2—7 Uy RERRNIIC TR&Ex) & 14
Ml ZEFOWEETHY, —RIZAY Fl(vector) & FEIENS. LIF, K12 1IKREND K
POERY MV p DX HIT, X7 MVERESS & KFEURCUNIT) TRET 5.

BRI BIT AT PSR TRICBITAY PV ERREMLTELZIEI NIV 22 THH
7RI - TRICBIT AR MLTHYD, FOWMEONELEETHIVLERDHCHESY FLEEH
ARy R OKED.

JERER E AR T D 3 DOEDERE L R r— 1T, 21 IZARTE I RRES 1 OHAA
7 bve (i=120)ERELTHIENTED. ZHUDEMY MEZERBIL,
él
e=16,; =(é, & &} (1.2.1)
]
D L5z ARG kLB S (vector array & D W vectrix) & LT E & DU, FRICESEDOMEN
BRIy » TN ) RO B2 RIS T 5 & 2 IDEIERE HIZ G} REMPEZ LR T
x5, ERZFO rix~7 MVEF|OERE (transpose) & & T (ERITR(1.2.1)D@ V).
E5T, BEDONRT MLy p &,

N

P=pié+pé,+piéy = e p=p ¢} (1.2.2)

DEIITEBEDEEAY b Iu(basis vector) & % D BB L% (components of coordinate) 2 53 ##

ot
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v?:mal equinox s
direction (Seasons are for Northern Hemisphere) equator ecliptic
(a) A0 38 i A TR M PR R [1.2]
North Pole
b ;
Y
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direction
equator equator
() HuBRHLRIE i Ak e IE MR AR R (d) Ht1ER v 07 1 i AL Y i BR [ 2 T AR R

along the
orbit direction _ X

Spacecraft roll

1
1 perpendicular | pitch
/ to the orbit | /
plane /
2 ‘; center of mass
/" orbital path
yaw
(e) WEEEFER[1.3] (O FEEER[.3]
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L= CRNRICRBCE H[14]. =721,

P
Pe| 22 =l 2 pT (1.2.3)
3
ThY, LIRAFO TIER7 MVES|OEE & [F
FEEN, ZORAIATHIOBE G RILOIT &5 n3

ﬂgi\h%’%zt%m%%@“ R(1.2.2)D L S 1z RIT T
A, BERICETFELROVETHLT MLp &, L

FAE BT D AR RITRAE LTI E B A

EEITTELZLND LREIRIZ, X7 MLE EDORE

FTRTEHA L TV APIARICTED. pDLOICH VZ
VBRI T2 b O L EFRZIIE)R T ML &
LD, 22T, p ERBIT D 7-0IZHITA
(column matrix) & 72 3X 1 {74 & ME5. LA, 1740%
PRERILT R CRET 5, M121 <7 A LEESS A

[#IfE 1-1]
KRR MV EPEER Gy OS5, MO, K122 08572 kon=—7
Uy RZERONY MV EEZ L. BV MV bk, BREERE={ &) THTL,

p:pleﬁ—pzezz{e}rp (1.2.4-a)
=770
p=lpi pl (1.2.4-b)
EEREDHLTDH. WIT, pEp, pn OEFE-TE = &) RTETEL,
p :(] lPH't sz)éf +(! 1}91 + 1 ipz)éé
=pié+p; €
=Y (1.2.5-a)
=771
p'=lpi P51 (1.2.5-b)
ThHbH.

DX, XY MAVEREESRY ML EF
T DRI L > TERSND.
@éﬁz@@é%%%ﬁﬂ%ﬁ @%ﬁﬁ@“éiﬁ/\ ~
7 M ERA22)D X HICKRET D }:@%U
ThD.

1.22 2 RITFEHEANDRT b b FEER
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7 N O NTERE
FED2ODORT MNVG, bEEZXD. X7 M aORES ||| LFEWIE, 4L b6 ORE

(inner, dot & % M scalar product)id,
d-b=|a|b|cosd (1.2.4)
TEFR I 1.2.3(), FERITAD T —I1ZD.
Ry P VONFERE
4 & b O (outer, cross & 5V M vector product)l, AT OMWE &9 hrk LT
EFSH, axb L ELTHH 1.2.3(0b)).
(a) REXN[7|b|sing (G &bI1ZLVIEDNDFATINIROERE) .
(b) HHEIAG LB IZLVESNDIEICEET, @700 ICHb>THRLEZETEEZDRAL
DyETeE] X

S=laxb|=d|b|sind

b
-~

(a) WHE (b) S5
M 1.23 N7 ML OWNTE - SMEER
EZEERDEESRY bVl OREFE, &,, &%, TNERKREE 1 CEVICETT
L2 EMG, X7 MVORBEEEEZ AW TR XD RBERE T

(1.2.6-a)
(1.2.6-b)

BT E, IROBRATRERT LD, N MOAEEEZH W TIRO LD

IRBER AT
=0 (1.2.7-a)

€, xe,=—¢g,xe=€,, €,xXe&,=—e,xXeg,=€, e,Xxe=—¢gxe=¢, (12.7-b)

FEL, 0ERT M ATHS. LoT,

el

b 2) =4e,0- {6, ¢, é}=|é,-6 & ¢ é & =01 0|=U; (1.2.8-2)
é, 6,6, &8, &6, |0 0 1
é é,xé, & xé, & xé 6 & -é

Ehx{e) =12,\x{e, 2, &,)=1é,xé, &,%x&, & xé =1-6 0 B (1.2.8-b)
é3 53X§1 gxéz és><§3 éz —éx é

DY, 72121, Unld mXm QBT @unit 5V identity matrix) TH 5. FHIND
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Ne(ME, ABT—2FLHTNENRNY MLEE LD TVANTRIIL TV

—F, BED3I OO "rg, b, ¢ICBELT, RO ERLBEGERRSS.
G-(Bx¢)=b-(¢xd)=¢-(Gxb) (A H 5 —3 FEif(scalar triple product)) (1.2.9)
Gx(bx&)=(a-&)b—(G-b)é (X7 v 3 Eff(vector triple product) (1.2.10)

B A W T3 BREOMIL, 3 507 ML VR SIS V4T 6 mIEDREEZ £

1.3 4FF4vs
(12200, BERY MOBEREGERHDZENTESL. MO TEFHTIEH L, =
DUEFEL LTIRD L 5 RIEERY FAD 2 WBERNEHETE 5.

D= Dllél él "‘D]zé} 52 +D13él é3
-+ D21é2 él +D22é2 52 + D3 é2 53

+ D31§3 él +D3zé3 é2 +D33é3 é3

&y

Dy Dy Dy i
- o = - T
={e e e }|Dy Dy Dylie, :{e} B{e} (1.3.1)
Dy, Dy Dss ] e

23

HJEAT bV 2 Oz 6, & (F 2V JViE(tensor product) & BIFFIEI, &, @, & b E )L
4 F B(dyad) & FEEN, 7 DBIEFEA TH D DIZE A T F 4 v 4 (dyadic # %\ Cartesian
tensor) & FRIZAL D[1.5][1.6]. AR, A T 7 4 v 7 & REV & KFERME(RLF)TRLT 2.
HFATT 47 DI, N7 bVERBICEEREELZ2VETH S, FHEOL A2
AR T, ST T4y 7B, N ML IEAORR SR LTES
15, —F, DI, FATF 4 v 7 DOERIZBITDESITIIGX)TH Y, BRI 5
TR L TIRE DR LD MFOHEEN TH D,

TEBEOZATT 4 v D={e]' Dle} £ ~7 bra={¢} a ONHEHEE T

Ddi={¢f'D{é} {6} a={¢}' Da (1.3.2-2)
DT,
i@ D=a"{¢} ¢} D{e}=2a"D{e}= (¢} D"a (1.3.2-b)

DEITETD., ZNIVRT M vdld, FATF 47 DIZk->T, K%M Da £/
Dla DRIDNZ FAZBEN TS Z ERNMND. DEY, _J ML EAT FMUVIZBTEE
BBEVIBIRT, Y1477 4 v ZIEQ KRDYF oY l(tenson) B THDH. ZOT VL EWN
IR LT, ABT—, XTI P, FATT 4w 0%, TNFN0K, 1R, 2IROT
VYL LTRUMHT A 2 LN TE A(F 13 D) (P DOFEEERTBEE LT h ey
ATTAVIEERTDHIEDTED). HENE n ROT I NVETEZ LN, WT
ML THEERICEFELRVWETH D.
FEED2ODR_7 Mla, bE2OWRZablE, FATTAv 0 ThD. FATT 4w
7 db SEBEONY MVEEDORTER, BYAS Y M ORNEEEOEEEALT,
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(R hva DA T %) (1.3.3-a)

i)
&=

(Gb) ¢ =(b-7)
¢-(ib)=(c-i)

LEBESND. OEV, AT T4 v T abiE, EEORY MR G, H5H0IEE HA

DR MZBT. —F, BOTTAIIREATINCHD RO BREAT T4 v 7,
U={'Us{e}={¢}" ¢} (1.3.4)

ITEBE S A 7 F 4 w4 (unit dyadic) & FEIEN D . ZOBEN,

!

Sy

(T MV DR T —FF) (1.3.3-b)

U-d=4-U=d (1.3.5)
DESTHEEDORY MERIUAY MVIEBTEATT 4 v 7 EBRTES.
A(1.2.10)0~<7 by 3 EFEE, (133,585 81280,
ix(bx0)=fpa-( a0} c (13.6)
EHLETLEDBGND.

F13.1 FUYNLEBEDHE

AR T — N7 R EATT AT
T 0w 1k 2
E I FrB~J B A A 7 F 1 v 7 (2.2 8
[ BE PRTaYs S 4 75 4 2 (3 )

1.4 1751
K(1.2.8-a0) & AVIIE, 2007 bra=e a=le) [ay @ ], b= b={" b b

b)T D - AMEEER, FnEN,

d-b=2"b=ab +ab, + asbs (1.4.1-2)
a,by —a;b,
ixb={¢]" Ab={}" | a,b, - ab, (1.4.1-b)
a,b, —a,b,
LATHIRBITE S, I,
0 -a, a,
a=| a, 0 —a |=-3' (1.4.2)
-a, a 0

ThHY, ~ & EMRITIMEEEF (skew symmetric matrix operator) & FES Z L1275 . — kT,

FIEFHTTH A D A=AT 2T L £, A 2T (symmetric matrix) & FFOY, A=—A" %7z

I & x| B 5 VIZERER)IT A (anti-symmetric & 5 skew symmetric matrix) & FE5.
K141y H, N7 Mlag DRE ST,

lél:*\/ara=ﬁ/af+a§+a§ (1.4.3)

LFREAH. R143)YOFEDE, FHTEla D—2 U w K- ) VL DT 2-/ /v A(Buclidean
norm & % W two-norm) & HFEEIL, [jal|R0)alh & BEIND.

10
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LED 2 207 hva={e 2=} a1 a &), b= b= b b b POHER
ENDBLATT 4 v ab %, 1THIRS CRETS &,
aby  ab, ayb,
ib={e} afel v={e} av" &)=} | aub, ayb, a,b, | {6} (1.4.4)

asb;  ayb,  asb,

ERED. ATHIEE ab” 2FTHI O S F(outer product) EFERZ & b5 5.

FKECIE

PED XS, BIERIKFE LAY "V, ZATT 4 w7 OFEER, EERE 1 O
ETDHZEICRVITHERICRE TX A ER D, BEREERES, 7 ey
AT T4 w7 OHERNCTRERIBTNIERY ML = 4 7 F 1 v & T8 (vector-dyadic
notation), JEAFERZ 1 DHET LI LI XV ITHOIHERAW T2 DR THIZTHEE
(matrix notation) & FHIIND. ZZETCRLUEEEZ, MAFORGLTRAB L THILTE EE
141 725, HERWLEREZT ORI MV - FATFT 4 v 0 RE, 7ur/ 7400
=T 4 T EEBETDBICITHIRENFENS. BRERARH UL TERLDT,
ELLDFIETENINLTNDINERIBD D Z N KEITH .

* 141 KiEDILE

RY W FATF 47 1IE ({e} FRmksy)

WNFE ((1.4.1-2)) b a'b

S8 (R(1.4.1-b)) axb ib

20ODRT "NV RLD - r

N . . ab ab
EATT 47 (F(1.4.4)

HATT 4w & D-a Da

A7 M LYORTE (R(1.3.2-a,b)) a-D p’a

[#13 1-2]
R(141-%E< UTF, d={ a= [a1 @ ), b=} b= by b b L5 5.
@-b=({e}" a)-(l¢} b)
=2’ [l (14.5)
H(1.2.8-a) AT IE, N 41-)0ELEES
wiz, X141 %EL,
@xb=_{&} 2%} b)
:aT::::]XQYb (1.4.6)

2T, A28b)ERATEHZ LD

11
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ixb=a" b={ }b (1A
QOHRE E AR HT L1410 2/ D.

ixb={¢}f b={¢/"3b (1.4.8)

1.5 ARREZITH

IITH, RAaBEERE), §IHOBBEERAORALY RS L EOREEST b
NDOFINEEZ D, RETH, BEROFRIE—BLTWL L LTERT D,

— Iz, X7 P AEER122)0 K HIHERDOEEARY MVOBEREG TREIND. Lo T,
FIROEEESRZ b, GROEESY PAEAOTRADL S CRELITT TH S,

‘%712 611ﬁ1+012ﬁ2+ 613523 (1.5.1-a)
522 621£1+022522+ €23 51.3 (1.5.1-b)
53:C31ﬁ1+6325‘52+ 33 %3 (}51=C)
INHEEEDD L,
)=z} (15.2)
EETB. ZEL,
371 'i‘;l g;1 '5’52 1*71 '523 €1 G Cp3
62{;’} {ﬁ}T: Vol VycHy Yyl |=| 6y Gy Oy (1.5.3)
;’3 "il;l §3 '!;5:2 173 '5*43 C31 C3 Oy

Thb.ClE, EBEEHFTH(coordinate transformation matrix) & 7275 B R 3%£1TFl (direction cosine
matrix)(B LT DCM & MREN S Z & b & A) LRI 5. MR i4(direction cosine) & 1X[X]
151 DEICEBINDIRITHY, COFBITEMRTHLEHIS2DLI1720. Z0
FIAGETEATINC LT, 2 DOEEERMOERENRERIICRELZ LIZRD.

d-e =la|cosb

X 1.5.1 FAsRk 1.5.2  HRSKRZEITIIORS[1.6]

12
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K(128-)5 0 G} F) =0 THBH2S, ZhcR(1.52)¢ (1.2.7-) DB 2 EA 1T,

B} Gy =cfa} (cla) =cla}- g c"=cc’=u; (1.5.4)
NEPND. {af{Ef OFENSREKIC LT CC=U; b EPNH DT,

cc’=CTc=u; (1.5.5)
DED

c'=c" (1.5.6)

EEDGIETIERODDDICEBT LZETTCELW ). 2 EY, C IZEREZTH

(orthonormal matrix) TdH B = & N3 5.

CTC BAITH & 7 B EIEFTH] A & EZATH(orthogonal matrix) & FES. S 51T, # O AT AL
THIDEE, C 2 ERERTHERES. C'C BxtAa{Tol biIENd C'c=CcC” &#i-+0T, RN
CIC=U, I CC=0: D E L L —FRRE IR ERERITITHH EEX 5. WFRIC LT, K(1.5.5)
DO EREZTHIORSOWI-TRELEN 6 BB LN, Thbb, FHRELITIHO OERD S L, M
MARLDIEIETHLZ ERHND.

—77, EHREZTHOTHNIELL ThH D Z DR AP, FREKTHIOITHRIGH TRINER 5%k
(B (propen) IEHE ZZATHN & FEIZN D). ZhIE, AFREOERPHET HHMOEHTHS. -1 TH
HLTBE, BRERNLETR(ELILZF O ~D Kin(inversion & 5 W T reflection)SEZ B2 L1270,
WM FIET S,

WE, LED 1 2DORY ik, BRAEER L E Py TRL, = n=0x ¥
5. LT, HAERTHE Fi=Clal bExT e e, Y=l cTEbETEDT,

O ={a c'x (15.7)
DEY,

%, = CTx, (1.5.8-2)
2ED. R(1.5.6)DBEFEEM 2T,

%, = Cx, (1.5.8-b)
HELND.

I, (EED 1 SDFA 75 4 v DefiyRE FIRcEL, D={E) D, @)= D}
LU,

D,=C'D,C (1.5.9-a)
b, =CD,C’ (1.5.9-a)
MY T,

BLHNT MVERRTAT T 4 v BB AEERTHBI Uiz &, ZORSTTFINFRKETINC XL
STRASYEFFASHTEBZE ST OND Z LN Do odz. WL, ROTIICED L 5 R2BMRRER D S1o
LE, TOBRRT MNEFREEAT T 4 v THDHEERTED.

RaS/ M

FHAMATHIC Iz L0 Fi=C{a} 2 5BRich s 2 o0 B2 EESR (G} & Fhot L, #hehn3m

Dy, %, CRENDIBDEXEEZD. Z0OLE, x, x, PRS)OBFEL IS, X &7 ML LR

(A 7F4v]

13
This document is provided by JAXA.



FrarTslc i ko Fh=cli} 28R h 5 2 >0 B s EEER (if & Flc LT, ThEh 9

ND, D, CHEINSHZEDEEZD. “OLX, D, DAR(SHOEEEEIE, DEFATT
Sy 33

[iRE 1-3]

(1) B 153157 T Lok 2kma—2 Uy REMANT, 2 2OEIEREE 2, T ORIERM
DHRFATINERD D .

KAS DR BT, FIROEENY My, ¥, % @ ROEESY My, &, TRET
%k,

¥, =| | d,+| | &, (1.5.10-a)

7,=| | 7, +] |, (1.5.10-b)
L%, RoT, FRRFATINIRO L HIKRED.

C= (1.5.11)

LS E ST, KASIDEFEERDTH L.
) ERERITAOMRZ LS

ccl=C'c=

F70x =T BREEE T IT v,

X153 2L FEANORZ bk
JERE SR (T TR BEAT R

5 1 EpIREME
[IRE 1-1]
HENRT MV L EERS OBEEEBET S, fHOD, K122 D& 57 2 Kxn=2—7
Uy REMONRT N EZEZD. HHNY MV p %, BREERE = &) T&TL,
p=pié+pé,=1ef p (1.2.4-)
=L,
o=l pl’ (1.2.4-b)
LREBETDH. WIT, pEp, p 0FHE-TE = &) RTRTL,
D :(‘ cos 8 rp1+’ —sin@Jpz)fél’ +{} sin@Jpl + 1 cosd rpz)éé

o ro=y
=pié+tp e

14
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={'} p’ (1.2.5-a)
=L,
p'=lpi il (1.2.5-b)
ThH5.
DX, XTI MVEFERERS MLEE
AUCKHIE T D EIER DI L > TEBEIND.
BEE DR 2 FREIE R 5385650, ~72
FLER122)0 5 5 I2ETT D EERNTH
5.

> !
él b

X 1.2.2 2 WRITTFERNONRT FL & EER

(158 1-2]
R(141-0)F8 LT, =) o=} [a1 @ &), b={ef b=} by b b &5,
i-b=({e}" 2)-({¢} v
=a'| {e} |-}’ p (1.4.5)
A(1.2.8-a)FRATNIE, R(141-)DFLEHED.
wiz, RA41-b)yxEL .
| axb=({e}" a)x({¢} b)
=a’| {&}|x{e'p (1.4.6)

22T, R(128b)EFRATLH LITLY,

(OHFNG G 2B HT ER(141-0) 55 5.

0 -a 9aq,
ixb={e}" | o 0 -—a |b={} 3D (1.4.8)
-a, a 0

({5158 1-3]
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(1) M153 1R dT Lo 2kum=2—27 Uy REMNT, 2 2OFIEREZE %, £ ORISR
DI ARFEITHNERD D

RASDTAR BT, FIROEERY b, ¥, % @} ROEESY MV, i, TRET
5 &,

¥,=| cos@ | &+ sind | i, (1.5.10-a)
‘Ez:t —sin @ i Esl+; 00594] W, (1.5.10-b)
LD, Ko T, HREARTINLRD L SITRED.
Co cos¢ siné (15.11)
—sind cosé

K15 ESVTC, RASIDEEERD TS L.
(2) FHRERZITAIORRE LS

10
ccl=C'c=
0 1

F70x CT=CT BRI L.

1.5.3 2 W FmmAo~~s Rk
JERE R (T A5 TA)
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B2E EREOER

FRTF 4 9 ROEEE)(kinematics) & 1T, B DWIKORMZOME, FE, MEEORGEEER > ZHTH
L. LTERST, 23R A7 EZ3ATELRY. —0F, £4F 29 X(@E 15 (dynamics)i, EB 2
RICHE SN BUEOEB 2 Y # 9 ¥ TH 5. FHEOEBZITT 5720100, FFR~vT 17 AL
FAF 0 ADEFOMBRLETHD. = 2 TIHE—ORIREZR, F3~T 4 7 2OEHEHIT 5.
2.1 EBILEHE

I CREEORED, WEEOEEOROERENAE TH 5 & BB U Bl (rigid body)
DEE A S . AEOER) 2 0k A BRICIE, UL 72 B JBAE R & MIRIZ B E S A7 R
FEHWA. K2110k512, DR 0 ZFEA

L s BWEE SRR @), FAREE R0 Clc Coordinate System
EE S THIERE & bICEI K DIREEERERZ
Blrvs. corx, mEmERcHT BRI
DRE &I, A O/ 58 C OE L [d} R
55 BIROEBNOEREND. SF VAIE
DEBE, TROORFMEMRE L CIHE
(translation) & [E 85 (rotation) THERK X 41 % (Chasles
MFEE). LT, EHikoER %, X2.1.1 %H
WCTEERMIZEZ THD. U, ZOETIET
DR 211 ORETEHWTHAT S, M21.1 EEEOFRwT ¢ 7 R
ZRZ G OFE O PLRIEREEDOH S 1

P OLENZ bVF I,

Body Fixed {5 }

Coordinate System {7}

F,= 0+ p 2.1.1)
EETAH. EEL,

Fo={df 1, ‘ (2.1.2-2)

F=ldf v, (2.1.2-b)

p=lp (2.1.2-c)

L5, WE, FRAETHC A ClE)= TEBRSATVA L LT, RQLDE @) RIcB
T HITAIRFELTERT &,

Ip =+ €Tp X 2.1.3)
BT D, plI R (IR T B O T, ME LV TONIEIT r.=r (), ElSIE C=C()
Lo TEENDIZEXNSND. Tk, (EEHRTLEENWHETIME, EHTI
o 12 EXLEICEZ D, Lnl, EEEZRTHFRKRKITINIERERZITITHY, €0
FAEN DML REENTIMETH L. SFED, ML EELUTIE 3 {#, [BlEs 3 HOF 6
BTHY, ZOWENEL~LD B HE (degrees of freedom) & FES.

17
This document is provided by JAXA.



(%178 2-1] 3 Yotk o BB E

3UTEMIROAE - BB, Wik Eo 1 ER bRV (R &
AHEETAHRSICRES. ThORAOMOBEMIR—ETHs 2 enb]  [HOHAR
RABENH0T, #R] [EOEHESMITHE 2 LRG0 5. ERIEETHT)

22 HREE

A& S5 —mNEESH -GS, WEBBHESHEZ CHEO B HEDALNEDS. I
1, 71 ANEE SN RAED R AN, H5EFE DD ORERTH D7 E VD EERIZE
T B4 5—MDEE(Euler’s theorem on rotation about a fixed point)iZ & W /R ZFL TV 5 (J7 1]
KHATHOBEAEMEICRE ST TE %), DF D EEAHE, #YRdiEb) ol
—DEHRIZ L - TFEH 5 (FRREEE(finite rotation)).

FZT, HHEMED Y OERERAER T HMREITIEZ 2 5. K 221@OR8T L 91,
Bl 5 & F TN Y PV L (A 5 —Eli(Buler axis) & FEIEN B), BHEA L0, FHiE
%xfa), EEREEET5. corx, RoBEFAKETIN Clil-) L EETE S,
T OFTINE OISR OREIEBRS A T T 4 v 1L, C OEHERENSSLDY,

¢=lf cla)=) cll-@a)" &} @2.1)
LEEND. FATF 497 CREREBROCLLNLRTHEZORMNE C THB.
Bff~7 FL b, PHLOBER»LRTHRA KDL RY,

i=@ =l (222)
EETQODFEAEZDEREN L TN D L E(0=0D & X772 ) [RIERER I IFFE TE o).

TITC, ALOERVWTEAT T4 v CERDD L,

C =!70036’—}:Lsin9 'y (1-cos &) (2.2.3)
%15 % (B854 = (rotation formula))[2.1]. & 2T 11, T ORSRRAFATIIN & 72 % A
FATT 47 THDH., ZNERDFITHTERT &, FRREiTHE LT,

C =UscosO—A sind + A (1—cos ) (2.2.4)
%485, KR, BEREAEERY FLOWTANETITRES, 2001 0 0, [0 1
01, [0 0 11" DA, FoAlE % EAREER(clementary rotation) & FE5. 1k, 2 8, 3 %
b OEERIZRHET A FAKKITH EE=nEnc!, ¢, ¢ Ld5L, Xe24k0,

1 0 0 cosd 0 —sind cos@ sind O
C'(9=|0 cos® sin@| CHOH= 0 1 0 C(O=|-sin@ cosf 0] (2.2.5)
0 -smé& cosd sind 0 cos@ 0 0 1
2155,
[F(2.2.3)DFEH]
18
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221 DX ICEEREY A BFAICRESED VIS4 TF 4 v 7 e, M2220 %910
7 N EREED IO T ERSE AL T T 4 v J IR L ThH D,

ZI TR 222 DE S, BEONY PVE F ABFEICHEED SO TERES YL L, BT 5
Wi E25. 2%0, RQILDDOEHGZATTF 4 v 7 EANTi=C-3 LEFH0LT5. ZDL X,

F=(F DA+x (2.2.6-2)

F=(F DA+ y=(F DA+ Fx ] )sind+ % cosd (2.2.6-b)
tRINL., T,

ExA=f-@F DAA=5xd (v Axd=0) 2.2.7)
& Rl

5= DA +(Ex A sing+ (% — (3 A)A]cos@= A3 % ~( X% )sin6+ (T - AJ)- ¥ cos0
={ TA— 1 sin+ @ -id) cosf}- % (2.2.8)
TEED. LoT, RQ2HEBD.

