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A survey study on navigation and attitude control
technology for the development of Korean lunar probe

Soon-Kyu Kwon* - Woo-Sung Kim* - Sang-Ho Ko** - Sang-Chul Lee**
Dong-Young Rew*** - Gwang-Hyeok Ju***

ABSTRACT

After the first successful Apollo program, many countries around the world launched their

own programs for exploring the moon. This paper surveys various navigation and attitude

control systems of several past lunar exploration programs for the purpose of preparing a

program for the first Korean lunar probe. For this first we investigate successful programs

by introducing the sensors and actuators used for these programs, particularly focusing on
those of Clementine and SMART-1 of USA and EU, respectively. Then based on the study, we

suggest the necessary components of navigation and attitude control systems suitable for our

lunar probe program.

key words : Lunar probe, Attitude control, Navigation, Sensor, Actuator

1M E m =2 1950 o] R 2 HAte] gk A

& Az#ske] 60ddiol ofE=AFL A Ts

o STkl dig @7 axEa e ]l AMuie]o] = (Surveyor )= Eﬁ}o:l e @
b, g A8t 7ol gk =uie] F9 ALRE g5eglon gAY & 19
A= R oA Qltk. o]2fdk o]fr ' A § 215 (soft landing) 7Fed& =21 3sQltH1].
T (Deep space) &AL 712 AFtolw a9 o] % 60t Fukell, Hze] 2l & HAL A
719 HEQ & gAte] gk A= AMA 32l o}EZ= A& (Apollo Program)< 43420
23t A wBlat Bxbr) Al A3 Qo). 2 w3t om[2-4] v SR Sk H S
DAY, Sedistal - 2 V1A e B AfeR Hogd @ wAS ABHAR
A 3 Y sEuEn qESFE 9L 7 ATs S HEAI (Clement ine) & [5-8]5 H|E3lo] &
A 5] 9, FFESFATAKARD of FHW E¥ALE fla 1998 IARgE Fup -

A A A}, E-mail: sanghoko@kau.ac.kr



M 42 M 3 2010.9. =8 ZEAIE JHES At A RAIMO 2 & D=0l 28t S8 243 7

2229 (Lunar Prospector)¢} #& & &4} vt g 5 Ashs diste Sy
NS Fote] AEHAQ & FAF AFE T35 T ATEE o] FAtE Y] AT A% S
2 JuH9]. olF W FFLFH(NASA)S & HEHog L85t glom =y walA
Eatell g ﬂ%ﬁu} Al o giE At 2o (KSLV-1)¢] 32k 2AbE Algshs 2, F
T2 218 7 oEEUd Age=z WA} % 71l 34 2 AAd"EAM diE v =dAT
g 79 A TZF Al | 2ol 1% 2 ZALE gkl JrH[21].

(Deep Space-1)& HIZES $-F ©AF A& oldl 7|ZAFe dFoR o =i SholA
star Avk[10-12]. "= H< 10dREe & Aug v=, FAad", H, T, 48, A=
gAl 9JA ¢l LRO(Lunar Reconnai -ssance o] AFAA & AL AlHE st 3
Orbiter)& &3te] & ©Atol gt A5E5 ThA g Expbddel] F sk ApMAlo] L FHA AlA <}
A ARl o [13], A A3 e WAoo o & TE71E Adgt

A A= o] 3 (Mars) BAFR ®iAE o &
A AR @ A Alms @A zdEA
or-r}. 2. O}ZZ & (Apollo Program)
b 4w 1960 el 1 H &9

