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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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Fig. 1. Mission phase summary of global exploration roadmap [1].
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Fig. 3. In—situ resource utilization (ISRU) and connections to surface systems defined in the

ISRU gap assessment report [4].
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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].

5.2 XHd =&

5 FAAHCERY ARGHANZ ARG 7HsS AT SS55he 7S SAEEE
ol SAEoF 5 Sholth. NASA= SHIRAM H Aol A (Perseverance)2] AAIAFE
2 AZ FAA 2 MOXIE(Mars OXygen In-situ resource utilization Experiment)S ©]-85
of 3Md 7] & oSt ARRE S FESIE AlEE AEAoE £36ka Qi 17.1
kg9 MOXIEx= HAF 21| o] Zg2telo] 300 W] AZE 4ot ARE g X 10 g9
AAE ARSI QIEH13). NASACAE MOXIE #& 5 14 AEHE 7|83 ZX|(SOEC,
Solid Oxide Electolyzer Cel)2] 71& 1 E3HE Foto] AARE 72 At 58 7]-9+= 7]
<3 gollA Abd AAbe] A-gs17] flsto] g ti7] Al B ARoA ES53E EolA Aka
£ F55he 71 e IPI4E S5to] 8kl Qlnk 2ollA 7le Al o] &8
st BxE AR G 4 1.8 kg ABAL A2 && 46 kWh/kgH*E BEXA|2 stal QJrH14l.

A 71e2 o] AFVgolA ol AR s TR SEURRE BIERE ofF S71olA
ohget ®A1e] 8] 71&0] ofn] AgetE o] Q= AdRololA A Ve g 2
of AgsHA EHAZI7] 17 A 7] Basitt. vErh B et g fore AT AJH
o] tf7] 24, 9= AP &4, 29l Rt | 77t 100T ol gdellA] —150C ©|st= HEdh=
FHE, AT 589 1/6 729 W2 59 5ol UeH, 55| d7IAYY I3 ol&
sto] ARE FE5P7] flote] A= BAE EHEES Fa9AY Foll F= A-F -173C o]
sto] Gt 2274 9] 2L Jresfjof gttt T3t GollA ABAkE 4= Qe AR 117
b ©@717F g4t o= 77t A% A
o i Q7] wizol E 2HgoflA A7IxE P F 08 s HASh: AlF e SHH Ut H ]t
o gollAe] Ak ARE BA| 4 AP ARE AR AW X A A5 AL
2 A A 9 a4 ZRAE ABlel7] Q1R SAR7AS] W ol digt 1=t A

o] o] xfof glct.
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5.3 XX}

rie
1

g 71e9 XHES

T AR AE 7HsE =071 HsliAE 2ol dF AHIE Eui7] Aol A+
goll & A7 BT FARE BE2 S0l SwRrt et AlEd Sl titt A5e] B8
Siok. tiEAQ1 & H 2 WAL Hofz 3 E HALE, € ¥ X3 5] JloH, E
¥ 22 AHE BE AYE A% 3y, A4 B Ve AlY, 2 Y B A T o
e F72] A5 Aldo] AUt

g 1Y EAEE BY 39, 25 MY 59 AVIAIFIA AR A 2 HAR] AR
=7]% sA|vt ‘éﬂxlx}%%l%ﬂ sl & #E| ZH0] Q= Aoy Y =4, 55
9 = 7le A58 E ARREIE Sttt B8 543 254] 20 wef thdRt HALE
7+ F 57| dzof Zh=2] A7 B HZE YA Tt BAEE A, &85k A
ot vl EAZNAYS] S-E8EAHA(HU/APLOIAE NASAS] fIgto s il & B9
HAIE 24 HUAE d7iste] NASA 9 2 ¥ ARYEol| JEE Algstal itH13l ¢
Zuhs A7 e oA E EY BALES HRe R ARt = Q= e e

3t AeloltKFig. 6)(16].

