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Global Trends of In-Situ Resource Utilization
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In contrast to the short-term nature of lunar missions in the past, lunar missions in new space era aim to
extend the presence on the lunar surface and to use this capability for the Mars exploration. In order to
realize extended human presence on the Moon, production and use of consumables and fuels required for
the habitation and transportation using in—situ resources is an important prerequisite. The Global Exploration
Roadmap presented by the International Space Exploration Coordination Group (ISECG), which reflects the
space exploration plans of participating countries, shows the phases of progress from lunar surface
exploration to Mars exploration and relates in—situ resource utilization (ISRU) capabilities to each phase.
Based on the ISRU Gap Assessment Report from the ISECG, ISRU technology is categorized into in-situ
propellant and consumable production, in—situ construction, in—space manufacturing, and related areas
such as storage and utilization of products, power systems required for resource utilization. Among the

lunar resources, leading countries have prioritized the utilization of ice water existing in the permanent
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shadow region near the lunar poles and the extraction of oxygen from the regolith, and are preparing to
investigate the distribution of resources and ice water near the lunar south pole through unmanned landing
missions. Resource utilization technologies such as producing hydrogen and oxygen from water by
hydroelectrolysis and extracting oxygen from the lunar regolith are being developed and tested in relevant
lunar surface analogue environments. It is also observed that each government emphasizes the use and
development of the private sector capabilities for sustainable lunar surface exploration by purchasing lunar

landing services and providing opportunities to participate in resource exploration and material extraction.

S} | FANAURE, THA A, BNk, B 90T BE, 22 9594 2oy
Keywords : In-site Resource Utilization (ISRU), lunar surface exploration, Moon to Mars,
lunar ice water, lunar regolith, global exploration roadmap
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1960t E m=3} (HAHES 4R DisHA APEH & AEAF= 19769 ()
AR FU24E mpR|eto g 4] J Bt SHH S SEE e SEARe]
AtgolA oA IAE & IH FAto] 20109 HRE] AlA ZH9] o] ThA] obA| 1L
Ak FH243.9] 2H5 o]F 37d0] At 2013 =] Hoi-35.9] g AE3 AlZe g <l
T, 9E, Aok olAEid 5ol & AES BEFoR Rl gAMKS TARIGIAL, Hl=2
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SHE B Atiu Aot Z2 AmE X7t obd gl 2 7HsEe oStk 549
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0] IR JFE E5to] gRlE HE Qlk

Zk=9] AL 713o] Foshs FASFHAFEAISECG, International Space Ex-
ploration Coordination Group)ollAl= oi7|#e] S84}t A &S vigste] 229 =
EPA} 2 EW(GER, global exploration roadmap)e Fskal Qlct. 20224 ¥7te 24
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Fig. 1. Mission phase summary of global exploration roadmap [1].
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Fig. 2. Objective and performance measure target progress across phase in the global

exploration roadmap [1].
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In Situ Construction In Space Manufacturing Product Storage Lander/Ascent

Fig. 3. In-situ resource utilization (ISRU) and connections to surface systems defined in the

ISRU gap assessment report [4].
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2ol NASAZ} Algste] FAeE A= o83t 7 FAGl et 2APE o & #
oA 9] ZA1HA ] FARR = NASAOA FRI5HAL = E=0ll Sl 734G HES] 4]
AAQl ZAFE Y3t PRIME-1(Polar Resources Ice-Mining Experiment-1) 95, =A|9 &
= 2 AUEHY HxS g HHOA A AR 918k VIPER(Volatiles Investigating
Polar Exploration Rover) Y5 5°| Ut} 20234 2F50f 4535t Qo] A=alQk-39} 25
of Aufigt Aot} Fuh-257F F=oll 77k Ao AES BHE sk A2 =049
ARAFLEE 7Hs7d1} o] F 7|Hte R gF GojlA 2] S50l thet =A1HQl #iE wger A
ojct.
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FEEHAAHIACLPS)E ol-8ste] 2023 F4F & HHO| EEolo] AFE FFol= A
EHE SR o} PRIME-1 95+= EAZH] A#|o]El(de Gerlache Craten)ollA 29
IHo|E](Shackleton Crater)Z °©]ojX= SAloIA 2540 A2d =d TRIDENT(The
Regolith and Ice Drill for Exploring New Terrain)E ©|-85F0] eF 10]g] Zlo]9] EQr2 A
2311, ZAFEA7] MSolo(Mass Spectrometer observing lunar operations)& °]-&st &
Foll 223 g 54 Ao = derhFig. 4) 9,101

PRIME-1 9577t G184 L 1789 A9 RES XA AR F2l
EHE 0|83l o]FS Edto] I BRE AR 93t VIPER 57 £H|=aL it
VIPER 9= otAERHEALS] T2 2FAS ol&sto] d= 2] = (Nobile) Al
Aol 255t 100¥ 59 BT=FA LS Z3ARE 20 km A E FHsHAA =AY L2
X, Y32 JH, BE 5= RARITE VIPER 34 2 JF-2%F 7Id%+= Fig. 59 2t
ZHE 1.5m x 1.5m x 2.5 m 370 450 kg9] SFOE Fil A& ¢F 720 m9] °ol5H%
£ Zeth ARE 8t 9AAl= PRIME-101A4 AREEl0] 53t AZ=rt HSE TRI-
DENT =283} MSolo 324715 ARE5t] 7 45 73S &olaL IHHI1,12).

TRIDENT

Drill Head
Auger / Percussion

Feed Stage
Auger

Deployment Stage

Avionics Box

Brush / Chute

Regolith Cone A

Fig. 4. PRIME-1 payloads on the intuitive machines Nova—C lander (left) and enlarged
TRIDENT drill (right) [10,11]. PRIME-1, polar resources ice-mining experiment-1; TRIDENT,

the regolith and ice drill for exploring new terrain.
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Fig. 5. An artist's concept of the completed design of NASA’s volatiles investigating polar

exploration rover [12].
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5.3 XX}

rie
1

g 71e9 XHES

T AR AE 7HsE =071 HsliAE 2ol dF AHIE Eui7] Aol A+
ol & A7 Y} fARE B 55kl SRS st AR SOl divt Aol 8’
Siok tiBAQ1 & H $ WAL Hofx 3 E HALE, € ¥ X3 5] JoH, E
9] =2, AP HE AHE 3 2, 44 I Ve AlE, 2 5 B A 5 O
e FF2] A5 Aldo] AUt

g 1Y BAEE BY 39, A5 KA 59 AVIAIFIA AR A 2 HAR] AR
=7]% sA|vk dx]x}.—.] 83} Tste] & #EO] Z3E] e Aay Y 24, 95
59 = 7le A58 E ARE|E Sttt B8 543 A54] 0] we) TthfRt HALE
7 E Q57| dzol Z4h=2] A7 B HZE FYoA Tt BAEE A, &85kl A
o}, o]=e] EAZAY 9] -S-8-ETAFA(JHU/APL)OIA = NASAS] $Jete g ujd & E9F
HALE 24 HUAE d7iste] NASA 2 9 ¥ ARYEol| JEE Algstar itH13lL ¢
Feis FEAA7|EAT LN © EF HAES tieko g gAast 5 Qs 71&d) gug

2t AelolhFig. 6)[16].

NASA E&AHo|AAME (Johnson Space Centen)ollAl= 22 AESH A2 2 A4 7|&

= BARE g E0NA AlRSh] {15 499 Alde :r"=7°}°4 & Solth. AF ¢ 147
& A A]AQ] ARGO(Advanced Regolith Ground Operations)= 89 WH9] 77|71 1.5
m x 1.5m x 1.5m 7+29] 47 ARHE3HH ASSIST, 25714 o835 A4, A= 4 A
A9 &) A9 Ald 52 93t ARGO AEZ(gentry), HAAFLS o]-&3lo] FHo] 25°K
7T W 4= Qe FAR AR, AR A5 A9 AAd 71s AIRAERIQL REACT,

One of the world's largest DTVC

- Dimension dmx4mx4m
« Pressure < 1e-6 mbar (empty)
< 1e-4 mbar (inc. lunar soil)
« Temperature -190°C ~ 150°C (Ln2, Halogen Lamp)
+ Soil container 4mx1.8mx 3.8 m

10 t of Lunar soil simulant

Fig. 6. Dirty thermal vacuum camber in Korea Institute of Civil Engineering and Building

Technology (KICT) [19].

https://www.jstna.org | 207



ox HXNYEE 22

208 | https:/doi.org/10.52912/jsta.3.3.199
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Trends in Development of Micro Rovers for Planetary
Exploration

Keon-Woo Koo, Hae-Dong Kim "

Department of Aerospace and Software Engineering, Gyeongsang National University,
Jinju 52828, Korea

O HARHE X517t O Bt BEROIA QIhS CHAIGH FSAHEC| ZAR A2 = 02 71X kst
0|2 Tlloks =12 ARBEL QT ZZ0= 01=0] Ot 2, 2k, = S 0 =7101M 25
%

WEE flet 2 Y HAZHO| WS =oAL 2| Bt AEROIA b0 SS0k= A7t 47|10
PR et WEESO| /153t QUL SHX|2 05| WES BAG | ffet 72! 29| T 28
2 TESHRl HIE0| tEls Y/t =2 A=0|H, =7t RS F27t Ofd Hfst = 7|¢

0N SAHCZ IS A5 (Ol SHEXQ1 Hofo| 3A MEL. & =20M=E 7IE2| FE?IS] i
Bt HOIE /St FEZHLt (DAY 2HO| FiZ LSS Atotl FEEH Jfuo] BEnt o
ni

U= SHMEA ARIE FAHEZHO| 7t5A0t 7|CHAKRES AI0GHLIAL ST
Abstract

Unmanned exploration rovers serve as tools for investigating mineral resources, mining, and carrying out
various scientific on celestial bodies beyond Earth, acting on behalf of humans. Recently, not only the
United States but also other countries such as Japan, India and China have been attempting to develop
unmanned planetary exploration rovers for space development or have successfully operated them on
other celestial bodies. This has accelerated the enthusiasm for space exploration and development.
However, the development and operation of unmanned rovers for planetary exploration still entail
significant costs and high risks, making it difficult for universities or companies to undertake such project
independently without the guidance of financial backing from government entities. In this paper, we
describe the recent development trends of micro—rovers, known as Cube Rovers, which inherit the
concepts and definitions of traditional Cube Sat. We also introduce the potential and expectations of Cube

Rovers through the necessity of their development and ongoing planetary exploration cases.

Sl | PYYA, Fol 2¥, FuEH, 229 29

Keywords : planetary exploration, unmanned rover, Cube Rover, micro-rover
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1. M2

[ S

EH(rover)dt, A EHE o5 HARk=: "AMICR, A4 gl EA1sh] wi
o] AFe] UFoltal AT 4= qlow, oet ZHj= A TRl =Hel {2l EHE &
o] 7FsSItH1].

Y FAE 2H9] F= 19709 11€ 179 Afo] 7t £l 29 Lunokhod 127}
o 255t ndS JAPWA AH-IE AReE, 19714 749 269 1=9] Apollo 1529
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AUTH2].
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THE, 9ol disfl IHISHA] E= AI717E HUAL, o] IS o]Fo] F-AN AFE
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A 2 =EolAe ol2eh 71&9] FRl =¥7t Zh= JPabolA 9] H-go g IS
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FHEZHO| kS thEILAL St
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2.1 Cube Rover Utilizing Passive Tail

g FHEHE F e BPaoR TEHE A vhig o2 & gk Ag] e
oPYH 02 Z5P/] I passive tail2 Y] ALH7L

Table 143 FE9149) AdS 3g3k917] thizo] FET Zo] 2kgo] BEH}FES %
HoHA] QP AR, ol HFHoIA] AT F 20 m WAZH LAY Elow 3
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Table 1. Specifications of the IRIS Cube Rover [7]

Rover name Cube Rover (passive tail Cube Rover)
Target mass 2kg
Total mass 1.937 kg

Fig. 1. Early Cube Rover Equipped with a Passive Tail. The Passive tail-equipped Cube Rover

(Left) and Simulation environment for testing obstacle climbing (Right) [7].