ExA=¥x1

2.2.1 JFEEZROARREEL 222 XU MAOFRAEER

2.3 ER/MNEE

TCETEBERTREL UTHAKRKITINERI LR, FOEREIIEEEHEIZT
NTCETED., #2C, FEAHRELFRUCHEOAT A —F THRESTLND 1 HORZ b
INTEBRFR RN EEZTLRD. PIZIE, T4 F—8 L ICFEITTRE S2REIES 6D
B CEEDNT MU, BEEZES 1 HORT NZRDEEZLNZE DN, RO
B BERAR Z ENSNB22) WE, HAEBERTY Fla b b MEET S L ET
5L, TNBIENY MVTHLNba+b=b+a BV, THIE, 4 &b ITHINT 5N
MRZATHNDENENC, C, ThDHE LTt b X, CC,=CC, DT HT L ER LTINS,
EZAR, B23.11RT X0 IAREEORE, RBERSOIAFIC LY B2 5 (C,C % CC,).

—J7, [FHEREL N EER/ N2 R B /MBIEGR (infinitesimal rotation)}, 1 {E D7 ML 8 THRILT
x5, DFED, KQ2DITHBWTEEEABER/NTH D &1L, sindf coséel LU,

Crl-64 (2.3.1)
WAL SED. ZDE&E, s ThDHMRTEATIN,
C=U;-6r (2.3.2)

Thb. VWE, B2HERNEEZEZTHAXLTIE C=Us0L,, C=Us-6GL, & Th
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i, 2RO EELERLT,

C.Cy= CyCo= Us—G N~ G ], (2.3.3)
WAL o, kY, ERNEEOFIZREEFICE DN ERXgn5. DFED, &
BRNEERE, [EDRZ FLVOLTREDL LTk 5.

i\z
90°

by yH#hE DI 90°EERTE, 7 #irE DV IT 90°EEs
2.3.1 [EIESE[2.2]

2.4 BBORSA—L TR

O TCIEHAREER, N7 P EREOOWEINIR 38T A—F TRT I & ED, B
% 3 ODMEDHAE R TEIT B HIEAA 7—MEHPATH. Lnhl, 23
B R SN FEL T LE I EBOEBEZ R L 1 TRERY)., SHI8, NI A—H
BUZTTRIER, MR RERIRVRIUS 4 —F = AN EBRPT 5.

AAT—HA

[ElEEE HE LR ORT A= CEBEZRETHHEL LT, BLEMSND200RFT A4S
—#(Buler angles) TH 5. A A 77— &1k, 3 >0k Lo ERERIZ LD BRD 2 DO
EAMOLRBERERATHLOTHD. FOEL, BRI K VEBWEEROMED Y IZ
BRI B A E 3T S WK A (body angle) L, FICHEMEROEE DV ICHERMIZEERE E
=T A 2R (space angle)3H H[2.1]. &b, BEASHAHOFEZFLZIEEFICE~D I L&
T, V123 BRAA T P LS, DL EXY 4 FEORL LA T —A (WiKA L ZEH
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BTENFN 32x2=12 H)NTFET A RGN, T2 TEHHFTH LIEHSND
3-1-3 %, 3-2-1 R(E BIZWIEA)DHFAT 5.

MR 3-1-3 RIiE, 447 —FEE 6 BERAHFL O LXIWEALZLEENTWD., LTORE
%%@ﬁﬁﬂ%%’ﬁ4?~ﬁkw5&:@&47%%#:&%%m.xfyﬁgmﬁﬁ
AR ABIC BE LTS, DT, MIERE (), BER L B0 RE 5 EERE b L
¢5.1241_m¢;9;,@Hwﬁﬂ%m~ﬁéﬁ5;5m@%bf@<.if,sﬁ
(G)EDVICOFETEEET 5. Wiz, EEEOEBERE Gl LT, £0 1 fii(i)Eb iz
G TEEET S, Sbic, PEGEOEERE FIRELT, 0 3 #((5,)Tb Va2 TR
BL, BIRIC—EKSEE. ZOLICTEAA TR, 6 Gl 6=0, HALSE
—BICIREESND. 6=0, 70BANL, 6L GNRREHTE 2L 725D TREEME L EITND.

oy X T g X T e 4

3 §3

¥
b,

b

v, = i, b,
X 2.4.1 3-1-3 %44 7 —HADEAH)
- 2T, FEAAEATHI CC @)=p )k, 74 T—R6, 6, 6EAOTET. M24150,
@ fif={a}, iﬂ@{}@h c(a) F}=) @4.1)
MR Y LD T,
C,C, — $50,8, €8, +85C,C 8,9,
C=C(RHCURCHO) =| —s50, —y0,5, =535, + €360, €55, (2.4.2)
8281 — 56 ¢

A, 277U, cosf=c;, sinf=s;(i=12,3) T 5.
WIZ, FHEATIC (R % Cl, j=123) T D)y bA A T —H/Aa, 6, GEFETLT
meRd. X242)L 0,
@ZMMQ@ﬁC&QJ (0<0, <7)
0, =atan2(C,y /sin @, , C,y /sin6,) (-7 <0, <7x) (2.4.3)
0, = atan2(C,, [sin 6, , - C,, /sin8,) (-7 <6, <)

CTHUITEHETE AT L3905, 7277 L, atan? 1% Fortran £ 7203 C S50 AIA LB
TH Y, O=atan2(sing cosd) (<< THD. ZOHE, sinGg=0 DL X, TR205H6=0,
DEEHBETERY., LoT, BEFHEICRBWT Cayxxl TiE, FHKREITIND 3-1-3 £
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FAT—H~OEBITTER. ik, 44 7 —AORKRSOENEENICEN -4
Thb., ZOLIZ, EOFAT—ABICHLUTHRANGFETS. LER-T, 47—
BEFERATAEIZIE, EBPFRASIHBIIALRNI LEERTILERES.

WIZ, MEAD 3-2-1 RIZOWTHAT D, 20X A7, BUNMEDFWIZEL TS
DI BB THERBORSBRIICZA SRS, 2084, B—L-EvyF - 3—§
(roll-pitch-yaw angles) & FEIEAL 203, FTHEOLAIL, @, SLEBIERX 1.1.2-¢) & 2 JE
ER(N 1.1.2-DEDEBEOTRERT. 2EL, ERAL LT BT« A— 5 TH
TOEAELHAIOTEELET S, Z T, RICESWEEELRT.

FA T—BH o), QrvFAa), WI—ANEL, K242 DLH5HRHSH. 208D
WZTAUE, a2 OBELSNI—RICRES LS.

o M oy

a3

242 32-1 %447 —AWIEA)

WICFHFREZITINC &, T4 TRy, 6 ¢FHOTEITERFITEE). X24280,

Cwlal-@,  co-F, cvi-§ (24.4)
DED,
€,Cy 5,Co -8,
C=CHPCHOC W) =] ¢, 545, = 5,0, 5,545, +C,C; €4S, (2.4.5)

C,SgCy +5,5, S,54C, —C,S, C4C,
BRA. 7277, cosO=cy sinf=sy 72545,
TDEE, FRKWITIC oA A TRy, 6 ¢~DEHIT,

6= atan2[~ Cp3,1/C3s +c§3j (~z/2<6<7/2)

¢ =atan2(C,; /cos @, Csy3/cos ) (~nm <9< x) (2.4.6)
y =atan2(C,, [cos b, C,, Jcos@) (~x <y <r)

LA ZOEE, cosf=0DEE, ThRhbbO=tn2 DL XFHETER. LoT, HEE
BHIZBWT C3~+1 TUE, HRSHEATIIND 3-2-1 A4 A T —H~DOEBITTE0,
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AAT— NI A—B(TF—F=F)
K(2.2.3)DFAEFEITH C 1X, cosf=2cos’(42)-1 =1-2sin’(42), sinO=2sin( G2)cos(§2)% F
W,

C = Us(2cos*(82)-1)-2 X sin( @2)cos(2) +221 sin’(§2) (2.4.7)
EETFDH. T,

& =cos{(42) (2.4.8-a)

e =[la & &) =isin(42) (2.4.8-b)

ERFIE, KA,

C=Us(el €'e)267% +2ee’

512 - 522 - 532 + 502 &8, + &36) g8~ 55)
=| Werg ~e8y) & —& —el+f 2Aeye+5,8) (2.4.9)
2(&58 + £,8y) 2&36, — 1) 532 _512 _‘922 +5§

EEEDH. I Te=la & & &'l FATF— -85 A—F (Buler parameters)(1U LI H
DML F— & = (quaternion)) & FEIZAVA . & (dx1 1781, e(3x1 1T41]), € (B3x3 75 ND 3
= EDOKHNZHEE.

RAFIOBEENIBERATN -0, R(248)D L& 1T g=cos(§2), IRAFIT4NEENLHES
(RZFH 1D, g=cos(DETERESND I ENEV, Z2 T, BAF0-3 2EHTS.

ANQ48-ab)ykV, 74T — - RNTXA—FEERTDH 4502 DT 513, "XEHETS
BTN,

§le=glrel+el+el=l (2.4.10)
AAT = NTA=FZERNDLZLILE ST, A T—FREIEHTELZE XA
DEFRRRELRERET 22 N TE L. 61T, Rl s B2 Az 4 BRER S
tesTh, ZAMRESERVWEMARNREGIRE 250 THERNTH S, 27, WHE
IRA A =VROINDIR, S BTN, BEFHETRQ4I0)OMERE BB I T L 0
TOZERHELVWRYORELDLD.
TRRFATINN A A T — T A= B IZEHET BTN TY XAEWL ORI TN
5. BFEHICIER—OERE LA TH L, FHEFEMICIELERH Y, HAICL
STHEETHZEbHD. LITIKEEL LT, LEBWHRM»SBERICEELEZLD
NAHTNAY X A[24])%FT.

[BFARETIN ST A T— /35 A—4FHET I 7T XL]
FRRZEATINC DUHETE Cp & EL . £, —BEHE LT Co=t(C), T=Cyp &B<. 22T, a0
I, EFTHICO R —R(trace) TH Y, FMAEROBRTE LTERSNRSE. 0L E,

4gl =1+2Ci=T  (i=0,123) 2.4.11)

dag=Cun—Cy (2.4.12-a)

dos=C0n+Cy (2.4.12-b)

dug=C5—Cy (2.4.13-a)
23
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dag=Ch+ G (2.4.13-b)

dgg=Cp—Cy (2.4.14-2)

dgg=Cp+Cy (2.4.14-b)
DIFEOERNELND. ZI0ba, & &, axEITZOICET,

Cy= max{Coo, Ci1, Caz, C33) (2.4.15-a)

lq=$+ﬂﬁ~Tﬂ ' (2.4.15-b)

FERET S, 2L, JIERQA15-)ICBOTRRD CORTFE—ETH LItk 5. H(2.4.11, 12-2) &
v, K2.4.150)D|eliE] 5| = max(| &), &, &), |a)EHZT 2 L BRIESN, FOREIZBNTREHOH TR
BT aBiTons.

WIZ, RQAISDDBLeERDBIeD, SLHLY EOHZEZERTD. LY,

=0 DBE, K(2.4.15-a, 163, 17-)0bENENg, 5, &

J=1 O, K(2.4.15-3,16-b, 17-D)INDENE NG, &, &

J=2 DA, F(2.4.15-b, 16-a, 17-0) b ENE g, &, &

=3 DA, R(2.4.15-b, 16, 17T-2)bEFNEe, 4, &

WEHETED.

BEPETLON, FERKEITHNSAA F—  RNFA—F | ZEHBT 5 L EOMPEIC 2 BEFETDHZ
L ThB. INEBITAEDIOBEEII- <& BE L Te20 L R DMEOMAERIRT S, Litd->T, ki
DIBEIZ Lo Ta<0 KR ->THBAE, §(=012)ETOHFERESENTI . 207 Y XAAE
THBOHER | ERTT2EIVEDHESRR L, SOBRFEORICLIBEEITI Z Lm0
(singularity-free).

2.5 AEESANEE
WESSHRE S E 2 5 & X3, 2N EOEERIIHT AME{RTH D HEIC T
LUERHD. UT, WEOLAFTI/ A0HHBEELT, K 211 OREER G 28
EE4E B (inertial coordinate system)& 5. IEMEEESR L1X, =a— M OEHOFE 1EAIT
B B IEVE OVERIF T BN TV RN IR LR — O EBENRRE & Bt T 2) 28 SL§ 5 AR R
ThD. 2T, ddi BIER @R A RES 2R TRE LT

dt
N RIVASH
P, @RE PIROBAS-BELTVBLEELT, HEOEEESOHEE25. A
B EICH D7 bL pOIEBERICRT 2 REEMS 1T, 212089,

—\T

5:§Yp-+5%Lp (2.5.2)
BEL. L, Odd CRCEROEETE LTHWD. £, RCITHLTRPA
#FEMELZ A PAEBO)—ROGEEBEL TpaE L T,
siiz, cla=plohs s rnb, RESHEEELT,

={¢ 0 0} (2.5.1)

ap :iﬂj%f)széf%~i%£62%aTCT=§?CCT (2.5.3)

LERL. 22T, FHASEITHIORME TSRS RS T2 &,
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CCT+CC =04 (2.5.4)
185, 7220, Oupldnxm OFETHITHDH. DED,

cCl=-Cc'=—~c Y (2.5.5)
B ST, AU CCT RRMFMTI TH A Z E2E LTINS, — I, BOTFTHIILE 4
3BETREDLDT, Zhbke=lor o o] &BTIE,

0 -w o
cC'= o, 0 -ol|=6 (2.5.6)
-0, o 0
ERBTAHIENTE D, ZOeZHWAUL, R(2.53)5 02521
=) (o +ap) 2.5.7)
CLEUS. 8B, B =P 0BT PUREATE D ERTET,
5:(%§L+gaxﬁ (2.5.8)

LETB. REL, (@dh 12 PIRICB RS ERE L LEETCH 5. Wtk Lo ¥
D ROHE A TIHER @ 2> TRQS)DIICE T 20T, o 1TAROFEEAS ML
(angular velocity vector) & BEIEIL D, Z DL 9L, BEORFMHA{EL LTIHHEO~ FAR
EFETEDONE, 238ITRLEZL I, ER/NEHEDS 1 {F
DAY MVTRETEDLZE LERL TS, AEESNST b
ANDFANE, B 251107 T & D IZEIR/ANEERD A T —Hl
T Y, BEEIEEEE(infinitesimal axis of rotation) & FEIL
nB. o, X7 a0 §IFRSE LTERSATHS
ZEREREETD.

T, ABEESY bVE, HDHT MVORHERE L
TRATE R, DFEY, AEESY PVEFES TERNE
WOEERLEETHD. ZUE, BEERTAT MLVEME [®251 AEESRZ ML
LRV ENLWLNTHD. ZOFEKRND, BEE
(quasi-coordinate) D BF I 7y & 5 W T gER O/ £ & & 3 E (non-holonomic velocity) & FEIE AL
L. L, EBR/NAE, EE#MEDLY OEERCHNITHES TE S, BT 2 RO O
e, BICEE@QEEDY ORERIZR 2O THICHESTE 5.

BIEEAY | Jl(angular acceleration vector) & R B 121, K(Q2.5.8)D p A HE & 1T
BMUTHELZTILV., Colx, axa=0410,

@—(@j =a (2.5.11)

di \ di
5. %0, MEDMEENY MBS @) 108 5 B b, EER By
DR BE LW ERG0D. LR, AERESY Mo LT, AMEERZ v
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waklEL.
Fim, AEESNY MVOEERME L L CGEEER(chanule)3® 5. oFED, K252 D
Eoi, @ ReRT s blRomEE~s 1z e,, BIRICHTS ERoBEESY b
kG, FIRICHT S EROMBEEST ML EG, LT DL,

B, =0, + B, (2.5.12)

DALY LD,

[R(2.5.12)DFEH]
EEDRT b x TR LT,

(ﬁ@ :(d_;g) X (2.5.13-a)
dz)a dat },
&) (&) . .
[?l?jb B (E}C Dy X (2.5.13-b)
(é\i] :(é) + @ (2.5.13-¢c)
dr), \dt),
PR 2. (did), (didi)y, (didD, V2, ZNZN G, B}, 6} Flcsir oM 25, KQ.5.13-a0 L0,
NS AN
(ilz(zjf(w“”wbc)” (2.5.14)

ERBNG, RQ2513c, IEFHET A2 LIk, RQSIADBROI DI EDX5NnD.

@ e}
(252 MEE~N7 FLoOBEEE]
6z, R2.5.12)% @) RICE U THER—MS TS &,
(da)ac ] _(dmab j +(d@bc j
de ), \de ) \dr ),
:[diwja(ég%q 16, X3, 2.5.13)
a - b

k fi U ’ (d&’)ac /dz)a ’ (da—jab /dt)a ’ (da;bc /dt)b & @ﬁfﬁ&: &iﬁﬁé
BRI D 37727 .

(178 2-2]
253 1RT & D, EUEER @) icx LT, a8 hED
DK@@%LK@%%&} 2%, @+@a%ibw®%

HERTHD T E, AEES7 PVE g3 memEby o
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B=16] ={§}T[0 0 O LB, TNEHIDD.

T7 REATHNIE
cos@ sinéd 0O
C=|-sind cosd 0 (2.5.14)
0 0 1
Thsb., Lo,
®=CCT= (2.5.15)

LY, ol3RQ5.655
o=[ I (2.5.16)
ThHY, MEORREB/LZENTED.

2.6 ﬁﬁ%&? &MRE
Z°C, WR LD R P OEERIER 01T BHET, =7, 1%, RQLDEEERICH LT

R 752 LICKVRDBEND. R OTHT DR C@aﬁ/;z%rvcﬂc EhiE, £(2.5.8)
ZRHNT

P, =v,+ (‘Zj) % p (2.6.1)
EFREDH. 22T, V,={af v, v={a) v. EBITIE, @ RICBIT HITHIRERAL LT,

v,=v+ Cl(p+ @ p) (2.6.2)
o =

S BI, EMERICH L TREMAS T2 2L IC XY, APOSROIHT HIEEE,=F, 1T
ROIZKTHRCONEES a, _,, Tt

2 -
i i + (d f"} +z@x(d—pj L axp+ B X(BxP) (2.6.3)
b b

YEFE, 22T, d,={ia, di=lif 8, a=p] akBHE, @ RICBT HTFIRERR

2,=2,+C(P+28 p +Ap+d Bp) (2.6.4)
E1ED.
FHBOBNTTIE, FOEE AT EIEICEE SN BEER N %ﬁ?é EBE. FIC, 2111
BOT, ACOROCKHTHLERE S, LIKEL &, bIRHPLELTHS. VE,

P=bf T (2.6:5-2)

i.=f] %, (2.6.5-b)
ryal,
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=1\

5, =i=B) & +ddt i= B Grar) (2.6.6)
25, %0, BIRIcBaAAIEE TR

V,=F+0 T, (2.6.7)
EBB. mé@% AR TINy MVRET S &,

7, :[T;L +BxFE, (2.6.8)
BB, THLD, EERGHEMR)THS §IRICBOCIEREEEET 5 L, AEEDORENIND
CLRSE. SED, T, EAHERT Sy s (BATERVERTHS.

Enic, RQEeDEBEMRCHEHL CELIZERMS T L,

_ 4% [dE 2 .
g, =—73nr = | t2ax +aXF+@{(@XF,)
d a® ), dt ),

=R/D.

({58 2-3] WEERE
261 0 k& 5 pEER G} &
Bl ¢ 2BV T, OINIET 5
i"?]_, FHAREATAIE

C:

Thb. p=f pLTBL,

p=[r 0 01

ThHBMD,
p=[ I

Chb. Ei, BEESS M Ee-B] orBE, CT=5LY,
o=[ I

ThhH. MPOEEST Mk = v, LT, G, BROEADE

ZEBREELT, XQ62LD,
Vp:[ ]T

ERL. FOMHERTANDL L, V1+£20° LB,

28

(2.6.9)

WIMICEESNBIER bl eEx 5. AP, BREE,
L FOEE, S POEMREI N DAREEEZ RS,

(2.6.10)

(2.6.11)

(2.6.12)

(2.6.13)
=L T3

(2.6.14)
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2.6.1 HHEEZB< A

277 BEELEBNRTA-40OBFERNLOER
2.5 HiTIE, AEENESTERVWYHEETHIZEEBALE. LhL, FA4FI7X
T, BELVAALVOEREES L TRHIELVSLVOEREBRILERS S, 22T, KET
/‘ré SINEREIR A A T — A, A A T— T A—F OIS AEEORRELADS.
FAT—F
if:313¥ﬁ43%%%%ié'%@%@M%ﬁﬁdﬁ@%@@%%ﬁ@z@?@i
F8HE O EHIER](2.5.12) 2 H R

@=0,d,+0,4,+0, v, 2.7.1)
CETA. 2T 8=[1 0 0], &=[0 1 0], 8=[0 0 11":F2L, d,=i={i} &,
i=5= ) 81, ¥,=hy=p] 872D,

Bl a6 @ 8+ 6, 5V 8+ 0, ) 6 =] (,C°0)C 0,8, +6,C(8)8, +6,5;)

i
B [crenciens, s, 8|6, (2.72)
o,
LoT, 6=l6 6, 4] twiz
5.8, ¢ O 0, s3s26’1+c392
®=GO)6 =|cs, —s, 0|0, |=|c35,6 —56, (2.7.3-2)
c, 0 1|6 ¢,0, + 6,

LEELH., EHICKQI3-DOWERL, UTOLIIZRES.

55/, o, /s, Ol e (5,0, + ¢;0,) /s,
8 =I1(8)a= [N -5, Oljo, |= Cy 0, — S50, (2.7.3-b)
=536, /5, —csey /s, 1|y — (8,6, +¢;0,0,) /5, + 0

=771, O@)=G'®)Ths. RQI3DIbAA T—ADERLOEENBNLTND
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FRRIZ LT, 3-2-1 A A 7 —ABOREEREEE ARE & OBMRIL, UTOXI
-5, 0 1y i —sgy/w.
©=G®)8 =cs;, ¢5 0| 0|=|cps,p7+c,0
cscy —s, 0 ¢ cgc¢g'y~s¢9
0 s,/e,  cyley || (5,00, +c,0,)/c,
6=TI(®)w =|0 ¢y -5, ®, | = C 0, =8 40
L os,s,/ce ci8p/co || @5 | | @ +(5,8,0, +cy8,05)]c,

— R, R D ri-rrs 2 A T —F(r, 1y, 13=1,2.3 ri#, 1@ BB 2D &,
cO=lc" @) ©)s, 63, 8,
EEED.
FAT—= NG RA=Z (T = F=F )
FERE LA A T — - NT A Z ORRFEEREE L ORI,
— 88+ E &+ 636y — 5,8

0=2{(aUsr8)é—ée} =2ET(8)8 =2|—g,é,— &6 + 6yé, + 6,45

—8&) + &€ — &, + 5,8,

DEIITEZLNARS5]. T T,
& & & &
El(8)=[-¢ aUsZ]=|-5 -& & &

& & T& &

ThD.

[F2.7.6) DEEHAS
A T e NTA—H TR LU GFRKBITIRADIL,
C=Us( g2 —£"e)25% 2ee’ =Us(1-26Te)24 % +2e8’= Ust2(ee” —£"eU;)24%
= Us+2(ee’ —eTeUs)25 €

0T, RU3TRNT, =) a, b={E) b BT, FED I FHTH 2, bIZELT,

% b =ba’-bal,
MY LoD, R8I,

C=Ust2(E E-5%)
LEITFAH. o7,

CT=0(E E+% e+6, E+4¢)
2B%5. 2T, RQISINERQSOICRAT S L, e’e=0l 228K EZHAVT,

& ={Us2(ee” —e"eUs)24F }{2(E T+5 644, E+g8)}

=2(1-26"e)(8 G+ &+¢, E+eé)thee’ (; E+a6)4a(E 6 E+EE 6+4, 8 5+5%8 &)

55, 0E, RQ410)FFEHS LT,

$Tetg ,=0

.

(2.7.4-a)

(2.7.4-b)

(2.7.5)

(2.7.6)

2.7.7)

(2.7.8)

(2.7.9)

(2.7.10)

(2.7.11)

(2.7.12)

(2.7.13)

DY T2, REINEVELNDE S=eeleleUs 2RO LT, &561RQ791DFHEFTS L,
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& E=e& 454U (2.7.14-2)
Fi=ee +54 U (2.7.14-b)
2HB5. £-oT, R27.1)EKQT 14-ab) kele=l-¢) ZHEA LT, ee’, ¢¢’, &, {PETELDHI L

&=2(1-2e"e) (¢ §+% E+é0 §+g 8 )Hdee’ (e87 +g £, Uste &)

~dg{ & (e&” +& &, Us)+ (ee’—"gU3) £+ &, (ee’—e"eUs)+a(é e’ +5 &, Us)}

=2(ee’ ~celrge )28, € (2.7.15)
5. Z2C, R12.1080, EEDO 3= F4TH 8, bITEELT,
(ab)” =ba'—ab’ (2.7.16)

DELY ST, =L, (L, OF® 3x1 FUTHIE 3x3 ORI T 2 HEFThH. 72T, R(2.7.6)
Q2715 LT,
B=2{(aUs-8)81 24, € (2.7.17)

EERTEDL, INXV~%EoT, o=2{(aUs8)é-¢e}, 2F0, RQIOHEHED.