NASA E&A o] AAE (Johnson Space Center)ol|Al= 2E-& ARSSH AIZ 9 A4 7|&

= HARE g S0 AlFEE] SRt AR Al :rL#O]'Oq & Folok. AZ 4 1471
& Al A]A491 ARGO(Advanced Regolith Ground Operations)= ¥ W&ol 27171 1.5
m X 1.5m x 1.5m 22| £ R348 ASSIST, 2E7|eS o83t A4, A= 9 A
=AY FH A9 Al 5= 1t ARGO A E(gentry), A AEZ ol-&sto] | 25°K
7T W 4= Sl FAR AR, FARPOIA A5 A9 1A 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].
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59 9 5ol o T} 0t Aoz B
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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
OldE Tlilok= =12 ARBEL QT ZZ0= 01=0] Ot 2, 2, = S 0 =7101M 25
=

WEE flet 2 &Y HAZHO| WS =oAL 2| Bt BEROIA b0l SS0k= A7t 47|10
PFE el WEBI0| 7153t UCE. SHRIZH O1Ts| AES BAlGH | et 72! ZHQ| JHa 2

= =1 o
2 TEHRl HIE0| s Y/t =2 A=0|H, =7t RS 27t Ofd Hfst = 7|Y
0N SAHOZ IS A5 (Ol SHEXQ1 H2fo| 3A| MEL. & =20M= 7IE2| FERIS] i
Bt HOIE /St FE2Het (DAY 2HO| 22 JHLSSE Aiotl FEZH il Bt o

TH SR R0 Ql= HAEAL ARIE S0 FEZHQ| JtsMut 7|CHARRIE ATKSHIXL SiC,
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] YFoltal AT 4= o, ot 2Hj= A TRl 2Hel {2l EHE &
o] 7FsSItH1].

Y BARE EH9] AF= 19709 11€¥ 179 A”o] 7dgt 391 29 Lunokhod 137}
of| 5ot mlAS APHA AHRIE AIRte =, 19719 74 269 1l=9] Apollo 15%9]
HAE 72l 2H HArt DolA xR FPS AJIctHA 791 2HY AETE AAE
AUTH2.

SEAJTE o]F 19864 Challenger®.} 20039 Columbia$ o] ZHALIZ 7|& Q5819
JHEE, IR0l s RIsHAl = AZ17E HUAL, ol2 RlSf o] SFEA AFE
7Rl =H9} 250] A HLolo] AhS RASEAY Agshe 52 tiks AZsHA
e A2E =12 BolshitH3 -5l

o|2f3t A% HollA X FRI EHE Mdtks =7 SFoEE PHE A9t
TN E HE0] 2AEA1T 71 2HE gt /Ao Hoks AlE=E skl SleHe, 71

e o [s] 2l EHE Jfdshs Hl8-2 HEeHAQl Ao glojof 617 wjEof ofA
tistolLt 7]}o] =AM 0 & Fol 2HE Jidsr|ol= wthgt fglo] tEnta & 4= Q.

webA & =0l of=eh 71&9] FRl =¥7t Zh= Aol 9] H-go g IS
PYE= ZAREE siash] 3t ()43 2HY FE(Cube) 91489 NEo2HH S48t
FHEZHO| kS thFILAL St

2. BYHME =4 =8 = Y ST

e

Ju ¥
=
5
ol
=

B ABIAT 7129 F, 1Y BAF 2l gt ZiKlo] wefst
7] we] Qubael Hhalst Z1delH sl e Aokge] EA webd @A
TR Aot 7|l A 26 RS 29Ele] Al gt 713ie] ehgstel Thak

A F=] AEHo).

2.1 Cube Rover Utilizing Passive Tail

g FumHE T Ao SYHon TEEE A& viet o= & gk A3 o)
QPYH o2 FPel7] Ut passive tail F5o] UTH7.

Table 14% U949 92 §31507] hEo] FEIM} 2ol 2kgo] BENFL 2
HoHA] Q=S AAEIGOm, ol HFAGIA AAY F 20 m WATH A o %
FATS AR 9 L= ool 2o/l YAET H 59 75 eyl ofF
FERHE e 23S sheleks ool o] /sSES PYoR Hol gt
passive tail B3] o] Het T2 HAMAS A oot Fig. 13t 2o] 2
Ho] WAo] Thestohe S Zherh FHgle] ol 2uE 23] FuaHel
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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].