A2 Fig. 149 A2 AAHA d89] passive tailtholl FEAS] 727 F4TH= 9
24 gt Hol= Zlo] E4o|t}. E3t passive taild AMSShe FEZH Q] T 7| B9
HFAA S AAsto] AFeet ke AEdES IUT = A, AT
o] AAH olF thil o 2 IS HABILA k= AlEE 2RI 4= AATHS.

2.2 IRIS Cube Rover

Passive tail& AMgol= FEEH = 7|E9] FEGANY FE P9 SAES ok
WAS AlSstttal ool F2j7} Qlck 3FA|9E Astrobotic®] Peregrine & 25410 2%
oz o] RIS FHZHE 7]&9] passive tailS ARSSH= FHEHQ} He] S 3
o7 FAol= A& v 4717F EA6kH, 1 Felli= Fig. 29F 2L Table 201412} 2ol & 2
kg9 A 7HA1L kel g2 A gloH, FEHFEY 25 cm x 17.5cm x 10.5 cm 7148

| ||&i!!\ al
— !’!‘\'i

Fig. 2. Carnegie Mellon University’s Cube Rover. The first flightworthy IRIS Cube Rover (left)
and IRIS Cube Rover installation process (right) [10,11].
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Table 2. Specifications of the IRIS Cube Rover

Rover name IRIS Cube Rover
Mass 2 kg (4.4 1b)
Dimensions 250 mm x 175 mm x 105 mm

ZHA AL Qlof A7) FELVI G| dd FAdo] FELET SAH Fle= Rl 4= Al
ATH6,91.

Passive tail& AM&Sh= 7]&9] FEEME AL AHg IS tiAls] s 19t=3le
u, F9 A 9518 o B2 PSS EAK ] EARH6]. oo Carnegie Mellon
University®] William Red Whittaker W8 7FEEFAEE S8sto] H57 FHY 7t

2 A& HIFE ARSFY AL, ©]F passive taile A|ASHL HEHOR g A& HIFE &

245t FH2NE ARG 911,

2.3 Astrobotic Cube Rover

Astrobotic IRIS FEEZHE 514 2 Peregrine 25412 73t slACH12]. SHARE
Astrobotic2 Peregrine 284 QJof|= =x12]Q] FHZH /S AdPsty Q=d|, 1 JA-
I} 71d2 Fig. 34" 7]&9] FESLET 7HE SARI
Astrobotic?] FEEH= thefst AHe] FHEEHZ E2Act=t], & sFRAPIAE 20,
4U, 6U9] & Al 7HA] #49] FEEH7L EARE RISt ESE Fig. 42t Table 3074 &
F= AAY T FEEHE F Y i 7H2tE ARESto] FEEWZL =4S dinirt

Of

Fig. 3. An Introduction to the Cube Rover Developed by Astrobotic [13,14].

Fig. 4. Vertical and horizontal fields of view the Astrobotic Cube Rover Camera [15].
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Table 3. Specifications of the

Astrobotic Cube Rover [15]

Rover name Astrobotic Cube Rover (2U)
Rover mass Up to 5 kg
Dimensions 40 cm x 50 cm x 28 cm
Payload-rover protocol Serial RS-422
Rover-lander protocol 2.4 GHz WiFi
Normal speed 4 cm/sec

Camera

Front and rear view, 16—-megapixel resolution

Localized precision

0.06 mm/m

Payload loading power

0.5 W/kg, peak: 10 W (2U)

Battery interface

DC 28 V Lithium=-ion (2U)

COMMUNICATION PIPELINE
'%Prlvale Network
s

-—
TCPIP

225 N

X-Band 2.4 GHz WiFi

CCsDs or Wired UDP

RS-422
CubeRover API

Lander Comms CubeRover Payload

Private Network
TCPIP

Ground Station

System

Fig. 5. The communication pipeline of Astrobotic Cube Rover [15].

okt 2719} 42 B 1A
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oJu|RE AL 4= Ut} Astrobotice navigationd} localization

mobe A d=ollA] =He] 1

[e]
=AY

RS A s & 4= IS5l F7H 2= Astrobotic®] FEEH = FHEH2R

E] dojR ojujz|e] EA JI& el
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o

L O

T e 7Is=
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Tether mount Step 2

Deploy to

%: surface
>
2

Rotation of

Move and mining bucket wheel

Fig. 6. Small-Scale Mining Robot by the Korea Atomic Energy Research Institute. Mining

robot for regolith extraction (left), regolith mining methods of mining robots (right) [5].
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Fig. 7. Lunar Exploration Rover developed by KIST [16-18]. KIST, Korea Institute of Science
and Technology.
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Table 4. Specifications of the Lunar Exploration Rover Developed by KIST [19-21]

Rover name Korea Lunar Exploration Rover (second version)
Mass 12.85 kg

Dimensions 50 cm x 70 cm x 40 cm

Motor DC24V

Normal speed 4 cm/sec

KIST, Korea Instituts of Science and Technology.

TS, GolAe] eFAMel B8] Al iR ARz wES A el I
£ 93 E2 AR e B HOAA| = AlAtE o] 285 tHTable 4)[21].

3.3 FOUSAIATA BAZH

FRIEAAT A A 7St SAEH = 47 BAEHE 7=l on, 11 P42 Fig 83t
At} s Fig. 81} o], FRIgAAF A= 247 ZFo] = 7)9] 2H QI Scarab} HI
7} 42 =0 Qe BAEH QI Haetae?] ZREERIE 7dstAcH22). &, g9 &
AFZH 9] AL rocker-bogie EFYQ] suspension 25 7HXA|qt 0]9} 22 4% EALEH
9] Afol= FHHoR ol FdsH |7t EElote] Scarab BAIEH= Carnegie Mellon
University?] 37| FEEHe} SAISHA passive taildd A28 1L2E dA5H= tail
stabilizer’} EAJ8k= A& 8RIT 4= AUtk Haetae HARZH ] 7% rocker’t 2% 374
o] Hid7|olF E3f oI5 AAmAE AN Biuitt EAEH JAES fAD 4 e
& AA =310, Scarab¥t Haetae BAFRZH Q| 1121} 4d5- Table 52+ ZtH22-24].

Fig. 8. Introducing the Exploration Rover Developed by the UEL [25].
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Table 5. Specifications of the Exploration Rover developed by the UEL [22]

Rover name [tem Specification

Scarab Mass 2-5kg
Dimensions 25-45cm x 15-25cm x 1525 cm
Operational range 150 m/charge
Maximum speed 200 cm/min
Camera 800 megapixel camera

Hastae Mass 10-15 kg
Operational range 400 m/charge
Maximum speed 400 cm/min
Camera_1 IR camera
Camera_2 Stereo vision camera

EG 43 GG S F, P SR g vk W] Arks 542 /A1
QUTk. Wb ARE HIE TR Qs 48 PARHE go) 4EY AujR A% 443

()]

W glojA] uhakelo] N5t slo] uiaivl Sk Aol wE 4 9l

Fig. 9. Wheels of UEL's Exploration Rover with Honeycomb structured and mesh [26].
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Fig. 10. Introducing the G-NU CubeRover developed by the Gyeongsang National University.
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Table 6. Specifications of the Lunar Exploration Rover developed by GNU

Rover name G-NU Cube Rover_3U (Demo)
Mass Up to 2.8 kg
Dimensions 16cm x 15cm x 31 cm
Operational range 2,400 m/charge
Maximum speed 4 cm/sec

Camera 2 megapixel camera
Battery 5,000 mAh, 5V

Wheel Mark

m/ Mother Rover | Communication Failure

&

Fig. 11. Introducing the G-NU CubeRover Mission by the Gyeongsang National University.
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Fig. 12. G-NU CubeRover driving experiment & results
71 A7}, Fig. 129} o] ofF & 4crn-4 ols&LE ERIT
o) Hrzale] o5 SRS 5 Ei A A5US AT 5 250k

4.3 G-NU RE=ZH gt
G-NU FH=ZHO| HF2Ql JH= PAJA oA A d=1te]

A= A2FBE B % FEIIA she Zoltt,
St FE9I40] Meje} TR Fuey £ 540w £8sH WAlNTHs 1)
891 o9 FHRH , Y i A9 BAzeel HE40] 2o] $gElod Aow

SAlo] FEEE ARl

F BAEH7E 242 A el ZdA

o =]o12IEH30]
4% ol fuizot 3
3} 7HsAo] 7] whEge, e PAHeIA

A543 25 5
wol 54 B W5 v Agshs WAL A
AR T 1 Fieve) FAAE 99 3 doleE AAsK A4 2%
I A5E & 7)ol Wastt

CIeit o2 £ G-NU Rl 2ol o B34
71E0= Fig. 133 2o 71289l

FEEA

e 5 Ud Be 4 FAR

Bl Ve 59 A2 7l

=
)

Bl

2704 contour tracing 71"

< AgH o FusA Yk
Fig. 139] 239} o], W47 Helo] dAR AEARS G-NU 485 dlojelz At
A
2 ypurt o

8517] 913t mask images AF/dok= Y F LT
&oh= Zlo] YA AEA= mask images "“*é@' T AN, 7|Er HE

2 FPS(frame per second) 5= E‘ﬂ—,—‘}i° o glolsl9ict.
= fl3l A= AR AR B @AY

SPARE WA G-NU Fuzee] 3
FeFE EARIATHL B0l = Ry ]‘ ‘3]'

https://www.jstna.org | 223



224 | hitps://doi.org/10.52912/jsta.3.3.213

¢ Left Turn Data * Straight Data * Right Turn Data

* Hough Transformation - 0.0131 sec 1/0.0131 sec = 76FPS
* Probabilistic Hough Transformation - 0.0128 sec 1/0.0128 sec = 78FPS
« Contour Tracing - 0.0046 sec 1/0.0046 sec = 218FPS

Fig. 13. Wheel mark recognition and tracking demonstration method for G-NU CubeRover.
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Fig. 14. Introducing about Carnegie Mellon University Rovers: Dual-laser setup on testing on

a testing platform (Left) and integrated light striping reconstruction & pose estimator (Right).
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XIMIC Z& 352] Magnetic Cleanliness Algorithm

M 0|22, 0|22 =Y QAR

TO S

Magnetic Cleanliness Algorithm for Satellite CAS500-3

Cheong Rim Choi'", Tongnyeol Rhee?, Seunguk Lee!, Dooyoung Choi',

Kwangsun Ryu?

'Department of Astronomy and Space Science, Chungbuk National University, Cheongju
28644, Korea

’Korea Institute of Fusion Energy, Daejeon 34133, Korea

3Satellite Technology Research Center (SaTRec), Korea Advanced Institute of Science and

Technology, Deajeon 34141, Korea

Qo

AH0N L= X[ S(magnetic noise)g E0l= X2 ASEAIA XA Q] 452 APZI= &
Q5 gt 9| HI0|C M’é*%(magnetic noise)= E0l= Wi 2 ottt 40N Elboom)S &
2 EOH= 0L, 0|2 =2 HIEW YN 28 HO|= SHON MSotX| Q= YiH0|C T2 B2
AR, A |E 0| M= S0 2 Ol MENIA 1M S3iZ0| XP7| 7RIS Mi7fot= Z10] He| A2

ot = S0ME = 0] TR0 271 J12]10 =X 1744 212 EX|E XA (magnetometen)Oi|

VSRS DA (magne’uc noise)S MIHote L2152 ATHSFIAL BiTt

One of the important ways to improve the performance of magnetometers in satellite exploration is to
reduce magnetic noise from satellites. One of the methods to decrease magnetic noise is by extending
the satellite boom. However, this approach is often not preferred due to its high cost and operational
considerations. Therefore, in many cases, removing interference from the satellite platform in the
measured dataset is widely utilized after data acquisition. In this study, we would like to introduce an
algorithm for removing magnetic noise observed from magnetometers installed on two solar panels and

one main body without a boom.