7, KQ.7.6)DHEHIT,

T E W T E W, E3W,

PO S 1 . 1] o 50, + 50
E=—E(§)o=—Qe)s==| O T2 (2.7.18)
2 2 2| &0, + &yw, — &0y
—£,0, + £0, + £y
LIvExbND. ZZT,
0 - -0, -o
0 —af @ 0 ®w, -
g«m:{ ?v}: ! } 2 (2.7.19)
® - w, ~o; 0 w,
Wy, W -0 0

Thd. BEFHETHE, TERHEELBTA-0X02.7.618)DETD X 5 ICER L4 H
WBED, ERALEMTIIE , QE0TA2 WS SER - LW, B2 B 12 L T,

E'(8)8 =04 (2.7.20-a)
BN E(£)=Us (2.7.20-b)
E(8)E(8)=U,~8 & (2.7.20-c)
E(é):%gxmﬁxéy@xé)a (2.7.20-d)

72 8% < OBMRED ALY 310[2.6].
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[{51RE 2-4]

s rumeemeEEn ;

WEOX A F I 7 AT, BRAZETAIEDICAA T —ATEHRIAAT— "7
A—=B(J =B =F NS, F 2T, ERIORT L9 A HER LR E R R R AR
e mEmER ] (01120, BB FRRLITIIERD, &b, ZOHARKT
FIIn A F— « 735 A =R ZEHT B3 E % MATLAB TIT 9. 72, FRRKITIING
FATFG—FERDDL T T T ABERT 5.

HUEOME LRI 0 &3 5(MHE). ZOREDS ET, 20@@%%{5}, {E}%‘ﬁ@%’%&i,
AR SRR, WOEERA i, TS e, HIEREAEAVWTIROLIIZREND.

1. MR a3 mE b Y I OEE S,

0. X5z, EEEBOEBEZRO 1 #Eb VI FITEEIRSEA.

3. bz, FEEEOEEZRO 3 #HEb Y ICHEA =0+ ITEEE LT, 1 @xBEOH

TN DO R T AIL—HEED.
4. Z5I0, 3EED VI A2, 1EED Y -2 RS E T, BUEIEER [l Bs w5,
FOREER, FRREITING,
0 1 0
{?}: 0 0 -1 @3@7){:1@)@3(_@){?}
-1 0 0
THZOLND.
BARE 1 i=45[deg], (2=120[deg], @=25[deg], @=5[deglé LC, LADFMAREITHIEZFHE
L7p&u.

FIfE2  RIRE 1 TROEFAREITINRIET DA A T — = NI A=FZRODBRI.
FIRE 3 RIRE 1 RO FMREITINCHIET D 3-2-1 ROAA T —HEROR S,
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i, 3 BHER ORI, SBR[ L REER flossoThra—, vy T,
B Ly (321 BAA T ) 0=y 6 J TEETDH. Linl, vX— gL RERLEES
EEHETEET IR, BREODDIAAT—ATEIRIAAT— T A —F & ZIREE
MELTHWAFAFTIVA - Tal T heELEEE, BLOPLAALT— T A—
ZEAREEE S L LTHWAIE O BSULAR).

R RTIRELCAA T — RXTA—F AN EXTYH, UL MRS L —
FOATNE, HEAICEBRE LT WA A T AT HAVD. 22T, gIHRE LS L —
Nadd—, PyvF, a—LFAGLl B44 57— 0= & & &+ OEBERK
8=l Oy @) THZD. I T, LLFORMIZWEST, 321 74 A 7 —FA L O
SERAHMN D, A T— 8T A—HF g &2 ORERERNE ~EWHT 57 07T AR IERT 5.
. AR ERANT, FRARSEITIEZRDD.

FE L CERLETAITV AL EEALT, A4 77— NTA—FERDD.
QIHRZHEH LT, BUEEERICNTA2EEBIERDAREe 2 EHT 5.
L QTIKEEH LT, & EEMTS.

LI DT A Xk MATLAB TEE LT, MIHIE£600=[30 20 10] [deg]& §,=[15 10

51" [deg/sec]& LTEITLTHD.

W N

5 2 BRI
[f5IRE 2-1] 3 oThlfRD B i &
3 RTTANROALIE - EHIE, W o | BRI 203 | MofiE(] 9 | 28 eHed il
FRICWES. ENLADOHOEIT - ETHE 05 [ 3 [ HOWKASIELNE DT,
WHR[O-396 | HOEEAMSI THH Z LB H. (ZERITETHS)
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[I%E 2-2]

xzs3:f¢;5:,%ﬁm@%{}<ﬂbf,5%&@@ (- O L 7 g )
plroamzbroasERd THE LTI, AEESY bR

a;@}w{}o 0 OF b72h. TNERIDD.

HRETIIE

cosf sinf O
C=|-smé cosfd O (2.5.14)
0 0 1
Thb., L-oT,
cos@ sin@ 0| —sin@ -cosé O 0 -6 0
B=CCT=|-sinf cos® 0| cosd —sin® 0/86=/6 0 0 (2.5.15)
0 0 1 0 0 1 6 0 0O
IV, olRQ.5.65
o=l o of (2.5.16)

THY, IRORRZR/DLIENTED.

[BIRE 2-3] AriessE

Ezmawﬂflﬁf{ﬂz$ CEESNER B AL S, AP, bRLEE,
Bl 1 IZ BT, OB T 5. 20k &, M POENWR @ »OREEZRDRS .
£, FRARITINL,

cosfd sinfG O

C=|-sinf cosd 0 (2.6.10)
0 0 1
ThD. p=lf pkTH L,
o=t 0 0] (2.6.11)
THDLHNb,
p={1 0 0] (2.6.12)

Thb. FTh, BEES M EG={]okBE, =LY,

o=[0 0 01" (2.6.13)
Thd. MPOEENT Nk s, =G v, LT, @), BROBEAREIE -RLTVS
ZEBERELT, H262)LD,

V= [cos@—tésinf? sin @ +t6cosd O]T (2.6.14)

5. TOMKEETRD L, V1410 L.
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261 HAAEZE A

[iIRE 2-4]
RIFE 1
N(2.2.5010 5,
1 0 0 cosgd sind O
Cl(ﬁ‘ﬁ 0 cos@ siné 62(@= —-sinfd cosd O
0 —smé cosé 0 0 1

THD. LoT, RODLHIMRZATING,

0 1 0] cosp siny Ot 0 0 [ cos2 sin®2 0
C=| 0 0 —1li-siny cosy 010 cosi sinil|—sing2 cos 0O
-1 ¢ 0 0 0 1|0 -sini cosi 0 0 1

-0.2803 -0.7392 0.6124 |
=-0.6124 -0.3536 -0.7071
0.7392  -0.5732 —0.3536

RHRE 2
FRERFEATINING 7 4 —F =F RO DIZIETF AN p17 XV OT NI ) XL EFIH
95, £DTD, “dem2quate” & W9 BEAERL L 72, dem2quate.m ZBFRD Z L.

~0.0560

.| 05972

*T|-0.5658
0.5658
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fHRE 3
FHEBRFATHNS 3-2-1 BAA T—AZRDBZIEIRQL0)OTLIT) ALERNWS. £
D=, “dem2euler” & 5 BEE A ERK L7z, dem2eulerm ZZH D Z &

¢ —2.0344 —116.5651
0 |=|-0.6591|[rad] . =| —37.7612 |[deg]
Q@ -1.9333 —110.7685

Tul T LEEITTHZOICE, Program2-1.m, dem2quate.m, dem2eulerm Z[E L7 #/v
FIZANT, "Problem2 1”& A3 5.

Problem2_1.m dcm2quate.m
dem2euler.m

HE donZeuler.n
|| denzauate.n

[ %R 2-5]
32-1 ZAA T —HAPLFTFRAERETHERDIZDICRNQ4NZFRHT H. £0k
¥, “euler2dem” & 9 BEE A ERR L 72, euler2demm #ZHO Z &.

0.9515 ~0.0281
02393 . | 0.0056
®=10.1893 ®=1 0.1153

0.0381 0.0929
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Tu T AEETTHZHITIL, Problem2 2.m, euler2dem.m, dem2quate.m %R U7 + /v
FIZ AN T, "Problem2 2”& AS19%.

Problem2_2.m euler2dcm.m
dem2quate.m
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3 BIEOERE

RECIE, E—0ORHEOEEFEREZHBET . kI, —RBROLNERORERIIOWTHALZE, A
EUBREOEBIIOVWTIRARD.
3.0 BERDHEAFTEIR

BHaEm OER PN, BE ?p TEH LT D & &, (#)EEIE (linear momentum) 7 ML 7,
13,

,=mF, (.1.1)

THEHEIIND. Z0& X, Newton DEENDE 2 VERIGEEI 2 equation of motion)ld, &
BB sy hvEk £ L LT,

z,= f, (3.1.2)

THREXND. Newton OEFIOE 1 A THAEMEDOEIIZ LY, BEROFEENRINT
BY, XEL)OEBEMTEERICT L TTONS. ZREY, b LAME»ZRT I,
EEEANY MVTESRICH LTEE L2 LEBERFERDDN 31D,

—J5, 55 0 Ty OAEEE (angular momentum) N2 kb ;%p W, RO HEAP
DB T MVEF ET5 L,

h,=F, x 7, (3.1.3)

P

TEFRINSD., (77, HOELVOIDE—~FA2 FHD VT FILY (moment of force D1
torque)~7 bV 7, %,

=7 x f, (3.1.4)

p p
LEFETSH. AEBE, Mo LlY, BEIRTEDLIVICERINDSZ LITEELL .
IIT, F,x #,=0 25BFREMCT,

. A xE) .

p= SR X (3.1.5)

MY 0. REIL)OWLIZEN B F, ZEL, RGLHEHATH &,

h=7 (3.1.6)

p b
BEL. ZkY, LNV RMENRITIE, AEESHESS MVTEERICS L TEL
L2 E(BEFHEREINN 1D,

32 BIROFA4FTEOR

REDES H RN EE X LR, BEROEATHRENDIRE AR EELDLERDD.
TR OEB RN, FEROESFEXOERNAEDEFN TRETED. 20L&,
BT < ik, ROIERD S DT X o TE < 4 F(external force) & R DRERDHE R
I CRIE LA 9 A Adnternal foree)lo/ TEZDMLERH H. WL, EFFEXL2ER

s
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HE 2 EERIZBWCERAR{ER®ZEEI(law of action and reaction)lZ L D {HE T, £ED
EE AERITIREAAR. SE 0, RAEOEDEE 2 BB, AH0LEETIE LN
—J, HHAOES) FRERT, BNEROEDHFREXOERGDLEENEE L, SLIZED
BIREME L 52 LICk VRO BAE. 22T, K321 OF&Em ORI B 2525,
Al B OWBI R 7 13, HEEEN—ETHD LTETS L,

7 =Jf3$pdm=f (. + & p)dm :f Fdm=mr. 3.2.1)
LEENA. L, j i1, HIE BRSOV T oS ERT. LB OEETL CO

sh
@ﬁé&@@d&vLﬁﬁ’ﬁ?é’T%%:k%%%#é)@ﬁsh@ﬁ%ﬁP@%ﬁ
BE, &1L B OERAEETHY,

m= f dm (3.2.2-2)
f Bdm=0 (3.2.2-b)
Th5b.

Body Fixed Coordinate System {:’; }

Coordinate System {@}
321 BH—FHKkOXAFI 7 A
7, CEbY OAEEHEY MR,
":fﬁx;dmzfﬁx(@xﬁ)dm (3.2.3)
B B

kvEETES. RNE2HLY, AEsO—REETHDZENSNE. EoT, XG23)
(1219133 HnaA 2 Ltk b,

i= {0~ 55 @)}im = L{p@-@—@ﬁ)-a&}m: j’B(pZz”f- 2P im -
=l (3.2.4)
DEI S ENHET DL OCERT D, EL, p=pITHY, T,

i- B(,;Zz?— 55 Him (3.2.5)

TEZINDAEB D(C £V OYEMST A4 T T 4 w7 (inertia dyadic) & FRIZAL S . (3.2.5)
D, BEXA T T AT ERREATT 47 THLZELGND. T, HDH R
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NEFENE, TOATHY CHEERICKELRVYEEREOETHS. Sz, TiL, AEE
R RV BICHEA L TR OMEETH L AEERY ML AICERTIEEEZ LTS L
BIRTHZ LB TED.

BRANEEDT LI -FH LTS ExoEH TR, kKATEIA6ND.

{ et (3.2.6)
f

EEL, A CITEAN M EAAREN TS DL L, FRERE, fET5. AEE
B N VOB RICHT 5 R,

&
Il
=

Q!
Il

ézvﬁj+@X£ (3.2.7)
ar ),
EHEITAOT, EERICRE A EE RN,
F%j+@x5:? (3.2.8)
di

(3.2.9)

1%, EEHBRRNABEETOEDY CERME LT ois, [ElEE S WHEDETIN D v T
L TR ENghnD.

—i%1T, [EERICE T A EE S RAGRG.2.9)0 % 1 XTI E B e (e TE L, A0
BT VB, A A T K VBB IS T D[31]). £ T, EEICE AR
BRICET A A TR 7 RAEREHRT AR OWTHHAT L. 20D ET, ~7
MV AT 4 v 7 BIRIC LD EPNTOSEFHFERZTIIBRICETVER DD,
BlZIE, £COWBELDIKEERER ) CBELT,

& =6l (3.2.10-2)
7 =1} (3.2.10-b)
i o=l (3.2.10-¢)

L5, L, 3x3 O8] L IERIBTICH D, EOMATIIR S ZEEE—A VB
(moment of inertia), FEXRI ALY % ‘i’%’%‘?%%{prodmt of inertia) & FESS.  F 7z, (EMEITHI T DAY
SRR DI B K D e REERER N LT LR L, £ Ol & B E 8li(principal
axis of inertia), I DX AR % FIE#EEE— s > b+ (principal moment of inertia) & FF5.
ZoEE, EEIHFEXG290% 1 i,
Iot+ole=t (3.2.11)
EATHIERTET 5.
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(158 3-1] 1BMEZ 4 75 « v 7 DRSTTHI
FEEZDOT Y 55T, BHATFIORSNED S - L EHEND 5. BESR—EER BT RO

BEICEBEICHZR /&, ZAOOENTIEEFECTHD. ZOBERY @y & L, B
EATT 47 TH,
I={@\ 1, {a} (3.2.12)
=77 L,
100 0 0
L= 0 200 0 | [kgm’] (3.2.13)
0 0 300
THEZBNHHDET 5.

322 EHREEER

WE, M32205910 G RAEEIEEDVICO=30[deg] TS LT (B} BEEZL. TD2
ODEEEZRORBEGAIE, X225 K80,

{b}= @y =C (@) (3.2.14)
FoT, BEAATF 4 v 2B RTEEHET L,

7= i e=0) () (3.2.15)

L0, EHED By RTHIEETIIZ KD D Z LB TES.

[IRE 3-2]
BENZANIMNLICHIE TR VWD L 2ERT L. 0, BANEER LI HT 5T
I, 0 0
EE RN A BEMITHE =)0 1, 0|, AEEZo=[a o al, ST R
0 0 I,

ln g ol LB TOLE, KGUIDFHET S L,
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I, 0 0| o 0 -0, o ||, 0 0 o T,
0 [, 0||lo,|*+ o, 0 -o |10 I, 0o, =7, (3.2.16)
0 0 I,||a, -, @, 0 0 0 I, o T,

D, SHIZERAT DL,

- (3.2.17)

LLEDOREREND, FHEBOLESZ KM ICHETERNI LBhbrd Wy 7Y T
WH D).

AR EL, BOLTHEROD HHEEIZR LAV )z, XG21DLY o 2N
THMICAIE L~V OEBIC R E TESTHZEIETERY. 22T, 278 THALE
Loz, AEE L EBST 22 ORBERBRE L OBBRR(FRYT 4 7 AR TR E
WA, FIZE, BBRT AL LTEA T— - RNTA=FEHAWESE, X(2.7.18)%F]
A4 5. 22T, REEZ x=[o &1 eR EHRETHE, EHFELC2INEFRT
o 7 AW HERQII)EESTH I LItk Y,

x=fx) (3.2.18)
D& D71 BEOEMSFER (ordinary differential equation: ODE)RNHE L 5. Ziuid, KEE
FHEE = (state equation) & FEIZN S . 7272 L,

I(-olo+1)

1

EQ@E (3.2.19)

Ax) =

Thy, RERICEL IR THS. 2k, K3.2.18)% ODE ORLFA/L—F [3.2]IC
WAL, B—RAEOZRBOF A F 7 A EENICHES 2N TED.
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(5178 3-3]
ADEOS-II # H—l{& L & L= EF e LT, ZDOEE FRER A EEIc <.
WE, TRIO X HIC ADEOS-T OBAKIERERFERITEER OIC—E) L EHEEIERD 2D
ERETS. BUERICHT RO EE Foc=ao @o wo]=[5 10 15][degs], #
LS EZ0=[dh & wl=[20 25 30)deg], 1EMATII%,
46462 -975 334

I=| —975 13330 752 | [kgm’]
334 752 51268

95 (BOLIZT, PDL [E#5£ O[deg]) .

1. ANENS, 74 —F=F2 8, 2RD5.
2. G218 b, MHFREXELRDD.
3. oded50)&E ST, 1001EOARE L, /74— F=F L 2RD5D.
4. JF—F=Frnk, 32134 7—MB%RD 5B,
75 &)
A
! |
Y
| P Vi
&l EEEER BAEER

©o0ded50)IZ DOV T
MATLAB CTIREMAHTBRR LM ROV ESL LT, oded5(0NHESN TS, L
I,
[t, y]=oded5(‘diff eqs’, t span, y0);

Thb. Flzig,
0 1 0
=0 0 1lx, x=[1 1 11
-2 -3 -4

EWVI S TR TERTE DV AT LD 100[s]E DIRREEZ AL - 0OIZ1E, LTFTD 250
Ty ANERETS.

Y%main.m

x0=[1117;

t span = [0 100];

[t, x]=oded5(‘diff egs’, t span, x0);
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%diff eqs.m
function dx = diff_eqgs(t, x)
dx=[010;001;-2-3-4]*

LTI, frRmiEzrElnd.

R CREAEE ST 160[s]BI=B1T S
f = @ Efg @40
[T, X]=ode45(f(t,x)', t_span, X,)
3
RS 14, 0wV ® WD r—5=AY & | r T = LokIEISBTS
BE by O W Wiz - o [®i0 00 =Xi00 BEEE (00 G0 Wicol

3.3 NEROEEE

AV UEROER ZE 2 DRI, — RO IFRORERIC OV THERT DLERD D,
®iek, AEOERBICEET 5 EEFEXE, | BOFHS RN THLREBAFEATEREAL
S, DI TR, n RTOEE =[x, ... x]eR"EZANT,

% =fx, 1) (3.3.1)
TEINAIMYFERARZYE LS. B0, RE3DOFEDZFEDBBIZZENRNEE, D
x99,

%= fx) (3.3.2)
Drx, REEREH DLV ITEER(autonomous system) & FES. FERBERDOLHEIL, =xm
FLTHEIDIC %, =1 ZFTMZATAEROBONTEDLOT, ZZ CRHEERDLH
5. £7, WHFTBRRGIDOMOFIEE —BHIIRIES N TV D LEETS.

WE, M x=x0 T,

Sf(x0) = 0n (3.3.3)
MO SOEE, ZOM x %, FERZL LW &b REE (fixed point) F 72 1T FHR
(equilibrium point)7z & EFEE. REMNTVZIE, xOPRE(tbleEZIZUT T/ 7RE
(Lyapunov stable)) & 1%, 52 SNZRFLT x() D BT LTIEM (B € O% T - &
Xo()DIFEL N E L Z L Th Y, BiiEETE (asymptotically stable) & 1%, ¥ < DFED t—00T x0(1)
IR T 2 2L 20 ). 28, xolli xS0 HAREFHIT % (ZPORT 5 2 £ I3TE 7200,

BRBICIE, xo(ODEELIL, SADbNTe>0 12X LTELY>0 NEFEELT, XBIDDMOHE x()IZxt L
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T, xolto)-x(t)|<SE T2 BIE, 6 128 L U(Ox(l<eTH DB L ETH Y, x(OPELEEL L, *
NBBETHY, ETEEORD T, b Lxd—x(Dl<b 72 51 lim [x()—x))|=0 THDH EETHD.

X(9) x,(%) %,(5) x(f)

(@) V77 7%E (b) WHEZE
K331 V77 I7REEELLEE
— I, WO TRAGIDITHERIETHY, MTNCRETSZ 2 EmThs. 22T, #
WG DV WEEIE, FAERB(EIIEEEICER L, ZORERERDZLICLY
ROMWEZ#ERTH. T, PEBLEOBOEFEFADL 01, HFEXG3.)EEL
TH WE, FEENFEATHDHFA TR, 84 ICEE S TR U vy &R
ET UL, FoETXG32)0HTIE,

j@):%i X + O(x) (3.3.4)

DESIZEBETEDL., ZNLY 2ROBUNEZIRET D &,

%= Ax (3.3.5)
DI IR E DY OMAL T EARELND. 7L, AeR™ THH. XGBI4HDMHE
QYA A B G 5= Vi: 5] Nl

x= ™ x(0) (3.3.6)
LERESNB[33]. M, REEEBITH(state transition matrix) & FEIEINS. R(335ETF 7T
R L, WD 7T AEWCRMIEICE L EE K (3.3.6) & th~iE,

M= N (U-A) " (3.3.7)
MWD LD T ENgnD.
NE35OMEHBEROREMNEE, LITFO LI IITBIOEAE T HHETE 5[3.4].

[BHE 3.3.1-2] 175 A OEAEOEBEPTRXTEUTTHY, »OEHN0 L2 LEAE
RN ZHAD I IOERTH DL L X, REISHDOVESIIRETHD.

[(EHE 3.3.1-b] 175 A OEBFEOELNTRTATH D L&, FR3.3.50 AR
ETHD.

2T, A OFMEE (minimal polynomial) {A) & 1E, THIAU-A)" DEEEOSRED K
IAEZIEADOZ L ThDH. ADBEFEEALG=],. k), TOEEEY n B &, (DI
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HA= (= )P (A= )P oo (A= )

(3.3.8)

EETL. L, plE I€pi<n =], R TERETHY, LEpMOFERTHL. B

Z1Z, AFB g}, Azz[g (ﬂ@ﬁ@i& HIZ 0(ER)TH H 3,

S A o7t 1[4 0] 1]t o
0 Al 2|0 A 40 1

-y -] * -1 a2
T T a4 2lo 4

(3.3.9-a)

(3.3.9-b)

L0, BASERITEFNENLAD=4 pA=2Thb. O2FY, 0 XFNFN 14, 2000
FBETHHING, A DOROERITEE, A DRDORRIITLETHD Z ERTN5.

[{5IRE 3-4]

AFF ﬂ,AFF g@yx?bhﬁbf,@%ﬁﬁm@ﬁﬁm%%%N6

0 0 0
7, RB3.6,NETTTAEREND, AITELT,
x= £ (sU-AD '} x(0)

= x(0)
LoT, RBOPFEIIH LT, (VT 7 2YEETHDZ ERDhD.
FIREIC LT, A ZBAL T,

x = £ {(sU-A) ™"} x(0)

= x(0)

Y oT, EEOWHMEIZR LT, Bl E & HIZBBEL TN NG5,

—ITRE, REEE V- ThH, FHICL - TREEITRA LTS, #l2F, —KO

2 WITIRRE T R,

CHEAR) e

PEZAH. ZIEL, a, b, ¢, dIXFEETHS. Z0Lx AOEAED,

h=c+dol -k, Il=o—-VJol-k
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(3.3.10)

(3.3.11)
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THALND. 2L, 20=t(A)=ath, rx=det(A)=ad-bc TH 5. FEMRFHRITEMR LGE
L<iE, [3.51%2MR), BAMEOEIZL > TRENED LB T 02 Hmnd 58, K
332D L9122 5.

WIZ, TOHBERGIDDOEERIZONTEZDL., TOEDIZ, UTOEBRIIEETSH
. R, FEMITEIE T 5([34,61% 22D = &),

[EE’ 3.3.2-2] (U7 7/ 7 OB (indirect method of Lyapunov))
MIZRICBW O RAENERE CHE, TOIRRERITHT b 2 O WM S 106
LETHD. iz, MERCBVTCHEENRLETHNIL, TOEBRERIIBNTHF
DYERIIARZETH 5.

EREZEIZDOWT, bIIDLFELLBREEUTOL HIz 5.