AR Fig. 148 A2t AAmA )89 passive taildfl 7ol FEAO] #2437 FATE= 9
AAr g} Hol= Aol EXoltt EST passive tailS AMRSH= FEEHO] I 7|AE S5
BRI AAst] Hgeel SRS AR SRl 4= qlglon, A
o] A o]% Al ¥ & WETs FGASHILA Sk Al=E 1T 4 AATHSL.

2.2 IRIS Cube Rover

Passive tail& AM§ole FTHEEH = 7]E9] FHIAY FE FH o EHES Ik
WAS Asstttal 210 27t ek sEITE Astrobotic®] Peregrine & 25410 2%
Hog gEojd RIS FHEZHE 7|29 passive tails AMSdH= FEEH 9} 2] S 3
o7 ol A& HlH 47§17t EA5k, 1 FEl Fig. 29+ 2L Table 207419} Zo] & 2
kg9 A% 7HA 2L ok g A lom, FEFEO] 25 cm x 17.5 cm x 10.5 cm F4&

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& AMESH= 7]&9] FEEME AL A& IS tiAls] s 19t=le
u, £ A 9518 o B2 PSS EAK ] ARH6]. oo Carnegie Mellon
University®] William Red Whittaker W82 7FEEFAEE S8sto] H57 FHY 7t

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

245t FH2E AZHCHG9-11).

2.3 Astrobotic Cube Rover

Astrobotic IRIS FEEZHE 514 2 Peregrine 25412 73t slACH12]. SHARE
Astrobotic Peregrine 2541 2ol =41 FEEH 7S skl =], 1 34
I} 71d2 Fig. 34" 7|&9] FESET 7T SR
Astrobotic?] FEEH= thefst AHe] FHEEHZE E2Acl=t], & sFRAPRIAE 20,
4U, 6U9] & Al 7HA] #49] FEEH7L EARE RISt ESF Fig. 42t Table 3074 &
F= AAY T FEEHE F Y g 7H2tE ARESto] FEEWZL =4S ainfrt

Of

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]
Astrobotic Cube Rover (2U)

Rover name
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
4 cm/sec

Normal speed

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
a Privato Netwark Pﬂ ate Network X-Band 2.4 GHz WiFi RS422
- ccsos of Wired UDP CubsRover API

TCPIP TCPAP
CubeRover Payload

Lander Comms

mund Dt.-ﬁwl
System

Ground Control Mission Control

Fig. 5. The communication pipeline of Astrobotic Cube Rover [15]
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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 A0 A 7St SAE = 47 HAEHE 7=l on, 11 P42 Fig 83t
At} s Fig. 81} o], FRIgAAF A= 247 ZFo] = 7S] 2H QI Scarab} HI
7} 42 =0 Qe BAEH QI Haetael] Z2EERIS 7dstAcH22]. &5, g9 &
AFZH 9] HL rocker-bogie B9 suspension T35 7HXA|qt 0]9} 22 4% EALEH
9] Afol= FHHoR ol FdsH |7t EElote] Scarab BAFEH= Carnegie Mellon
University?] 37| FEEZHe} GAISHA passive taildd AAHA 225 dA5H= tail
stabilizer’} £AJ5k= 2 81T 4= AUtk Haetae HARZH ] - rocker’t A2 374
o] Hid7|olE E3f oI5 AAmAE AN Biuitt EHEH JAES fAT 4 e
& AA =910, Scarab¥t Haetae BAFRZH Q| 1121} 4J5- 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

E3 29 FARHY S F, Y TAkEeet gel ule) o] At 5Y2 A1
ok, wWebA AL WIS AT G Y AR 2] 45 e Qg 2HY
YRE 9loJA] nhEo] FE5 Ho] vl Rk Wijo]

i)
ol
S

4

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 16 cm x 15 cm x 31 cm
Operational range 2,400 m/charge
Maximum speed 4 cm/sec
Camera 2 megapixel camera
Battery 5,000 mAh, 5V
M/ m |Commun|cauon Failure

eel Mark

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
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* Straight Data + Right Turn Data
,*:_- ZB.
* Hough Transformation - 0.0131 sec 1/0.0131 sec = T6FPS
+ Probabilistic Hough Transformation - 0.0128 sec 1/0.0128 sec = T6FPS
« 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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Magnetic Cleanliness Algorithm for Satellite CAS500-3