9 Q¥
AR E AETHORE Zo} EQE], L w= 196610l - A"A Hxo & Ak AEH
I BAA R FAFAAS o] &3 & HAR de] e okl mee & ASEEe AR
S HEE Py 223 (Lunar program)S T HE2E 7ldsty ofE= AFS FHEU. o]
AAA stod 28 AA B wet =3l el wALE AHo]o] S (Surveyor) & Fote] &
= gl Ay Aueh, & W AFRE s
g freolde FH 5= (ESA) Y] FHew = FAF 1 FEeFT(NASAH) S Zoll QI
2 A= deedel AvE-1 (SMART-1) = Hil= #¢ @ 2 Add ofER Ads
[14-17] % HAREE mp glom FHTol= 9l & sto IF Hxo & HALE AEsiddvh. ofE
2+ 219l NEXT Lunar Lander[18,19] Z2 13§ 250 2FAES @ BWd A5, & 291 A
z13y %O]D}. AE LS AF st HAsHAl F18ksil o 1972
29l Q1% Hx @ AN 9 F=esk W o129 ofER 175E vpAYe R BF oAl
1% (Chandrayaan-1)[20]17} 2008 A& 4 o= Hol & gt e or duvH2]
AL Holom, ofAlopd oAM= AR B
Ab 914 FEReR 7F 2007, Tl Ao 1 F=3PE B Ao AIZRUGN&C system)
-2%" 7F 2010 AEFHozm WA Hi= 5, O}ii«] FEEdH 2 Aol Al2=E(Guidance
AAA] AF7F 3] 28w Q. Navigation and Control System : GN&C system)
g EAbe] FojXl RS AeHom oldst < A FRE A3 5] AAAe] B 7
7] fleliM = REEA] ARSI ZpAAlo] 7] WS sk 5 Aadoes, Fa A Al
Hel A7E AddEojor gk, AAAlol H & M #4574 A (Inertia Measurement Unit
HoAlAEe] F9 oFE= AAATE HALARE DM H B=3 oAlL AFEE P BE
£ ﬁ‘fﬂﬂb T H AR TEE kA 9 Al =¥l (Optical Subsystem) & ¥ Ao,
A F#Ee e AMER Fste BE ZHA A o] AR EE AY AAMEAN BHFH
A A T A aTEE AR . A (MDD 7E AHEE. BS54 B Aol=
2312 5T 7 A=F AAE 2AS L Ao of 7HEE SA A= FAE Jdom AA
sh= Aol Wk} SR Wste] digk ARE A gt
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31 AA12A 2 Alo] A2RYADCS)

3.1.1 ADCS 7|
S HERQl 2]

(Attitude Determination and Control System :

g AR =F¢E ol &editt. E 4 bt
= 3% A Alo] AAo A olnA| HARE
Alget Fheet olu A AAI7IZE Feke] ApA|
A Tk(Attitude propagation)E 93l A% A
o|lZ A E e WYSA FAE AR

H S Fphdete] Hde S fgk Hd g
& 714 IAAEL 0.25° /sE, 9L 1A 7E
o] o]& Z¥std AAHFA FAet Ao 57
E Aot 714 &S 38 W9 olU=
AaAZIT, olw ZAA S g Ao FE7I
= 12709 AE FH7](Jet thruster)2}, 4719
H-z8 Z (Reaction Wheel) ol® AE FEHr|=
1078¢] 1 1bs 387 2709 5 lbs FHI|E
o] Folz] B A7} 7bsstrh(Fig. DI7].

x Pl, P2 : 5 lbs
YRXX : 1 lbs

Fig. 1 XMl Mol ME F27| [7]

S eIl A Aofol] FFAQ s 3t
v d F4 Fhge e AA BR ATS
el dwel HAgS whE Fgsin. H F47]
o] Jigte ¥ #FY F A4S HHE onA
2 Wil A2 AEeth, d 14 da
g 5ol wel gAY o X E Aeste] 7w
2 QAE A T gAaER o]|Fo|z 47t
< A 553 vagk & ol2RE SAHH
ZHH AEYA} 25 dEE o] &3le] n |
o] AAE FAHTG. o] HAHL wl 10xwich
78T 7]

32 AEY R Al BE AXE (Atitude
Determination and Control Subsystem)
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321 AMZEH

S el gA" 270 #3 S8 FA =
TEE 3% 0dA AP AHRE dukHd F
Hya XUr ol ]| Zo A AMREE =7 e
(incremental angles) FEIZ AFstw, ¥ F
A gl A8 S48 A WIE w3k
(Rate bias)e ® 10&witt BAZ. o] 373
= W8 54 FA 79 AHUAA EF4 gt
gl 7lgke]l AE YRS dE o= o= It