[EHE 3.3.2-b] BERDITH A DEFHEOEHLNT X TATHD & X, TOFGIERE3.2)

DEY, BBROITH A OEAMEOELLR 0 ThiTNIE, FEERO VS SOMLEEE
MEERLEMEDN, BREUTHELNEZ LD E—KTHENIZEThHD. ML, HFEE
TV T 70 TYZERMRIE, TOHFBERTIHEE T2 NE LARNE NS ZEThA.
ZOESREEITE, UToEERLIZUIREDNLS.
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A4

N

-
g\\

o>0, >0
[ A B A R E(EHPIE)
(a-1) RZZTE 72K f (spiral)

A
|

A

=0, K>
B A B AR R (R A)
(a-2) T2 E 72 IR R

A
—B ]

o=0, K>¢&
e A I Al
(b) Z7E 72l K(center)

h

K= O'2>0, o>0
[ A SR E AR (5E5R 1)
(c-1) NETE2$EE A (node) 1

A

N2

A4

%

K=O‘2>O, o<0

[ A SRR E R R)

(c-2) WTE E 7RG AL

N

IV

x>0, o>0
EA R HIED 2 FR
(d-1) RZ2RE 7 REELAIT

A

=

N

O'ZZK>O, <0
EAMERERHAED2ER
(d-2) T2 E 7R S R

A
/ "
x=0

EAE:0 25T 2 TR
(e) £ M (focus)

g
-

K<

A ER 50 2 FiR

() RNETET2 8 R (saddle)

332 2 WICHTE %0 T ST OMOIR S B

[ 3.3.3] (U 7T/ U OEEE(direct method of Lyapunov))

Vi, FHExDHAFEUTEZESN OV /ox Pl ToH D L) RBERE L EE,

(1) M(x0)=0, 7> x#% D & & V(x>0
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(2) % AL OFESL U IZBWT, ¥V (x)<0

MO D L&, R IBETHD. SHIL,

(3) %o I DFEIR U 12T, ¥ (1)<0

DY ILOE &, % TEEEETH 5.
Vix, U7 7/ JHEE(Lyapunov function) & FEIENS. 7272 L, Z OEBEIIIERILSR DL E
MZET O REH DB EHEZTWEOT, VT 7 7BEERR ST LNV BEATHER
TELIFFEARW. £, V77 7E8E RO 272002 J7kxmn. 2tk
BT A L VRS, SEREEESHEOI L. '

34 REVEHESFATE0ROER
WHEDRBOZA T I A%, AT —0EEBFEXG2INWIREEEER BT D
BEF)THERBIIREINTNS. LhL, ZoFERE, —RICIBIREEs - LR T
RN T, SR BERVEA(IV Y T U EEZTHS. HIETE, A
T—0 ZFE(Buler’s top) & FEIZALD . FEHBOEATL, #ka AL b7 BE OTHTL
HAAT—DZED LD REENI A B0, EEBIT AT O OOEARAL LTHo T
BLLEEEETHD., FIZAVUVEED LW H AT I 7 ANBRETELEK > T\ A
BiE, AATF—DIEOEMNEZEMT H - ENMBEERD. EL, M T —DBEAED
EHE RIS Z R TEX 5, L LB ERDRTYH, BFPY—0F
Bl (Poinsot’s theorem}lZ L U BT 2R IC LI IR IR ICEE 2 B R T A Z b T
%.
£, WKECEESE =6, 5, b GUUERIAOEESLIC & 5)E L, BIEoEME
FATF 4w l=pl e, 2k M4 EOLS K, EEORESI M LE
A=lnlds. coLE, ATbUOEET—AL I,

I=i-(I-#)=n"In (3.4.1)

TEZEEND. &b,

B 7
E=( &= — 3.4.2
bra- pan
I, Ly 1,
BN MVEERL, &=k y 2, 1= I, I\ &¥92E, {EGADE,
sym. 7,
1= é?(f : 5) = E_,TE &= L+ [yyz—%- L2+ Loxy+ Loyz + Lzx (3.4.3)

EET D, T xyz ZRICBWTHEREER L TEB Y, BB & (nertia ellipsoid) & I
Eh. DOMBEE, ©55E0 0 ICHIEEROMKE & 5. RGN, BRI
Fihc—FHIETEE, AEOERESTE—X L, b, LEAWT,

I+ by + =1 (3.4.4)
LSBT B (K 3.4.1 4).
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rigid body

X 3.4.1 1EMEFEMEK

(178 3-5]
]JC jxy [)CZ

i=ff 1}, - 1, I, [z, a=fn n=(0 0 17 05 8E Y OElEE—
sym. 1,

AV RERDS. RGBADDD

7 :ﬂTEﬂ:D

o, EMREEITRAF—TIE, BEESS M a=p] o=bf @ @ e 20T,

T=—&-(I @)=—0'lo (3.4.5)

D | e
2O |

LE5. BlRavEREEIC B LTV,
o . o o
2 2
Warn | (B )
LPEITS. or L LTRIUS, Bk E LCIERG43) OB ME R V2T /5 L sk
ThY, RF2Y—0HEMEPoinsot ellipsoid) & BTN D .

WE, 6ORERED AEREAY M h=T-6=] h(kX & DICBEATEEE LS.
ToEE, R Y —OFMAOHRLE TR E OFRAZFET L L, {((B45L9,

=1 (3.4.6)

5 0 U-&) 2T (3.4.7)
K h h

PRER D ST, WNE DAL R LT BMEH RO T, B MEERICH LTEES L TND Z L,
THRETHL2BEETEHL, ZOTFRMEERICEAL TEMRWVWEFH THL Z L35
B, K0 ZoWiEE, FEFEE(nvariable plane) & FHINLD.

=51z, R@BANThE, TEZ—FEICLTHNEED L,

R

dd-—=0 (3.4.8)
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BRET-T. OF 0, HBEEERICET AN MV E LER, ThRbLALE YR F
D, E, & FBREEEEE D, 6 OSBRI, S0, BT Y —0HEH
IR ERE L FIERS. ErFLnatUTOLdIch5.

- & DEIIT, BICEEREEHREER) LE2H<.
< DT, AT Y —OEEEEE <.
cART Y —OEHEIE, FLEARE VR, LEEHICEL RN LA LEIZEL, £
Wik EEELTIZENR D,
SFD, AEOEEEEL, K342 DL A= TEDH. K7V Y —DOFEMEERIE
ERI—BLTEZD &N 0T 0.

Poinsot ellipsoid

A
ar
h
v
polhode
invariable plane v i herpolhode

342 BTV —OERE

IDEE, dOKRENRRT Y —OFEHEME IR < 8k Z R—JjLAR— F(polhode; ¥ U >
¥ 3% pol=axis, hode=path £ V), ARZEVm EIZH < #BF % /n—R—JL7R— F(herpolhode;
her=creep) & FES. W— Ldi— K, N—FK— 1k — Fix, ZHEANE, EBER»OHRT-MA
WEART MO &R TE D, UK, EHOPWSEEIZL > THTIED > T 5.
R—dR— RNiE, L9 CAMRThIOICH L, N—FR— kR — FZ—RIZFA LTV 5
EIERR D 720, _

Z 2T, AEF =M A (angular momentum ellipsoid)id, {5}776: FIEMETEIC IS5 L,

wefiaf X,

a2 2 2
“ @2 @3 (3.4.9)

WLy WLY WLy
LETS. R—)LR— R, AEBEHEEHEEET VY —OFBHRE O E L THRD
HILA. 3430, TRAX——ET, AESHELZLERITVEMGIC X Y —BEIE
EASHEELEELIR—NFE—RFREDOL BT ENERLIELDTHD. ZOKND,
RAlEoEENER Y, S AE/DEEEFHE b oRRIEZE T, THIBEYTEH T oHix
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BABRETHD Z EBTMD.

@A
Gl
"
0 0
0 ay 0 o
@, %
(a) k=14 (b) h=15
q‘

o @

(c) h=15.5 (d) =16
X343 AEHEZELLIELEEZOFR—AF—F
(=4, L=3, =2, T=40, #% : B7 >V —OEAE, ¥ : fESHEEMNEK)

iz, TRAX—EEAHD LI EIV Py F(semirigid) 2R (= R NF—8BEE H 5
23, BEENE 23 7p < MR &Ll CE 2 EBN YR D5GE, AEBERRFHENRRICKE S
PRE, BTV —BAERGRLINELRoTHL. 2F Y, /MEMETEEDY OlE
HENMR 2 ISP REME DV ORERICA Y, BEAHICRRIBM EME b Y ORERIZPOR
LT EHEF(ZTy FRE>(flat-spin) bR TE 5. 2%V, EIV Ty FRPET, &
IMEHFEE DY ORERIIFRLZETH Y, EXEETHE DY ORI ZE Th S
(major axis rule)(GEBAIX[3.7]). mAEMTEE LY OEF CEEESETETIE, Ibho=x
FF—EHEEEE ST TR T CRRENETME DY OEEICEKRL T NDEDT
HWARMICT 77 4 7T LE R, I, TS O IFI D B B MEM: 6 7 M [ElEs
SRABRTFHITTRVWE XL, RFRIBREWCLDT 7T 4 TRHERLETHH[3.8]. =
DOFEREIL, T AU HIOEADOANTESE Explore-1 (X 3.4.4, F/MEMETENE bV ICEEET 5 4l
HHRAEHET, FRENSHBTNET T FHIC LD =Rk A-F =080 L72)A, 8
B ETH T ) o (tumbling)x L= Z LIc K W BERMICELNE
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[% 3.4.4 Explorer-I

wiz, 4 7—0Z 0EEHELK,

Lo —-(,-1;)o,0, =0

Ly, —(I; —1))o,0, =0 (3.4.10)

Iya, — (I, = 1,)ww, =0
EFRHOWCLREMEZZZTHRD. Z 2T, Iph>h 275, ZOHFBRROESE AT, R(3.4.10)
ZBW T a=0,=0,=0 L THIE, @, @, DI BLel b 2o00FK, +/4bb, &8
HEFEEhE D Y OFER(e=0; I L NICARELERLDTER)THDL Z LB 5.
9, RREHEIEHEE 1ENEDLVOREZZ R 5. x, » sZHPNELE LT, o=[Q+x
x; x)'E LTRGBAI0ERELT S &,

0 0 0
T: 0 0 1, -1, Ie) Xy
% |= E X, (3.4.11)
5] o hizhg 0 X3
55, BRETIOEAMIT,
— I, -1
0, izUILXL ”g (3.4.12)
L1

s, EBEMEIHEETHINOBERICBWTZORHEAIZRHLAT, BEETHS.
B/MEMFEE 3T LFEEETHS. —F, PREEFEE 28T LY TIX, BF
FOREATI O BB,

- Juz L) L) (34.13)
111}

Lhd., BAEPERGSOEBRTHAEZ LML ZOVMESIIEAT, REETHS.

LR, BERCETIERTHD. B2, BERTRLERDT, TOHFME TLRALETSHS.
LaL, %13 @3, EBRECEFEELTVWEOT, H#BREOEERIIMRIESLEV. £ZT, 3
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BhED Y OB TR,
Lixy =, —13)wyx,
Ik, =5 = 1))oyx
1%, =0

(3.4.14)

B oo PHICHE LEESZE 25, RG314)D0E 1 U 2(-L)x BENT, 52 i 2(-L)x ##T T

mzs e,
d
— G =D L (1 = 13)%3} =0

EEA. OF0, FHAIE,

V=I,(I, ~I)x} +1,(I, —1;)x3 >0
FUT7T)7EBE L THLODTERETHD. E L, dVidi=0 720 CHiTEE
[BIRE 3-6] BoRIEMETENE » o s ET)
REBAINTRENDESEROEEZ RO L. [=3, L=2, h=1, (=
BIE R DREATIND,

A=
EA. Ik,

sU-A=

THOLHMND,

(sU-A)'=

BEBLRD. Sbin, 777 ATHREIE TEDT,

*1 x(0)
Xo |= x,(0)
X3 x3(0)

EHL. LoT, (VT T I NBRETHLZEBTND.

e R AR oD [a s E B
WRIZER S L LT, 1BUAEAEAERU =L=H) TR INDLAHE %
344D EHHEIZh L BDFAR—HLTEETHLZ L BHND.
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(3.4.15)

(3.4.16)

TrE7eu.

1 235 2ok x,

EZx A Zoex, X
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Poinsot ellipsoid

@
v

invariable plane P
v

345 BMEFEHEPRERD & & DRT Y —DIEH

7z, FEETE—A DL 2 ORFLWEEEIHIIIRZZ 5. ZOLERT
V—ORHERILEEAE A E 220, K344 O LI ITR— LI~ R EA—R—/bix— KTl
2725, Zid 0, mAEOFLER—IVR— R, N—=R—)Lkx— NIHELERT 5.
=R — N2 L 5L, WIRIZEESNTND Z &b 9EF#(body cone), /N—7R—
VA= N2 X 5 M, ERIEMERICEE S TWD Z Lo b 22 F 8(space cone) & FEE
no.

DEY, FRENSY VIR, PR D RO EYAMBEOREITIR O L O ICEE, BERN
bR EZEFMMEOREITIR D KO ICEL. WF, BaPRAAOREESNL, PR H#ER
FWENT M RERE UCEMMASICE LR OERLIHEFL L TEZD I LENTESD.
BB, h, @, b GRFERENZE —FEMNICHS.

Wiz, G4 INTBWT [=h= L BV 7= & & (5 3 Ed 2 v Uil OES) H R

Io - -1)o,0, =0
I, —(I; - DNoyo, =0 (3.4.17)

Iydry, =0

Poinsot ellipsoid

body cone

polhode R e

herpolhode

invariable plane v h

X 3.4.6 HAFEIKOSEEORT Y —DIER

EEZD. BIXNLVEDLIZ,
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y=n=const. (3.4.18)
BAH. 2T, l=n(-R)I B E, KG41DE 1, 2T,

_—
{(_01 “2 (3.4.19)
ay =—Aw,

YEFD. ZREY, mat ;d,=0, DED,

ol + 0? = o, =const. (3.4.20)

PVWOBBRARDNS. ZIT, hEbORTARE &LbORTHAELBITIL,
E=ffn h mELT,

h:+h: )
tanf=——1 2 = Lo =const. (3.4.21-a)
3 Iy n ;
[ 2 2
w; + o
tany= NE TR Y =const. (3.4.21-b)
W, n

5D, OFEV, IDEETIKE EIDOLEE i;b@’(“ipb‘ K347 DXL DEE
I ZE R T EE R IR T SEDSMANC B V), L>T O & X H$EN RN BEONAICH D Z &3
GIND.

2R OB ICB N TIE, S R s MBS & EIEERICEE SN EDED
D BFHHED A Yl b, S EERT A B A = 2 —F— 3 3 V(ES), nutation), S+ FA7 B
W< mLickdhoFME LTIy 3 (ERE, precession) & RS, FETo, §4Za—
F—% 3 W H(nutation angle) & FER. S R L7 OEIRNES, SRR T HAUE RO
LHlcma—F—a AR ETH DN, SR TRVENREZER 1, 3EiEH Y IE
XS Thboa—TF— g VA EIRZ LRV,

/ space cone space cone g,
i

= a4 rigid body
rigid body — =L b, I=I<],
(a) fREA! (prolate) (b) Fa A (oblate)

X 3.4.7 MR8 ZefE T 8
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AR T A ma—TFT —3a AUyl a v OFERIT, HANFEOFNEEZREILTCELR
FEI2R L. HENFCIE, UFICARTEORI-I3FBIAT—Ald 6 " ZEALTENSOREBZEL
EENENTV By ay, ma—F—1ay, REVEEETSH. ZOED, ST BENRNES
THT VUV va v BNEETDZEICRDZDTHLNIIEERENER H[3.9].

KIZ, M347@DEICI-13[AA T—HAlg 6 v BEAL, ZNFPNOEREE
L., Zokx, R(273-a)k5D,

—(;'ﬁsin wsin @+ Ocosy
® =| geosysin@—Gsiny (3.4.22)
deos O+ yr

DAY SED. BIRIFRRE DB AL, B —ETHDHZ L b,

—gzﬁsin wsin &

o =| gcosysind (3.4.23)
¢cos9+g'y

B A, XBAIR20EEET AL, ¢, yRN—ETHLHZ ERNDME. EE X
(3.4.17,23)% v,
v = n(I-L)/1 =2 (3.4.24-a)
¢ = Incos 8/1 = I yr cos 8/(I-I) (3.4.24-b)
5. ROBFR LY ¢ &y OBMRBDNY, L O & & IR0 b, RN EE B~ MLk
DEDLY ZEHETHHFAE A FRNREL, KO E IG5 2 ERsn5. ULk
DX HIZ, EHEE—A > FEE(MOIR, moment of inertia ratio)o=L/I 78 1 LTV RE W EH 75“(
PR RMEENED > TL 20T, BiHEEOHEIZ ok —DORFEEL LTHVWS
bz,
wIZ, BV Yy PRzt L CREREE 2 CTAD. BEHE L & EE T R
—TL, EhEh,

W=w,Pt+nl? (3.4.25-a)
2T=wn P+’ I3 (3.4.25-b)
AW OT, TEY ap BHELT, coséhn/h 725 E% % AVhIE,
2
7= 21 cos? @”—3—1 (3.4.26)
I k I
WAV SED., ZHERERES T2 ik, &KL,
2
7= osad io1le (3.4.27)
21, I

185, ZHERD, TERAF—BAENRHLSEE, DFVT<0DEE,

s BL(e<)DEE G50, DEY, ma—F—a SAIHEATS
(DD E X <0, DFEY, ma—F—a AIE0ITET S
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LD T EMRSND. AL, IERFRRIRD & & & X 72 major-axisrule D LA LT H D

B3 ERERE
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. EHHER (5.1.6) #31% (5.1.4) (5.1.5) ZFHVWTEIHIZHEM I LITHRAFTT D &,
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EEFo X 51705,

Exo‘)x (‘OyIZ(D mzl)wy H\VX O‘)yHWz - wzHWy TExXTX
Loy |+ oo, —oLo, |+ Hy, |+ o,Hy -0 Hy, |=| Ty (5.1.8)
EZO‘)Z O“)xly("‘)y myixmx HV\’Z 0‘))(}IVV}/ _O‘)thx TEXTz

LT, BSA—Nae#f LEEOED RN E N T

SEBH OB
EBHER (5.1.8) IR TH LA, KBHEROLEECRIHRAET 5 72 01C
ﬁ%MLT%<k@ﬂf%é.::Tﬁ,%é®%%%@ﬂ%mfﬁécbf,ﬁ%m%

N ER R A<
HUER A HE B b B R DR~ bV GERAEE) 613, b RIHT 5 b
ROFEESY N 6o BEBREE) &, o [RICHT S By [ ROMBEESY MLy, (
RAEE) OMTERSND (AHEEOEFIEA).
B=Gg +Dg (5.1.9)
Bo [RIHT B by [ROBHEBARUN ERIZEHAERIEICD D 0,0,y ~0 LEE) ©
L&, HRAKKTH (5.1.1) LHEAEE 65 ZUTO L 5 IEETE 5 B,

1 v o -0
CR~|-y 1 @ (5.1.10-2)
0
é5m>={%g} wBy ~{by)" (5.1.10-b)
(DBZ

it,ﬁ%ﬂ@ﬁﬁ%ﬁL#FR OMBE, HLEAEREL &5 &, BUEARED K
EE T, =R THEDToo 1 o |RTUTOE S RS,

0 0
‘I}OI:{%O}T — g :{go}T —VH/R3 (5.1.11)
0 0

Lien-T, I (5.1.9) 1250 (5.1.10) (5.1.11) 2RATHITEE O A IEE &
DI TR FRREND.

I Y I Ry S R At R B (P
wz{bB} o, =®O} - +{%B} ®py z{bB} -y 1 ¢ |-y |+]8

o, 0 O, 8 -o¢ 1 0 ]
§— ooy

~bsf| 6-o0, (5.1.12)
W+ @00

WIZ, WHT 7 Fax—F L LTE—ALVELRA—ARLY T I g kA —LE#gEE
LI EREEE XD, Cy FHEDY OB, —VABERH,, 25 7 A5 hy,
(—EMH) EEBRD hyy, 7 VG- S—HED Y OFRA —VAEB R H,, Hy, 228
BT My hy, TEET D L, X (5.1.5) HLLTOL S lckEh 5.
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HWx th
§w=§ﬁTHwy=§JTh%+hm (5.1.13)
Hy, by,

—ITIE, A BT AR EEBE L TR, — V2 AT 2 —BET L Z
EREVR, 22T (5.1.13) DX YK HRA — N OREEEN 3EIIA S SN TWD
ET5. '

F77, 5AEOHBADTD, HWELFIVT Ty FEIMER PV T T 5 & X OMOIEL SV 7
FICMTTHELTEL (Fpyp =Fge +7). BAEM ML I1E, HELOZREADOMNE L
HIER UL 6 DIRBERN B2 5 2 b b, fERTAENICENELD Z LRV RETD.
Eﬁ%ﬁﬁﬁiﬁw~ﬁbfmé:k%i@%%%kﬁwmwﬁwzwf@éz&ﬁa
e L By FAOICHEI LI FL7 L LTUTOL S IcRED B,

~30,°(1, - 1,)0
e~ by} 30" (1, —1,)8 (5.1.14)
0

PEXy, & (5.1.12) (5.1.13) (5.1.14) % EEHERX (5.1.8) ITRAL, ¢,6,y.4,0,y
I W hyy, hygy, hy, EBNETH D L LTINGO 2 REEERT L &, LT OIS
NI EH HREANELND.

Ix(:f:’ @oz(ly -1)e oI, -1, —Ly = (hyp W + 0ol g, @) HWX fwoth
1,6+ 0 + 0 + 0 + hyy
Ly o, ~Lov| |00, +L 10| | hw®-ohwyy | |hy, + oghy,
=30," (I, - L)p| [1,
=] =30,° (1, ~1,)0 | +| 1, (5.1.15-a)
0 T,

R (5.1.152) 7, o |REKEL LEBREOLBEY2RTEDHRATHY, 3WED
FI S RN TRBEB SO RVEA DIROF A 73 7 AR, =L, ElE1HE
VLM B L, 2 EIESUEES TRAET OIS E S My, o 3 THITEEED) TR
Wed B d oy FY T MY, B ATERA —A DAL T ZFEB by, 12 &0 FET B
BB ML, 5 AR A — D A EB RIS by, by oy, 1080 BT B REE
B 2T, MR, BEBEREL 25 E 0, FETEIINS 25,
wE L (5.1.152) IEROMEED (b, [R5 by ROEGES) 2EAK
KThBHA, WO, PEEENC LD RETHE (0, 2 G1H) #EETLE, M
FOL S CHEDEBEE (o |[RICHT D by [ROLH) DAHEE LB RN
ENB.
Ix(:‘:) — Dy }?WX T
LO|+ 0 |+|hy |=|T, (5.1.15°D)
Ly hy, © th Ty
£ (5.1.15) 75, @— il I —HIh v U 7 LT AR, By FEiEa—/ il K
NI =g & Ih v 7V T L TR NG5,
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52 3BMESHEAAFXNOSELEY

AETIE, AL SN EEREOERHERX (5.1.15) b FNFRORBHEH R (¥
HE—RAZLAFRABLUONS T RAE—=RA XA HR) ITBITABEEHRIATS. £52.1
2 3 ERRBHIE TR L R A — VBB Dy E A T

3% 5.2.1 SHHEBFIE T LB A —VEEDOSE

LEAET
=X

RA —/VELE OB

B

(a) BrFx
— A B L
yS N

* 3 RW (AEBBHBHES)
< ATy ARE X (5.2.D)

~by,
4

]
Oy

- KW RW 2 BLE.

s FEADOLEBFIEIZS B RW DA
AT B 2 TN TR A.

- B EhOBBR N

c—iIT (b)) (e) X0 b EEHIRERE

VR,

(b) AT
AT — A
& 55

-1 MW (AEHHEEHREL)
o A F X AEEME S (5.2.2)

_bB
$ Y

- By FHlN MW 2 EE.

- By FEO ZBEIENT MW ORlERs
T2 LI >TiIThhad, By
TR L 2 —LEhEs KOV S — & AT
WA 5.

s LVERE I —ElE MW I LAYy
A 2l cL L.

s - L & Tl ORI EN AR
HIEE) (ma—F—3 g Ed) L EE
RS (BUEES) NELAEDbS~1E
.

- 3 — Bl O BB H T R

- — RN RE IR LR

(¢) =k
o—J R
NA T AE
— A KN
V-

-1 MW+ 1 RW (FEEEH
BE2)
 H AT A K (5.2.3)

_bBy

4

RwW

- By FElC MW, o—LElih A LT
—HhZ RW ZELE.

» By FHIORBEE T MW OFEREL
BHET A LIk o TIThbRS. By
FHH L — LB X OV — il & AT
Wz 5.

s T VR E T8 MW 2L BA Yy
A mfETEE/LENS & EDHIZ, RW
THIEI 5.

sVl GOl v Y TR
FMALCEHENEREE (m2—7—va v
EE) L EAMEY GLEES) 2EE
SHB LN AEE.

- I — Bl O REE H X R

- —RICRBHIBEE L (b) XV EV.
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5210 EOE—ALH2LAR
2Vl e Ey Fil - IO AES RGBS ED (hy by, hy, #0) V7

Ja ViRA —VERE LEEEEZEZ S, EEHHERX (5.1.15-a) Ty FHiEby o
AT ABEBEDBIN (hyy, =0) DT, VT7 7 v a kg~ 3ECEELE (3 RW)
EOEFHFERL, UTOoLYiTkb.

L] | o0, =10 | [ogt, =1, =Ty ] [0] [hy, ~oghy,

1,0+ 0 + 0 +10(+|  hy,
Lyl o0 =10y ] [ogd, +1,=1)¢ | [0] |hy, +oghy,

~30,°0, ~1,)9| [t
= =30, (I, ~1,)0 | +|1 (5.2.1-a)
0 T

EHI, PUEEBLERT O LLUTOLIITRS.

qu') th Tx
L0+ hy, | =1

(5.2.1-b)

y

EZ\‘{‘/ th 1,
ARIFRNL, Po'—RA L FZALFR (zero momentum) EREENS (3£5.2.1 (a). ¥ux
— AR LFROBE T, V72 ariA—Ckvm— il - vy FHh - 39—
DOIHYST 5 AEBBA AL ESE D 2 L0 L 0 EHBHE L2 hy,, by, by, SEAL,
EBEEIEZ L TCNDZ ERmd., VT 7 g kA —lL, REDNSAAL T AE—ALH
LD LIRS 7 RAEEEIL R B o [ VIREE CRERIE F v s 2384
LTW5 (BEalaAEBET570R", T AEE LTI LHD). 0D, 27—/ Vi)
LMD v 7Y T F < K EhO BENEE DN FITIRN IS 2 B A%, BEALE RN
BH L, f#T 08NS L. £/, "L TAE—RA L ZLFRD L HI034 7 A ES)
BIZE DV v A B AERRVO TCEBORERITESBHBERICKEIKET S0, b L
ZBEFROMBER AL LG /T ERW R E LT W, —F T, "/ —n%& 3EhEb
DIZELE L TWA DO TERERESFHIHNTE 5.

5§22 ISATFTRE—FA R LFR

WA T AE—RA 255K

By FENZ A A T AEEEEZFFD (hy, 20) T— A Z LR —VERBL-HES
Ez %, EEHFEKX (5115a) Tu—LEiE 3 —@iORABEHELE/KS D20
(hyy =hy, =0) OT, T—RAUZ LKA —NEEyTFEIZEE L (1 MW) HEOE
AL, UToL51cks.