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

Kwangsun Ryu?
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28644, Korea

’Korea Institute of Fusion Energy, Daejeon 34133, Korea
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Qo

SI0lIM LIRE X7 ES(magnetic noise)g 0l X2 ALSEMOIM XA 58 SMA7|I= &
Q5 i) Fo| SHHo|Ct Xp7 I’é*%(magnetic noise)S E0|= W F2| i AN S(boom)e 2
Al EO0HU= AOILY, 0|42 =2 H|8u e 28 HO|= ST MSotK| Q= WHOICH T2 B2
4%, A1 HI0|H A= 20| 4 HI0[E MEOIM 1Y S3Z2 APV| ZhdS M7ok= A0l 22| Al
=t £ M0jAl= 2 Gl0| ENQFEXIEO 270 TJ2|10 22X 1744 212t MR X243 (magnetometer)Ol|

7|
M HESHAP 1Y (magne’uc noise)S MIHole L12I5S ATHEHIAL 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)o] HA=™ [AMMAP day side A% A HollA He|Fo] EetAnt dglo] Fa3gt
&S 5= EEJ(equatorial electro-jet)?} ElA(equatorial ionization anomaly) AF0]2] Af3k
TAE olsisl7] Yall Impedance Probe, Langmuire Probe, 12|31l magnetometerS!
AIMAG(adaptive in-phase magnetometer)& A %0] JATH1].

SRALIA A7 1SS 958 st D Aol wie- S835Ith S5 tolA S5
o] WMok A2 13kolA9] EEtAnt AEi7t Wsks A& oushr] wiell, T13olA e *h
4] @FHE(n sitwo] F851cE 1A B2 f1olA AFAE gAiste] o dR=
SRyl FTH2-). 91 BAF 2715E A A7 S48 sk dl Qlol 8 A
A A AAERE ofy2t AR 2ok Aol ABE ARt S A1 wiZol
ok olERt F2A IS E°1AY AASH] flste] F 7] FRF9 A|HA ZETIH
(magnetic cleanliness program)}= ATt A, 914 A=A 1A HolEHE &-& olF, &
7] Ha AAE AA 9 EREY A AR HEE BaHoE AAT 4= Qlck ol
S W2 AL B S|4 7FE FAIAL Bl &4, YRR E & ANt
A A7 1S B E0l= Aotk ol=et B9 M= tiREY] f1/dolA ARESHA,
A7 122 €071 9ol B2 12 m7HA] 4A A7 991l UAAEE 1 m F== ZA A
7H3t GK2A(GeoKompsat-2A) 9A161= Jct. 8t ofzt 24t A 2= 9 ofg] K
S AFIA A7) 32 Eofok 7L olFA B2 AUIS SIEE ATE AL A}
7174 T2 T3 (magnetic cleanliness program)= Z8§5to]o} $H}H4-10].

EH A4 =& A7 A EalElE(magnetic cleanliness algorithm)2 Constantinescu
et al. 2020)(8]°] AAGE Lare]E o= A, Fig. 13} o] At 58 32(CAS500-3)° &= §
o] HjgHA ol AX|H 2709} EAlof| AXH 17} A=EHAQ] S ZpolE ol-&sto] A7 H 4
8 Aot

fr o N ox

e

Fig. 1. RAIMIY S8 339| XA AR| K.
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& A79] 2482 AIMAGE] et bzl B F/dol sl Z=fshAl theal QlaL 37gollA

3% 84 matricg T S AEIT SPIE 401N 72
2 AHgle] ABH BHG AASN: BE 1as] Bk 3ol

NG

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

AIMAGE & o] ElY] EAAIP|E AEA|Z DC AV S45t7] st 914 HY
g < 2ol ZF 170, 282 948 EAlel 174, & 3717F 2 AIoltHll AIMAG &84
AlolE A AI9] EQM EE2 Fig. 2(@)<t Zth. ZF filolls 35 A7) vlolHg 47 $ist
of 1789] & Foi7k 2709 & 579 4= 7] whizell 170 AgA«el 2789] & Foj7t +
‘g=]o] Qirt.