Aol @ AL 94 A=A, A7) Hh, A7 A=
Keywords : space exploration, satellite magnetometer, magnetic cleanliness,
magnetic noise
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1. M2

[ S

20250 ARE ey SIARAIRL A SB91(CAS 500-3)00 AEjS E=tAnt
= AH]91 JAMMAP(onospheric Anomaly Monitoring by Magnetometer and Plasma-
probe)°] HAE™ IAMMAPZ day side A% A|9oA eS| EetAnt Ao Fa3%t
&g 3= EEJ(equatorial electro-jet)?} FIA(equatorial ionization anomaly) AF0|2] A3t
FAE olslst7] Yol Impedance Probe, Langmuire Probe, 183l magnetometer$l
AIMAG(adaptive in-phase magnetometer)@ A %0] ATH1].

AN A7 PSS 98 ¥ 9 Aol vl F85t SgtolA S5
o] WMok A2 13oA 9] EetAnt AEi7t ¥sks A& oJushr] wiell, T13olAe *h
o] @E(n sitw)e] FasIct 1A B2 ol AHFAE EActe o8 AFE
SRyl FTH2-O). 91 BAF 2715E A A7 S48 sk dl Qlo] 8 A
A A AAERE ofy2t HAAE 2Rk SAolA AE ARt S A1 wiZol
ColERt A2 IS E0l1AY AASH] skl & M FR9 AHA ZEIH
(magnetic cleanliness program)}= ATt A, 914 A=A 1A HolEHE &-& olF, &
7] Ha AAE AA 9 EREY A AR e B0 E AAT 4= Qlck ol
S {2 AL B S|4 7HE AR Bl 4, LR E B ANt
A A7 1L B2 E°l= Aotk ol=et B9 M= tiRES] f1/dolA ARgSHa,
A7 122 €071 98l 5= 12 m7HA] 4A A7 98I UAAEE 1 m F== FA A
7Net GK2A(GeoKompsat-24) HAIGIE Ut Eat ofyzl A4 A=A 2 9 ofg] B
BE AFIA A7) 22 Eofok 7L olFA F= AIS SIFEE AZE AL A}
7134 Z=2 T (magnetic cleanliness program)< =3§5to{0F 3HtH4-10].

H oA =8 A7 A GAE]lS(magnetic cleanliness algorithm)2 Constantinescu
et al. 2020)(8]°] AAIGE Lare|E o= A, Fig. 13} o] At} 58 32(CAS500-3)°1 &= §
o] HjFHA ol AX|H 2709} EAlof| HXH 17] AEA1Q] U ZpolE ol-&sto] A7 H 4
£ YT Aotk

Oorr o N oo

e

Fig. 1. RIMIY S8 3 39| XA AR K.
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2 A9 272 AIMAGY] 7HaRt YAkl 9 F1/gdof| sl HehshA thal Qlal 373flA
= A7] 49] 3 ®WHQI principal component gradiometer algorithm®f 3] 7H3s] A
1, 2, 32 B matrixE 7oks WS Agitt solxds 48004 gt

19 & 2 3%% ’\]’*9’5}01 AFARI WehE AAsK= ATE 7Fs] HRIt 67ollA

2. AIMAG(Adaptive In-Phase MAGnetometer) Z2EE} C|XIQI
(Design)

AIMAGE 3 3o BHY] EAAPIE AZAR DC A71E S7dst7] fIsto], 914 i
g & £oll 2+ 170, AL 918 240 170, & 3707F 22 olgoltHll. AIMAG S~
APlE A=A12] EQM R Fig. 2(a)2F ATt ZF FHoll= 35 A1 vlolEE &) fist
of 1709 & Foi7} 2709] &2 ST 4 71 whizell 1719) Z2A el 2719 & Foi7h +
g%} Sl

g gzt AA Afelo] iS5 @HAEEo] 0.4 W/m K= W2 G10 242 7
< SRS AA AA e} B s Afololl AAR A1 £49 e EAske
wo|Z EAL 4 7] IS 1/1,0002 Eol= A7) A ZA(TLMS-C100)°A41 2248}%
TH1L. Fig. 2(bHd) 215-390 pT/Hz9] &5 2o & DR EEY A=A gt 754 Q.
A 359k S AYERS HojEth 24 EQM % FM A dAE AX 2 3& 3
HAE 9 A HHS Sg)5lo] 5-S A A&o|o}

3. The Principal Component Gradiometer Algorithm &2

II.

)

g 7Hk wF A4 BH(gradiometer-based disturbance cleaning method)el]
AREEE ARFAQl A2 T Y] A—AE 2 AR HE AFCIA ST A12Ql Apo]
£ ol&sto] 27| F52 AASHs Aotk vhA] el Y140l ABEE A7 ¥Hmagnetic
disturbance)e T+ 719 AEAS 210 A& 2 XHA 243t X71FQ] Jo|g& FHF}
= Aot} E3F YAolA9 A7 magnetic disturbance)e] A2lol wet Haska 9
A7) (ambient magnetic fieldre HIFA7|A] F=thal 7Pgstal 27| =AHmagnetic
dipole) 71045t a1 &gict.

Noise spectrum ¥ w Noise spectrum Z

ol T r =
391472 AT 7 W' at 1 e 3 E 0301471 T / W' at 1 He
10 r

wp ! A Ty 1

2 ' 1 §° 1
d! TR o fiila B

| . b

) SEPEPTUIY I BT ) SEPEPRTT R Y
10? 10" 10° 10' 0107 10’ 10" 10" 1
Frequency M) (C) Frequency W2 (df)

Fig. 2. AIMAG Z2EER) & HAE Zit (a) SHAA0|E T2EEIRQ A A, (b) X&F
LO|I= ¥, (o) Y& L0|= 2E, (d) 7= O|= . AIMAG, adaptive in—phase

l-_l

magnetometer.
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AR Aol 243 7182 MR (ambient magnetic field) B(£)o]1, 42
FHE ] 7| THS 3 bi(t)0]1, A| T Y AL n = 1ot} idA A 1
o] WS ZH(t)et ofd, ohaat go] BT 5= 6]

B%(t) = B(t) + Xbi(t) + Z(t), )

ad7]4 index 0= 27]0] 2A3t A71AS oJu|ict.
A2 = X9 Q= = d9] AHA A ZAlof =43t 4] (1% M A 2= )R

(ambient magnetic fieldy& AAE 4= ULt =
AB%U(t) = BY%(t) — B%/ (t) = 3Ab)/ (t) + AZU (D), ¥)

oF Zo] HAT 4= Ut} = HloJHoflA] A7 | W (magnetic disturbance)}S A|AH] 9
&, Zkzrel @AM ABYY (t) 9] A&AHlinear combination)& TAAScorrect
coefficient) 47,5 F-ofoF g}, ThA] T,

B,),.(t) = BY%(t) + AYAB* (1) 3

7} =k, 9kl AF=EA|9] 11-8-9] W specific disturbance)52 F-AISHH, A )=
AB®U(t) = AbY(t) @
7} "k, o2 A=A Wt Kdisturben)2] ARt FHE dT WHAKdisturber)7}F 5

gt G AR B ARSSAR] AS- AR 4= AR dREH o= S04 B Y
(correction matrix) AVE {07 Fajof it

4. BXE
4.1 1X} BX(1°* Order Correction)

17 B4 1“2 F317] Aol 4 (9] A T2 vxjet gk WY acka 7pgei. of
T 22 F U7} ORE ART A B4 et B4 o A7k A9 g
=it} o] A 4] (49} ol Zhets] Lhehd 4= k. A4 YRlolA me] Wk od
A2 qu oM O QT Hilo] S A1gel Hrh Bab gk Ayt 7MY

fr

Jte}. o] % it 24 B3l 7 AEA AM 9wt ‘*‘%}— TS 4= 3o, A=A o
S *}%’5‘}04 BAE AFA i 9] A1 4 84 offier Zo] VPS(variance

principal system)°ll & <= JUTH6L

B = Y _ q0li(ABOI) (a)
Lij _ pOij b
B = B0, (5b)
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Lij _ pOij
B,” =B,", (0)

o714 91 HA T 14 BAS oluigick. 4] (5)2] Huist Qw0 R wA FL LA A
A (ol 27gke] VPSE BAIEE W, 4] (5a)2] (AB™), = 4] (52)2] AB® 9] VPSE

FHAT, VPSS o) B xF02 ST A BAUL sF0R WRW Hh YR
@OU9) ARES ZLe) ofdls e Bo R T3 % Sk &,

Var((Bori)X)
- Var((ABO.ij)x) ’ (6)

o0 =

L

07|14 +3R5E VPSO] x% ¥gfo] EAl EA(variation analysis)ollA] 2 EIA|TE Qo) #]o|ct,
THd ROZ} A=A AA] ioflA 73 VPSTRAIY] AlA] AIAHIOIA B]F o], RO 7}
AB®Y ©] VPSollA] Al AJARIZEA]S] 317 ol AlA AIA”RA A B o £

= yehd 5= Qi

F

B = BY' = o ((RO) ™) (RO ABOT), @
o71A k = 1,---,30]c}. 0]AS matrix FE|Z LFERH,
BYU = B0 4 A0UABOL ®
7} ek o714 Ak 1Y YA
A = —a®U (RO ™), (RO, ©)
3=

4.2 10Xt BX(Higher Order Corrections)

T A Q9] F717F (B2 Alighol) cllidet ARp|e) A71Het 47 = oo™, 7t
Hog HAL uiEAHoz -3 4= Qth X< n — 194 A5 n7kA] Q] HREZQ] E]Eo|

A A(iteration relationy tha} Zo] YeRd 4= Qlct,

B‘n,ij — Bn—l,ij +A‘n—1,ijAB‘n—1,ij;BO,ij — BO,L' (10)

A:l—l,ij - _an—l,ij((Rn—l,i)—1)kx(Rn—1,ij)xl (1 1)

oftk. A% @t 4 n7b) A7VR] BAGNA AN 4 9T, S 9F R L R
nih AT Yo UeRic,
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4 103 11D AHg3tol, 5 2] A2A ARl 273 gt Aol
A% 23, Thee 224 9 3% BAE AR 7 4 9k

HYzFoR ¥

B2i = BOi 4 (Ao,ij + AV 4 AV (404 +A0,ji))ABO,ij (12)

a8
AO,ij _I_Al,ij +A2,ij

BS,ij - BO,i + +A1,ij(A0,ij +A0,ji) +A2,ij(A0,ij _I_AO,ji +A1,ij +A1,ji) ABO,ij (13)
+ Az,ij(Al,ij_l_Al,ji)(AO,ij+A0,ji)

A io] thel 24 BAE AP B The AAE E3 vt ARl S48 8
£ B YRR & Qov, olelet Bge mE AAe) Zgto] A8 T W 4

9} olH o gl SlEgolis 3 ANt 2t 28 7MY
)5t MM A= olof sltt I3 the, = AAE TEel= 2 AlA o] gisiAs 13}
BATO R HolelE HASK: Aol WaskAgt T2 AN FAlE A8 5 Utk