Ayl osl] FaFTt.
22 v A kg Ak AHYA 7t st
o dojxl= dY daugFS A AYYAR
tﬂﬁ}% HAek(rate bias)S 2702 AeEjFoz 3}
= 3709 B % 2 (uncoupled) 1A o] 5 (fixed
gam)A Znk dY g2 A, ol Zvt
He 22 vlgA weks 7ol A7) v
dntAow AGAFRE G
M frastd doEeR ““}%
(Slew motion)Aloll= 99 7} o] fFastA &
ong ZANIHE &4 dHE FAY F&E
5} REolA Zsst== dok(Fig. 2)

[71.

2

or o
o 1o

322 FE Xg Mo

S ERIS 2E ol dia] AR e &
= RESE F Aje Aol RE F 3 NS 44
Abg3lth 6719 & RE=3: A A (Earth
pointing) 2=, ¥ wj3g(Lunar mapping) ==,
¥ X 8k(Star pointing) ==, A AT
(Inertia pointing) &=, H 4 (Star
tracking) 2=, <% % (Terminal guidance)

ReE2 FA"EL. 38 2719 AlojR=E wikzk
& BS o] g3 e IS o] 83 Aor

=2 (7],

323 = ofgAle] XMEo| 2E

ARG 22 IRT s
oo mEGA o]Rojx

AN 5% AAE AP A

WAL ol g3tn, o] WAL A

g A% g

o 1w Mg 2 of¥F =3 (Lyapunov) ©¢+4
A9 Aol A2l AHYUA ¥

v -7 < E -1 (bang-coast
2o xgmo}oq BALA o] 2AE Ao
3ho} 3]511}%_(Hydrazme) FH7)= A= /\Xé
I s agtel g95d o /\}35]“]
On/0ffe] AloJ = o] Fo] T}

1__\__1__

Spaceeraft

22 Mz (g

=1 -1

4. SMART-1

2mFE 2 (Small
Research in Technology -1: SMART-1)-> 24 %l
ol AT FASFHESHY T A% AT
oz AAY A7 Hes SFM pLAE
TPl Ad

Mission for Advanced

41 AA & A= Ao] A2FYAOCS)



10 AL LSH . DB - OINE - BEY . FBY  FZSFANAHIHIN
4.1.1 AOCS 7| x| ke A A= A 3 WskEs A
2uFEQ(SMART-1) 9] 2R H A% Ao A2~ of ZpAl AAe digk ARE AFgrl. A0CSe]

Bl(Attitude and Orbit Control System: AOCS) T e =719 8/Y INg sl=gR FE7)

o AL Ny Hipel wet sEHE AR A =8-S 2R Alo] F BdlY] o] A& TH

AAE THEA7IH, &b s d o] Wkl EjYkS [16].

AgFatal, AR AJUAE Hastete A ot

o] fa AOCS+= A& 4, BEF A%, H 42 74| 2 A= Alo] Bz AZRIAOCS subsystem)

& 9 Bd, mud A, 35 AAAo o

S e L I L e 421 XM

(react1on wheel) 2 8719  dl=gkxl 2utEY ] A 9 AL Ao] Al~ElE AR

(hydrazine) %71, 5709 3|4 W& A4 Auol we AFFAY WslE Ao 3k

2] (angular rate sensor:ARS), 370¢] Bl 7HA| = AAEJS. J—?} A A FAES

A A (Sun Acquisition sensor :SAS), 270¢] FAT £ gy EEo] #HAHY Jdom

Z2 MM (Autonomous star tracker)@® TAE (attitude and rate estimation module), ©] &

tH(Fig. 3)[16] . 52 A R SA S, B AlAe] 7w

& e, ¥ A(up-link) & AWAZ A

S semsoTs—————— = |

(3 in total) ﬁ 7 "’/";/,aarmmrsczmmn
Reaction wheel W I|I ¢ Hydrazins thrustars
{4 intotal . s - (3mital)