egsg 3t AFA Alo]9] HES sl EHEE0] 0.4 W/m K2 W 610 A4 E Tt
£ 9IAE AGA AR} HFF s Atolol] HAgtct. A1 F49 S Bk
Lo|2 B2 FH 27| WS 1/1,0002 &°= 271 2HH ZM(TLMS-C100)0014 &7g5H
TH1]. Fig. 2(b)+d) 215390 pT/Hz2] &2 5oz T2 EERY Ao gt ohshd g7
AFE FEohe &S AHEYS HojEoh J8Y EQM 9 FM 7R 2AIE AA 2 87

HAE 9 Y AL Sgete] A A Aok

o2 o= T o o=

3. The Principal Component Gradiometer Algorithm 2]

)

) eulg 71Hk wF A4 B (gradiometer-based disturbance cleaning method)el]
ARGERE YREAQL HR2 T 9] A-AE 2L AR e AROA S5 A714<1 Afo]
£ ol&sto] 27| F52 AASHs Aotk vhA] el Y140l B A7 ¥Hmagnetic
disturbance) F 719 AEAE 2L A2 ohE Aoj|A SAT A7]AQl Ao|= ## st
+ Aotk E3F 989142 A7| i magnetic disturbance)o] o] w2t Akl
Z}7] % (ambient magnetic field)& WHSIAZ|A] EE=ttal 75t A7) A= AHmagnetic
dipole) 71045t a2 gict.

Noise spectrum Z

10
E 0301471 T / Hz' at 1 He

0

:
e

m ] !
3 .
I & B\ |
] * Vi
1 7Y 1
1 g»f 1
10° | 1

[T S PR IY S UPPIY B P B 107 Dot s sl s ponsal s 107 Lonanad - )
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(a) Frequency (H2) (D) Frequency [H2) () Frequency Hz)  (d)

Fig. 2. AIMAG Z=2EEQ] & HAE Zt (a) SHANOIE T2EEIYQ A ML, (b) X=
LO|= 3, (o) Y& O0|X g, I8 (d) Z& LO0|X Y. AIMAG, adaptive in—phase

magnetometer.
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AR A2 Ao 245 7182 MR (ambient magnetic field) B(£)o]1, 42
FHE ] A7) THS 3 bi(t)0]1, A| a0 Y B n = 1ot} ivH A 1
o] WS ZH(t)et ofd, ohaa go] BET 5= U]

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

ad7]4 index 0= 2710 2A3t A71AS oJu|ict.
A& T2 9o gt = tho] AeAoA Ao 245t 4] (1) A& wjA] 28 7%

(ambient magnetic fieldy& AAE 4= k. =
ABYU () = BY%(t) — B (t) = $AbY (t) + AZY (1), ®)

of Zo] EET &= it} B tlolE oA A weFHmagnetic disturbance)& A|Ast7] 9
3, zzte] A=A ABYY(t) 9 AP ATHlinear combination)& WAL (correct
coefficient) 47,5 F-ofoF g}, ThA] T,

B, (t) = BY(¢t) + AVABYY (1) 3)
7} Ao}, 7l A2 A9] 1-7-9] WEHspecific disturbance)e-& FAISHA, 4 Q=
AB®Y(t) = AbY(t) @)

7} Ao}, oA XA W Hdisturber)e] ket HHEE Lol WHAHdisturber)7} <=
gt G AR B AR AS- AR 4= AR dREE o= S04 B Y
(correction matrix) AVE Z{Z 07 Fafof it

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

13 57 ]/\E T3] Holl, 41 (2] AR - vhAe} FEet A ekl 7Yt o]
= g A4 F s oE ARG AEA 0 4 o AetAY 24 B 7R H5ol sig
o}, o] A4 A (4)2F 2ol 7hts] UEhd 4= ok Al fIF|oflA wte] Weke 2o
A A -147_‘] oA wko R QIjt FAito] SFE A1 Fdf A4t Wke ARt 7HY
Stk o] % BAF E42 B0l 7 AA AlA 9] weh WRkS S 4= 9low, A=A j 9
SH= *]’%’5_]'04 BAEE AEA i 9 AR 4 84+ offel Zo] VPS(variance
principal system)°ll & <= JUTH6L

