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W,
X:|+|::|é FX+WwW (2.53)

0 20, O g o0
-2Q, 0 -g¢ 0 0
F=| 0 0 0 Q5 0 (2.54)
0 0 -9, 0 Q
0 o 0 -Q, 0|
'c, C, 0 0 0]
C, C, 0 0
T={0 0 -C, -C, -C, (2.55)
0 0 C21 _sz Czs
L 0 0 _C31 _Csz C33
X = [5VN Ne o P P ]T (2.56)
X, =[V, V, & ¢ ¢ ]T (2.57)

2 (2.53)% (2.55)9] ot HA k= kWA AAME =38k, = C) 9
7 AEE 7HEAY A (2.56)9 v el o v S At AAM SAbE,
2 (2579 Vot g2 7HEEAS Ape] R nloloj~E JhE7lAl 0, <
mxn o] xSz JPLS ofngth. we xoll g ZEAx FES

et 4 (258)9 ATFLLE T
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W~ N(Oloxva) (258)

Ao 2 FA] AEe] FEoAE X7t 0olgte BEE o] &stRE

2] (2.59)9 7o =4z RaS A S 9

_{10000%00000
1

Xl
— : e 2 H X+ (2.59)
01000300000}{&}"1 X

1A m e SE ZHA e tehin, A 2608 ATEEE nrEc
= N(0,0R,) (2.60)

2.2.2. O=9x 44

YA ddolst Ao AU AAE v EoRA A AE

H2E9} 7F=(degree of observability) 4]0 2 A%t}
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2l (2.53)9] A"l dHLe Ao uwEt vl = AW (time-varying)
SrrA g A= AlER(time invariant)olvh, FFHE A A 2=E]
(PWCS, piece-wise constant system)o] th3}le] SOM(stripped
observability matrix) 71" [22]& #&% 5 dovz 7HA54d FH A

(2.61) o] +4< = Ak

H
HF,
HF™
o1 |F
...... L| | HF,
0, | |.
0, =| ~|=|: (2.61)
0y
HF

A714 o, © k HA AAdA e 7FS5A d4S yEa, N 3 on
AL Mot dEl MY AFE ovleiy, A (2.53)~(2.55)A4 &
gl%o] B =RoAE= n=10°] Hr}.
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(2.65)

M
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T
1

eFKAt
R.(M)
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)

Pk+1(0)

(2.63)~(2.65)= YEH o]rH(discrete) Riccati
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a9 2.3 X 2.1 % 229 AlEHOA £US vlYoR A GoA
503] ZE|7}2Z(Monte-Carlo) AlE#HolAL Fast Az agzo|t}
oAl Holi= niep o] AEe ¥FE AR s uwE Hd AE

QZHRMSE, root mean square error)’} 2 FH3= A & 4 A

53] 300%04 A4l Wk Qe F oAkl exvk W oo =)
S AL #AF F 9
Attitude error
— RMSE|
— - . b
400 500 G600
A T
400 500 G600
-'D 1 1 1 1 1
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time(sec)

a8 2.3 Aol B AME o] &3 AW AY AA oA F4 Ay
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508 wHIZFER AlEdelds w33 23 agzen. Oy 2.3 2
Aok o= =7l & 7 ah yF AM el wep A dE 9

MABYE A3 oxb mdlo] 2 v @A ®7] welch b
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s”=s* =[cosasin B sinasin B —cosﬂ]Té[sX s, sZ]T (3.1)

AN at B MEE xyPue] FANS w xFH3} o P Zoln
pE HE HMEe —zF Alolo] HA Agolw, o]E a¥ow yehhd
29 313 2.
X
>y

% 3.1 B Al Z el HeRd Bl HH



3 & WA FHIF A (Moon centered inertial frame)ol A e, &9
FAONA HYS 7HE7E BY HEH ' = 29 HAE AlA "G 2
o S S8 A & Uk oju AlZbs g g wd Fa A

o2 14 FFEAMoon centered moon fixed frame) AFo]e] W3k A}

o

P 4 3.2)% #Zol & + Ut

cosfy,, Sinby, O
C"=|-sinf,, cosby, O (3.2)
0 0 1

4714 6y, © WA A Z(sidereal hour angle)S <ou|gt}y o3

e

Aol A = =e ANZYE B 14 REAS Y FEA

Atol o] whek mAlel FHS 4] (3.3), (3.4)¢ o] +& = Ut}

cos(-L-90°) 0 —sin(-L-90°)|[ cosA sinA 0
Cr= 0 1 0 —sinA cosA 0 (3.3)
sin(-L-90°) 0 cos(—L—-90°) 0 0 1
—sinLcosA —sinLsin4A cosL
=| —sinA cos A 0 (3.4)
—cosLcosA —cosLsinA  —sinL
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A7 LT 1% 27 207 A9 gwet Aws vebin. gepd A