[ !
e
\ \ .
I EP thmster and orisntation

- \& e

Fig. 3 ACCS 2| MM 3 37| [16]

412 AOCCS MM 3 57|
AOCS ©] A1 AlA H FE7]2A]
WhARg-Fol Zpzh ARgET. 1 99
=2 7] 9} ?‘fh;ﬂ A& Eo] Bl HARE
st Al A3 mulE el AR
4789 wA-g2 L dgu=E FHE Y EEo
Aom ACSY F8 FE7IE AREET. E
AOCSe] o AAMEA 2719 EH F7 AA7F A
|5, 4 FHAA= 119 A

=
(nominal processing unit)} =5

=3

1719
2] (redundant processing unit) ZL]al
G A 2 7bed 2709 FhdErz o
L= s 2 AAs HE A
HAleta e o] Arks s,

;{]. ;(]

_>,L
o

=
=

o
i

-{UEP

A

rE

3]

2

=

4= (Chebychev coefficient)® FE 7]&RFA]
attitude) < A 1:410k H}
(inertial sun direction)< —iré 3l o]

el 91718k AAE AFTHIG

(reference

ety ©
2
) 09,:

43 AOCS RE(AOCS Mode)

431 ®MO| 2 ZE (Operation mode)

2ulELQIo]l ANCSE UA Aush Ao 49}
HZ A2"HER o]Fojx 9 ]9 2=
Holl A o] FojAm Fojzl dF L Ao we}

thE Ale]7]He] aF-FT).

AOCSe] #9 EE=x YEHE RE=(Detumble
mode), A|o]3 T X (Safe mode), Alo]dds H=
(Science mode), EP Ao = (Electric

propulsion control mode)® TF-E%w Z}7}e]
s AR 9949 AA ZR met AsF o

2 58 9uo] o8 Aol ol FolXIkFig. 4).

g mEe Ao 2he g4 e 34
#2 3 M 2 RFE Rold. o
2 mE 29Fd muY FHom A8 ¥e
gdge] BANAL, WAAZTE P &
2 9ge UgE o A5oR A 3
AMSHE A WA Gue] Az ] p-Ao]
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715 AE% slekl YR 58 Thed o

FZF(large sun angle)ol] tabo] Hi-
‘{E(bang—bang strategy) WHOoZ A7} Ao
th /\h;quo] xq_EHOkﬂ( small
tstel PID Ale)71E& 283

sun angle)ol

Wt g gel ol

AAE HEAY, o meod Fad A4 12
T =AW FA7)e} wargHo] AHgHET.
Aol wEd A Aol AFEE AA

Auet ¥ FA7|2RY AgHe 29 AAH
Wk EAS, 2o AR ZAG )
o Aol AeHom gk, ol
Aot FgzlmAl WA At sEekdl F7))
AHEEY, AR FAS 9 ERER
o] EPAJo] B o 4 %og

A 2]

Default

Fig. 4 SMART-12| AOCS 2& += [17]

432 AtoledA =9 XEM|A O
A AFg vpe} o] Aol REE Y
o A= o AAAFRE gk Alo)7|7 EA) st
] A)o] @ ZH(control error)e]l = 7)o wEl A
2 08 F MY Aq7s g A 7 243t
ok ol Aloj7] Atele] S Fig. 5 9o =
=2 (Mode logic)AH7F LFeERHTE.

From rate sensors,

. iruster orientation
Reaction wheel spees mechs
dction wheel speeds | el

Target attitude Planctary

Estimated aifitude,

!
Mode logic [~

Spacecrafi
dynamies

Reaction wheels

Rate
sensors

Star —
tracker

Sun — |
sensors

Fig. 5 AfoleiA mEo| AOCS [17]

5. Deep Space -1

Hade]2lss vEESF5  NMP(New
3 | Ao EA

|

Millennium Program)®] * W
Zabe] A ETE w2 4l Vles 483 gAE
o] NFS Y3 Aoz 1998 10¥ TALE o
234 9969 Braille®] F4& HE= H 85131

t}[10,12].