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

o7 $1 HA T 1% BAS oluigick. 4 (5)2] Huisth Qw0 R wA FL AeiA A
A (ol 27gke] VS BAIEE W, 4] (5a)2] (AB°), = 4] (52)2] AB® o] VPSE

BT, VPSE o B xF0R ST A BAUL sF0R URW ©oh YR
@*U9) ARES Zre) ofdlst e BAto R T3 % Sk &

Var((Bori)X)
- Var((ABO.ij)x) ’ (6)

QO =
oj7|A +B5E= VPSQ| x& Hgko] BAF B4 (variation analysis)ollA] 2= A2t Jojzjolc}.
T ROIZF A=A AA oA ST VPSZHA|Q] AllA A|AEA 3] dHolal, RO 7?
AB®Y o] VPSOllA AlA AIAEIZER] ] B Yol AlA AlAIoA 4] (B)= thg BEH

2 yepd 4= Qi

FE:

B = BY' = o ((RO) ™) (RO ABOY), @
o714 k = 1,30t} o|AS matrix FEZ YERHE,
Bl = BOi 4 A0UABOS ®
7} gk, o714 A= nA FE=H
Ay = =@ (R ™) (R) ©)
o,

4.2 10Xt BX(Higher Order Corrections)

A 4 Q9] 2717 &2 Aigrol) clldt AA719] A71Hn 4 % oldold, St
Hog HAL uiEAHoz 83 4= Qtk X< n — 194 A5 n7pA] Q] HREZQ] E|Eo|

A A)(iteration relationy tha} o] yeRd 4= Qlct,

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

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

ofek. A% @t 4 n7b) A7VR] BAGNA AN 4 9T, B 9 R L RME
nih BT Yo UeRic,
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A (103 (11)& AR8sted, 7 719] A=A Aol S ghe] Aol Adgxgtes #
A% 23, e 224 9 3% BAE AR 7 4 9k
B2i = BOi 4 (Ao,ij + AV 4 AV (404 +A0,ji))ABO,ij (12)

=ik

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 Eet vt ARl 249 8
£ B YRR & Qov, olefet Bge BE AAe] Sgto] AHeE T v 4

ek opH o2 SlEgols 3 AlAS} 7+ 28 7H
.ﬂi]'c‘s} AAZ :rl_kl E]ojo} %}r,]-. a3 oL, = Aﬂ}\-]i—'_ 3‘1;61-6]-}_—_ Z+ AlA] woﬂ qsiALs 13}
BAGo R olElE HAsH: Aol WA ke AN FAolE AMg 4 itk

A(major disturbance source) LA

5. Zt7| &S HA

o
71—0

Fig. 3(a)=, ¥ 1&olX9 9148 A=ds= HE H2E o]&sto] Allet &,
o A=ollA Fig. 3BAE A+ A2 < dipole Ao e o, A=A AlA
1D 2(S2)0llA TE(AFE)E A7 1730l

o] A3 A49]9] 27| BHE (magnetic moment)2] A717F M = (1,2,-7), B4 St
7} fouse = 0.01 H,, B2 duration 2s, A All7|(pulse amplitude)= 0.1%1 spike-
like disturbances Fig. 4(2)2} Zro| A4dste] Hsl 3t Fig. 4(2)@F 22 spike-like A7)
XLQO] F71H0 7 E0lE %, Fig 40) 7ol 9ol 17H200-2025)2] spike-like A}

7] FeE 1A w7 PES o] &4 AAGAEE Aoloh. S A4 104 TS 2P|
H'E'O]—ﬂ S 4] (G)0llA +& AdEsto] dojxl Aot
A= Stk alE &9, Fig.