L] o 0, =)o | oo, 1, =TOW]| [~y +oghye) 0

6|+ 0 + 0 + 0 + hwy
Ly COoz(Iy i L oy, + 1 ‘Ey)(b | hap® - oghypw 0
_3(002(1)/ ‘Iz)(,D H’Cx
=|=30,"(I, =1,)8| +| 1, (5.2.2-a)
0 T

EBIL, PUEEBEZERT L LUTOX TR,
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Lo | —hwy 0 Ty

Iyé + 0 + Bwy =1, (5.2.2°b)
Ly by, © 0 T,
AFENL, XA T RE—AZLFR (bias momentum) EMENDS (F5.2.1 (b)),
AT RAE—ALZ LAHFROEETIE, v— B L ONE —alliT A A 7 2 AEIE hy, (2
IV Ao hAZRERL, EyFEIIETE—A X LARA —LOMEBESICLD
R by BMERT 5 Z 080, BREGELTONDZEBDMND. ST AE—RA Y
HZLFRTIE, v— Vil e 3 —ORBEERNDNA T AAEHE hg, ICE > TR A 7
Vo7 LTEY, TN, T AHEPHEIZL DLV v A 2ftE (hy, BRI DHE
BEEROAERED FRNIZEEAEARE) ZRAL THBRINZEIR R EBRZENFARETH
D, —HT, RA—= A% 1TEIZDOVIZUNEE L TRV O TERBREEEE LSS, A1
TAE—AVELAFREUTFTOay ba—L R« XA TRE—RAHZLFREXT 55
Bl B a7  c XA T RE—AVELAFRERLEZENHS.

S R E L R ST RE— A7 N

ZITE, FlE LTy FENCIAA T AAERELRD (hy, #0) T— AU FLBA—
Nz, F—ECORY T 7 a A —AERE L (hy, #20) BEEZHE 2 5. EHH/E
X (5.1.15-a) Tr— /LD AEHELZBALD 720 (hy, =0) OT, By FpIt—A
VEERA =N, AT I a iR = EEELE (1 MW+ 1 RW) #E®D
EEFREAUL, UTFo ks,

Lo Cooz(Iy -L)e wo (I, -1, _Ix)\ir’_ — (b + (DOhWb(P)W 17_ wohiy,
Iy? + X 0 + 0 ' + . 0 +i }.)WY
Lyl o, -T)v oo (I, + I, =1,)¢ By @ — 0ph J L hw,
“30,2(0, - 1)o| [t
= —30," (I, —1,)0 | +| 1, (5.2.3-2)
0 T,
SHIZ, MUBEBZEET O LUTOL SRS,
Lo —hy 0 rTx
1,6+ 0 |+|hyy| =7, (5.2.3-b)

Ly hypo hy, Tz

— R, RA T RE—RA X LAFAOF T, a—/VEHD T8I T 7 Ve iRAg
—nEBMLEFXZ2ary b= R XA T RXE— A& LR (controlled bias
momentum) EFEE (F 5.2.1 (e)). 2 ha—/ K« NAT AE—RX 7 LFX T,
TVl & F O BBREEN N ANA T AAEIE Ly, CE o THS Ay TV 7 LTS
TEEFATAILET, n- B IOa =i BT TS g AR L CREENICH]
WrRE L 5. X (5.2.3) &G, w— VLI BRI ONTZY T 7 v a kg
— L K > THBIZHEI SN D, RA—NVEEETIHHEREZZOTE 27T - A
T AT A BRI CORB R LA,

5.3 HLEDHMAXOEEE
AEITIE, HFEBGEETNNST 44T 17 2 - HlRME 2 EICHAT 5
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531 ¥OF—A U2 LFROHIEEE
PrE'—RA L Z LR (52.1b) I2BWT, By FaioE#H FREFXUILLTOLS Tho
7=,

LB+ hyy =1, (5.3.1)

FraE— AL X LAHATHE, o—Lidida—ihd—iic (5.8.1) oLHlzRESIN. =
7o, WA T RAE—A L LHRICBWTH By FHEIORRER L, B SN EH TR
X (5.2.2-b) (5.2.3-b) TEZIUL, m—Adll a—8i LD v 7Y TR K LB
FR L bR —OBEFERERRATEINS. LER- T, FEBHEFIChrrboT ey F
HIEADHREIFE —DEZ TR AREL 25, 2T, £9X (5.3.1) &I BEHH R
FHZ DWW THBIZEHAT 5.

ESEL

'y FEIERO T 2y 7BRRER 5.83.1 \oRT. BEFEIR (ACS : Attitude Control

System) 1%, BMELE A2 AL UV TR LAESREZNLTT 7 Fax—4 (FRA —Iv)

PERENT L. EF RN (5.3.1) KRBUDIHEY A 7 RATHEOREEE O A TSH D

DT, RZEBP(s) I,
1

Iys

X (5.8.2) TIE, BEFA AT I 7 REMERICE B FEFE R HNEL M vy b i Tl
HE—F (s=0) TEEREITH. —F, EBHERX (5.3.1) »HLEEGIEO-HIZA
NTEDOENRA =N OAEBEE by, DA THD. £2C, LORBEB LD L
572 A — N ~DATMEBZHHETEELRITIIER L2, A —VELTO LI
fEEL72 PD AN LV BRBY I D L35 &, HIEIZRCG6) 1T,

C(s)=kgs+k, (5.3.3)
EREL, kp RHBIZA v, kEMS T A ERT. InbDSA v EEYICERSD LIZK
D, BTEOERBEIERAFERTE S (KEOEIHEIIRES 7 4 VX EEFEEZEL
FRFET 4 NEREREATNAN, 2 2T L PD RO & &9 5). Z 2T,
EEEIEN (BRICERT A8 b 2o LT, BEBEEE FIZED DL BB
FELIRNIZINR D) &2 D70, SMELI VT o, B ERM 6 ~DHL — T mEME AR T
&, UTFTDO X2 2ROEBEERIZ /5.

P(s) = (5.3.2)

2

6s) __ P(s)
T, (s)  1+P(s)Cls)
2
S S =1 e . (5.3.4)
1,8 +kgs+kp L[S +28,0p5+0,7) Kopls? + 28,005+ Q)
L, QpIXEAMREE, & BEEkERL,
K K
Q,= |Ke g oK (5.3.5)
T, 21,0,

ERViZ, L (5.3.4) DRI F U ELTERNEG ENAIKE—- FRRELEND. 22
T, BRLEHOBERGZMA - EBHERERERT DB, 7T AN
YEVY (& =1) WRETAIENNOT, SEL R Y 1 IS/ D E Y T 0 ~DIRERE
BT LD 5.
e<s)=971’21:y(s) (5.3.6)
kp (s +8 )2
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e, A —NORIEA (5.3.3) 27 77 AKHRL (5.36) #RATDHE, SEL IV T 1,
X S — N AEE R b, OEEEBIEUTOL S CRES.
kgs+k kgs+k, Q7

h (8) = P.o(s) = 4 -1(s) (5.3.7)
o k(5+Qp )
SEL LY
q R R AR A S R R AN SR AN £ 8 NS St RS RS R e ek a R s T
g L
BRERR C(s) FUOFAUT=H £8A
0"+ > 0
de+kp ‘?k"r ;‘E?ﬂﬁﬁ
BBRER
BB oS |
hE |

U zemmR a7

53.1 Py FHlERzRDT o v K

HNEL N IS T BB RS L R —VOEEIGE

—MRIZIE, WEIERT A My 3 ELoEE, BuEEE, HEORIR, EBAk
EIZX-oTRZ2DR, LLTFTiE, —EOAE b7 REEICER LT 2B E8I2 20T
BEBLRA—NOERREEEXD. REE1,DRAT vy TRIMELIN S DT T T A%H

[}

Tﬂ”=%- (5.3.8)
Z#3 (5.8.6) ' (5.3.7) ITRALTERMEOEHEAER TS &,
2
0 = Bm e =lnse)=tns——r _.>r_ % _ T (5.3.9-2)
t—ro s—0 s—0 kP(S+QP)2 s kP Iysz

kes+k, Q7 1,

s kp(s+Q,,)2 5

LER->T, EFRRICBITHE y FTAOKERE IHMEL L2 1, ORE SITHFIL,

W7 A v kp (FRIWEOEMEE—2V M, BHARBEQ, D2FR) OAESIIK

BT 2. Hl7A 2 RERBEICRETNEIEREBREL NS THILNTE S,
ULOEFERREOHREMALT, EWEHHES 2 LBHEFE ™ LINICMZ D &
D REBHIEHRERETEI L E2BAD L, BEREHIT Ak, DRE ZTIR (5.3.9-2)
PHUTOEIICRETED.

|'c

= (5.3.9-h)

i i .
by = lim ., ()= limshy, (5) = lims

kpzﬁﬁ% (5.3.10)

TRbb, ARl L7 OREERSPIZEV. —F, HI#EEA] (5.3.3) OSFA i,
X (6.8.5) POHBELE, ZHMYICRET DI LICIVRETE 3.
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£, —EOHNEL I BEEICER LT D&, AA—MEERERINT 5720 D%
BB R LY RRA LT RTAIER LRV D, K (5.8.9Db) OLIITKEA—LOAE
e (EHEE) IR LT HZ&Ickhd. L, A —ARRATE S MESHEICIT
FRERH D120, BFUIGEL-AESEL B SE D K90 28EL2 L b,
A — VA ETE AR S5 FIC I v 2Nz s &, EBGIESERE O
SEL RNV TS L TR A — VRS Z R T S® L2 LR TEDL. ZOBELZRA —LOD
7 ru—5 47 (unloading) &9 . HEICIMABHE NI E LTEHATAZIZLD
FESPHBERERB LI FERERDD. 2B, 7oru—7 4 I E— A Z LR A—
NE VT 7 g iRl —l QI EREBETHD.

[5IfE 5-1] ¥re—A ¥ LHRTBTZEBEE
FEBLIDEIBRNATA—EREZLNTND ET L HEIZAT v 7RAEL b7 1 B
TR LT & & ICRET 2 ER LB L BBHERBE 0™ LINIZH 2 5 & 5 72 REHITER
ER#ENL, WERS LA — N OISEEETS.

K (5.3.10) 7b, EEEBBRENRD & O LERBHIERE 0™ L7225 DICMER G 7 A
Yk ZUTOL D ITHRET D,

T
kpzz“}71:112865EJHUrad (5.8.11)
6 im
BElkE e, =172L, X (5385 MoMET A kiE, UTOLIITR5.
k, =2,/ k, =33.85Nms/rad (5.3.12)

SLEDEIBIR T A — 4 kp kg 2RIV THREES LA — VOISR 3 LR 4
5.32 L7, AEIE, (2) AF v FHRAE LY, b) EvFf, (0 EyFHEE, (d)
RA AT LB BB Vs, () A —ABEBBEEFET. W ESmREITRRE
FEEE+0.01deg BAPIICHIZ BTV B 28, Aif — ML RRIETHEL L7 LR LK E S0
GEEIE L0 o BRI L, A — A AEBNRIEC LT T B,

#531 EBEvTFEIODONRT A—X

TG A=F FL [BA7] [
EEE—X b I, [kgm?] 1000
BB olim [deg] +0.01
k=32 gp [—1 1
SEL Bv s v, [Nm] 5.0X 10
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6 L] L] T T L] L] T T T
E
Zaf .
35| |
“gu 1 1 1 1 1 1 1 1 1
400 600 700 900 1000
U_'U'm . Faaad T T L] T
]
3
.EEOJIE A
3 B 1 1 L 1
600 700 800 900 1000
ra‘ 1 T T T L]
B
s
o 05 =
£
=]
o 600 700 800 900 1000
Eﬁ . r
l_l4_ _
F
52- =
ﬁu 1 1 1 1
0 600 700 800 900 1000
l—IDm T T T T T T T T L]
£
Z 004 + -
i&oz- o
o =
3 D 1 1 1 1 1 1 1 1
0 100 200 300 500 700 800 900 1000
time [s]

K532 EyFHEOEBEE (Poe—2 % L5H5R)

532 NATFRE—F28 LRI
RIZ, "ATAE—RAZAFRICBNTo— Ll S —HOF A F 3 7 2 - S
ICEET 3.

BOEES 2 R LB S0 — Al - I —EiE b OB
if;ﬂﬁﬁﬁ%ﬁﬁLt%ﬁKOWTﬁﬁﬁﬁwﬁﬁ%ﬁﬁfé.A#?x%—%y
FLFRICBNTr— Vil - 3 —HOEEHHFEL (5.2.2b) 1X, UFOL S5 ThHoto,
Lé—hyv=t, (5.3.18:a)
L +hy,o=1, (5.3.13-b)

() ®hAPREE DB S

EE TR (5.3.18) BV, RICHESHXFR (1, =1,=1,) T, FL—ADIEY
BEDY OEMEE—A Y M1y, ABEEZ oy LB L&, KA —LAEBRh,, =10y
THHOT, LI 1,1, IKxTHu—NfHe « I—fy ~DEEBEEIILTFOLSiC
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5.
[@@1__1_{ Ips? iwcwﬂrx@q (5.3.14-2)

VE) | A | ~Iyoys  Iis? |16
L, AR
A(s):sz{ITzs2 +{IWGW)2}=O (5.3.14-b)

2%k (5.8.14) ORI A(S)=0 X1,

s=0, s:iy%lcwzinN (5.3.15)

T
MR- QuiC LD EBERNL, KA —VAEEBEh, =lyowllLDda—Aie g —mol v
PV EA D T I NE =2 —TFT — g EE (nutational motion) & FES.

Q= IEW owld, =a—F—va VABRE (nutation frequency) &FETINLD. Zhid, R
T

EUEE DY OEMT AL Ny, AEVEICERTAEEDY OEMET— A M ()
W), ACVAEEc, CAVVAETE jou 2 OAEVEED == —TFT —a A
HELFRUEEZLTWS (FaT7 VAV VEEDESLRIUE). AV EE CREEAR
EAVEREDHZLICLY, AV VAEERICL D Yy A vt TEBEZEINICLENL
ERTWE (RECF 27 VAT VER TR — oYy A nf{kEc2e). —75, A
AT AE— A B AR TITHEAEEZ ALY X250 TEHRL, MENHKOE—A ¥
DA =N DB EEEEE S E L TCAE Y S/ A EICE D AN T AMEEE hy, =Iyoy
ERAL, TOVYA vl CERE L RENSETNDEFRD.

() FrM SR O%E
—J7, WENEERF (1, 21,) O X, SELhV T 1 I T o —Ae - 3—HA
Y SOREBBIILI T O L 91272 5.

{qﬁs)}::__l__[ s }1“%3}{Tx(s)}_ (5.3.16-2)
W(s)] A(S)|—hy,s Ix52 7,(8)
7=iE L, ARl

AE) =51, 1,52 + hyp =0 (5.3.16D)
=% (5.3.16) DIBITAGS) =0 XY

s=0, s:iyjiﬂ—zinN (5.3.17)

() OBALRERRIC, 8 Oyt L2 EBEIIX (5.8.13) OELE2HO I v T 7

Kiézn—?~v§y@@%§ﬁ.QN=h% M, NAT AE—RA L F LFRIZET D

M BHED = —T — v a VAREEZRT.

[HIFE 5-2] NATRE—RALVFLAFRICBITIEENE (0 1)
FBE3LDEIRNRTA—EREZENTNDEET D KES 1, DAT v FRIVEL b2
DYERT 5 L&, WMEOEBRE LT

BRANB3ICFT. &L () AT o 7PHEL 7, (b)) A, (¢) F—£A,
(d) m—EEE, (o) I—MEELFT. X (5.3.17) b=a—T—3a VABREL,
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h
Qy :%—0.05&%@ (=0.0089Hz) (5.3.18)
ThY, FAEN 12 BORBEENH L Z AR TED. £2, RES, 0T v 7R
AELR V7 BMERT A L&, mEBE (5.8.16) 2u—NLfo - I—AylZONTHEL &,

T, (11 Qy
o) =5 5 (5.3.19-a)
hyy [52 Qy s° +QN2]
I.t 1
O R (5.3.19-b)
wo o \S 8T+ 0y

NGRS TIFABBRT AL, n— AL a—RfORBICKIZUTOL IR S,

T, |

@(t) = b [t— o stNt} (5.3.20-a)
I

W(t) = =2 (1 cos Q1) (5.3.20-b)

Wb
5.3.3 OIRMEITFI (5.3.20) DR\ E—FET 22 L3R TES. T, X (5.3.20a)
DESNB I, AELIAV Tt IlE»Tua— o DRKE SN/ L & LI RT 55
EIZ7VEyva LT, K (5.8.20) TR -y TERTET A7 04 FEET

NAHHRE 2B,

#5.82 wm—Ehe I—HONNTA—XF

NI A—X AL (B ] [

EEE—2X 0k I, [kgm?] 800

I, [kgm?2] 1000
RA T AfEEE & hy, [Nms] - 50
ShEL RV 1, [Nm] 0

v [Nm] 5.0X 106
I E DgsWo»>Po>Vo £7TOo
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(a) tau [Nm]
o
o

0
0
10
ux T T T T T T T
"W
£l i
=
a4l _
3
1 1 1 1 1 1 1 1 1
q(m-t 100 200 300 400 500 600 700 800 900 1000
315- T T T T 1
= 1 E
a
ﬁD-E'
)
ﬂ I 1 1 1 1 1 1 1
qdo-e 100 200 300 400 500 600 700 800 900 1000
0 T

{d) dphi [deg/s]
~

{e) dpsi [dee/s]
l'.'ﬂ = (4]
< sl

X 5.3.3 w— - I—EIOERRE (RATRAE—RA ¥ LAHR)

A ESZEZE LSS0 —Ldh - I b0 oEEEK

RIZ, BUEEBZZE L2 HE Il W TEREGHORMEFRNAT . CoF#Eboo
NAT A EGRhy,, PREVDOT, LLTOEEDBKY I2EEZTI (EOBER
LB OFE, KTWiEElE3).

h g, >>max(w,l,, @41, 0.1,) (5.3.21)
LEBoT, "ATRAE—A U Z L FAOE# HEX (5.2.2-2) IZBWTENER b2
DEZHER AL (5.321) 2ZET 2L, v—ndl- I—E b OEEBHFERILLUT O
Loicim{bEnsg.

L= (b + 0ghyy0) =7, il S

L+ (hyy®— 0phy W) =1, (5.3.22-b)
EENFRA (5.3.13) LT 5 L HEEEBICERTET NS SEABMEL TS, 4L
71, ICRTHe—NFAe » I—RAy~DEEBEIBLTOLH 1225,
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{(p(s)} 1 Fzsz — ®ghyy, hryps }[TX(S)} (5.3.23-a)

w(s) | Afs) —hyps Is? —mphy, [ 7205

L, R R

AE) = (1,5 = 0ph g [1,57 = ohyy )+ hygy 252 =0 (5.3.23-b)
ZZC, M (5.3.21) BEETD L,
A =T, 1,8% +{= (I, + 1)) + hyy thyys® + oy hy,”
~1 15" +hWb2s2 +co02hWb2 '
~1 1s"+ (hsz + Lo, T,0p)8” + (DothbZ
(5.3.23-¢)

= (IXIZSZ + hWbZXS2 + cooz): 0

REERY (5.3.23) OMIIA(G)=0 LY,
S=4i- 0y, S:ﬂ.iﬁ>:ijQN (5.3.24)
SEEL (5.3.21) M6, ZHHDOEOEICIEQ, >> 0, MKV o, Lidis>T, & (5.3.17)
LA L, BRABEE (ma—F—3a iEE) QL ERMREE (LEEE) o, T
HDH2ODEMPRENEDL S - TRBEE) L oo TV 5, EFIEEILES RN (5.8.22)

DI 3EIZHET 5.
Ble LT, REST, ORT v RNEL bV OBPMERT 5 & &, [z (5.8.23)

Aa— Ayl oW TELS &,

2

W) = =
(ixlzsz +hWb2)(52 ‘H’)oz) §
_ 1 _ 1 ﬁ)oz + Ix g)'Nz T,
hy @ s*+0," hwy s 407 ) s
. 2 I 2
- 1 ____1_. 1— 5 5 + X 1= 5 S 5 _’C_Z_
hWb ®y 82 + @y hWb ST -!-QN S
1 (1 I
SSELET BN Y L UL S S A (5.3.25)
hyy | @ (5 s% +o, by {8 % +0y
X (5.3.25) W T 7T ALMT H L, A—HORBYNEIILUTO LS5,
I
w(t) =— 1. <1—COS(DOt)+ x’[:z2 (I—COSQNt) (5.3.26)
®plwy Wb

B 1HEHOREEILIE 2HOBBIC TR REVWDT, EEREICRIT S I —FOEE
BEENLTOL Y ICFETS.
—iﬂ— (5.3.27)

Tbbh, MLV T 1, ORESIZHEIL, SUEAEE o, B8 LU0 T AHEE Eh,, O
RESEZRWBITE. Zhind, I—AOEHEHERERE v 2 EBHHBE v"™ NIz
LR REBHERERFTEEE, T AL F LR A — VTR BIR N, T A AEEE
hyy 3 (5327 PHLUTOLIIZRETE .

7| (5.3.28)

lim{

hyy 2
@O}W
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Thpb, LIV EEGERAEEOKE IR UIT I, = @il oW T HERR L
NN

(5158 5-3] _ATRE—R X LAFRICBITEEREEE (F02)
FE33IWTRTLIRRNTIA—ERNEZ LN TND LT D, HEICAT v 7RANEL bV
T, DHPMMEA LT L S ICRET DI —MOEFESBEEE " LNICHIZ 5 & 5 R EEH|
HRAEHRE L, BHEOERSE LM T 5.
R (5.3.28) MOLYERAL T AHEHELLTOLIIIHRET D.

hyp = |”L =39.2Nms < 50Nms (5.8.29)
@olw
ClEoa— il 3 —EiD T A—F 2 RAWCIREZHE LR AKX 5.3.4 1077, &K
1 () ATy RAEL RS, (b) m—fa, (o) F—f, (d) v—AAEE, (e) I—
A RT. X (5.3.26) [T LT, F—AORET.LR ILURIEIT

Ty

=(.079deg (5.3.830)
ol
DIEEY L 7o > TRY, BEGIFIREE £0.1deg ORFEFIN L 72> TV D,

F72, 1,/ 4HGERE (90deg DAFAZE) T licm— AL I —MDRE IPZAIZAN
BboTWNADRSND. ZAUTTEERIC L0 B, | BRIt LT b, [RS8 f#E Tl
B L TV AEDICBHENALEOTHY, m—jb 3 —DAH (momentum exchange
mode) L FHENS. ZoORBHIRE #UEES) BIRELIRESE 2o THALA, AR
R (ma—7— a3 ViEE) OREIT/NS N, (b) (¢) HIEmMNIT V. #
JEEIEENC & B BB ET, (d) (e) MBAon5b.

% 5.8.83 w—/ LU - I—HID/NT A —X

IRTG A=K s [Hfr] &

BPEE—A 2 b I, [kgm?] 800

I kgm?] 1000
HE R wo [rad/s] 7.3X 105 (Efik#E)
FERy r. [Nm] 0

v [Nm] 5.0X 106
LB B y'™ [deg] +0.1
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EEYIRS & EHEH
0 1 2 3 4 3 6 | RHhIC L A EETE 10

016

ic) psi [deg]
g =

(d) dphi [deg/s]
0 - N Dﬂ

)
—

(e} dpsi [dee/s]
o = M

0 1 2 3 4 ) 6 7 8 9 10
time [s] x10*

X534 v—/#f- I—OEBRIEE (AL TRE—A L% AHR)

533 A2 rA—LF - A T RE—H* 8 LHRXOH EE4E

532HiDNSA T AE— AL Z AEROBE, o—Ndhe 3 —EoRBEIMEITEANICE
—AUVEABFA—NDT v A BflIMEIZEKEL TS, K358 (ERMESB IS
JAHIRE) ZREEBMNICHEISE L LN TERN. KETIE, SREHLEENICHET
oA (VT v avkf—n, AFAFRE) #HALEEESICONWTESLFIZ R -
il e & A 5.

REARFILE LTCar ba—A R SATRE—RAF AFRTIE, EyF#MDE—R
YELFA =Dz — LE#H AT —ENC ) T v a kA —AEBML, Zhi
LoTur—/fhe I —MOEBN L ERHELT5. MEESH L TCVWAHFLETiIIo—1L -
—DRZWPITLNDEZ L, o—)lh« I —EOBRBEH NS v alME TR B v 7Y
YZLTWBZEEFIATHIE, o—LdiEb) LS8R - ORI E> T3 —HhE
DY OEBHEBATREL 25, ZOREEZFIALT, 3 bo—AF - A FTRE—RA
FLHFATRe— AN AB LU y FAOEBRIHRTRE R HIER Y o372 & AV 72 S84
REHRTED. Puoe—RA 0 Z 25 TiE, 3WMOLEEEMICHRE - 18 LATHIER
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HRWA, AFROEFE L Tr—LAE Yy FAORERMTZT T 380 RERH R T
XDRBBETHND.

)RR (5.2.15-a) OEJMEA MV OmEEEG LR (5.3.21) #EETDH L, =
VBV R e N T RE— A LALGRICBIT o — vl - I —iiE D D oETHREX
IEELF D k) Iciigib En 5.

16— (hyp U + ©ohy,0) =—h gy +7, (5.3.31-a)
LY+ (hyy ® — 0h gy W) = —hy, +1, (5.3.31-b)
EaT « AT RAE—A Y2 LAFROBA (5.3.22) L2 E, o—LHhL g —ECEE
ENTYT IV a iA —VNFEAET D REBHEE F LT hy,, by, OEIEDISEME 2T
WA, ZITH, MBIt de—AaokMfEeE T 4 — Ry 7 LT, n—
MDY T7 7 2a R —NOBEEBIFCHET 2 LEELL. EnE—2A 7 LA5K

TR~ FE & Efkl, =— L8z PD 614 (5.83.3) M3 2 &,
By =k +k,0 * (5.3.32-a)
hy, =0 (5.3.32-b)

b EEEIFEN (5.8.31) IRATDHE, SELEA T 1 1, il T o — M - I—
8y ~OEEEBIIU T O L 512k 5. '

[@@q:_i_rﬁzﬂm@Wb B S }Fxgﬂ (5.3.33-2)
()| A —hys Is? +ks—oghyy +kp | 7,05
fefE L, REAERIT
A(s) = (Ixs2 +kgs—oghy +kp }{IZSZ - @ohWb)+ hWb232
SISt LS+ (1 L )0gh g + 1k by
— @oh ks + (@ By — phypkp )= 0 (5.3.33-b)
ZIT, BRNENERE TH HOICE, FriELERX (5.8.33b) OBEENETHIUTI VO
T,

2

hy, =—h<0 (5.8.34)
EBL I, By TEOADFRIZE— AL F AR, =V EAE ST L T LEER
T5H. b, BEEFER (5.83.83D) 1, UTFoLoickes.