(L mlo

5.1 AP A2RYACS)

HAadgo)l A 159 ARAA 9] (Attitude
Control System:ACS)> 3t tje] ¥ 7]F #XH
(Stellar Reference Unit: SRU)$} 3F the] A
=74 A (Inertia Measurement Unit: IMU), 8
el FEI7IZ o] Fofxl WA Alo] WE Al
Bl (Reaction Control Subsystem), &t t]¢] Ej

AR
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Y 54 AAe 549 A A&l o

AFAIZE S7bol wE =4 otz Qs wj§-
Eotgsitt, e HY AN E Hddow A3
St B S A 5 oy 549 3A
of alAE Swe AR AFo] oyt

H O FA7)= 0.25% vttt 7] A4 FEULA
S AFsty #I5 A AA AEE BA
ste] GAIzke]l o] AL AN A|F
o] 7hsatrH11].

NEXT Lunar Lander 2=

=
49 #z wAF A%

61 7N FH Al=H]

NEXT Lunar Landeri= <FAsla s &
255 9l 7Nk 3y A|~E Lls
ool gk JATI S JAdTIer FhHet
A28z} Zo]th(LIDAR: Light Detection And
Ranging)9} 22 3 AAe] ZASS o] Fof

o

RELY

o\

o]

A5 RER Ut @ AR 42
2l AR AFEARY] s Al A
o] ZHS ALstetE AAle FHEAHo =
Adax7t A8, kA FHE gl oA
A9 8aF AAskL Sysh= 7Yl das)
t}
c

S ey w—

ool PDI AG Retargeting TG D)
Velocity  Altitude | 1ation

- |

15km /'; __/ !
coms 1= -
) \l\; x 'y

o

NEXT Lunar Landerol] A}8-2 #pAjA|o] 2 3l
A Ao FE7I2A AAZASAH A, H F74

7], 338 Fhelg}l, LIDAR, d#olul =79 EAM
500N 5 F87], ATV 220NF E¥ FE7)
10N AFAIA0] =8 7]7}F o] &=t 19].

st B8 T I A A ZAFAAe A A
HAZS 98 9% ekl geltt, dely
LEAZE ARG, 53] G4 Fhvee 22k

’

mil_{



M43 Hl 3% 2010.9. St=3 ZEAME LS |t EAIES AR 2 &8 Jl=0| 28t 3= 2372 13
[94n f=3) dgas @A, el 33 @ Bxoz paolsE Hgd was Az
A AFAR 5% AgFas AAE A AE PID-Ao)71E A &3 FEH7E o]&3to] A<
= 5 s
g LROE= W FH71¢F #43 Tle Ao W
34 H3}(rate propagation), ZuF ZEQ 3
St Teachers 2RE] A FARA ] A7 A Erh[13].
Aiitodo contoliclusier
Camera and LIDAR assembly
N 8. Chandrayaan -1
AT 158 AR Az @ WA} g4or
e Enare W, 2 EE AE 5 2xow 2008d 79
of whatle], 21de] EoF & AT 100knE &
Fig9 AIXIOYeHY A2 (10 shol W SR e B,
ZFERHEE A TS AT AAAE
Asl Apel=, 27He] M FAY], AT AlA
7. LRO(Lunar Reconnaissance Orbiter) (Earth sensor), 471¢] ®RbzH&E, ApA|Ao] &
FE717F 35 AlolE 98 AREHATE. H A
LROE SU-Z 2 AdlE] o] u gpoma T Apol2e] Al AEE FulolEstH, AAA
(NASA)©] 10WdRke] & BAF o= & T g FV e A4 A% ¥E L AAAE
o ¥3e gy g 3x1¢) nd FS3 Fx) Al AHEH AW, WhERE Folup Ao]meh o]
o] B3l oo Ex SR zAlely] 93 TEEl  ARE FAHe wE wmdy |
Ao w wAbE Q. LROE 2009d 6o o (momentum bias)e flef=tl A& TH[20].
259l LCROSS(Lunar Crater Observation and