A(major disturbance source) LA

5. Zt7| &S HA

Fig. 3(a)=, ¥ 1&olA 9 18 A=ds= 25T HE HAZ ol8sto] ALkt =,
o] A=ollA Fig. 3BAE AT+ A2 w5 dipole A71Fo= 7 o, A=A AlA
1D 2(S2)0llA TE(AFE)E A7 1730l

o] A3 49]9] AF7] BHE (magnetic moment)2] AM717F M = (1,2,-7), B4 St
7} fouse = 0.01 H,, B2 duration 2s, A Al7|(pulse amplitude)= 0.1%1 spike-
like disturbances Fig. 4(2)<} 2o A4dste] Hsl F3ct. Fig. 4(2)@F 22 spike-like Z}7]
20 F7HO0 R 0% H%, Fig 40)2 7ol Y2l 1£7H200-202s)2] spike-like =}
P o] &5iA AAGAEE Aolot. TS AlA 104 TSI 2P|
F5olal s 4] (6)°llA +5 AEste] dojxl Axtolct.

o|ZA spike-like AF7] & 12 BHAHOE AAER] ¢= F
5(@e°lA= 13} B & ofAds] dot Qe g2 B 4= oH, o|AE 22 BAS Ald¥sto]
Fig. 5SOAHEH) B2 753 AAT 5= Aok T3 23 BAZ Algste] dof e &=

= 32 B Ao g B E9Y 4 9tk Fig. 62 23} 32k B9 d|2H,

7] &S 11X A

O

9= Qltt. A€ S0, Fig

Fig. 3. X771 AIZ2014. (a) 22 0 (b) ALt 014Q! dipole field.
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Fig. 5. 2& ©H9| Of: (a) 1X} X 5 Y0} Ql= L0|X, (b) 27} &
MM 10IA 2= HIOIEIE Al (6)2] plusE 2X EXEH ZAD0|1, SAMS MA 20N HESst
CIOIEIZ Al (6)9 plusZ 2Xt &5t A0t

o]z Fu7t 0.1 Hz%l step-like B 0|25 HAPAIZ L 9,000s HEF-= ‘/}E‘r‘;’iﬁ}.
Fig. 6(a)e 22} g2 PAIT o3ds] A7) do] Fot AL, Fig. 6b)elA 32k HA =,
A=A AA 1014 BETE AFAE] 6004 + 2-8) HlolEl= F5ol Bol ZetE o] A,
AllA 2014 BE3E =49 ElolE|(4] (6)°IM + &)= HiF-Ee] F=ol AlA7E Ho F24
of A= = <+ Utk
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-48
=5.0
-5.2

=5.4 1
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0
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Fig. 6. 3z 29| Oil. (a) 22t 2 = HIOIE], (b) 3t 2 = HIOIE.

kO

6.

o 2 2

2 AFolA= Fig. 10142k Zo] A 58 35(CAS500-3)0ll AXH 3the] EAA0]
E E}Q] A E 0]85}9] gradiometer ¥ O 2 7] HA(magnetic cleanliness) W<
ATt 2ol Flol AAE AFAES] Aol 7-8&5H A& 4 Ut Fig. 4@*4
913219l spike-like 22 F34 0.01 Hz, duration 2% =2 YA Fig. 4b)NAE (a)
oA THE AFHRI AR uTE 1R FEZ AMGSto] A|ATE Aot AT} F24
AT A7)0l & AR £ 4= Qivh. AaHoR 12} BARE A[geiE thRE9] spike-
like A7 1&(magnetic noisel= A7 7Fsolct. SHA|TE, Fig. 5, 63} 2+ step-like FEQ]
A2 2, 37 & A BAS SfoF tiREe] 3ol AAES & 5 AUtk E3E A 0)°1AA
d H P Ro= doZolojA ARt Wekdo] gl A ERlsklth AF7HA19] A
7] &2 IFH & vhEojA AASHIARE, o g AR Al Apr] FZo] 23HE 940
A WSS A7 ElolEE 2L o8] 1A} BAZEA] Algste] A7) 22 AAT Algleltt

ZALe 2
o] A= IRPEPRBARTE AYshs FFATAGNRDY]  G7MEAFA(NRE-

2021M1A3A4A06086639)2] A|PoZ = AHFUTE AAES CAS500-3 UFe}F KSLV
7ieof| it AR Yol oA S8t TARE EFULH

l
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The Earth's ionosphere is an area where part of the upper atmosphere is ionized and exists in a plasma
state that affects radio waves. It is a field that has been studied for a long time as it directly affects real life
in relation to communications. Depending on the altitude, it is divided into D, E, and F layers depending on
the main ions that make up the electron density. The density of the neutral atmosphere is very large
compared to the electron density, so it should be described as plasma taking that effect into account. It is
an area where influences from outside the ionosphere are directly reflected, starting from the sun and
extending to the earth's surface, and is a field that involves complex and diverse areas of research. In this
paper, we explain the process by which the Earth's upper atmosphere is ionized to form the ionosphere
and introduce the characteristics of the ionosphere at low and mid-latitudes. In addition, we introduce the
research that domestic researchers have participated in related to the ionosphere to date and hope that it

will be used to promote exchange in the field of ionospheric research in the future.

Aol A, A+ HHE, F - A= A4
Keywords : ionosphere, Earth's ionosphere, low and middle latitude ionosphere
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1. NE

1901 & og]o}e] nt2 34 (Guglielmo Marconi)7} G=13t 7iHt} Ale] 3,500 km A&
o] A} et At B4l Hx=2 JF39ct o5 Bl IE A7 A& A(onosphere)}
o=etg viEtE Y THiRE X&EEH 1 A0 thet 3F5E dol S5l A Al
Q59 QIR AE AFHoR JFS F= Tl A7 tidolct @W 4 g
FHASKE vIRSt 4% 541 717] 9 R T T et A8g] 255 e
= °§5J~— = Ao AREJollA] A=ttt A= 71 A E] BAL BEo|1L OP—H*éJ} A
= 71o] B4l 3 4 7He] B4l B 4% HukEAlol mlxle AEdo] gt olsizt 8
Eh= Aol

AEEL HA9 S47] GR7t ol skH AR Sk 9o olstH VAE &

op EE]sto 2 MyE|A|gl, Set=u} 7kA] vl ot ufe- w2 4 ti7]19] anks
—’F %’201 I /A °ﬂ°h+ Eetzut EEWOT T EE%FMOF 0}_ Oﬁol‘:} E3

al

l

L

2|

R3Fsto] ol A 9 &4 J—Vé:% A o2 % F4 AR Sfet, Feletof it
A4 o= 1]

A= 9] AHE 2Hshke 8l zs "ol Ut BAF 2 AUAIJAZTH A4S
77, 45H, S FFol o277k vhdsitt. BlFEAR] R/4e] Hal, s
AL o] mhE S Ao, AEARI Hs), g B5F7]0] ofgt Fol2st avE A&
7Fs? Al AAEE B304 Hlojd A ol @M anomaly)olFtal Ftet. 5 - A€
T AYolA Yehhs ti#AR1 ol doll= olET oVd@/HAppleton anomaly)o] tHiE
Ao, AL(winter), @(annual), ¥ (semi-annual) V@4 2ol A71d= A Hith
Q1 Weddell sea ol @ WSAl] 2 d&fA Utk T3 Hi/dHh/F5HE Aol et
+ oA 7(ionization trough) @3 FEE wet AAPEETE & - EEQ] Bl
B 5ol EEA AUk ol BT gl H AR PR oA ESHA dAIA el ALY A|Y
Ao g Uehhs @< Y971 MS(perturbation)E2 AR7] EFolu Eeh=n} 8914
gofl ofsfl of7|=l=dl, Aolut ShikEEat e ZolA 7191% QRlEE IotETh XAt
7158 Por HAAEEIE 45K WalstAY ERtEnt EQMgoR 914 1lkofA
TID(traveling ionospheric disturbance), HlE{bubbles), €&(blobs) &2 AU o|®HO|
==, A4S o2t 7124 ZHR] M (magnetic conjugate point)°lle HHH o=
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Fig. 1. Altitude profile of neutral atmospheric temperature (left) and ionospheric plasma den-

sity with the various layers (right) [1].
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Fig. 2. lon density profiles for the daytime mid-latitude ionosphere (left) and altitude profiles
of the neutral densities in the daytime mid-latitude thermosphere (right) [41].
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Fig. 3. International Quiet Solar Year (IQSY) daytime atmospheric composition, based on

mass spectrometer measurements above White Sands, New Mexico (32°N, 106°W) [1].
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Fig. 4. Atmospheric absorption of solar radiation (left) and the Chapman profile of an iono-

spheric layer(right) [44].
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Fig. 5. Typical vertical profiles of electron density in the mid-latitude ionosphere [45].
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Fig. 6. External process that operate on the terrestrial ionosphere [41].
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Fig. 7. Perpendicular motion of ion and electron to electric field and magnetic field.
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Fig. 8. Neutral wind effect to ionosphere.
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Fig. 9. Schematic diagram showing the zonal electric field component (left) and schematic
diagram of how plasma uplift via electric fields transports plasma from equatorial to tropical

zones (right) [1].
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Fig. 10. Spread F event seen by the JULIA coherent scatter radar on September 6, 1996 [41].
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<= S22 AP 84S T ol EstA MEe B0kl 52 AL A= I

SH=CIM B4 os Yeus @4 § SR E-5(90-120 km A&)oflA o237t &
AsHA| S7Fhe 232 Y-ESporadic-E) @40l Utk HE fl=olM tdA o= yehiy
FHEG 97} 108 He SR F2 f4g0] Borle Bt whEoldl a5gol2(Fe,
Mg")el ARHAIA] gl g2 55 ThEo] AT &=A .

[

8. Hojd g4 %

13

Agd A7 P A #5253l E2 AuE B4k T 2o o s U
ot A A5 9 #S HHoEs IA A, Fot Ay 1S 52 E 5 Uk A
2]d Z+ Z(F, E, D)OIA "= ATHHF, MF, LRE AAfoA =31 AR H(0]
Zd)o] 7 tii4 A BS WA 02 -5 ASH+ topside sounder2 Q1591430114
gt ko g AET & ok ERF HuE E8oks WA 0 &E= 7] ARKcoherent scat-
ter), H]IZ14] AleHincoherent scatter), GNSS 4l3A}|(occultation) & AlE o] (scintil-
lation)] Qict. 7HALRE W22 HuKHF, VHF, UHF)Q] =Z8] a3ks olgslo] o2a} 2]
Az, 5/ EFY #=o0] 7okt VHE/UHF Hubs 283 H|7H Aldt Bi4lo 2= o]
g, 2% 7 £& W 7] B50] 7hssit Fohts Ao R 0289 M B
ojmAE EESHAY 7GR VA9 2kt £ FAFRIt: 2AN US98 EAAE

Z7d(in-situ measurements) O Z SFAYAF H F/447|1H|9] P, &, 2%,
&%, A1 oy 7] Do ofst 94 Ak HslE B4 A7E T 4 ok B o
A 2= FF ol §371(Langmuir probe)t A2 Al(magnetometer)7t ATH46,471.

SHH A2 AFtof ol REE I 84 o|ES 7HIe R Sh= o84 HEW S
= A ofu|E ] A SAK LR BAsto] di&she B4 HdE Us 4 At B
g4 Fof 1%, ARE 9 - Ao TE HAPE B3R HILE oS3t ARl AEE B
991 IRI(international reference ionosphere)= AT, o] 2W=(0', H', He', NO*, O,"),
A 9 o] 2 AL 427 o] I F TECE A&t o232 e AP A(dAre]
B E A, ols I)E AXtetal EaHt offufA] HE 29| FA]o] F7FETH42] A
i d7o] ZgEE gi®EFHQe ol234 mY=E: [FM(ionosphere forecast model)a}
SAMI2/SAMI3 BEZ & &= it} ol2iet F 4 ndla o]24 mdlo] FHA|(QF 7191 a2l
59 E9ER, BSAR BHE S5 s AusrIndoe] tREIL ot thEdow
GAIM(Global Assimilation of Ionospheric Measurements), WACCM-X/DART(data assim-

ilation research testbed) 2@ £ 4 JtH3].