(3.5)9F Zo] &M HFEANA AT B HEHE d=  AUth

s =CICMs' 2[5, s So (3.5)

4 32~B5eNA HF AEel HE AR S8 S ARA Aol

AAES oz Yeh| 29 3.29 #ul HYE AAES o

o

& =

N

A4 7oA = 4 B B AA A 4 (3.5 7IE HWHE

Hlashe] BAL Sa g,

Zi — ZJJ:
y

Yb;\ Y"(East)

(North)
x4

\
A Al
Z"(Down)

%l 3.2 FH3A Abele] #A
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(o]

3.2.  HY AME o83 N AE VY

w AoM= 2,19 B AME ol&F AFE AE VIEI FAR

Yo R ZtEEAe B AME o83 N BE Ve 2 23]
stolAeh mZiA 2 dd aA JHEF A" 7wt olF dAl JiE 4™

Gravity model

Reference
vector set

Ephemeris

Attitude
calculation

Accelerometer
measurement
Measurement
vector set
Sun sensor
measurement

a3 3.3 HE AAE o] &3 Tl 9 HE Ad £5 A=
38



21 (2.3), 2.9 FASHA A (3.6) e (3.7)3 o] WE oS

o

T,

B,={f, s, fxs} (3.6)

oY)
£~y
Il

{f. fxs (fxs)xf} (3.7)

olu kel Aol ST A9, Z p-00deg & ASE Aslshy 7
3}

My Fee ME A% 5949 WNHER T4t A

AT,
A oA WY Fa By o et 4 (2.5)~2.9% FARRE AAE

@ T @y
cr=| (s") (s°)' (3.8)
(Frxs") | | (Foxs®)

21 (3.8) (2.3 (2.6), 18] aL (3.1), (3.5)F thgdste] Aelstd 24 (3.9)

o -
adEs 5 9

i
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sy (S +08, ) +5¢ (f,s,—1.5,) su(Sof,+0s,)+se(fs—fs,)

g(s? +s2) g(s? +s2)
o se(sofitos,)=sy(f,s,—f5,) se(sof,+0s,)-su(f,s,—1s,)
Cb_ 2 2 2 2
g(s? +s2) g(s? +s2)
~f, i
L g g
sw(Sof, +0,)+5e(f,s, - fysx)_
g(ss +s?)
Se (s f, +0s,)— Sy ( fs, — fysx) (3.9)
g(st +st)
1,
g J

np7EA R HA e S B, ol digk A= 2 (3.10)% 2T

GO (D)
cr = (fxs") (F° xs°)' (3.10)
((fnxsn)xfn)T ((fbxsb)xfb)T

21 (3101 (2. D3 (2.6), &AL (3.1), (B8.5)F Widste] Adejskd 4

B.1DS €& = AUtk
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I osc (f,5, - f.5,) sy (If*lls, - 1, (£ -s"))
o (s +52)
—gsy (1,5, - 1,,)—sc (I*ls, - £, (f° "))
9% (s +5¢)
_fx

g

os (f,s,— f,5,) sy (I°lls, - 1, (f° "))
g% (si +s2)
—gsy (f,s, - f,5,)—sc (IF°lls, — £, (£°-s))
9% (s5 +5¢)
_fy

g

ose (f,s, - f,5,)—sy (If°lls, - £, (£° "))
9% (st +5¢)
—gsy (f,s, - ,5.) - sc (s, - £, ("))
g% (st +5¢)
_fz
g

(3.11)

oz 27 AA F4 oA FEa] Astel B UE oS 4

(3.12)~(3.14)8} o] A ejghu},
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b T
58" =[&s, Is, 55, ]
§ =s"+55°

5" =Cl5s" =[8s, s, ]

i
Rl
Ar.J
et
=)

B, o] tialel ol o7

(3.12)

(3.13)

(3.14)

21 (2.5 4 (38.15)% o]