A =T,T,5* + Lkys® +{I, + 1, )ooh+ Lky + 0252 + 0ghkys + (0,70 + ol )

(5.3.33-¢)
TIT, B VEhE Sl ENENRES 1, 1, DAT v TRAEL MV BNERT S &
E, B fAe®k), I—AyE) IIEKEOTEHREBEHTS &,

Is? h -
0° = lim ¢(t) = lim so(s) = limg| 25+ P0 Ty =0 T T (5.3.35-2)
t—>00 50 s—0 A(s) S A(S) S (Doh + kp
. Is?+k h+k
' = lim y(t) = lim sy(s) = lims —h—s—~L—X+ xS T XaSF B Ptz | T2
t—>o0 s—0 s=>0 | A(s) s A(s) S Oboh

(5.3.35-b)
INHORT, WHITA vk, BEHBRIKE < ogh <<k, EEETH &, K (5.3.352) 3L

ToXHFEEhs.
~ (5.8.36)

L7 T, a— OB EEE (5.3.96) FEPaE—2 % AF0EE (5.3.92)
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CEEEICEY, g—ioEEEREEE (5.335b) BAATAE—A X LEFNOHE
(5.3.27) FREEEICHFERS. T7hbh, a— LEIOTEEEEEETILH S A 2 RE T
ITNEL 7Y, a—EOEREREBEEEII Y Y Fo A T AFEEES KX TRIENE
inh.

[FIEE5-4] v ha—A R« AL TRE—RA U Z AFRITBIT 5 EBINE
FH534IRTEIRANTA=EREZENTWEET S, a—lie a—8IIXT v
WAEL h v 1t BE LT & XICRAET 5 W EEEE & BERHIERE o™,y 2IN
WCHIA D & O BB HIER R R L, MEORBNE LT 5.

WAL DD, WESA L BLIOAS T AAEHEOREICENE LN (5.3.36)
(5.3.35-b) ZFHWS. R (5.3.36) M5 —/LER0 REEIHEEE o™ 2 ERT 5 DI

FRB T A 2k BT O LD ICRET 5.

K, = ﬁﬂ =0.029Nm/rad (5.3.37-2)
w‘l ’
WELE, =1&T5L, R (5.38) DOLWHTA ki,
ky=2,/I,k, =9.567Nms/rad (5.3.87-b)

F7=, K (5.3.35') M6 I —EADEEVEIEREE ™ 2 ERT A 7 OICNERANA T AAIE
BEhy, A TOROITRETD.

bo 1%l 30 9Nms< 50Nms (5.3.38)
oo™

L3> T, 2 (5.8.834) £V hy,=-50Nms &725.
Plbowm—ill e 3 =80T A— 2 W TREEFE LR LK 535 1277, 4
Bz (o) 2Ty PREEL I VY, (b) v—uf, (o) F—f, (d) 2—LAEE, (o) =
— B, X5 (d) (eh) 1ZERTR () (e) @ 10000 BETOIAHEERT. K (b)
() (@) (&) 7, EFAHREE (EES) dn— Aol T 7 va R —ild o
L A—OFHEEFALTI—ALHEINTEY, TAFNOEBHERBE o™ =+
0.01deg, y'™ ==+0.1deg NIZMZ N TS, £72, K (d+) (e+) nHEEABHRE (=
a—F— g UiEE) ba— il I —EON T UL OEEL TSI ERSh
%.

#5384 T/l I—FHONRT A—F

NG A= Fi [HAT] [

EiEE— A b I, [kgm?] 800

I, [kgm?] 1000
HE A wo [rad/s] 7.3X105 (FikguE)
SMEL BV T, [Nm] 5.0X 106

t, [Nm] 5.0X10%6
LIRS o™ [deg] +0.01

\Vlim [deg] +0.1
WL £, [] 1
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vz E UCHEEBIERTS. 20 M7 2RHAT EHBEOERBEZEEITH DI LNT
ERGEENDHD. ZOXD ZHNEBREE TN EEIMERRESA (gravity gradient
stabilization) & V9. AKETIE, EBHERZE &R DTDORESRMN & EIER ML R
TERT DR OREIREIZOWTIRAT 2.

EHEE S I K B EBES)
X (5.1.15-2) 26, AELA T & LTENER b7 L2 USOANEL E VT 1 1,7,

PEAL THWAEEDEE FRENXIL, UTFToXkorickEnr:.

IX(.F.) CDOZ(IY _Iz)(P (’OO(Iy —“Iz _Ix)\ij _3(302(1}’ “IZ)(P Tx
1,6 |+ 0 + 0 =|=30,"(I, —1,)8| +| 1, (5.4.1)
Ly ®02<Iy -Lov oo (L, + I, =10 0 Tz

72770, ZZTERA VI L AEBEHIE SV I ER L TWARWEIRE L, £ 4 18
BILOEEAER LA, 27T, v

I, -1, I -1 I, -1,
Ky =——, Ky=——2, x,== (5.4.2-2)
I, I, 1,
T
A (5.4.2-D)
I I I

ERBWTEHET S L, EEHFEX (5.4.1) T EYICEREND.

B+ 40, 1,0 — 0y (1— K =1 (5.4.3-a)
é+3c0021<y9=t’y (5.4.3-b)
(5.4.8-c)

0+ 0y 1,y 0p(1-16,)9 =7,
FENEE QIS MO BRBAIZLFT D Fvy & LT, a— L 8lE LT LD s b
HAOMEE by O 4o, k0, By FEIZIZENERE bV 3(002Ky9, I — g IXE )

WCED MV 0y BMERLTNS, K (5.4.20) MHA05E X ) IC&EHOEEE— X v
FORE ZEZBWYICESZLIZLY, ThHEETLIMY & LTHATENTERELZRZE
RO ENRTE D, I27EL, BEAAFI 7 AERICY V7 ERIT R FERFEIRE
Lo TNWATD, WHEHE LT A OIIIEEH SR L2 T O RERH S, Fm,
KA — N L AREEEIEIOLEA L R — A e I —@X BV v 7Y 7 LTS
B, By FEidn— LB L Na—al oy Y IR

=T, Yy TFEMOLERMFITED LR (5.4.3b) ZBWT, x>0 LVUTOLIIZ
%

(5.4.4)

—7%, m— L Eh - I—tiEb D OEENSFENX (5.4.3-a) (5.4.3-¢c) IZBWT, SEL LT
LTI A=A e » Iy ~OEREFRBIILITOX 125, T2 TREOHRHA
DI, FHZME 0) = ¢y, 9(0) = ¢y, W(0) =w,, W(0) =y, ZEE L TH<.
{(p(s)}:_}_{ s’ +co02KZ wo(I—1wy)s }[T; +5Pg + _wo(l_KX}WO} (5.4.5-a)
w(s)| AB)|-wy(l-x,)s s2 +46002KX T, 8o+ + @y (1-1,)0, o
ez L, AR

AGs)=s* + @, (1+31K, +x,%,)8? + 4w, k1, =0 (5.4.5D)

L3 o, a—/VEh - 3 —8ioR TR FER (5.45b) ORENLLTOLD
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278 5.

Kk, >0 (5.4.6-a)

1+ 3k, +K,K, >4/K, K, (5.4.6-b)
A (5.4.6-a) 2D

By >0, w50 ERE x,«<0, x,<0 (5.4.7-a)
L= ¢,

Lasl, LrL TERE IL=l, Lzl (5.4.7-b)

A (5.4.4) BIXUK (5.4.7b) 2BETH L, n—ilh« EyFilh - I—lHOFEBLE
EIRBEDIITEME—A L FOKZ ERLUTDL 5 BB TRITHIER B2V

I =1, 31, (5.4.8-a)
T
L &L T, (5.4.8-b)

Thbb, Blovy FlliiGKERE— AV bl R/MERE— A FITHY, n—
HOBEEE—A Y MIg—EOBHE—A L P IV b REL RTRIERLRW. BESLM
(5.4.8b) Tix, KX (5.4.3-a) (54.3c) DEDFE2HEARIIFRLE N T E72D0, H3
HOWEEBNZ LD v TV T "I BRHDLEDICREL R D. BREXRM (5.4.6) %, «,
AN, o, HMEENIC & o T EHEIC AT E, EAEMREFRICBT A EERERIIR 5.4.1
DEICRSB.

stability region for eravity eradient satellite

B RE TR

e L, 21, =L

X 5.4.1 BEMEFEETNIZET DR EFIR
BRILE

T, EHEHRESFRICBIT S HEDOELISEOF ZFHITHICRD 5. oy Fil
b oEBHER (5.4.3b) ZHHEMH00)=0,,000=0,2ZELT7 77 AE#HT S
E, BToLoichs.
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8(s) =

s8, + éo

BlE LT, SVEL b2 o, B REIRE A 0, 7% 0 0%

2 2
s° +3my" Kk

2 2
y ST H3wy7 K,

L&, BEISEIILUTOL 12k 5.
0(1) = 8, - cos(,[3ic, 1)
Letio T, 'y FHiEb Y 3HRIE 0, CEEAREM [, 0, DEBEH L2 5.

WIT, v—/ e I —C N, (mEBE (5.4.5-a) TERENL. S EST 4
REFBATHL720, 2 20BEFABREHHO,,Q, ZHNTUTOL BT 5.

AG) =s* + o, (1 +3K, +x,%,)s +4my e K, =(32 + Q% fs? +sz>:0

(5.4.9)

R

A (5.4.9) BT 7T REHT

(5.4.10)

(5.4.5-¢)

BlE LT, SMEL bv o 1l 1, LIRS o, 35 KL ORIENEB AT ¢,y Y 0 DA IR
(5.4.5-2) BT 7T ABWT B L, BEUSEIZLLTOL 122 5.

3

— — 1 }
ty = —_—z X sin Ot ———-sin (2,1
o(t) =y, . (Q 1 O 2

1

1 2

(5.4.11-a)

W(Q::Egjﬁﬁtgz—~%%f(l%—KXKZ—F3KX-*KZ}—glf}-Cosght

1
Yo

2-§%2a+KXKZ+3KX—Kg~&%2}cm§%t

(5.4.11-b)

Q,” -0,

L7i-> T, v—Aiilk LN a —#ild 2 DOBEPERAEDL I~ - KB ERH TREIND.

(I 5-5] EHEHNEEFRICBIT 2 EREBNE
KEALIDEIDRNRNTA—ENEZENTNDHLETEH. FHEOEMET—A L PORE XX
LESGM (5.4.8-2) Lo TBVENMERNLZENTRETH L. 20L&, HEOYHEE
ABRHY, BHER PV BPERTAEEORBINEORE S EFMT 5.
M 5.42 IR AT, £HRIX () vm—nA, (b) EvTf, (o) a—#A, (d z—
AEE, (o) B FAME, () a—AFER2ET. Tho0EBSE M E (5.4.10)
(5.4.11-a) (5.4.11-b) & —FT 5.

K641 v VTl I—BIONTA—F

INT RA—H Al [HA7] ([}

BiET—2 2 b I, [kgm?] 4000

I [kem?] 5000

y -iem 3000

I, [kgm?]
B AR wo Lrad/s] 1.04 X103 ({KELE)
WIE 0, [deg] 0.0

8, Ldeg] %8

Wy [degj '

09,04, Ldegls] £ 0
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{b) theta [dee] {a) phi [dee]
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542 wm—/AH Ey Tl I—MOEHSE (ENERELETX)
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E6E RUNEDEZETHAEEDOAELHE

KIGEM S RASLKET 7 F 7 EO R EY & H 3 HHEOLSHIERHET - @i
EIT9 720121, BEOREESRHHEAZIEL TR IER L. KETIL, HEDOE
EAHIHRRR R - AT OBIC M E & 72 5 AR EMATIC ¢ 2 B EIE . LT, S5 %
BT HAHEOET ) 7 L EH RO T, = FEro@E 7L, Bk
BITHEA T I AOF M EIZONTHBAT S, T, MELABETTAICH L TOEK
EFHEH B R,

6.1 EEHNEYEETAEEDETYLY

JEAETR - BB DER
AHITHE, EF VT OMREE LT, RECHERATHIEEREERTDEEZLUTOLIIZ
ERTD.
O EMERE R A
B : MEAKOEET LB
A AT EY OE BRI E
S BEAROERETMIE
H : BEAEICT 2 A EH ORI LE
{bo} : IBMEEIER
by} @ BEERE T DM EARREERZESR
bt o AZFRET DTN EYE EEIER
{bs} © SEFR & T LEIFER
by} H B LT D8RR REEEE S
n, : BIRE— FKRE [
n BT NI [H]
0 HEESROEEM (n—L - ByF - 3—)  eR™ [rad]
{q) : ZHEHOT— FEE eR" [m-Jkg]
my : BEAGEOEE  [ke]
m, : REEMOEE [k
5] : B &MUl LBEAKOEMTS eR™  [kg-m?]
[[4] A ZEHEL LI R EFEYOEMITS] eR™ [kg-m’]
o; 1 R EDOHE | WIREE— FEGARDE  [rad/s)
(e — RET ISR 5 E 8 AEEE)
& 1 AT EY OB  IREE — FEEIL  [-]
FHRT— FEFIVICBIT L EEL)
CBEAROE | RIBET— NEHAREEL  [rad/s]
GEfIHCE — RET VTR 2 EF A RS
C,  HESROE | KIREIT— FEEL  [-]
GERHRTE— RETVICBI BIEER)
[8°] : O WA ERE eR™™  [Jkg]
[8'] : 1AEAHRE eR™™  [m-yfke]

(o)

1
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[C]: 5 v 7Y 2475 eR™™  [m-fkg]

{ty AL, BEHIE R SIC IV EEREIERT S s eR™ [Nm]
r, (AanhAab ~OMENYZ FL eRP [m]

o : REEDOHmEARMEICHS T DREEEA  [rad]

[Cyl: {by}=[Cy b} CEBREND FRRKITH R [-]

[Ugl : kAT kK FIOBEAATE] e R

(O] : kAT kFIDOFLTH  eR¥S

T 0 -—-r, 1

X z y
~  BRRBATIIEA T ) ={r, KHLT[Fl=|, 0 -r| eR™
I, -, Iy 0

st 77T AEET

FEATET L f

ARETHE, K611 DX IRBRETFTNEEZD . WEREIE? B < WIE & BT /82
KA (LR O OB HIZ, KBEH/ S RASLSKELT 7 70O 8 9 ICRIMERMEL
TR N T X 2R VVEEY (R EY) AEALTWD. ZOXMMAEDITn IROIR
BEe—-RFegET5L75.

BEXRE (RDREIK)

®6.1.1 M ED R AT HEEOMITET L

6.2 ZENEDEETHIEEOEHAERN

KBTI, REAEYE AT AEEOBEES RS FEE LT, Likins DA 7 U v R
FEREvE O 2405 . D, MR EE R TE SILTE ) SEHIHRRE - MATICE
FALRT RS HWSRTWS., RETATHE, UTEERELTHD.

(1) BHESEORBETGIBNTHD.

(2) ZEERfTEYOBERE BN THD.

(3) EAKRDOY v A a7,

6110 %D RFHNEDERT 2HEOES SR HESEOEET DERR b} T
FETHL, X (621) DEIICRES. TITHE, HEROLER LR Y 0
D, £, BEAKOEREESDLEE LI EEEITR RO,

[1146} + [T {4} = {t} (6.2.1-a)

)+ 280, ay+ o2 oy + 017 B} = 10, (6.2.1-b)
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=77,
[0=[15]- mplFs s+ 00 [ L JC [-ma[BlEg) R0 (62.22)

-ty [l ] eres (622
X (6.2.1-2) PEESEOREIES 0} 12T 8B HENX, X (6.2.1b) BREMEHOD
WYEIRE) () BT 2 EH AR TH L. ZOTRIT, BHEAKROREE TH D W EE
{0 eR™ & AT EW OMMEIRE 2T — FEEZE {}eR" TR LELOBEELEZLO L
S TNWAT, ™A 7 Uy FEEE (hybrid coordinate method) (&1 L FRIEN 5.

2T, AHEE— FIREUEIn, =3 TH OV EEREO 3ELEES) (mn—L - By F - =
—) OHBEZET. £/, #EFHHRENX (6.2.1-b) 13, HEOLSEEHRHEEI N TN DY
& (Or={0, 1),

@+ 280, iy +|0? fay = 10,} (6.2.3)
THy, EfRT—F2HAWEZZEHEROT— FEETOEH TR FECEIA T
L. —RIC, ZEMEBEYORET— NX, ZEMAEDEZEEEMICHRLERE (FRD
DEEREM) COFREZMTCRBROFMEND, nRETOERGT— FRELATND
ZEEHEIRETD.

A (6.2.2-a) OITFI[I]IE, BEKREDOEMITHI[1,] & ZRAEDOEMATHII 1057
HHEAEOEREFIMIES £ 5M L LIZEEITIITH S,

X (6.2.2-b) DOITHNITE, FHESEONUAREES) & 8 F Y OBMEIREI O T s R
TATHITH D, EEHERX (6.2.1-a) & (6.2.1-b) X2 DI7HI [T CEIBVHER L THBY, =
NxEH v 7Y 7475 (coupling matrix) &R, HEHNFRER (6.2.1-2) 226, HEEKIX
T EMOBERN L VEELSEROEET LS ELVICERT D VY —[THG 22T,
1, EEHEK (6.2.1-b) 0, T EDIIEESEROEEERICLS vy —[0]T {6 &
ZTBZEBGND. ZOH YTV IO RICHEND O RESRE ] B LU Kk
BRI | MM EDOBEA T MVICRFLEETH D, Zh L AIRERMBT O E %
FMAHALTGZ LS.

it,ﬁm%%ﬁﬂﬁﬁ]m,%§$¢mﬁﬁéiﬁH%%@m@ﬁﬁ%ﬁ@ﬁﬁmﬁé
DL R AEEERER LTS, BT, KBER S KA KBRS O 01 BG4 £

IGEREWEEEND. LTINS T, AE o lZRF L CRIKEEESR) & IERB) OO
REEPEAT L. Gl LT, ZUAAEDPEEREIS L TE Yy FHED D ICAE ¢ 21F
SLEEEZDE, [CRIRUTOLICEREND.

cosp 0 —sing

kEL o 1 0 (6.2.4)

sing 0 cosQ

B2 OEBHI SRR - M ORI, EE3HERX (6.2.1) (6.2.2) ICHNAEME T A
— X, BT A—ZIEEORFERE L TELOND. F2, FHAEHDE—F L
NI A= (BEREAHRGH, WEL, ORMEERE, 1 KEERED ik, FHRMAED
DHEBEZMBHCHBOBENSEZ20N5. 0B, Z 2 CEfE (o=, H—0ZRK
MEDPEHERREFES LEGAEER 120, BEROZHNEM IS LBA LERS
B (6.2.1) (6.2.2) LFREEICETS.
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6.3 RRLEDERTTHEEDE— FEM

BEOKBGIE R - ST O DE— FEYT

REMEIIREREE - BT O DI20E, £ TREGED LS D -HESROIRE 2 1
LTEILERDS. 2070, 6. 2HTHEX ONEET T IIH L TE— N %
AUEESKRTOE—FNNRTA—FZEROTEL., I TREEITREZ LI, EFHRE
X (6.2.1) THWEET—FNAT A—FL, FRAFDEE (HDEWNEINONITHEL
ER) FEEERICEE LRE (FELOBERSEME) CTORBERMNT OB OMR
MHBELNEDTHY, LEETHESESHIEES 2 7V —7 V—OBEREMEL
IARBEWIZIR A, LERST, #lE FTOBERLEMHINCET—F NN TF A—F5RKD
TRMNRTIET R B0,

A E AT AEROET Y VS HEICE, WMET— T L EREE— NS
DTN . WETE— NEF/U (constrained mode model) & 1%, MEEE TR INT
BE ORIKES) & B — FNEBE TR SN R EY OREERS 2 —R(IGEZE L LTERL
FEFATHY, BRICEBFERX (621) THEXLNE. MFOHEHEKE— NETF IV
(unconstrained mode model) & 1%, ZETEW 2 GO ERELSEREF=0E— NEETRL
FEFATHS (K63.1). — Iz, £7, HIHMEYBRIEHE— FETOE—FNNRT A—
ZHEBAVWTHERE— FET/L (621) BAEZ 65, ZOWERE— NETIVICEAEENT
PHMAT ALk, FEEE— TV (RRMNERERET2EERNE) TOE—F
NG A—FEHMETS (0632). #LT, ZOFHEET— RNETLTOE—F /LT R
— & & W TCRBHIESRRRGT - i 247> T <L

AEHHIE, WHRE— REFAEIFRERT— RETIVE AN TE— FENTEZERRIC
BT ARBEEAHAL, Zhb0EREFHHLHETT VIGEA LSS bR

- ZwiEn (a) Hde— ReF
| g T R BB ARSI LR
| g CoOEBE— kL, HRODEEDE
| gz AR LEEFL
| ,

BERK

(b) FEHE—RET L

LN EMEF T HEELRPNEEZE
iz L CHBRRETORIE—F
TELEET IV

K63.1 HWEE—RFEFILEHFHEE— RET ML AEEDET ) T
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- WEERE - FRAEDORME/ASA—45 (HE - BHETH)
BT A8 (REAEDODRY HHEE. ERPOEEL L)
EBRAEPODE—FIINTA—E (ARE—FETLICBTI2BEAE
BB, BEL. ORESEE. 1 XEERED

- BHELEDE—FNNTA—E (FEHAEE—FETLIZBTHIEEHA
EEH. BEL. FLOPTFFEFZ4EUR)

632 ZHEGHERBKE - BITCMHELHEEEDE—F VAT A —F O

HRE—FETAEIEREFEE—FET L
AETIE, MRE—FETANLIERARE—FETLORBFEEZRT. EHHFREKX
(6.2.1) ODEWEATHIZEM L TTHETT DL, ROT— FEFTOEE L RKICERET
5 - BIYEITH D G2 B L FOEB FBRANE LS.

[M1{p} + K ]{p} =[L,]{t} (6.3.1)
Tede Ly

= {e} DN [I] [r] (ng+n)x(ng+n)

= R™* [M,]= R (Ro+m)x(ng 6.3.2-
e {{q}} - ) [[F]T [U,,.,J - Witen

O] [05,] s 1

K. 1= g L (ng+n)x(ng+n) - Aghg (ng+n)xn, 3
el {{Oml Lm?J] o Bl [[omul} = AEER

EE SN (6.3.1) IFAEDLEMERMICHERLZRE (WBELOBEREME) ToE
BE— R TRINTWAZ®D, ZhE2HEE— FEF IV (constrained mode model) & FE5 ([
6.3.1 (a)). F7z, VEEETHIHELEOLEHNM LT — FEETH LTI FY O
WRENEZ —RLEE p} E LTHWTWAS 2D, N7V v FEEEET N (hybrid coordinate
model) & HIFFEIND. —ikiz, HEETHIMIFEEETH Y, BIHETHIK, ] ZRIEE—
F (E2EE0ORIKERES) 250D EEHETHS.

fRE—FET AV (63.1) 1%, MESEORIKESES & FHM 5D O BN IRE) S BHHY
BRLEEFALELTESRTWAY, UTOX 5 ICE— FEFZERTE, =— g
BETRINFERELEEETAREOND (B6.3.2). EBHEA (6.3.1) T, ABICh
7 Blb bR VEE,

[M, 14} +[K, 1{p} = {0, n} (6.3.3)
O— AL EREMEZEZ25. F6EDE— FETEREREOFIEICZL Y,
o IM ) =[K, 1y} (6.3.4)

BT (ng+n) MOEAES, LEHFEZ by} BBbR3. 2720, Wl IZER
fbEnB@H X2 b (EHE— FRZ b)) 2BATEY, BEECHETZERE—
K7 M ERBOENG I BEDBIEICIE 72, LUFOERE— FIT5I2#KT 5.

[T 1=[{va} WS} - (Wiauml] eRE 0w (63.5)
K (635) b, NATY v FEE {p} eR"M P LH LUVE— NEE (n} e R™™ ~DJERE
EWMELUTOEIICESETS.
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{p}=[¥, 1{n} (6.3.6)
# (6.3.6) AHIE— FEFLOEEHFERX (63.1) ITRAL, ¥ 1" 2#HT2E, T
DEHICHF LT — FEE ) TEINTEFHFREANELND.

fih +[o? Jy =197 49 (63.7)
=771, LT Loic8iTA.

(e T IMIN 1=[U oy ey emy ] @R (6.3.8-2)

TR e [ =[02 | e ROw 0 (6.3.8-b)

[PNT[L]=[¥]" eR@om (6.3.8-¢)

# (63.7) (63.8) KBWT, |6 [HHAITHITH B 72 HERAKOBIKEEED & FHt
EYORMIREN N IBERAL SN TEY, (ny +n) HOMIZRE— FEEFE M TRENLTH
4. U LEOERENSELNZEEARE K, (=120, + 1) b, ZRERATED 2 B2
2T AHEMAS BEIC LREE (@E ECHESERR T Y —T7 ) — LR 8RN I
SIS LEESAESRTH S, FoC, WET—FEFL (63.1) LT (63.7) 1%
FEH R — R/ (unconstrained mode model) & FEIEILD (M 6.3.1 (b)). X (6.32) T
[K BRI oo, $HA1TH o2 b L EEETHY o2 =0 LR BHANRH 5.
L, T EDNEEIRES A D T IR SRS ERES AT L AR LTE
v, ZHEKISET AIEET— REAHETE— F (rigid-body mode) &IFLR, ZDE— REEZ
.} eR™ LB M, of 20 THHRMANEDOBERE % £ RBIET— N2 KB LT
BMETE— R (elastic mode) EFFUY, FDE— NEEL 0} eR"EBZLIZTD. £,
X (6.3.8-c) DITHI[W] eR™ ™ 13 EHE— P27 MAOHEBERNLELNDHDT
HY M T EIZ A (torque admittance) & FEITH, BEARBIERTD M7 nb%
RENE— RO ERIBEO L 2R,

ERICIIERAEDOBEDENCE D O T, F— FEENL (modal damping ratio)
Co(i=12,n, +n) ZXK (63.7) ICHEALZLUTOXNEMANRER TR THD.

fih + 26,0, Joy + o7 o =191 11 (63.9)

B — B CEHE L7E— R, (=1--.0) 120 TH B0, HEITHI2¢0; |
LEEEETHD. LN T, EEHRER (6.3.9) ZRAWEE— RN} &BEEE— NN I

%HT%H&,MT@TEﬁﬁﬁé. [
Bl [Onmed  Ongal [[1] [Ongne) Onn ][I f] |2, ]
{{m}}ﬂﬁomﬂ chiciJH{m}H[[omoﬂ wﬂ{{m}}%ﬁ“} (6210
oz, EFHERX (63.10) ZRAHKE— FEBET— ROZKS (FIEEHE—F) C0F
TETIE, LToXrIcEzES.