2}
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9. & Mok Mol = A+ o

ol

o[l FolA= AjH Ao EEEE TARE A H A BSARES E8sto] U
AA} Zofsto] XPH F - A= AT A2 ANetAt erh oA Bfskar
e Agd ¢ 1FH7] B A= o=, FPI, A7}, lolt], GNSS Alg o]
A FA17] SoleH2l. =AY AHE 2Acke 7140 [RIEYES, 1/ Wl 9
H Zpo], AEAR] ¥}t 5) Yol F - MY A Ho] B thFdt oA (NEH oldd
A, AL oA, A ol @A, Bhd ol @A, WSA old@ide] At EE Ak /dr/
Y= A oA Yef= 0|82 (onization trough) FAMY: - BHILO] HAUE
7} vt Al @AF So] LA QI Park et al., Kim et al., Jo et al.o]l oJ3] sht=S 23}t
e 5 - AYE AH9] A7I7E o]l ARE EESto] HYEE 2 AR &0l
AL =(NmE)H 23X Y-E 39 E4do] ATEUTHAO]. Jeong et al.ofl s Al o]
Ly 35 AR 4 4 A= JIPEHJHT] Kam et al2 A2H #slo] HJ==
1E7]19] EAMEDS I=S fAdglold ARmE E45HITHS]. Kim et al., Kwak et al.,
Chung et al., Lee et al.= 94 9 GPS TEC A=E B3t EIA hemispheric asymmetry2}
trough®} -2 anomaly @& A-+5FATHO-13]. Hong et al2 topside sounding®@} ISR
A=E S mid-latitude tough?t Eet=2nREY} AAYE ALsIGicH14l ol EfHE &
A2 dEnde] nkslof] &84 4= qlr}.

oA AFTE ol F = B ARPY] FEFolu EStEut B9/l Z1RIg M= A
S{(depletion, TID, bubbles, blobs) FAIE2 LA|ZQ] SA1 F&3} Zro] Mg 2440
2 JFE o] oA A= At HEA] AAPEE FAaE Hdepletion)?] HEA|H
HE(bubble)ol] &= LAY 712t thet ArgollAFe #S date] EA7A] B2 A7t
o]0l QItH15-27]. Lee et al.2 BPDs(broad plasma depletions)?} MSTIDs(medium-
scale traveling ionospheric disturbances)°ll tigt A5 XPoFATH28,29]. Park & Park
A Z3} o] ZAgoflA wEeE AAIAQl EQHg/do] M| viRle dF= A HEUTH30]
Yang et al.-> VHF coherent backscatter #|o|t] A25 B3| FAls(field-aligned irregular-
ities) 5 #AISIRTH31.

o] Qo= Lee et al.-2 F,-& AEH2I topside A=W} SetRukEo] ASHAS A+
SHATH32]. E=9] AlIE71A1eE HAL 7|1R]of|A 2Fcke o] eEH|, FPI AH7iH2tE &
&sto] §FAIGNA TS 7Fse 13H7] 9 A @S AH6llal, EISCAT & iel
dlojey YA 8835t tiokst A, 183l AW oA EARR] Weddell sea anomaly AT-
7} QItH33-40].

10. 9% U ZE

-1 x

L g90R BAI% peisle] Agle] AHHOR e Fol oA |7 ATHolL Hof
oft}. Iwo] et AAUEE ol FH ol 2ol wet D%, -5, F50% TEE, F
ol2alt W Wols F-3T Wtk B4 Beknt Wio] vs) FAH] Awst oS-
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A FA47] Qe Telet Sepanta thRoldof gk, ol Alabslo] A|Hwio] of
S YOI G Spel FY] 0% UPe Yol RS NI gk
A7} Al Fopolct, E3 5 - A9IEe} W] Aelue Aefd BATolt et

= o] W2 Aolslel F2slo] oIt £ RO A5 13U olestEo
Aol A PSR TS sk golesleh A1y Felet Setnloh artgel 4%
214 5o o) WA F - A= HelA S 404 Aol jsh AAstsict. w3t @
A7 el piste] S AarSol Holat A At o8 e G e
A7 Hopo] WF Bl T8I 7|t

ALl =2

£ A7e TEATAE A ot 3= AFHTHNRF-2022R1A2C1092602).
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Ug =449 94 HIREV(High Resolution Video and
Image)2| &5t FHH2Ie] & MA L HT & SN

Thermal Design and On-Orbit Thermal Analysis of 6U Nano-
Satellite High Resolution Video and Image (HiREV)
Han-Seop Shin'?, Hae-Dong Kim'"

Department of Aerospace and Software Engineering, Gyeongsang National University, Jinju
52828, Korea

Satellite Mechanical Team, Korea Aerospace Industries, Sacheon 52529, Korea

resolution video and image)S 7HSIRCE. 6U HIREV ZAS 49| IR = X7 UES Qfeh ToiME
I 2 SYY BH0|H, YR 3 Al D20 702t RER Q5 XL} BE 70| & X[t @Rt LM
g = QU E X[ @Xh= SHY=0l 2 Fakg 0|XI2E, 0| dhdot| o & AA7t Zsict. £t

HIREV &8t 7tH2te XIM0IM M0lE MEHMIZ(COTS, Commercial Off The Shelf)S 023510 7HEISH
20|22 AR20iM 7HE £2 M52 7N, I2/K2 2Z01 LF0M 22E7| Lol Bl & AL
HMEE|00F siT}. 2 =20Als R 72t EAE sl 37HK1Q] a5 @ AV +3EJCH, Hx

& oS Sot0] & AA7t SUERJUS ERIGINILCH.
Abstract

Korea Aerospace Research Institute has developed 6U Nano-Satellite high resolution video and image
(HIREV) for the purpose of developing core technology for deep space exploration. The 6U HIREV Nano-
Satellite has a mission of high-resolution image and video for earth observation, and the thermal pointing
error between the lens and the camera module can occur due to the high temperature in camera module
on mission mode. The thermal pointing error has a large effect on the resolution, so thermal design should
solve it because the HIREV optical camera is developed based on commercial products that are the
industrial level. So, when it operates in space, the thermal design is needed, because it has the best
performance at room temperature. In this paper, three passive thermal designs were performed for the
camera mission payload, and the thermal design was proved to be effective by performing on—orbit thermal

analysis.

HAol : 25 G HA, A D 4, 6U 24F 4, T 94 L ol vl A|(HREY)
243 94
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1. NE

249 82 1750 kg Atol9] AFe 2= AT o EREH, 247 9449 ™ol
HESEe FHQALS FHWORS 7]1:] M= Aol FELALS 10 x 10 x 10
emi(1U)E 99 2712 7Hm 30, 6U, 120F 59 thefgt 2718 71k

6Ud 243 9182 1U % 3Us 247 9140l HlshA Woldl s
02 o g2 JE82 352 7 = e 7L Sl s 22 AES 2 FE
A aL2o] WY 4= Q1o &S] &7t S8-LE=HY oA EASRAIE Blsfor
stell], A A et 7}‘3113}?1 73% 4 A% EXKthermal pointing error) E= E

AN

82 & siAE Sl I Y /do] AFEoof gt
1U 9 3UF 249 91489 4%, @ 245 3t & side 3% 357 Bt olgdot
oflA= xﬂﬂE—J 10U 24 2140l tis AvkaQl 4 siA] & 470 B gloH2], =
Aol A= 1UF 249 9143 STEP Cube Lab—J A= & A& B3l o 7HA] & Ao A
AE 4 ?0}—1]} SIIHH3). A3ldolA= 3UE 4% 914d TRIO-CINEMAC] sl 5 &
Ao} AlAElE &gt FAAS] & ] £ FstoHd], AHdel gE 53 st
KTH(Kungliga Tekiska Hogskolan)oll A= 3UF 4% YA MIST(the Miniature Student
saTellite)®] ThIRr A5 FAAC] sl of2] @ Alo] AAEE AASte] @ A9 ans
PSSR,

d AlolE gt AA A2 HES FeE k= 55 ¥ Aol AA(active thermal
control design)¥ AHE WA T 51K Y= 5 & Ao} HA(passive thermal control
design) #2lo] EAgE 248 S IFE & U AR AL o, 5
Alo] AA W& Aask= Ho|oHll.

Z24F 2 Rl 98 5 Qe FFolE Alofo] 7] whizol| 94 +RAIY 2 ®#

A o]-8sto] 5 E AlolE Aot e vt AllEol EARI.

ZAYA= 1UF 247 2150l teiA Bidks AdFohke 724 idol & 4714 A=
9l anodizing A, black anodizing, MLI(multi layer insulation), white paint®& € I&<
sto] g4 A= Hlwstlom(o], Bl719] Sakarya thelollA= 1UF 4% f1/dol tish
A 2 BHO| PR 24 B Tt AEO HlES HEA sto] E4S 3 AL
7t AcH7]. A 3+ D 2 SHChilean Airforce ¥ University of Chile)oflAl& -4
AL P& ol&sto] 3UF 91499 2 FH 47149 tE A=E AREste] WA 23S
et A F AAE XPsHATHSL.

NASA9A= oUH 4% 91499 2 ®Ho A= 7 5 & Alo] A&’ Louver &
A-goles A7t AReH[9)], v FHUSA Air Force)ollXE 6UF 243 /0l sl 2
A TRt @ 77 A9 7hsdS USSIATHIOL Fig. 13 o] JAXAOA & "ANE
3l A 5 6UF 243 914 EQUULEUSO= 91499] 2 B MLIE #-835to] 371

e



J. Space Technol. Appl. 3(3), 2567-279 (2023)

Fig. 1. MLI passive thermal control design on structure for 6U Nano—Spacecraft EQUULEUS

[11]. MLI, multi layer insulation.

S EEEEEER L
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2] FCH11]. 3 HA3} daeE&E ol&ste] MLIZ &84l
1730l sl A 9] W WS A5t A=t ASITH12,131.

2 =xode e I 2 s Y dFE 7= oUg 4% 94
HiREV(high resolution video and image)?] Y5 BAA 45t 712t s TS ¢t
g AA7F AFE AL o] Y8 Thermal Desktop® v5.5(C&R Technologies, Colorado,
USA) ¥ SINDA/FLUINT® v5.5(C&R Technologies, Colorado, USA) A& T2 13:-& ARS
sto] A= & sMS sstlen, AR il FAAIY @ A € 2 #H ML € 7%
75 @ AAE FE5le] S B EdS A5kt

AR 6UF 248 Aol tigt G/7=x A9} s tigt =22 Qo= 3t
7] G4 gt wEbA & =72 0UF 249 e /I o f-8% - AlmTt E AL
2 ok
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2.1 AT EH F A
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ol& HIFOoE PYP=O] W 2 JESP| 95) Fig. 29} o] A= FxA ZHH
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E8o] 2 & o]F0fA copper bridgeE & 47400l Z-8dl0] 2% HjE HAAA
7hiEte] A A o5 FoluAt okt

https://www.jstna.org | 259



260 |

https://doi.org/10.52912/jsta.3.3.257

\

Fig. 2. Thermal design of HIREV optical camera payload. HIREV, high resolution video and

image.
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Fig. 3. Temperature vs. ground sample distance (GSD) graph.