(3.15)

uebA A (2.14)~(2.25)9 FARE S AAE A (3.16)~(3.18)%

55Ty — (28 +52) 5 e — 550 — 085S,
2g(sf, +5)

(4N

(82 +252)5fy — 580 fe + 5550 fp + 05y IS,
2g(sf, +5¢)

Qe =

_ SeSp0 fy =8y Sp0 fe +gs 0y — gsy IS
g(sy +s¢)
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A 4 (3.19)~(3.21)
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(3.19)
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(3.21)

2
E

2
N

SeSp0 fy —SySpo fe + 9S:0Sy — 0S, OS:
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P =

=

2 (3.16)~(3.18)3} (3.19)~(3.21)& H]
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FHA DA dEE GACA R &, dA A3 g Al

Z449 BY WEE o] g3l & 24e FAh A (23D HF WHol

C;s"=Cgs’ (3.22)

ol MIEE [s s, 5| & Besta 4 (2.34), (2.35), (3.1), (3.5)F (3.22)

o e A (3298 A & vk

Second-step

Sun sensor
measurement

First-step

Accelerometer Heat.img. Y
measurement determination




S, Sy COSy + S¢ siny s, €0s0+s, singsind +s, cosgsin g
S, |=| =Sy Siny + s cosy | = s,C0S¢—s,sing (3.23)
S, Sp =S, 8in@+s, singcosd +s, cosgcosd

2 (3.23)914 xy el FIdg T A WE [s, s, 0] o [s, s O]

rlr
u
o
wW
o
to
Y
o

CRE

g s

%
i

Aol = Ae & 5 Aok w&A -

Zholl ik WA 2 o)A el ofsf 4 (3.24)¢} (3.25)7F A HE

S;Sy + 5,5

\SEHSS[SE + 82

S8 —S,Sy

\SE+SE[Sh +8E

cosy = (3.24)

siny = (3.25)

A

[SN, SE» 0]

[51, S2, 0]




ek @ 7S 2 (3.26), (3.27)3 o] e &= gl

w = tan - 252 525 (3.26)
S,y + S,S¢
S, C0s@+s, sSingsing+s, cosgsing)s, —(S,CoSg—Ss,Sing)s
:tan_l(x y- ¢ z ¢ )E (y ¢ z ¢)N (327)
(s,C0sO+s,singsing +s, cosgsind)s, +(s, cosg—s,sing)s,
o oF WA AL 48 /el o4E fEsnd, WA dud
HAE B AME ol My HAy FUsER 1 o EF A

(2.41), (2.45)¢F Fdstrh. Wil @ Zko] A9 =, XA 7} QA
ofgt JFo] BF WE xte] od JFFI| v Wil o)E
FA = oginh webd 4 (3.26)S AEstel vEld F 4 (3.24)9)

(3.25)% ol&sto] Aestd 4 (3.28)~(3.30)= €& & Atk

_ S,08, —$,08,

oy > (3.28)
Sy + St
Js, =85, €088 + 05, singsin & + Js, cosgsin & (3.29)
+(s, CoS¢sin @ —s, singsin ) 5¢ + (s, sin & + s, sin Pcosé + s, €os ¢ c0s ) 56 '
Js, = IS, C0S$ — Js, sin¢$+(—sysin¢—sZ cos¢)§¢ (3.30)
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21 (3.28) 2 (3.29¢F (3.30)= widstar, 4] (3.14)5 o] &3t oA

ATFE FAHT g 4 33D 92 5 9

$.05, —S, 05 +[s. —s, 0]C"[0 =s, s, 5p+s,5,00
W:E N N E [E N 2] bz[ y:l 2°3 (3'31)
Sy + 5S¢

mpA o 2 A (2.49)F ol&ste] 4 (2.43), (2.45), (3.3 Uy #

oA A ow WAsE 4 (330F 9L &

g, ==2e (3.32)
g
g =M (3.33)
g
S.O0Sy —SyOS Acosy —S,s,sin Asin S8, COS
0, = gOSN N E+( 4 232I V/Z)(0N+( Ny +5,5; ‘//)(PE (3.34)
Sy +Sp
o714 A 2] (3.35)% Aot}
A2[se -s, 0]C/[0 —s, sy]T secd —tan @ (3.35)
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FAs Ttk thgom WY AMel Weiza AY Aol Wit