Hy = v} {t (i=1---,ny) : Ml{EE—F (6.3.11-a)

flg + 20,00 +oing ={ua} {8 (i=L-n)  BfEE—F (6.3.11-b)
=771, 3 (6.3.10) (63.11) ThAZ T RIFUA[P]IOLITEND n ATHETICRST
HHEET— Ry e, (ng+1) fTTEDD (ng+n) 1THEICKIST 2 8IET— NERTIZ0 T
. Thhob,

et =, ] [®.]] erterm (6.3.12)
[P.] eR™™ [ZAIEE— K RV 27T FIF R (rigid-body mode torque admittance),
[¥,] eR™™ [T — F FL7 7 KX # & (elastic mode torque admittance) & FEIEILS.
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6.4 BN ENEE T HBEOREEN

B O LR - ST T, BERIER ORI o 2 ISR D40 NS
HEL (EEREMESIREIEE L TREAT 2E) X DRERE R, ERI~&H
WERHRTDOI AT IV ALEBELTBLERNHD. £ TARBTHE, £9RKRET—F
BT VR FREGEICER L, FRMEWEFTTOEED L A T I 7 AT O TR
WCHBELIEFMAEITS . £, #IRE— FEF VL HFBTE— FETFT LV TORERRD
R FEIZ OV T BRI 5.

FEIREERIC BT A XA F 2 7 A7

e — FEF LOEB R (6.2.1) 25 77 AL UELESA (0} [ oW TEHEY
BE, BMERKIIERTS vy 8 h O EEEEA 0} ~DEZEBEH[G] e R IILITD
IorizRINns. ’

()} = Siz [[H —s*[[]-[E@]-[1]" ]_1 {t(s)} =[G(&)H{u(s)} (6.4.1-a)

ZIZT, ATHIE] eR™M BFZFHMNEDOBEAARD S o, (1=12,---,n) &ET— FREL
£ (i=12, ) ITEF LT, LLFOX D RITHITHS.

EE]=? + 280, 5+ |02 [ (6.4.1-b)
HDHNE, [EQ]BXAITHITHD ZLE2BET DL, A (6.4.1-a) IFLITO X D ICHME
— R n ODBEREDE TERED.

n T -1
)= |05 2 jzg‘g; sl RCIECOIC] (642)
7777 L, (I} eR™MIX[T]eR™M O i FIH (=12,-,n0) &5F7. R (64.1-a) HDHWIX

(6.4.2) OWFATHIOHFIL, BEHITIIORTkg - m*] &8> T 5.

ZIT, BMEOH D ORRESER T A EEEEL, Bk 2 RIIKIE
B, EMEE—2 s MOREFILE (0/t=1/Is%) ZL5%EET 2L, K (64.1-2) 1, &
HTEWMNE AT 7 ACFETHHEE LT~ [T]-[EE)]- [T B EREE 2o T
H. ZOZ L, FRMEMOEEOEAARS Ko, (=12,,n) &, EHITNSLED
B o (BEBEE(GH)] Ts=jo &) OREIIEKF LT, (ZZBKG] IC A7
PRI A—EPNRIRD 2 L EBRT L. B2, BEAEKo O LY () TRENEDEE
TOEENPRENTVD L E2ER DL, REE 0} ICHINLF AT I RIE, UTO
(Case 1) ~ (Case 3) DL IHIBRGENTED.

(Case 1) FHEEEE 0 BEAE AR o, O BIEECFRIZ R THERWIEES
GEBK[G] Ts=joo0:T 5L, —s*[[-[EG)]- [T NMEEEKICEFES T EREN/NE
<72, MEORBEIRITUMICUTO LI IcRIND.
T
Lot Hi(9)} =[G" (3)1{t(s)} (6.4.3)

bbb, ZOBREEE TOGERBEGY ) XTI EM DT —F T A —F KT
B, FZEANEMEAERE LTl R ESRORESES) L S d. Lo T
WIEREZ I, BHREE L o @ hv 7 {8 BMEH LT LT E W L2 s RENI P 3IC,
BHEARONREEEINZ2ITH> 2 LI b.
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(Case 2) FHMEREIEE o BEH BRI o, OFEEFREICENES
R E R 0 MMEEOBEAEAEST K o, (=1,2,,0) IZTEWE &, [E@E)] D1 EROMSHN
BHOTREL Y, —$*[T]-[EE)] O] MmZE I HF 5T 2R N EN &2 5.

00s)} =§2~[m—s2[r]'[E<s>]-[rf]'1 {ts)} =[G () (6.4.1-a)

Thbb, T OREEEE TOMERE[GE)] ERAFDDOE—F N NTA—ZITREL
KEL, HEASEKOREEEES) - ZRTEYOMERENHEAEICTHS LSS . b L, &
EAROEA AR T 2IERAE e ® b7 ) MERT A L, IHRSEZ VA
BAEROEBENNRKEIERE 2D,

(Case 3) FHEREIE o NEHAIRIK o, OFEEFIRIC ST Horm0ngs
RG] Ts=joow &T5&, —s*[T]-[EE)] [T MeZEMcF 53 520
SOl RE L A2 0, HEOBBEEITERICUTO LS IcREn 5.

0(5)} zsiz[[ll—[Fl-[F]T]_l t(s)} =[G (©]{(6)} (6.4.4)

Fbh, ZOREEEETOGERKGT )T, mESKROIEMETAIINOS v 7Y
VATENC T A [T [F]T eR™™ (=FESEOEEFOIE S 2 EEL LR EY
DIEVEATFNC A NS T 2 8) 2B\, EEAKOLOBIETFINEE TS P LiziioT
WEWICIE, FHEREE e @ L {6 MER L TH R EYORIER -+ RN e o F 2
RAE & AT ED O THRBRNT, HERAEOLORREEE 2175 Z L1 D.

WHE— RET /L TOEEEEGER

=9, WHE— FEFLTOREMERTERT. HEARK 3 @ (2— - ByF -3
—) ~OFE RV () BEREE, WEEEA 0 AENEE L, BEELERL CED
R (63.1) FEXET L, WEE— R IR 2 ES HREX GG EROMIZU
TOLHTkb.

[M, 1P} + [C, 1{p} + (K Jp} = [L {1« EEN R (6.4.5-2)
{6} =[H,1{p} : BUAT AN (6.4.5-b)
=721, X (6.3.2) 2Nz T,
[H]=[U, .1 [0,,]] eR™ @0 (6.4.6-2)
[Oupm, ][Oyl
C 1= gl Nen R(n0+n)x(no+n) 6.4.6-b
L] Lonno] iniwij © ( )

ThHY, X (6.32) DITHI[L] KT DL,

[L1=[H]" (6.4.7)
Lo TS, ZHAUTMIERMIZIE, BE~OBREE {1 S BHE 0 OBRFR LT, 2ol
—OHBEFEICHH L EERLTEY, X (647) PRV I>FErawr—a %k
(collocation system) & V9. EFROME T, BMERKEZHSENLT 7 Faxz—4 (5
A=)V AT ARRYE) T 3 SHORBHIE N Lo 25 %, BEAELICERSACE Y
T3EOEBRBERHT L EEZEHRL TN D.

T — REFL (64.5) 25777 AEHBUBELEA 0 T ONWTEHES L L, HER
RITVEF$ 2 L7 () D DR EREA (0) ~DEEEER G ] e R ™ML, I FO LI ITRE
5.

{0} =[G*(9)1{t} (6.4.8-a)
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[G* ()] =[H (M, I +[C,Js +[K,D[L,] (6.4.8-b)

R E— FET L TOEEREET
Wiz, FEHEE— RET A TCOEREREETLEZ T, 22 Chaasr—yva VRERE
LTNWH0DT, BEERN (63.6) %, WEE— NEFTAOBHEIGFERX (6.4.5-b) I/ AT
5 &,
{0} =[H [, 1} =[¥]{n} (6.4.9-2)
THDHDT, S HIZHWRE— N YT — NS T &R ITHINC T TEET 5 &,
el {{m}} . N {{m}}
6 l’l n On 31 - Slfl_ 812 = LPS‘ ‘{JSL
07 =VUun, I [Oy, H{Pyéxl o1 linsy M¥a] [ n]}{ne}
X (6.3.12) LLbERT B &,
=[¥,] ¥, ﬂ{f‘f i} =[, Jm.} + [ Jm. (6.4.9-b)
2N /ﬁﬂgfméﬁ%m@%&%iWW% Npesy (n,} &M — Rpk) () DER
HOETRED. ML, HESERORIREEERIC LA EDIZ L 2R OF
ERAVIAATY @%%ﬁ@ LTWBZEicesd, LbELY, FEREE— FETF IR
5iEEN R (6.3.9) CEPIFREKX (6.4.9-a) OMIZLLFO L1272 D.
i+ 2,0, iy +o? dmy = (W17 g« EB R (6.4.10-a)
{0} =[¥]{n} : BlLAIFRRX (6.4.10-b)
FHRE—RET N (64.10) 27 7T AEB L EELBA O ICOWTERETH L, HE
AEIZERT 2 by (6 BREREESA 0} ~OMRZERRK[G ] eR™™ X, LLTO LI
wEIND.
{8} =[G" (s)]{t} (6.4.11-a)
[G* ()] =¥ +] 260, b +|o? ) w7 (6.4.11-b)
EHICZ T, KEIDOTDIZI AN T HANROEEEE 2 5. Thbb, BERKS
oS LoV T N LEIk I hrs . (k=Lor20r3) AMERL, ZOHHIAINT 5 LS
0, (k=Lor20r,3) PEHIEND & X, FEREE—RFRET N (64.10) ZLLTFOLSIZ
"D,
@)+ 26,0, Joy +o? oy = 09,7, ¢ EE AR (6.4.12-2)
8, ={P}{m} : BT REX (6.4.12-b)
2L, (P eRPOIM I e R D Kk ITH (k=1or,2,0r,3) DHEHEH LTS
Thd. Zosx, 1 AN HTRZROEZRBEG] (k=1o0r,2,0r,3) 1%, LTFOL D ICFK
TED.

u HONE <RSI = Vi
GY(s)= X = = ! (6.4.13-a)
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p -LabSat LEEHIHR O B

OFKEM, WiZE (FHEAREEH)

Development of attitude determination and control subsystem of Micro LabSat
Keisuke Yoshihara, and Toru Yamamoto (NASDA)

Key Words: ¢ -LabS8at, Attitude Control Subsystem, ACS, Micro Satellite, Small Satellite

Abstract
p-LabSat is a 50[kg] class micro satellite which was launched on December 14 2002. The roll of Attitude Control

Subsystem(ACS) is to provide the necessary attitude control services to carry out several experimenis, such as

preliminary experiment on in-orbit inspection, and CCD Earth Sensor Assembly(CCDESA) experiment, and so on. This

paper describes the outline about the design and development of y-LabSat attitude control subsystem.
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On-Orbit Operation of the 4 -LabSat Attitude Control Subsystem
Toru Yamamoto, and Keisuke Yoshihara (NASDA)

Key Words: u -LabSat, Attitnde Control Subsystem, ACS, Micro Satellite, Small Satellite

Abstract
i -LabSat is a 50[kg] class micro satellite which was launched on December 14 2002. The roll of the Attitude Control

Subsystem{ACS} is to provide the necessary attitude control services 1o carry out several experiments, such as preliminary
experiment on in-orbit inspection, and CCD Earth Sensor Assembly(CCDESA) experiment, and so on. Since the launch, the
ACS has functioned normally. This paper describes about the operation and the performance evaluation of u-LabSat ACS.
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Abstract

The Advanced Land Observing Satellite (ALOS) is a
NASDA’s flag-ship for the high-resolution Earth observa-
tion. Characterized by its spatial resolution and global
data collection, the ALOS mission introduced a unique
set of requirements upon sensor pointing to provide geo-
metric accuracy for high-resolution images. Specifically,
ALOS addresses 4 stringent requirements: pointing stabil-
ity (0.0004deg/5sec), pointing control accuracy (0.1deg),
pointing determination accuracy (0.0002deg), and position
determination accuracy (im).

An integrated framework (i.e., pointing management)
that extends over attitude control, dynamics, navigation,
antenna control, inter-sensor & intra-sensor thermal struc-
ture, data handling, and ground-based systems, is designed
to meet these requirements. A variety of solution ap-
proaches are developed and implemented in this frame-
work. The new approaches include precision star tracker,
precision GPS receiver, high-performance onboard com-
puter, star-sensor based attitude determination & control,
phase stabilization of flexible structures, precision coop-
erative control, active damping antenna control, dynamics
management, high-bandwidth pointing measurement, low-
thermal-distortion structure, ground-based pointing deter-
mination, and ground-based position determination.

This paper presents the formulation of the pointing re-
quirements and the framework of the ALOS’s precision
pointing management, with an emphasis on the solution
approaches.

1 Introduction

The Earth observation in the present day has two breeds.
One is the wide-area observation of atmosphere and ocean
that focuses on the contribution to Earth science. The
other is the high-resolution observation of land areas that
focuses on the promotion of practical use of observation
data. In this field , continuing efforts toward higher res-
olution have been pursued. And as the spatial resolution

*Ph.D., Associate Senior Engineer, ALOS Project Team.
t Associate Senior Engineer, ALOS Project Team.
*Engineering Manager, Earth Observation Satellite Group

Copyright © 2002 by the Japan Society for Aeronautical
and Space Sciences and ISTS. All rights reserved.

improves further, the importance of geometric accuracy
becomes more evident.

1.1 Advanced Land Observing Satellite
{ALOS) Mission

The Advanced Land Observing Satellite (ALOS) is a
NASDA’s solution for the high-resolution earth observa-
tion of the next generation.

Specifically, ALOS is given the following mission with
high spatial resolution and world-wide coverage: (1) Gen-
eration and update of maps, in particular, 1/25000 scale
maps, (2} Regional environment monitoring, (3) Disaster
management support, (4) Resource survey, and (5) Tech-
nology development for future earth-observation missions.

1.2 Satellite System

In order to accomplish this mission, ALOS has three
mission instruments on-board: the Panchromatic Remote
Sensing Instrument for Stereo Mapping (PRISM), the Ad-
vanced Visible & Near-Infrared Radiometer-2 {AVNIR-2),
and Phased Array Type L-band Synthetic Aperture Radar
(PALSAR). Figure 1 shows ALOS’s orbital configuration.

PRISM is the ALOS’s main sensor primarily designed
for the cartography mission, and consists of three opti-
cal radiometers each of which has 2.5m spatial resclution.
AVNIR-2 is an improved version of ADEOS’s AVNIR op-
tical sensor, and provides multispectral observation with
10m resolution and pointing capability. PALSAR is a syn-
thetic aperture radar which provides all-weather observa-
tion with 10m spatial resolution and variable off-nadir ca-
pability. With AVNIR-2 and PALSAR, ALOS will provide
the first opportunity for simultaneous observation of the
same regions using an optical sensor and a synthetic aper-
ture radar. Further, the pointing capabilities of AVNIR-2
and PALSAR will enable immediate observations (within
48 hours) when disasters strike.

In addition to the three mission sensors, a set of satellite
bus technologies play an important role in accomplishing
the ALOS’s mission. These technologies include (1} point-
ing management that involves precision pointing and po-
sition determination and enhanced pointing stability, and
(2) mass data compression (up to 1/8), recording (80 GB),
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and transmission (240 Mbps). For these purposes, ALOS
has the Star Tracker (STT), the GPS Receiver (GPSR),
and the Data Relay Communication Antenna (DRC), as
seen in Figure 1.

Star Tracker Data Rely Communication Antenna
A

mass: 4000kg
power: 7 kW

Phased Array tupe »
Aperture Radar { pomote-sensing oo
PALSAR) Radiometer typs 2

fnstrument for
VNIR- -
(AVNIR-2) Solar Array Paddie ™S

Stereo Mapping
{PRISM)

Figure 1: Advanced Land Observing Satellite (ALOS)

As a spacecraft, ALOS is the largest satellite that Japan
has ever built. This three-axis stabilized satellite has a
weight of 4000kg and a generated power of 7TkW. ALOS
will be launched into a sun-synchronous sub-recurrent or-
bit with an altitude of 681.65km and an inclination of
98.2deg by an H-ITA launch vehicle in the summer of 2004,
and it is designed to fulfill its mission over 5 years. NASDA
has already completed the development tests of ALOS en-
gineering models and the designs of its proto-flight model.
Currently, the protoflight tests and the assembly of the
proto-flight model are in progress.

2 Pointing Management

2.1 Precision Pointing Reguirements

The ALOS mission is uniquely characterized by global data
collection with high resolution (2.5m). It is the only Earth
observation satellite that is capable of attaining these con-
flicting goals. This characteristics requires (1) Geolocation
determination of globally ebserved images without ground
control points (GCP), and (2) Precise geometric correction
of high-resolution images.

To this end, it is required the precise determination
of satellite position and sensor pointing orientation as
well as the precise stabilization of sensor pointing direc-
tion. These requirements are examined and are formulated
as a set of quantitative specifications. Table 1 summa-
rizes the derived specifications, i.e., pointing requirements,
for ALOS. These specifications include 3 challenging re-
quirements: long term pointing stability to be less than
4.0% 10‘4deg/536c, pointing determination accuracy to be
less than £4.0 x 107 *deg (on-board) and +4.0 x 10 *deg
{ground-based), and position determination accuracy to
be less than lm (ground-based). Note that pointing
control accuracy, pointing stability, and on-board point-
ing/position determination accuracies are the real-time re-
quirements that must be realized in orbit, while pointing
determination accuracy and position determination accu-
racy are allowed to be achieved after off-line ground pro-
cessing.

2.2 Definitions

The pointing control accuracy, the pointing stability, and
the pointing determination accuracy are defined for an op-
tical axis (i.e., boresight direction) of PRISM’s nadir ra-
diometer (PRISM nadir pointing frame), with respect to

the J2000.0 geocentric inertial coordinate system. The po-
sition determination accuracy is defined for a spacecraft’s
center of mass, with respect to the WGS84 geocentric ge-
ofixed coordinate system. Related specifications such as
attitude control accuracy, attitude stability, and attitude
determination accuracy are defined for a star-tracker refer-
ence frame, with respect to the J2000.0 geocentric inertial
coordinate system. Figure 2 shows representative coordi-
nate systems used in the pointing management. The de-
sired pointing orientation for ALOS is that the z axis of
the PRISM-nadir pointing frame points to the geccenter of
the Earth and its z axis is perpendicular to the line CCD
of PRISM’s nadir radiometer.

Figure 3 illustrates relationship among the pointing con-
trol accuracy, the pointing stability, and the pointing de-
termination accuracy in time domain. As indicated in
Table 1, the pointing control accuracy and the pointing
stability are applied to all frequency band. On the other
hand, the pointing determination accuracy is specified for
0 ~ 10Hz, and the position determination accuracy s
specified for 0 ~ 1Hz.
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Figure 3: Time Domain Definitions

The frequency domain representation of the require-
ments for the pointing control accuracy, the pointing sta-
bility, and the pointing determination accuracy is pre-
sented in Figure 4. The true pointing displacement angles
must be smaller than the lines denoted by the pointing
control accuracy, the long-term pointing stability, and the
short-term pointing stability. The figure also indicates the
pointing determination accuracy with limited frequency
ranges, meaning that the pointing displacement exceed-
ing the pointing determination accuracy can be estimated
over the concerned frequency band.

2.3 Remote Sensing Interpretations

Figure 3 illustrates physical interpretations for the point-
ing requirements from the point of view of remote sensing.
The pointing control accuracy is determined so that obser-
vation swaths of neighboring orbits will have a sufficient
overlap above the equator even in the worst case. The
pointing stability requirement consists of a short-term re-
quirement and a long-term requirement. The short-term
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Table 1: Pointing Requirements (30)

Pointing Control Accuracy

Roll, Pitch, Yaw: 10.1deg

all frequency

Pointing | Short Term Roll, Yaw: 2.0 x 10~°deg/0.37ms (p-p) all frequency
Stability Pitch: 1.0 X 107 5deg/0.37ms (p-p)

Long Term Roll, Pitch, Yaw: 2.0 x 10~ %deg/5s (p-p)1) | all frequency

Roll, Pitch, Yaw: 4.0 x 10~ 4deg/5s (p-p)?
Onboard Pointing Determination Accuracy | Roll, Pitch, Yaw: +4.0 x 10 %deg 0~ 10Hz
Onboard Position Determination Accuracy | 200m O~ 1Hz
Pointing Determination Accuracy3 Roll, Pitch, Yaw: £2.0 x 10~ %deg 0~ 10(450)H =
Position Determination Accuracy> im 0~ 1Hz
1) DRC antenna not in drive. 2) DRC antenna in drive. 3) after ground processing.
| 2.5km G0km True Sateflite- 9 ¢ 3 g;?&:;ﬁ‘rﬁm
1o Pointing Control “§—— 1ton

Painting
Accuracy 10 NG )
{deg, 0-p)

Sussbassiiiendinissan

10 107 10° 10° 10%
Frequency (Hz)

Figure 4: Frequency Domain Representation of Point-
ing Requirements

requirement corresponds to the time period (0.37msec)
during which the PRISM’s CCD takes one pixel image
(2.5m). This is determined to satisfy the followings: (1)
Degradation in modulation transfer function (MTF) that
is caused by pointing change to be more than 0.95, (2)
levation extraction accuracy to be less than 5m.

The long-term requirement corresponds to the time pe-
riod (5sec) during which the PRISM takes one scene image
(38km x35km). The long-term requirement guarantees the
followings: (1) Geometric distortion of one scene image to
be less than one or two pixels, (2) Geometric distortion be-
tween consecutive pointing determination sampling times
(4.e., uncertainty in pointing knowledge between sampling
times) to be less than one or two pixels.

The pointing determination requirement is specified to
satisfy the followings: (1) Ground position (geolocation)
error due to pointing knowledge on an image at each point-
ing determination sampling time to be less than one pixel
{2.5m), (2) Elevation extraction accuracy to be less than
Sm.

The position determination requirement is also set so
that one can identify a ground position (geolocation) corre-
sponding to each imaging pixel while minimizing its degra-
dation due to spacecraft position error.

2.4 Performance Redundancy

As Section 2.3 described, the original requirements with re-
spect to observed images can be resolved into combinations
of the pointing requirements. Figure 6 presents hierarchies
of these requirements. In designing these hierarchies, the
concept of performance redundancy is introduced. That
is, ALOS has multiple means to achieve the important
imagery requirements with allowing different performance
and different frequency coverage.

For example, the primary means for the geolocation de-
termination accuracy consists of the ground-based point-
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Figure 5: Remote Sensing Interpretations

ing determination accuracy, the long-term pointing stabil-
ity, and the ground-based position determination accuracy.
In this case, the geolocation determination accuracies are
+4m when DRC is not driven and +6m when DRC is
driven. However, if high-bandwidth pointing measurement
data is available, the geolocation determination accuracy
can be improved to £3m (0 ~ 450Hz) in terms of both
accuracy and frequency coverage by reducing the contribu-
tion of the pointing stability. If the ground-based pointing
determination is not available, the geolocation determina-
tion can be accomplished alternatively with degraded per-
formance by using the onboard-processing-based pointing
determination.

The geometric distortion of one image also has perfor-
mance redundancy. The primary means to achieve this
requirement is the long-term pointing stability. However,
in the case of unsatisfactory pointing stability, the geomet-
ric distortion can be corrected to a certain level by using
ground-based pointing and position determinations.

2.5 Pointing Management System

An integrated solution framework is designed in order to
accommodate the pointing requirements. This framework,
pointing management system, extends over various on-
board subsystems, ALOS spacecraft system, and ground-
based systems. It implemented a variety of solution ap-
proaches within the framework. This approach to the
ALOS’s pointing requirements is schematically shown in
Figure 7.

The pointing management has 5 aspects: attitude man-
agement, dynamics management, position management,
alignment management, and time management. Its role
is to distribute the pointing requirements to a collection of
on-board and ground systems via those aspects.
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Figure 6: Requirement Hierarchies

For example, the pointing determination requirement
imposes specifications on attitude determination accuracy,
alignment control/determination accuracy, and time con-
trol/determination accuracy. Similar arguments apply to
the pointing control requirement and the pointing stability
requirement.

In the spacecraft system level, these approaches include
low thermal distortion structure for the spacecraft main
structure and the sensors, alignment management in and
between sensors, dynamics management within and be-
yond control bandwidth, disturbance management, time
management, high-bandwidth pointing measurement, and
pointing data handling.

In the ground system level, NASDA is developing 3 sys-
tems: the Precision Pointing and Geolocation Determina-
tion System, the Precision Orbit Determination System,
and the Dynamics Evaluation System.

Since the pointing management system covers various
subsystems and systems, defining and controlling inter-
face conditions has particular importance. For this pur-
pose, the pointing management interface control document
is prepared at the ALOS Project.

3 ALOS for Control & Management

3.1  Attitude Dynamics

As a dynamic and quasi-static plant to be controlled and
managed, ALOS is characterized by its large-scale struc-
ture with complex subsystems. This aspect submits chal-
lenges for pointing control and management.