Table 1. Temperature vs. ground sample distance (GSD) and resolution table

Temperature range (C) Resolution (m) GSD (m)
-40-0 8.1- -
0-9 4.1-8.1 8-16
10-19 2.5-4.1 4-8
20-30 2.5 4
31-60 2.5-4.1 4-8
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B, Tl 2ol W 7k A 29 5.1 W7F AvlE= 4709] PCB F50] '
A=l gloH, o]z H*zlﬂ% %% ot R A d A 9 BEs] Hstod
GSIAE A Fho] 22 9=

2.2 HIREV(High Resolution Video and Image) & M|

AR FAAE 213t 2714] A Lol 25 E Alo] HHAQl FHH] & I/ HHALS o]-8slo]
A AotE Al=st3irh HIREV 5 A4 JaLOP 7Hlehe AVdE- AF8AREHCOTS, Commercial
Off The Shelf)o]=& A5 Alo]] 420 77k 2% WA 7HE =2 sEE 7HH, 2%
&5 2 sl DA LS Sk MLEE HIREV 7-2A419] 9]Fof 2853t

OURE 249 982 1UF 4 307 247 943 99 grtdos g sidAeE

Zhech meb, 914e) TEA] 2 EWS 45 2 Ao] AA%E H8dte] & Aol 3]
2o 24 253 Ytk

6UT HIREV 243 949 4% g me] A7/ld Solle L2A419] 2 #H oA
T Fo] HA| A g AolH, Fig. 49 Zo] £ ofetto|H(black anodizing) A&
Slo] 94 YR REZO] Y delo] 4oz HY U HkEo| & o]Rojx WP olF
4 UEF SFIth HIREV 243 91449 4%, AA Fujof Hlsf Ydso] zoHg 24|
£ &3] 5ido] 2= 4= A black anodizing @ 2 A= {ct.

Black anodizing®@ & g A] A AA” BES2 G182 9] 24 Qo] 2=
T, A5 'AA e B Al yRe] Fol A9 BXIoR HA HgEo] ¥ 2

£ 7H 4= Qith wEbA, Fig. 59 2ol AR EAA Y 24 2 HHY YFEI
MLIE #4850 & @ AA Astoict

3. 8 x| oY 7|H

9] AA B2 ALKAola v B4t 7|5l P42 7HAIAL QI E R SiAE 9
3f| olAkslEl(discretized) 93t 84 Zdz HESH T ar} Qlch

Fig. 4. Black anodizing thermal design of 6U HIREV nano-satellite. HIREV, high resolution

video and image.
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Fig. 5. MLI thermal control design of HIREV 6U nano—satellite. MLI, multi layer insulation:;
HIREV, high resolution video and image.

* Forward — Backward Method :
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j=1

ey
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T, @A AZE nolA k& 9] Rk

T;" @A AlZF nollA k& o] 2%

T T AIZE n+lolA & 9] 2%

T, ohe AIZE nt1oA =T jo] 2%

Geonayj: =& 1% 1eE j 7H] A Ak 4 AYH(e.g., kA/L)
Gragjj: = i k& j 7H] BAME A (e.g., € 0AF)
m;Cp;: = 949 E83Ke.g, VioC,)

Qe Qext: =& i9149] 8-9)51= G (heat source) F= FE5E G (heat sink)

4. HIREV(High Resolution Video and Image) HT & &
4.1 oM =2

4.1.1 HIREV(high resolution video and image) &€ 2% 3=

9= H1gA19] & s4S 91t = 7391 Thermal Desktop® v5.5& o|-85to] 7151514
o] BeYlS Fig. 61} Zo] 1=319ith 4 RS 7&517] Yol AMEE node?] = At
L5 B39 g0l Ql8f HlmA @ Ji4Ql £ 3,127707F AF_Ele ™, quad HoFO] 33}
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Fig. 6. HIREV nano-satellite thermal model. HIREV, high resolution video and image.

A A 8 4 (solid element)= 58770, 2XF A QA (surface element)y= 58371, shte] A
A9l FHEE YEFN7] $J3F conductor= 2587Y, THE: @4 719] dHTE YERf7] 9
3t contactori= 1847Y, F-32] WA heat load)> 17707} AREE| it

HiREV &€ HEojlA z} B20] viX|= Fig. 73 Zo] vix|=3leH, 1U 571l sidshe= st
9] Stack Qtell F-E=0] DA viA7F EQdet. Stack Aol F2 BAIA FE=0] B4

ol

Stack A Payload
Stack A 1
a. UHF/VHF Antenna

Payload

b. s-Band Antenna a. Camera Lens

b. Camera Module

€. UHF/VHF Transceiver

d. S-Band Transceiver

e. Interface Board 1

Stack B

a. Interface Board 2

b. Main OBC Board

€. EPS Board

d. Battery
e, Payload OBC Board

Stack C

a. Star Tracker

Stack D

a. Reaction Wheel

b. GPS Receiver

€. Ethernet Switch Board

d. GPS Antenna

Stac C Stack D
Fig. 7. Components configuration of 6U Hirev thermal model. HIREV, high resolution video

and image.

https://www.jstna.org | 263



264 | https:/doi.org/10.52912/jsta.3.3.257

7h Eon, 4 420 2RE FAFONE Holr| flof AR =RE MY W Xow
BRI Stack Boll= 'E®o] Bl A HW2 FEE0] 1449 SUol wiA7F Hlow, o]
£ 5ol SYoERE 949 BE ol do] AL = UL 53t E3 HiE 2 (battery)
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1
d mdo) agt 244 A 27HK1Q1 "EE8d &/ X(thermophysical property) 2}
et &/ X (optical property) & WirolAH, HBY WA At Al A3t ghEo] 23E
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IETA EAA= Y- Z(thermal conductivity) ¥ E-83Hthermal capacitance)}= st
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/JEt}. Table 201 E&E24 44 #&2 UEHSITH
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A5 Foks g2 A (< 2t

Ap Cu aty atey a
Kai T + Kcy T~ Kai T + Kcy T - (Kaitar + Keutew) L
a Ay Acy a
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= Kaprcu(tar + tew) L= (Kaitar + Keutew) i
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5t BAA= BAMG A thermal radiationy AXISE7| Yot ZFE24 S<&(absorptivity)
2 AR emissivity)Z T3 EICE Table 30 38t 2414 52 eI

-8 capacitance)}> T9] AT T 255 ASAI7I= 233 IR FoEH, &
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Table 2. Thermophysical properties [17]

Materials Conductivity W/m-K)  Density (kg/m?®) C, U/kgK)
Al 6061 T6 167.9 2,700 896
Al 7075 T6 130 2,810 960
Copper 398 8,960 385
CFRP 38 1,800 800
PCB
(FR-4 + copper layer) 8 190 1200
Material in camera module 1 1,100 1,100
CFRP, carbon fiber reinforced plastics.
Table 3. Optical properties [14]
Materials Absorptivity (@) Emissivity (¢) ale
Al 6061 T6 0.15 0.05 3
Al'7075T6 0.15 0.05 3
Copper 0.3 0.03 10
CFRP 0.86 0.8 1.075
FR-4 0.6 0.6 1
Black anodizing 0.95 0.89 1.067
MLI 0.1 0.04 25
Tape, aluminum, 2 mil, BOL 0.1 0.04 2.5

CFRP, carbon fiber reinforced plastics; MLI, multi layer insulation; BOL, Begin of Life.

Table 4. Capacitance setting

Capacitance in 3D

Capacitance in

Difference of

Components thermal model capacitance
model (J/K)

(J/K) J/K)
Side frame 354.75 363.25 1.5
Bridge 12.57 12.57 0
Edge 13.72 13.72 0
Stack frame 20.87 21.03 0.16
Reaction wheel box 111.2 110.31 0.89
Camera lens structure 637.6 633.63 3.97
Camera module structure 284.67 284.9 0.23
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1.3 s182EHsl
A% AL B2 A48 BRG] HELE WS Table 52 LhehISIc), F09] 25

2742 /ML 95 BRI 9150] AP 28] ML RE HESo| 582
= 9] oAl 2-g=lojof gk,

dhie] ¥EEo0] 40Tl 8509 2L FHe, HjElele] 49 Lxo] /g wgte]
gl ~10CAA 50091 7H e Hele] 242 Atk

> L] A% Bl PeA s o) 2] Sgesus 2t 5
S 9 48 Aol e SRS 1] el LR 200 300 L85 o
Ft

o]
o

Table b. Operating temperature range

MIN. operating T MAX. operating T
Subsystems Components . .
(o) ()
CDHS
(Command Data
OBC =40 85
Handling
System)
EPS Battery -10 50
(Electrical EPS board =40 85
Power System)  Solar panel =100 125
GPS antenna =40 8b
AOCS GPS receiver =40 85
(Attitude Orbit Star tracker -25 50
Control System)  Reaction wheel =40 85
Magnetorquer =40 70
TT&C S-band antenna -40 120
(Telemetry, S-band transceiver -40 50
Tracking & UHF/VHF antenna -40 70
Command) UHF/VHF transceiver -40 85
=40 80
Camera lens
(mission: 20°C) (mission: 30°C)
=40 80
Payload Camera module
(mission: 207C) (mission: 30C)
Payload OBC -40 85
Ethernet switch board -40 85
Structure Structure -40 80
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UHF/VHF
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Transceiver 0.2W
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- Star Tracker 9
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5907.55s
| Mission Mode
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Fig. 8. Power consumption in mission mode.
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Fig. 9. Power consumption in safe hold mode.
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A2E BEEL 5907.55% Y o Aol B 483 gk 7, A5 9
A T BEES AYFS 1ol A, i AL 71E0& Bt WAl AZK108) B3t
2l oF 323-929% Afolo] 2H53tct,

)

>

415 He =A
HREVZ}F 2] s Al 232 JA| 3714 A=z Weold &= 3ok 71 2F-aol

B 7 drdgFo] Hoff 27491 worst hot orbit(mission mode)—fl S22 do] A1
3 Brdako] 2ol worst cold orbit(mission mode)] 7%, 12|31 93 Io] 1

H dtadaFo] A7) B worst cold orbit(safe hold mode)d] 7392 Lot

BRI G- EdT A 7] A7t 7P gronw o o] 7} Ew, ojuje] RA
of SUN Zte+= 270°7F ok, T3t 5HA] 2] -9 et 2|+t 719] A7} 7Hd Aol B = H]
F Xqﬁ(right ascension of SUN) Ze+ 90°7}F Ht}. RAAN(right ascension of ascending
node) Zt== &£8HS 718]7)= A} ascending nodeZ 71E]7]1& 419] AfQlZtog Aol
™, LTAN(ocal time of ascending node)®] Al7F& 11:00AMO.E 37| 9Js) 30°9HE Ze
Aol & Fol 5AY = 240°, SHAY W= 60°% A sl

HiREV 982 HYE7IHEE 7HAEE 1% 685 kmoll H= HAlE FARIR] 98.13°2&2
At or, QF HYUQl solar flux, albedo, earth IRS 5] U o} 20| 9t3=0] Table
63} Zo] A-g5kqirt

E3H HIREV 9182 Hl/dollAl Aefoll whet tE A4S 2H=tt. Fig. 10, 1101412k Zo] o
5 ¥k Afolle A7+ AHearth pointing) AAE 7HAH, 124 ek& Hole B
Z|SHSUN pointing) AAIE 7|20 2 St} Eclipse 77olA+ o] 5 49 A4S 98
Table 6. Orbit condition

Orbit properties Worst hot case Worst cold case
Inclination angle 98.13°
RAAN 240° 60°
RA of SUN 270° 90°
LTAN AM 11:00
Altitude 685 km
Eccentricity 0
Period 5,907.55 sec
Solar flux 1,420 W/m? 1,287 W/m?
Albedo 0.35 0.3
Earth IR 248 W/m? 227 W/m?
Season Winter Summer

RAAN, right ascension of ascending node; LTAN, local time of ascending node.
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Fig. 12. Worst cold orbit (safe hold mode).
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2% 2lolE HAAAIA E A AFE £017] Y¥elH, MLI € A= dF BAA 7t &
Ao 2=E = it =0l 7P AeolA JdF-E $cteSE sk Ao F2o] k.