T ofH3] dof Sl= A= & 7 o, o|ZE 23 HAgS Aldgsto]
AH) ‘333 —‘?—‘?—2 AAL 5 At E3L, 23F HAS Algste] Eof = F
E9 4 9tk Fig. 62 23} 32k BA9] d|2H,

o|gA spike-like A7] & 13} HAPog AAHA] o=
5(@)°lA= 13+ B
Fig. 5S()AHE

L 33} HA A|gjo g W

Fig. 3. X771 AIZ2014. (a) 22 0 (b) ALt 014Q! dipole field.
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AllA 2014 B3t =29 ElolE|(4] (6)°1M + A8 HiF-2e] F=ol AlAZE Ho F24
of A= = <+ Utk

https://www.jstna.org | 235



XML &8 3 39 Magnetic Cleanliness Algorithm

236 | https:/doi.org/10.52912/jsta.3.3.229

-4.4
-4.6
-48
=5.0
-5.2

=5.4 1

20 40 60 80
Time(minute)

0

100 120 140 0 20 40 60 80 100 120 140
Time({minute)
(a) “(b)

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

kO

6.

of w72
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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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goll oJsfl op7|=l=tll, AXlojut AT} -2 oA 7]Q1gE 8915k EFHETE XA}
715F WoE MAdErt GASH ¥slstAY EehRnt EQreR 94 IEoA
TID(traveling ionospheric disturbance), #E{(bubbles), E&{(blobs) -2 HAHE o|Ho]
wSEE, A1EAde wet A8 ZHXH(magnetic conjugate poin)oll= A 0=
YERIL JAIARQ] B4l T4 22 A 93k A ok

Al Aol F2 85 AuEe A7 ARFH 0] 7hett AVSESE Y, ol
21, GNSS(Global Navigation Satellite System) A8#0]A 5) A5} /g0l A A
A=A [in-situ(Langmuir Probe §)] = ¥Z ¥ Hremote sensing(radio occultation 5)]
WAO AmE 5 4 Atk =l ofg] 71HollA BRShL ol AR 9 S 5 AR
£ 0|Q4-Z4), FPI(Fabry-Perot Interferometer), A7[H2}, Flolt], GNSS Al&do]A &=
K71, V88S 5o& olof thsf [2]] A=A o|FA ISH B E2F IS o]
Sstr] sy SFEHE ASsk] A8l A 2B (numerical model)o] H a8kl ThfSt
WA R: 299 1kl EgEch Agde] E8Ee fARES FHE 24
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(empirical model), ][22 Rd(theoritical model), A= &3} EE(data assimiliation
model)o] ZFHETH3].

FUolA= 19679 =BT ATH] o] iEH|7F A E o] HEH #E5S A& A6t
AR A+t 20008 H] o] ¢RE| XPH AoE & o U2l o] T F - A= Al
A TEste] S AR ol AAE ATEY AdoA BEE ARE A
AT 717 Z7% D o @S AT ATt4-1419 AR S E8oto] ofEd
ojA}aAtol LER= LW-4(Longitudinal Wavenumber-4) 53} ¥&, A Sof 95t Az
A @H15-3110] A=A A 95 Et2rETe] o akgo] et AH32E A
P At o] Qo FA|AFANA Pk AFS7IAILE AR 71X]2] FlojH 9 M%7}
HZE gsto] EISCAT #olvut SRS B8t 19k M2H AFH33401= &3]
AP ot EZoA= AAls] A &2l

2 =olA= ol2fRt HFRt dEo] XE ol At A A AL HH R
9 FAI, T - A9 e E4 9 @4, 193 g AAEe] Feldt AT E 4
Wotaral Rttt & =2 27 AP Ao A4k 3 A AAY £, 48 AT 15
71, 5% Ad B4, 68 A qot, 74 A9Ne d S Ad B4, 87 A AR
H, 9% 5 - A= A, 108 8°F 2 4808 =3I

r FE
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ey
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e}

0.