0% AHEXxE W= WA FJo] Ao 7pgsigla,
Hlek AAe] =4 F7]12 ¥ 3.19 AAEST olul A (3.1)A

B Wy expeh e 2 A A LAk #AE A (3.36)~(3.38)3%

5s, = —sinasin Bda + cos a cos SIS (3.36)
55, =cosasin Bda +sina cos S (3.37)
5s, =sin Bop (3.38)

¥ 3.1 HF AA e AE

w7t g 0.1deg

A4 A Fe 0.1deg

=74 F7I 1Hz
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i 3.20= AlEHeldd dad xS AAGAL, ol HlFoR
1003] ZH7Fe= AlEdolds sFdsltt. & 3.32 AlEdeolds S8

FAHOR T oA Adon T oA gl

A5 AH(SRSS, square root of sum of squares)S H]wdlo] e

Aoty A& Hlusty] flste] B4 AAME o] &3 Vi AE Ade
A AAEA L, ol AAS A= o]F WA FE 7P Aol
3 3.2 B AME o83 e AE AlEdold =4
A= 36 deg
Z7] 9 4= 127 deg
TR 0Om
= 2 deg
27] AA %] 3 deg
2 70 deg
NeF - A1z 10 sec
FH FAzACNA ek e eF wE o] e 135 deg
AR AN veEkd Bk wE e WA A 45 deg
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4E 71
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(2.53)~(2.57)3}
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2.3914 Akg3E
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A~
FEE

ol AREAd

39
AolA vhebd e

4A]

W] o}

4%

vhebal B9 e Aol o]

= 2 (3.39)

B e
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AE AAE A 2R p7b Mol A3, AA oA S A

2=~ 0]
A

A 4 340% 2L >

ég‘:(l3+[(p><])ck;1 (3.40)

gael Felz e wd @EHelt.
&3te)

A7 [« x] & HMEY 994S
=44 7, 2 3399 3.400% ] 8

weha 2w e AEHE 3

A 4 (3413 o] TR,

2,28 -s"=-C[@x]s" (3.41)
Ao R wEle] oMy wd) Y] WA R I AdEE olgst] 4
(3.42)5 €<= &+ Itk
(3.42)

21 (3.42)5 4 (2.59)¢ 233 H = 2 (3.43)3 Zt

A2 ek



z I 0, 0,6 || x
gl o At B (343)
Z; 0,: G, [s" %] | 05 || X2 N,

A7) & HY WE 543 452 e, A Q4o AiFRES

w2,

n,~N (03><l’ Rz) (3.44)

olul Bl WEle] oA FEA R = A GDEYH HF WHE FAs:

W7, HJA A- & TR R, H A (3.45), (3.46)9 #AE

R, =J.R,J. (3.45)
[6s, os, |
oa 0Of ) .
o as —sinasin  cosacos f3
J.=| = —L|=| cosasinp sinacosp (3.46)
oa 0P .
0 sin g
0s, Os,
| 0o Op |
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o2 JlaEA BAS 9 4 (2.61) 2 (2.53)~(2.55)¢ (3.43)

o
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o
ds 5

Kol
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JoE G| A (3.47)
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=

(3.47)
Sise
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(2.62)Et A7}
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Abstract

Lunar exploration rover is a useful device which is active based on its
maneuverability and, also, is safe and cost—effective by replacing
people with itself. In order to achieve its successful management, a high
precision navigation technique 1is required, and accordingly, high
precision initial alignment is essential for its inertial navigation system.
Initial alignment process, in general, is composed of coarse and fine
alignments, using gravity and rotation rate of the celestial body.
However, since the gravity and rotation rate of the Moon are smaller
than those of the Earth, the alignment performance is deteriorated, and
it cannot be overcome even by applying multiposition alignment, a
technique that improves the performance of fine alignment. Meanwhile,
sun sensor is an absolute navigation device which is cheap and efficient
when combined with inertial sensors. In this paper, initial alignment
method using inertial sensors and a sun sensor is proposed. First,
coarse alignment process using accelerometers and a sun sensor is
proposed and their error analyses are performed. And then, the

measurement model for a sun vector is established for the fine

68
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alignment process using inertial sensors and a sun sensor, and its
observability analysis is performed. The performance of the proposed
algorithm is verified through computer simulations, and the results show

the estimation performance is improved dramatically.

Key—word : Lunar Exploration Rover, Initial Alignment, Inertial

Sensor, Sun Sensor, Multiposition Alignment

Student Number : 2016—20757
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