Fig. 133} 0] Case 12 &7 JT-& 517] ol obFd & AAE Z3ER] k2 7H-2-0]
™, Case 2= 47]9] copper bridge¥t Z-8% 7-9-0]1, Case 32 H=2| F2A|0) Al tapeRt
A5 7%, Case 4= 27HA9] 2= & AAZE -85 73F-olt Case 5= Case 40 714
o7 ML € HAAE 283t 5ot

Case 1.
No Thermal
Control

Case 2.
Copper Bridge

Case 2. _ Case 1.
Copper Bridge I Y‘O No Thermal

Control

Case 4.
All Thermal
Control

Case 3. Case3. | Case 4.
Lens Al Tape ‘o g Lens Al Tape I ‘\X\a’ All Thermal

S s/ Control
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Control & MLI
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Fig. 13. Thermal design (L) & analysis (R) result of HIREV optical camera payload. HIREV, high

resolution video and image.
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Table 7. Thermal analysis results of HIREV optical camera payload

Temp (C) Lens Module AT

Temp Min. -9.3 -5.3 4
Case 1

Temp Max. -1.75 13 14.75

Temp Min. -7.8 -6 1.8
Case 2

Temp Max. 0.65 11.35 10.7

Temp Min. -1.68 -4.5 2.82
Case 3

Temp Max. 1.26 14 12.74

Temp Min. -0.5 -4 3.5
Case 4

Temp Max. 4 13.5 9.5

Temp Min. 7.3 4.65 2.65
Case b

Temp Max. 10.85 17.5 6.65

HIREV, high resolution video and image.

S A3}, Fig. 139} o] 2= 23X7F AA= oM, Case 1+ HE AFEHE A=
TEO 27t HAHO R W1, Case 59 FF 257t 22 AlAHo2: QI 4= g{u}

Table 7°] of2I3t &%k &3 sS4l Autof tigt 314 A7} e UEISIHh Case 12
A=} g 7o) 7P & 2= Zjol2 14.75CHE Z}o)7t 919eH, Case 2= 10.7C, Case
3L 12.74C, Case 4= 9.5C, 281 ZE & Hoj7} AAH Case 5= 7FF 2R 2& Zjo]
Q1 6.65TC Y] gk AfolE Hort. ESF Case 59 A= TEA ATE of= MLIS JF
oz Qs A 19} HES F 257t e AR SR A AT 4 3o, o= 4

20] 7he eEOlUE © £ YRS B2 & 9L Lehi
AgA0R AT SAAC] A8 2719 & A% MLEZ o183 B AV 9% 9
Aol chote] Y-S Sak] 918 B e B FAS ABUS HES Bdte] FESAL.

4.3 HIREV(High Resolution Video and Image) Hl= & aiA Zua}

@A, 6U HIREV 249 9142 2219 gjgziAmo] obd Ay sl 7hos
W 9ol xA 2 FHo] ¥EE BIg REIo] ¥y EsHA| gon RE black
Anodizing® 2 @ I¥ A7} Ho] Qi webA, 24 2 ol MLI &80 7Fs3t 24
= 7HaL e, & Wﬂoﬂﬁ—‘: MLES ol-gsto] Ji =3 Alofl A5 7il=t FAA o] &
HOIS A3t Ao 7Phe LEHR WHE 4 YJEE i 55 G AAS AT

o4 A3E2 3A black anod1zmg 2]t o]20jR Ao9} MLI & AA7} o]&0iA A
F= WrolAH, Z42H9] A9= flolld AuESE F 37419 A= 2x0f tisiAl siAol
55|}

AEX o ML € AAE AAIRE 23t iFE9] WA AIAH HES0] 2u7) AE 7}
SFAATE -2 9] Hof| A5t o, AT HAAS] 2%+ black anodizing @ 257t A
23t ARET 257 ASsto] Aol 7K 2% EEE THAA ol ARl d A4

A Eelstaicth
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Fig. 14. Thermal analysis result of 6U HIREV designed by black anodizing on worst hot orbit

(mission mode). HIREV, high resolution video and image.

4.3.1 Worst hot orbit (mission mode)

Fig. 14= 7P =AL 272 worst hot orbit(mission mode)?] 7-9-0f] tgt &= 2L 3f
A Aitolw], 9139 AAAQ] 257t AU =2 AIF fje] 2% Fxolrh, 2% T1FIo] 4=
e sl 8uHAE S & F 1,740% FR1 49,000%014 IS =ESIAH HYe=
5H YA os IS Houg ggFHA|Ho] 9449 FRA|HTE HH R TP EAL &
L5 7 Ao R E gRRIgH 4= qlth

Table 82 black anodizing #2]%€ 73-¢-9] 54 Ao, He F5S9] si4 43 2=
7h 518 2= WS WSStk ES 18-2ke} siA 2&k9] AJolE margin ATE #
dotgom, E BEE0] 0C oMY margin ATEE HolBg JF o7 Fghs E1lst
At} Table 9= MLI @ AA7 -85 9ol black anodizing 42|9] 4-¢-Ht HE F
FE0| &F 550U BF S8 HRE WEollon, AF EAAY 2k A2l

g 7P 10C o139l 258 JAER o £ HIEE 71 st

Table 8. Analysis result of HIREV designed by black anodizing on hot case (mission mode)

Results (C) Worst hot case — mission mode (black anodizing)

Components Limit T,  Margin  Analysis Ty,  Analysis T,.,  Margin  Limit T

OBC -40 71.5 31.5 51.56 33.5 85
Solar panel -100 36.5 -63.5 97 28 125
EPS board -40 57 17 33 52 85
Battery -10 25 15 25 25 50
Reaction wheel -40 56 16 375 47.5 85
Star tracker 25 36.5 1.5 41 9 50
GPS R -40 56 16 33 52 85
GPS A -40 15 -25 45 40 85
Magnetorquer =40 36 —4 9 61 70
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Table 8. (Continued)

Results (C)

Worst hot case - mission mode (black anodizing)

Components Limit Ty,  Margin = Analysis T,  Analysis T, Margin - Limit T,
UV transceiver -40 35 -5 5 80 85
UV antenna -40 15 -25 30 40 70
S—band transceiver -40 355 -4.5 2.5 475 50
S-band antenna -40 15 -25 30 0 120
Camera lens -40 39.5 -0.5 4 76 80
Camera module -40 36 —4 13.5 66.5 80
Payload OBC -40 52 12 40 45 85
Ethernet switch -40 34 -6 56 29 85

HIREV, high resolution video and image.

Table 9. Analysis result of HIREV designed by MLI coating on hot case (mission mode)

Results (C) Worst hot case — mission mode (MLI coating)

Components Limit Ty,  Margin - Analysis T, Analysis Tr.x  Margin - Limit T
0OBC -40 77 37 55 30 85
Solar panel -100 37 —63 97.5 27.5 125
EPS board -40 62 22 37 48 85
Battery -10 30.5 20.5 29.5 20.5 50
Reaction wheel 40 62 22 415 435 85
Star tracker 25 42 17 44 6 50
GPSR -40 61 21 36 49 85
GPS A -40 21.5 -18.5 46 39 85
Magnetorquer -40 42.5 2.5 14.5 55.5 70
UV transceiver -40 42 2 10 75 85
UV antenna -40 24.5 -16.6 28 42 70
S-band transceiver -40 42.5 25 8 42 50
S-band antenna -40 24.5 -15.5 28 92 120
Camera lens -40 47.3 7.3 10.85 69.15 80
Camera module -40 44.65 4.65 17.5 62.5 80
Payload OBC =40 58 18 45 40 85
Ethernet switch -40 50 10 59 26 85

HIREV, high resolution video and image.
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4.3.2 Worst cold orbit (mission mode)
Table 102} Table 119] 7% ZH} black anodizing Xiﬂ 92 ML & AA A7t d H¢-
olH, ¥ A% BF BE RES0 257} HELEUIE WIS FIstc

4.3.3 Worst cold orbit (safe hold mode)

Table 129] 7% black anodizing A7} Elo] 912, worst cold orbit(safe hold mode)
o] AL A9=x :'_7}01] ARH o2 =EF o] Q1= UV antenna®t S-band antenna”l -8
EHRED 32 25 E 7S ERlskith

Table 130]A4] MLI & "473" 33t 49, UV antenna®} S-band antenna®] %7} o}
el we} 8-/ TEslo] BE FEo] 518l E WSS SRlsk

Table 10. Analysis result of HIREV designed by black anodizing on cold case (mission mode)

Results (C) Worst cold case — mission mode (black anodizing)

Components Limit Ty, Margin = Analysis Ty, Analysis T Margin - Limit Tpax
OBC -40 62.7 22.7 37.5 47.5 85
Solar panel -100 33.5 —66.5 84.5 40.5 125
EPS Board -40 47 7 20 65 85
Battery -10 156.7 5.7 1" 39 50
Reaction wheel -40 50 10 32 53 85
Star tracker 25 32 7 29 21 50
GPSR -40 48 8 20 65 85
GPS A -40 7.5 -32.5 28 57 85
Magnetorquer =40 23.5 -16.5 -6 76 70
UV transceiver -40 23.5 -16.5 9.5 94.5 85
UV antenna -40 6.5 -33.5 -1 71 70
S-band transceiver -40 23 =17 -12.5 62.5 50
S-band antenna -40 6.5 -33.5 -1 121 120
Camera lens -40 28 -12 -8.8 88.8 80
Camera module -40 255 -14.5 -1.7 81.7 80
Payload OBC -40 42.8 2.8 30 55 85
Ethernet switch -40 35.4 -4.6 54.6 30.4 85

HIREV, high resolution video and image.
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Table 11. Analysis result of HIREV designed by mli coating on cold case (mission mode)

Results (C) Worst cold case — mission mode (MLI coating)

Components Limit Ty, Margin = Analysis T, Analysis T, Margin - Limit T,
OBC -40 68.5 28.5 42.3 42.7 85
Solar panel -100 34 —66 82 43 125
EPS board -40 53 13 254 59.6 85
Battery -10 21.45 11.45 18.2 31.8 50
Reaction wheel -40 56 16 36.5 485 85
Star tracker -25 35 10 34 16 50
GPSR -40 53 13 25 60 85
GPS A -40 15 -25 31 54 85
Magnetorquer -40 315 -8.5 1 69 70
UV transceiver -40 31 -9 =2.75 87.75 85
UV antenna -40 16 24 35 66.5 70
S-band transceiver -40 31 -9 5.1 55.1 50
S-band antenna -40 16 24 35 116.5 120
Camera lens -40 36.6 3.4 -0.7 80.7 80
Camera module -40 34.5 5.5 4.3 75.7 80
Payload OBC -40 48.8 8.8 35.5 495 85
Ethernet switch 40 42.8 2.8 49 36 85

HIREV, high resolution video and image.

Table 12. Analysis result of HIREV designed by black anodizing on cold case (safe hold mode)

Results (C) Worst cold case — safe hold mode (black anodizing)
Components Limit Ty,  Margin = Analysis Tin  Analysis T, Margin - Limit T,
OBC -40 56 16 30.5 54.5 85
Solar panel -100 28 =72 84 41 125
EPS board -40 39.5 -0.5 11.3 73.7 85
Battery -10 8.5 -15 3.1 46.9 50
Reaction wheel -40 42 2 21 64 85
Star tracker 25 12.8 -12.2 0.7 49.3 50
GPS R -40 30 -10 0.6 84.4 85
GPS A -40 2 -38 22 63 85
Magnetorquer -40 15 -25 -14 84 70
UV transceiver -40 15.5 -24.5 -18.5 103.5 85
UV antenna -40 -5 -45 -13.1 83.1 70
S-band transceiver -40 15 -25 -21 71 50
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Table 12. (Continued)

Results (C) Worst cold case — safe hold mode (black anodizing)

Components Limit Ty, Margin - Analysis T, Analysis Trac  Margin — Limit Tpax

S-band antenna -40 -5 45 -13.4 133.4 120
Camera lens -40 20 -20 -17.3 97.3 80
Camera module -40 17.5 -22.5 -11.5 915 80
Payload OBC =40 33 =7 0.5 84.5 85
Ethernet switch -40 255 -14.5 7 78 85

HIREV, high resolution video and image.