Sensing Satellite)e} A ¥ALE o] LROE= &

ER o S0kn el AF w5 s £ 9.8 B

st o | LCROSSE & H= 39 AgolH =2

Gt el EAEE deAEe WA oAl =Eel Hivk | w5 wAb Vgt

= #dels wg3 FA2 e we 5ol

LROE AAAlo] Alz=ele 27)e] W F7 Al THOR & EAE Fdsglon, A&
5]

9} AW e A (coarse sun sensor), A

T ALS
s N R F R I
20

7% A (Inertia Reference Unit:IRU), wWHz} g 2 o= FYdEe], Fu-I 2
& 3, 5-1bfF 8709t 20-1bfF 4709 FE7|& A E o] &3 & HALE A o= izl vt
2 A Ale] HAH  wEk Delta-He} ©om LRO9 LCROSSE E3le] &o A2 A&
Delta-V #lo] == vro]Zth, Delta-H B= o Eabel] digk A

o)
F2 AW A4 Alofer mulg w9 - S WA

7y w113 7] (large-angle slew maneuver )< AL Aol FAE ZtHom AUE "Abe
BHoz p-Ao]71E Hgd wag B3 pp-A AR AR EAY Ao

o]712 H43 FU|2 olfste] Ao|YTE dd AeAd 9F FHS s ALY Y
F33ch, Wb Delta-V REE Ak FAHS 9 I ZpA Aol ZiRie] HAasiy, Ayl o
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Table 1 5
I
A 7]

=7}

il

0

AA AN A AA B FE]

mo

!

A

At

Z~(Canopus

AL Tk

hy

It

1966

e

Surveyor [1]

1966

e
4

Lunar

o)
ol g E

o)
_z‘.w
Ny

0

1998
2007
2008
2009
2010

) 5
Z=
ol:
) 5
Z=

[e)
T
il
[e]

| AlA et FE7R Ao]7} o] Fo] AT},

[20]

[11]
k=

Lander
LRO [13]

Z}
2l

Chang'e -2

Apollo [2]
Clementine [7]
Lunar—Prospector
Deep-Space 1
NEXT Lunar
SMART-1 [16]
Kaguya [21]
Chang'e -1
Chandrayaan—1

-

R

%]
o 7

o]

Alr

X
o

steo] A E AR o]§ ¢l

<

ofp
i}
53

)

(Sun sensor)7} &

L
T

+od

2} o] T} (LIDAR)

S

7

—L
.

FHo AFHE G At golut
53,

T

7_(1

(e}

=
-
=

A3 347)

;131
ARA| s}

KeN
T

=

R

o =

= O

59 7]

Jb - Zheek(23] 9k 2ko] tH(LIDAR),

g B

1=3

3} 919

dolr et deoly 1=A7F & FH T (Table 1).
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H 42 HM 35 2010.9. 3= ZEAMM L2 A5 EAMEO] KHMIMION & & D=0 265 88 R 15
7}53 k) A PROGRESS REPORT", APOLLO
AAAAE S FE7IR= HEE GUIDANCE AND NAVIGATION

Q
[e)
(reaction wheel)d} AE FH7|7} AFgH

Mg 3S olgsle] 3% AY Aoyt shsEt
o, AE FE7]= A% 43 2ud S
AH&-H Tk

Ty & EAAe T RS Fdey % F
H=9] QRS zke= Az, I A sH]
AZF(Soft landing)ste] #eHQlFE FP5h=
GAFHAoR FREH AT 87 7o o
g AAAA FAEAEFS e Zo] aof
g Q.

B ¢ A=A (Lunar Orbiter)
IMU, Star Tracker, Sun sensor

Reaction Wheel, Jet thruster

B < #5(Lunar Lander)
IMU, Star Tracker, Vision based Camera
system, LIDAR, Doppler radar, Radar
Altimeter

Reaction Wheel, Jet thruster

B oERe @RFFIFATAY 29 Ao
= FYEI 9E (Y BAA AEAA 2 g
Qi AFAolE A, o ARPe M A
FAQ B =Y
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