As a dynamic system, ALOS has three large flexible
structures: a Solar Array Paddle (PDL) with a length
of 23m and a mass of 220kg, a PALSAR antenna with

Dynamics Evaluation Sys.
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Figure 7: Pointing Management System

a length of 9m and a mass of 480kg, and a DRC antenna
with a length of 2m and a mass of 160kg. These flexible
structures provide ALOS a variety of dynamic modes with
significant coupling vectors over wide frequency range.
Taking into account these flexible structures and
ALOS’s translational motion, one can express ALOS’s at-
titude dynamics by the following equations of motion:

Bd+ 3SRy < B Y =T T ()
i 2
Mrice + Z Z%ZQZ =0 2)
i i
8+ 2¢fldd "l +3T (B x 8, +8) +5cafl = 0 (3)

i = mode number, j = PDL, PALSAR, DRC
Figure 8 shows open-loop frequency responses of ALOS
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Figure 8: Attitude Frequency Responses

attitude dynamics with the influences of the flexible struc-
tures. The Bede plots of compensated attitude dynamics
are additionally shown.

3.2 Disturbances

Figure 9 illustrates major elements of ALOS’s attitude and
pointing dynamics and their relationship. Major sources
of internal and external disturbances include the DRC an-
tenna drive mechanism, the AVNIR-2 mirror drive mecha-
nism, the reaction wheels, the PDL drive mechanism, the
PDL thermal snap, the environmental disturbances includ-
ing discontinuity of solar radiation pressure.

These disturbances not only affect the rigid-body atti-
tude of the spacecraft main body, but also excite various
dynamic modes of the DRC H/D gear and support boom,
PALSAR, PDL, the spacecraft main structure, and the
propellant sloshing. In addition to these factors, that the
attitude control system tracks errcnecus attitude control
reference frame induces attitude degradation. The gyro-
scopic effect of the system angular momentum also counts.
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Figure 9: Influence Diagram of Dynamic Elements
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Figure 10: Disturbance Frequency Characteristics

The disturbances and dynamic modes previously de-
scribed have their own frequency components. -Figure 10
shows their frequency bands, indicating the disturbances
and dynamic modes distribute over wide frequency range.

Although the low frequency components of the point-
ing displacement are mainly suppressed by the attitude
control, the disturbance rejection control bandwidth and

the compensation bandwidth of the attitude control are
frequency-limited, as shown in Figure 10. For this reason,
the eigenvalue management and the disturbance manage-
ment possess significant importance at ALOS to suppress
the pointing displacement beyond the control bandwidth.

3.3 Low Freguency Behavior

The low frequency behavior of the satellite, on the other
hand, shows susceptibility in inter-sensor and intra-sensor
thermal distortions due to its large nature. This results in
the importance of the reduction in thermal distortion.

The ALOS’s low frequency behavior, in particular,
PRISM’s boresight change due to thermal distortion, is an-
alyzed, using finite elements representations of the ALOS’s
thermal behavior and structural behavior. Figure 11 shows
the finite element model used for the structural part of the
thermal distortion analysis.

Figure 11: Structure FEM for Thermal Distortion

Analysis

4 Attitude & Orbit Control System
(AOCS)

4.1 Reguirements

Since the ALOS attitude dynamics is a major contributor
to the pointing errors, ALOS’s Attitude and Orbit Control
System {AOCS) plays a central role in meeting the point-
ing requirements. The original pointing requirements are
broken down into the attitude requirements and other re-
quirements. Table 2 presents the specifications for ALOS
AOCS.

ALOS AOCS achieves the specified accuracies by a star-
tracker based attitude control in the normal control mode
that is the Earth observing mode. This AOCS is uniquely
characterized by its precision: in particular, the attitude
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stability (3.9 x 107 *deg/5s), the onboard attitude deter-
mination accuracy (£3.0 x 107 *deg), the ground-based
pointing determination accuracy (+2.0 x 107 *deg), and
the ground-based position determination accuracy (1m).
These requirements are unprecedented in Japanese satel-
lites, and therefore had significant impacts on the AOCS

design.

Table 2: AQGCS’s Major Specifications

Approach Zero Momentum Control with 3-axis
Strapdown Attitude Determination
Mode Stanby, Acquisition, Orbit Control,

Normal Control(Standard/Precision)

Attitude Control
Accuracy

R, P, ¥: £0.095deg(30)

Attitude | Short
Stability | Term

R,Y: 1.9 x 10™°deg/0.37ms (p-p)
P: 0.95 x 107 °deg/0.37ms (p-p)

Long

Term

R, P, Y: 1.9 X 10™ “deg/5s (p-p) >’
R, P, Y: 3.9 x 10" %deg/5s (p-p)?

Onboard Attitude
Det. Accuracy

R, P, Y: £3.0 x 10”%deg(30)

Onboard Position
Det. Accuracy

200m(95%)

Data Output

for Offline Pointing
& Position Determinations

Other Features

Yaw Steering, Paddle Control, 1553B
Data Bus, CCSDS Data Handling

Control Cycle

10Hz

Fault Tolerance

H/W Redundant, Triplex MPU, FDIR

1Y DRC antenna not

in drive. 2 DRC antenna in drive.

Atttude & Orbit Contees System (A0CS)
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Figure 12: AOCS Architecture (H/W)

4.2 Architecture

The AOCS architecture is shown in Figure 12 (Hardware).
In addition to conventional components such as the Earth
Sensor (ESA), the Fine Sun Sensor (FSS), the Inertial
Reference Unit (IRU), the Magnet Torquer (MTQ), the
AOCS inaugurates the following components: (1) New pre-
cision Star Tracker (STT) with a random angular error of
9.0arecsec and a bias angular error of 0.74arcsec, (2) New
precision GPS Receiver (GPSR) capable of dual frequency
carrier phase measurement, (3) New high-performance
on-board computer (AGCE) based on 64-bit spaceborne
MPU, and (4) Large torque reaction wheel for compensat-
ing PDL’s thermal shock and DRC'’s drive disturbance.
The AOCS software (ACFS) is implemented on a com-
mercial real-time OS with C language. The conventional
applications such as attitude acquisition, orbit control,
ESA-based attitude determination and control, and FDIR
are installed with the following capabilities newly devel-
oped: (1) Star identification, (2) Precision attitude de-
termination filter using the Extended Kalman Filter, (3)
Precision cooperative control for DRC and AVNIR-2, (4)
DRC parameter identification, (5) PDL drive control with

dynamic resonance avoidance, (6) Wheel bias angular mo-
mentum operation, and (7) Precision onboard orbit model.

One unique feature of this AOCS is that the attitude
is controlled using the STT-based attitude estimate at the
normal control mode. The ESA-based attitude is used for
monitoring the STT-based control. With this design, the
STT-based Precision Attitude Determination allows us to
achieve enhanced attitude control accuracy and attitude
stability and to provide users precision attitude knowledge,
while the heritage of the ESA-based Standard Attitude De-
termination minimizes risk.

5 Pointing Data Handling

The precision pointing management results in the re-
examination of the conventional telemetry paradigm. The
measurement data and telemetry related to the pointing
requirements must be carefully selected from the point of
view of pointing and position determinations, image pro-
cessing and geometric correction, calibration and valida-
tion, in-flight dynamics evaluation. The availability of the
pointing data in terms of time coverage and time delay also
counts. And the overall data flow and processing must be
designed and optimized in a framework of the ALOS inte-
grated system.

Figure 13 shows the ALOS’s overall pointing data han-
dling design. In addition to the conventional telemetry
such as the health and safety (H&S) telemetry, the house-
keeping (HK) telemetry, and the AOCS status telemetry,
ALOS can collect 24 hour pointing data with full rate
for the purposes stated above. This data, called Low
Speed Mission Data, includes H&S, HK, the PRISM mis-
sion telemetry, the PALSAR mission telemetry the AOCS’s
sensor data and onboard attitude determination data, the
STT raw data, and the GPSR raw data. The Low Speed
Mission Data is downlinked to the Earth Observation Cen-
ter {EOC), where the data will mainly be used for the
ground-based pointing determination and the image pro-
cessing. A part of the Low Speed Mission Data and the
ground-based pointing determination results is delivered
to the Tracking and Control Center (TACC), where the
ground-based position determination and the in-flight at-
titude evaluation are executed.

High-bandwidth pointing measurement data is col-
lected, and is transmitted with PRISM data to EOC. Dy-
namics data is provided by a set of accelerometers at crit-
ical events, and is downlinked to TACC for in-flight eval-
uation.
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Figure 13: Pointing Data Handling

Each presentations in the following sections describes
approaches implemented and results obtained for each pre-
cision pointing requirement.
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6 Pointing Control Accuracy

The requirement for the pointing control accuracy
(£0.1deg) is dominated by the attitude control accuracy
(£0.095deg is required). Figure 14 shows an evaluated
pointing control accuracy with error breakdown. The atti-
tude control accuracy is mainly accomplished by a precise
on-board orbit model and an attitude control based on the
Precision Attitude Determination System.
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Figure 14: Pointing Control Accuracy Evaluation

6.1 Attitude Control Reference

Since the Precision Attitude Determination provides atti-
tude angles with respect to the J2000.0 inertial coordinate,
it is necessary to calculate geocentric reference attitude
from the ALOS’s true orbital position in implementing
geocenter-pointing attitude control. In order to implement
this capability, AOCS’s ACFS possesses a precise on-board
orbit model with 10 parameters. AOCS calculates the con-
trol reference orbit frame by propagating this model, and
subtracts the reference frame from the estimated attitude
expressed in inertial frame to yield control error angles. In
the current plan, the model parameters will be updated at
least once per 3 days, using ground-based orbit estimate.

6.2 Attitude Control Law

An independent control law is designed for each axis of roll,
pitch, and yaw. The control law consists of a PD control,
an integral compensation, a lead lag filter, and a wheel
speed servo loop. This control law distinguishes itself by
active phase stabilization of low-order flexible modes. The
compensated Bode plots with this controller are shown in
Figure 8.

7 Pointing Stability

A predominant factor of the pointing stability is the atti-
tude stability, because the time frame for the stability re-
quirements (at most 5sec) is significantly small compared
with the time constant of the alignment variation. Ne-
glecting the alignment stability, this section focuses on the
attitude stability.

For the attitude stability, ALOS introduced a variety
of approaches such as phase stabilization of flexible struc-
tures, a precision cooperative control and in-flight parame-
ter identification, an active damping of the antenna point-
ing control, an attitude control based on the Precision At-
titude Determination, an eigenvalue management, a wheel
bias operation, an automatic control of PDL array trim
without dynamic modes excitation.

Affecting factors of the long-term pointing stability and
their contributions are summarized in Table 3. A sim-
ilar evaluation of the short-term stability yields 1.0 x
107°deg/0.37ms (roll), 0.13x 10™%deg/0.37ms (pitch), and
0.29 X 107 %deg/0.37ms (yaw).

7.1 Solution Approaches

Table 4 summarizes approaches implemented for the real-
ization of the attitude stability.

The step motor drive of the DRC antenna induces ex-
citations of an antenna boom mode and a harmonic drive
gear mode. The DRC’s tracking and pointing control sys-
tem provides active damping of these modes to reduce
the excitations. In addition, for reducing the excitations,
the boom and gear designs are optimized from the struc-
tural and control point of view, and their eigenvalues are
controlled throughout their design and manufacturing pro-
cesses. Figure 15 shows a simulation result of the attitude
angle and the attitude stability when the DRC’s active
damping control is in operation.

The DRC antenna makes a large pointing change, when
it switches from one data relay satellite to another. The
angular momentum exchange due to this slew motion may
result in significant attitude motions. In order to reduce
this effect, AOCS executes feedforward control in cooper-
ation with the DRC antenna motion. Improvements have
been made over the ADEOS-II's cooperative control, by
introducing 3-rigid-body representation, linear relation for

- the feedforard angular momentum, the use of rate com-

1

mand, and torque input to wheel servo loop.

As the performance of this cooperative control depends
on parameter accuracy of the DRC mass property model,
the parameter identification that reduces the cooperative
control error to 1% will be carried out in orbit. AOCS also
performs a similar cooperative control in response to the
AVNIR-2’s mirror drive signal, because the large mirror’s
motion also disturbs the attitude.

A major contributor to the improvement of the atti-
tude stability is the AOCS’s feedback control, which makes
the phase stabilization of low frequency modes of PDL
and PALSAR. By doing so, the attitude variations caused
by environment disturbances and PDL’s thermal snap are
damped out actively in a short time.
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Figure 15: Attitude Stability at DRC Tracking

7.2 In-flight Dynamics Evaluation

In order to evaluate ALOS’s actual dynamics in orbit and
feedback the results to future projects, the ALOS Project
Team currently plans off-line evaluations of ALOS’s in-
flight dynamics. For this purpose, ALOS is designed to
provide us dynamics information as much as possible.
Specifically, ALOS has a set of accelerometers (ACC) in
addition to a set of deployment monitors, a jitter sensor,
conventional telemetry, and low-speed mission telemetry.

Low-noise accelerometers with £8mG range are used at
64Hz sampling. 9 locations are selected to identify typ-
ical flexible modes. Figure 16 shows the accelerometers

This document is provided by JAXA.



Table 3: Long-Term Pointing Stability

Factors Roll Pitch Yaw
Pointing Attitude Eavironment Continnous factors, Gyro effoct 1.0 2.5 1.0
Stability Stability Discontinuous factor (1.4) {0.4) (2.5}
{30} DR Resonance, Acquisition 3.8 2.4 3.0
Slew
AVNIR-2 Cobperative control error 0.5 0.045 0.021
MTrror drive
RW Dynamic & Static Imbalance 0.36 0.67 044
Torque ripple, Bearing noise
Zero cross 0.1) {0.037) {0.2)
MTQ FF error, Ripple, Low freq. 1.0 x 16~ © 3.5 x 10 ¢ 4.3 X 107
PDL Drive macro 0.0 0.45 0.0
Drive micro 1.5 x 107 1.2 x 107 1.3 X 107 ¢
Thermal spap (after 7 min.) 0.1 0.4 1.8
ESA disturbance 1.4 x 167% 1.4 x 107 1.4 x 107
1RO - Disturbance
Att. Det. Radiation, Oblateness, {25) {1.37 (@A)
Perturbation, Eccentricity
Stability STT error, Ground sys. error 0.49 0.49 0.49
RCS foshing .40 0.6 .65
Str Vibration PDL, DRC, AVNIR-Z, RW 0.068 0.011 0.028
Total (DRC not {n drive) 13 1.4 2.3
Total (DRC in drive) 3. 2.8 3.8
Alignment STT - Optical bench 0.612 0.012 0.012
Variation Optical beach - PRISM
Total (DRC not in drivey 1.3 14 2.3
Total {(DRC in drive) 4.0 2.8 3.8

x10 " %deg/5s

Table 4: Approaches to Attitude Stability

Disturbance Solution Approach
DRC Resonance e High-gain active damping of antenna pointing control
antenna o Optimal design of structure and mechanism
s Improvement/reduction and management of eigenvalues
Slew & Cooperative control s Phase stabilization
& In-flight parameter identification of PDL and PALSAR
AVRNIR-2 Mirror drive & Cooperative control ¢ High-gain wheel
o Mass property management servo loop
Wheel Qro-Cross o Bias angular velocity operation
frabalance, Ripple ¢ Low-disturbance wheel
Bearing noise
PDL Thermal snap ® Large torgue wheel
¢ Improved rigidity of PDL
Drive o Randomized drive piulse
AOCS Det. Stability © STT-based attitude control

with their measurement axes. Three accelerometers mea-
sure 3-axis acceleration of the body. Two are allocated for
PDL’s out-of-plane and in-plane motions. Two are given
to PALSAR, and the remaining two are used for DRC.
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Figure 16: Accelerometer Locations

8 Pointing Determination Accuracy

The pointing determination accuracy consists of the atti-
tude determination accuracy and the alignment variation
between STT and PRISM. Figure 17 summarizes the de-
sign results for the on-board pointing determination accu-
racy, demonstrating its feasibility.

8.1 Attitude Determination

The attitude determination accuracy is accomplished by a
precision star tracker, an on-board star identification, an
attitude quaternion estimation by the Extended Kalman
filter, and a reduced alignment variation between STT and
IRU.

A key player to the attitude determination accuracy is
the ALOS’s precision star tracker, which distinguishes it-
self by the best star position accuracy in the world (ran-
dom error:9.0arecsec@6mag, bias error: 0.74arcsec, in
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Figure 17: Pointing Determination Accuracy Evalua-
tion

30). ALOS STT has 3 optical heads (STO), and uses 2
optical heads simultaneously. In order to make the best
star position accuracy possible, STO uses low-thermal dis-
tortion structure, and implements tight temperature reg-
ulation. Table 5 gives STT’s major specifications, while
Figure 18 shows the STO’s engineering model.

Table 5: Star Tracker Specifications

Configuration 3 ON, 2 in operation
FOV 8 X 8deg
Magnitude 4 ~ 8.5mag

No. of stars 10 X 2 sets{ACQ), 5 X 2 sets (TRK)

Star Position | Random | Sarcsec (6mag)

Error (30) | Bias 0.74arcsec (post orbit cal.)

1Hz

Output Rate

In the normal Earth observing mode, AGCS puts STT
in the tracking mode, and uses a direct matching method
for the star identification. As for the ALOS’s master cat-
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Figure 18: Star Tracker Optical Head EM

alogue, the Sky2000.0Ver2 based on the Hipparcos cata-
logue is used because of its position accuracy, magnitude
accuracy, reliability, and coverage. Based on this star cata-
logue, an on-board catalogue is generated by deleting mis-
leading stars. After the star identification, the identified
star position is calibrated with the star’s property.

The successful star identification yields STT-based atti-
tude measurement. Taking this attitude measurement and
IRU output, AOCS estimates ALOS’s attitude quaternion
relative to the inertial reference by applying the Extended
Kalman filter to the nonlinear differential equation. An ac-
tual algorithm is based on the linearization of the process
equation and the observation equation around an attitude
estimate.

The performance of this Precision Attitude Determina-
tion System is evaluated by countless simulations for all
orientation of the sky. Figure 19 presents an example of
the simulation results.
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Figure 19: A Precision Attitude Determination Result
(STT1 & 3, 1 = 160deg)

8.2 Alignment Management

The second dominant factor of the pointing determination
error is the alignment variation between STT and PRISM.
The source of the alignment variation is the thermal distor-
tion of the optical bench, the PRISM’s radiometers, STT,
and the STT bracket.

In order to minimize the effect of the thermal distortion,
PRISM, STT, IRU, and ADS are placed on the optical
bench as shown in Figure 20. Furthermore, PRISM, the
optical bench, the STT bracket, and STT are subject to
precise temperature control. In the PRISM’s radiometers,
the temperature is regulated within 23 + ldeg everywhere
at its inner truss by passive and active controls. The tem-
perature of the optical bench and the STT bracket is also
controlled within 23 4+ 3deg. The STT’s optical head is
thermally regulated even tighter. For example, the lens
unit of STO is controlled within 25 + 0.2deg.

For the analysis of the pointing axis variation due to
thermal structural effects, a mathematical thermal model
with thousands nodes is solved for the non-steady cyclic
thermal environment. With the temperature distribution
obtained from this thermal simulation, a mathematical
structural model shown in Section 3.3 is solved to yield
the distortion of the PRISM’s boresight frame relative to
the STT reference frame. Figure 21 shows a result from
this analysis, demonstrating that the alignment variation
between PRISM and STT stays within its budget.
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Figure 20: PRISM, STT, IRU and ADS on Optical
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Figure 21: PRISM’s Boresight Change with respect to
STT

8.3 High-Bandwidth Pointing Measurement

ALOS is capable of measuring the high-bandwidth point-
ing jitter that cannot be measured with attitude sensors.
While AOCS’s sensors can provide the attitude informa-
tion only up to 10H z with wide ranges, a device named the
Angular Displacement Sensor {ADS) can provide us more
precise angular information from 2Hz to 450H 2z at the
expense of measurement range. This new means exploits
the MHD effect, and allows us the geometric correction of
high frequency components in obtained images, the per-
formance redundancy to the long-term pointing stability,
and the evaluation of in-flight dynamics and disturbances.

Based on a model for GOES, ALOS ADS is developed to
have angle output capability. Table 6 shows ADS’s repre-
sentative specifications. As seen in these performance, this
3-axis package, ADS, offers pointing angular information
with better accuracy (4:0.008arcsec) at higher frequency
(2 ~ 450H z), compared with the Precision Attitude De-
termination. Note that like other pointing sensors, ADS is
placed on the optical bench to maximize the correlations
with PRISM and STT.

In the ALOS’s design, the ADS’s measurement data is
not used for the on-board attitude control, but used in the
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ground-based Precision Pointing and Geolocation Deter-
mination System for high-bandwidth pointing determina-
tion. The Precision Pointing and Geolocation Determina-
tion Systern implements the complementary filtering using
data from STT, IRU, and ADS. As seen in Figure 6, the
high-bandwidth pointing determination can significantly
reduce the effect due to the attitude variations around
3 ~ 10H z that DRC mainly generates.

Table 6: ADS Specifications

Configuration | 3-axis sensor package
Rangel) +4aresec, +40arcsec
Noise +0.002arcseerms
A/D 10 bit {at ELU)
Resolution 0.022 x 10~ *deg
Band Width 2 ~ 500 Hz

Sampling 675Hz (LPF 450H 2)

after ELU gain (1/5)

8.4 Precision Pointing & Geolocation Deter-
mination System

NASDA currently develops the Precision Pointing and
Geolocation Determination System to achieve the chal-
lenging requirement for the pointing determination (2.0 x
10_40569). The system is developed for the geometric cor-
rection of the PRISM images and the in-flight evaluation
of the ALOS’s pointing requirements.

The Precision Pointing and Geolocation Determination
System exploits the 24 hour low-speed mission data down-
linked from ALOS to EQC as well as the precision position
data processed at TACC, and executes the following tasks:
(1) Ground-based, non-real-time star identification and at-
titude determination, (2) Modeling and calibration of the
alignment variation due to thermal distortion, (3) High-
bandwidth pointing determination using the ADS data,
and (4) Calibration using ground control points (GCP) in
PRISM’s images.

9 Position Determination Accuracy

A key component to the position determination require-
ments is the ALOS’s precision GPS Receiver.

9.1 Precision GPS Receiver

The ALOS Project Team developed the dual-frequency
GPS receiver that provides carrier phase measurement.
GPSR measures pseudorange of Ll-band and carrier
phases of both L1 and L2 signals. The pseudorange of
Li-band signal is used for an on-board, stand-alone (i.e.,
non-differential} positioning. AOCE compiles the GPSR’s
navigation result as the Payload Correction Data, and pro-
vides accurate position information via TT&C to other
subsystems such as mission sensors. In addition, GPSR
generates the precise reference time pulse, and serves as
the principal clock of the intra-satellite time management.
The carrier phases of L1 and L2 signals are recorded in the
Mission Data Handling System with GPSR’s other data for
24 hours and are transmitted to a ground station as the
low-speed mission data.

Table 7 presents ALOS GPSR’s major specifications,
and Figure 22 shows the GPSR’s Engineering Model.

Table 7: GPS Receiver Specifications
Configuration | (Antenna, LNA, Receiver) X2

Simultaneous Reception Channel L1: 6 s/c, L2: 6 s/c
Navigation } Position 200m (with SA)
Accuracy | Velocity 1.0m/s (with SA)
Reference Pulse Accuracy 404ns
Measurement L1 Pseudo-range 10m
Accuracy L1 Carrier Phase 10mm

L2 Pseudo-range 10m

L2 Carrier Phase | 18mm
Output Rate 1Hz

-

Figure 22: GPS Receiver EM

8.2 Precision Position Determination System

Combining the information delivered from the on-board
GPSR with carrier phases of L1 and L2 signals measured
on ground reference points around the world, the ground-
based Global and High Accuracy Trajectory Determina-
tion System (GUTS) performs carrier-phase differential
GPS to give ALOS’s position with sub-meter accuracy.
The data measured on ground reference points are ob-
tained via IGS (International GPS Geodynamics Service)
network. Note that GUTS is developed by the Track-
ing and Control Center (TACC). The analysis shows that
GUTS can achieve the position determination accuracy of
0.51m(30).

10 Conclusions

The Advanced Land Observing Satellite (ALOS) mission
introduced a major challenge in the precision pointing
management. For determining the geolocation of globally
observed images without ground control points, and for
making the precise geometric correction of high-resolution
data, the stringent pointing requirements and their system
are defined and formulated. An integrated framework ex-
tending from attitude control system to ground systems is
necessary and is designed to meet those requirements. A
variety of solution approaches, many of which are briefly
described in this paper, are developed and implemented.
The Phase C designs and the development tests demon-
strated the feasibility of the requirements and the solution
approaches.
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Precision Attitude and Orbit Control System for the Advanced Land Observing Satellite (ALOS)
Takanori Iwata (NASDA), Yoshihisa Kawaguchi, Takeshi Yoshizawa, Hiroki Hoshino (NTSpace)
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Abstract: The Advanced Land Observing Satellite (ALOS) is a NASDA’s flag-ship satellite for the high-
resolution Earth observation of the next-generation. Characterized by its 2.Bm spatial resolution and world-
wide coverage, the ALOS mission imposes a unique set of requirements upon the pointing management to
provide geometric accuracy for observed images. Specifically, ALOS addresses 3 stringent requirements:
attitude stability, attitude determination accuracy, and position determination accuracy. The Attitude &
Orbit Control System (AOCS)Ys solution to this challenge include precision star tracker, precision GPS
receiver, high-performance onboard computer, star-sensor based attitude determination & contrel, phase
stabilization of flexible structures, and precision cooperative control. Presented in this paper is the flight
model design of AGCS and the test results of its engineering model, with an emphasis on these innovations..
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Abstract
This paper outlines the over-all design of Attitude Control System on Engineering Test Satellite-VII(ETS-
VIl) with large flexible structures (Large Deployable Reflectors, the world’s largest of its kind, and Solar
Paddles), focusing on integrated OBC design with 64bit-MPU, large flexible structures stabilization, on-board
system identification experiments, fault detection, isolation, & reorganization, and reprogramming function.
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Y—Axis Toruge (Nm, 0—P)
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Z—Axis Toruge (Nm, 0—P)
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Frequency response (Rotational)
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X—Axis Toruge (Nm, 0-P)

Y—Axis Toruge (Nm, 0—P)
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Z-Axis Toruge (Nm, 0—P)
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X — Attitude Error [rad, 0-P]
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Y — Attitude Error [rad, 0—P]

Z — Attitude Error [rad, 0-P]
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