Table 13. Analysis result of HIREV designed by mli coating on cold case (safe hold mode)

Results (C) Worst cold case — safe hold mode (mli coating)

Components Limit T,;y Margin  Analysis Ty, Analysis Tos  Margin - Limit T
OBC -40 61 21 35 50 85
Solar panel -100 27 73 85 40 125
EPS board -40 45 5 15.5 69.5 85
Battery -10 12.3 2 6.9 43.1 50
Reaction wheel -40 48 8 26 59 85
Star tracker -25 18 -7 7 43 50
GPSR -40 36 —4 6.5 78.5 85
GPS A -40 10 -30 25 60 85
Magnetorquer -40 235 -16.5 -6.9 76.9 70
UV transceiver -40 235 -16.5 -11.5 96.5 85
UV antenna 40 5 35 -8 78 70
S-band transceiver 40 23 =17 -13.6 63.6 50
S-band antenna —40 5 -35 -8 128 120
Camera lens -40 285 -11.5 -9.3 89.3 80
Camera module -40 26.5 -13.5 -b.1 85.1 80
Payload OBC -40 38.8 -1.2 5 80 85
Ethernet switch -40 31 -9 12.5 72.5 85

HIREV, high resolution video and image.

5.

uy
rhu

£ =RoAE GUF HIREV 243 94e T olnlx] 8l 54 Bdoleh dng
Slef 17 90 mm WA=} A 250 2719 Fet Alebt g JRe] 5L
B I8 G Alo] A4 AL ool e,
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A Alo] Al2gle] AA Abdel] e A= ot Zt

1. A5 FAA 7idet A= F2A aluminum tapes 2-85t0] 7Hlgt A=9] 27}
SR, ZHEr A= - 7} BE 7 2537 AAaskeich

2. o] vR|eto & Ws]= 7} REY ZHHE) fl= Afojof] @M go] w2 AR
= FARI copper bridge 4715 5250 244 &} 2 710] LuEx7} 745

3. HIREV 243 9144 #2A19] 2 #H| MLIE A83oax A5 G449 2=7F A
AFog Ao 7k LE7A] ARSI ow, UHF/VHFUltra High Frequency
/very High Frequency) antenna ¥ S-band antenna®| 3-8 =7} W5 Qi)

S st 27 AT FAAO] 8= aluminum tape U copper bridge?] 2714 &
AAE Bl 7ilet BEdt A= 719 =) 7hA B3 RISkt ML € AAlE 9%
HAA 7Hete] A=) LEE AASAIA A2l 7HA 5kl em, UHF/VHF antenna 2 S~
band antenna®] }-8-2=H 95 T=EAZTH

B wRoAE T 22 AL 6UF 249 4 HREVED el ciE 2 o

HE $YFORA AT GAAE 13 D Alo] AL AL F ool Blstgic,
6UF 249 SIS 1U  3UZ 249 9140] wislel R 23 wee A% 4 9)

of vlee] 93 AP W HALE IR BT TS YRS SHY U TR WAISH

09Ik, whebd] Qo= GUF 2459 S14] o] B gol o)Fold 1oz wakErh
220 182 o] Y 2 SfelolA B T Bt 4T SIS BA 6U
F 249 94 NI vl 389 Au B Aoz Jlrhec

el =

B o Axs sty 20224 Fel|EEAIR ] Ao 7 FHEATAL v oFEy-S
AlE](2022M1A3C2074536)9] A9 Wtow o]of] A=Yt}
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Development and Operation Status of Space Object Collision
Risk Management Systemn for Korea Aerospace Research
Institute (KARI)

Jaedong Seong®, Okchul Jung, Youeyun Jung, Saehan Song

Korea Aerospace Research Institute (KARI), Daejeon 34133, Korea

29
2 =z RYASRFATHUMN 2 32 RFEH SS9 H2AAEY g & 2F Es 2
ofal ULt M MAUI=HY 671, FXHE=LHY 37101 Tl 24A17F SSPRE ZUEHZSH A, 2L
Al 2317 |52 Soll SIS 2ol Aol QFYXOZ 2ot Tt 2007H E=2 A=
d QA4 0|2 E24X02 RFEX2t 2 It SIS ZHEEGH JCH, L&5H) 88
OF M0l thxol7| flofl Cer S22 HZAMARS IHEHRAT. 2 ==0Al= 20073 01F SRy
TR WL E RFEX SSY BRI TR A0, SiX] Xl QIELEEX| oig, ol 2
S AARI0N CHoll 7[=0IACH, L0 O 20| Ut Sk H12I0]| CHol A7HSIUL.

Abstract

This paper includes the development and operational status of the space object collision risk management
system operated by the Korea Aerospace Research Institute. Currently, it monitors 6 low-orbit satellites
and 3 geostationary satellites for collision risks 24 hours, enabling prompt collision avoidance maneuvers to
ensure safe and stable operations. Since Chinese anti-satellite test (ASAT) in 2007, the monitoring of
collision risks between space objects and operational satellites has been taken seriously, leading to the
development of various collision risk management systems to respond quickly and efficiently to such
situations. This paper provides an introduction to the space object collision risk management system
developed from 2007 to the present, the current status of artificial space objects around Earth, and the

system currently in operation. Additionally, it outlines future prospects and plans for the system.

WAo] : 9auhE, SRARIA, FEUW, FENE, FEBLILY
Keywords : space debris, space situational awareness, collision probability,

collision avoidance maneuver, risk management system
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1. M2

[ =

A 600] A7E QIFe] et /NI E QIS A9 A=Al FE2 JISF=A
7t 2A5HA Sk, AF7HA] BARE AE 10 cm oM $5EAl= 57,3000 M2 HAE]
9, o] & ti7|= A5t 22HH 29,6009 7 SAIE ANt 27,7001 7HS] 2A417F o1
5] At 9 Aol EAsIAL et 53] H=AA-891/doly USRI Y 5 1=
2,000 km oJste] A FHol| g2 ¢F=A7F BhEA U=t 2% 7-8 kmo| #WIE &
T2 gAols A% FET AG FEEAdolY QR ot pEe SEEE A
sto] oh2 dEClAl AR Yol & 4 Slth 20099 W=t ol2)E 33 149} Alor &
ATA 2251 0] A=Al S=5to] 9F 2,5009] 7 THHES FAks )= ot%leH, 2016
4 FET A 1AY] BF F2A9tY] SE= s B gHATme] &Ee 5 5
EA|2F] FEE AR W& e Aol A&H o= sk U2,

TFE ol9h 22 A2 Y& oskE Ao HAYEH FATo|lA Ao EAS wlEt 7]
£ 259 PR v A9 Q0] solutr, Tt Y| FelM = A
o] rofslr] AlaRRte] whet 109 #Q1 20039 Al SFEA 126700041 2022 3,100
NE 234 ol F43] SFEAE ST 23 A7 55 At A7 oF
1,9009] 71= &% 3,000-4,0009 7l F=A7F wid BAE Aoz oFEr. ghH, 2020
URE 2ol AlfE u]Ft Aflo|AMALE 7]&0 4614 BZPE A& 35 em2 &
A7A F40] 715 AL, AR A7)= AARE 0] F83F &4 oplsklol=
FEoP7lol e FHSHA &@slioF she A= 71€ 27,7009 i EAIE ohdzt,
100,0007H°ll 7P7he: SFEAE ALe{sHoF Sh= Aol HAHBI

EFT AT = ARG 571, AAAEAAY 371, €A 1718 *FskL
oH, SGYHE LS SFEAE 2447 BUHPSIL Fa3% EXERS] FE
S wskar QeH4l. B714 w7 whet 2030 o |7R-FAMEe] 4271 8071 ©f
go] 2 AoR ool wet & AIARY ARsS} HlE Aoy £48% S, A= &
73l tigt &4 715 571 5 AEH o ® AAFE 1kotslal Qi)

2 =29 280M= @ AR AAE, AAHE 52419 dgol dish A5k, 3%
oA+ ACAS(automated conjunction analysis system), KARISMA(KARI space debris
collision risk management system), CAFAST(conjunction assessment flow automation
support tool), CAFAST 119} 22 St=8h-3- 91199 9EA4 S8 TEAAH ] ¥
Aapgoll tis 2skct 480lMs Al 29 F CA-FAST II 2715501 Hisf 2715t
RAL, S = o o] A, WARFEo] dish &ttt

2. MU=, HX|HZ LF=H9 g

Fig. 12 SATCAT(satellite catalog)oll ZgHe HEE viglog AxdY U 750 ut &
ot AoloH5]. AF7HA] & 5543871 EA7F TAREQl o™, o] F 28,5297112] EAl=
712 ARIYsto] AEEA ARIUSE EAQ] B Al WA=} AF & 1LsHd
Sto] ARIYsHAY 8 717F A H AejollA AAs] &7} WobA AxIYsk= o] drt
A9l ot AA Aol EAcks BAle F 26,9097001H, AH ol 78%, SH=Cl
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Fig. 9. KARISMA System in KARI. KARISMA, KARI space debris collision risk management

system.
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Fig. 12. CA-FAST Il main window. CA-FAST, conjunction assessment flow automation

support tool.
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Fig. 13. Development history of conjunction assessment tool for KARI. ACAS, automated
conjunction analysis system; KARISMA, KARI space debris collision risk management
system; CA-FAST, conjunction assessment flow automation support tool; KARI, Korea

Aerospace Research Institute.
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Fig. 15. CA-FAST Il data display window. CA-FAST, conjunction assessment flow auto—

mation support tool.

cafast2_alarm_group00
EAME EH - KOMPSAT 3A,
2023-08-09 01:47:23 (UTC)
- Name: SKYKRAFT-1B(55058)
- TCA: 2023.08.11 11:32:54 (UTC)
- Min.R: 595m
- Radial: 278.3m
- SumCR: 95.97

. - Pc: 0.00E+000

~ -CDMNo:2
“‘% =No 1. 2023.08.08 : 467m
5‘:& =No 2. 2023.08.09 : 595m
% | DR AE U - KOMPSAT 5,
| 2023-08-09 01:47:15 (UTC)
| - Name: STARLINK-5798(56040)
| - TCA: 2023.08.09 08:58:10 (UTC)
- Min.R: 444m
- Radial: 2.3m
- SUMCR: 24.202
- Pc: 4.16E-003
- CDM No: 1
=No 1. 2023.08.09 : 444m v

Fig. 16. CA-FAST Il event alarm function. CA-FAST, conjunction assessment flow auto—

mation support tool.

4.2 SEYU AU L MY 7|

olr

o

% oldlEe] et . Bl 98] Fig. 173 2o] 2249, 3319 e Haseels
I % 9iek. CDM Hlole] W =g 299st 2HBAC AmAR, Axgno] o
A YRS olgstel A L A=BIAHES BASIFCH

oI LAV THEA] F0] 4 8 HMo R BAY SUAL A BHUY
2 ojuleks Ao BUAYL 2 A9 9 o] BeHgo] Arks 2 ofugit. ol
% B4 1 $ESE Ang SXjolm, AuA o B ol Bl 4= ks B

https://www.jstna.org | 291



292 | https://doi.org/10.52912/jsta.3.3.280

Fig. 17. CA-FAST Il visualization window. CA-FAST, conjunction assessment flow auto—

mation support tool.
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Fig. 18. CA-FAST Il trend analysis window. CA-FAST, conjunction assessment flow auto—

mation support tool.
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Fig. 20. CSpOC request window. CSpOC, Combined Space Operation Center.
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Fig. 24. Collision avoidance maneuver map for minimum range.
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Table 1. Recent statistics on conjunction assessments

2020 2021 2022 2023. 07
Number of data 50,630 25,744 96,064 145,269
Number of events 8,300 4,585 12,877 22,153
Fine assessment 57 118 279 290
Collision avoidance 2 2 1 0

CSpOC data
distribution criteria
changed LEOLABS

Note - (information information -

distribution only in received
high-risk

situations)

CSpOC, Combined Space Operation Center.
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