2. Ho|H AL HAL

AZIAHRE 1 7]150] "ol QR HARE Fjt Ao 1FH7] A2 WeleS
52 TR FH 222 S5golt). 18000l fH4f= ol=dt 28t A|RX7] Wt E
= HYSA Aol qlar, HgE7I(119)e] wet HakRitk= Zo] gisiFich 19417] &
o K. Birkeland= E{FollA &= o] Ao =gt AP0l R A7) JF =1L
AR e =22tE FAdetrtarl AlRbskit

C. Gauss(18399)2} B. Stewart(1878 @)= Al EHO|A A7 o] ¥sleh= d4f= A
5t7] I8l ti71soll AR7F SEH= 7HdS Wssith 1901 G. MarconiZt tHAIYS 3
Au} FAlol AdastiaA AFFRolA Auks A= AEe] 2471 g3, 1902
A. E. Kennelly?} O. Heavisidex X& 710 £Ack= A4 AutE wrAR A
SFRAT}. 19244 E. V. Appleton®t M. A. F. Barnetol] 2J3l] 7Hd ot o] 27|HHE s
of 3%t A & S SoF¥ 1L, 19254 G. Breit?t M. A. Tuve o]2E4H|9] 2713
g9l "pulse sounding"S E5FALE 19269 R. A. Watson-Wattol] 23} "ionosphere"2h=
Bol7t A BHE oY, AA| Aol gt &2 - 3lehd ol29] HYE 1950t o+
of o]2ojFct AW D-, E-, F-32 Appleton©] A2 A}Alo] HATE Zo|A A 7H o]
HEARETY sto] E-S 0= Hstal 11 9o At YA 2 Gl SAR 291 ZoE
=i

Al 22 AAHA ol 15 tf7] @ AH AAEe] 2A 7]eE Aol E8517] AlRtst
A QS de B 95 FARY] Zol FRH: 19464 2= V-2 2H0f FFo] "7
(Langmuir probe)?t FAA FESA7I7F A=A, 195749 29| QAF9H AFEY

(Sputnik) 135 A|Fro=Z JAFAHS olgst &7 9 A I=H(in-situmea-
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suremende] ZRsRIBA A4k B2 71719] WAdst o] Held Q7o) Hokael WS
ZHASIeHAL 42).

3. X9t M2 AL fX

A7 A EL S4H71Y R HF ZALAUY), SRLAEUV ) 2 X-4of] 9J5] Fo]
23Kphotoionization) HAY A3 wigt A Z [RlE o] E0je= Toux] Y=t
Qo] FE0 93f o] 23} o] A= JPoz UukF o F 60-1,000 km7HA] FHE ou]
gt Aejde B4 koA AAdErt dyEo] g S olF=d], 1= uEt W&
(Aol DSE60-90 km), E-5(100-160 km), F-3(160-600 km) 2.2 E-F=]11, Aol
L D-Z3} E-Zo] 2 3= HFig. 1. right).

A2, & olesie 1E7|= A8l HolA AuksAlnt #este] Sasky w5
HollAe 2718 H dAe|Eg oz ZHo] 419 1FH7] Aol F83% TS
o} AR 1Fo7lo] EAcks obd YRR 2 HAAPEETE 7P 2 oM HA| F43
H71%9] 1% vletol(Fig. 2), olA(FHohet HAHSH 7T Hog /A=A oF
sto] SAAENQ] Zek=uKplasma) AEIE F-AIRHCHA2).

Aeldo] %8 neh|els ARYEolt) Fig 19 022 T2 2835t ok &5 A7)0
LA/ A= A9 A 15 A BEXTE BojFo), b A7l
F-%0°| F-53} F-502 W o A EE 10° em® J=0]A, 300 km ZAOIA] &
7} Elet. dhollis D-33t E-Fo] AR F,-55t R-AIEH, 400 km FolA AAL=7t
Fdjolt}. D-52 S S FolA A4(121.6 nm =)ol ojsf HGH BAL}E &
o]2o] EAfglct. E-52 FH sholl A42J4(80-103 nm =), X-41(1-20 nm)ell <J&l F

olestel 0,9} NO EAjol20] %5 ojEc} P35 Ao] EAJstn ¥ Aol £33

2

Meutral gas lonized gas
'\ Protonosphere
Thermosphere 3
1000 + 1000 +
F Region
— _ E Region
g 100 F Mesosphere £ 100+
2 g
3 3 D Region
= Stratosphere =
10 F 10 +
Troposphere
Day
1k M = === Night
L L 'l 1 'l Il 1 1
0 400 800 1200 1600 10®  10* 10° 10°
Temperature (K) Plasma density (cm~3)

Fig. 1. Altitude profile of neutral atmospheric temperature (left) and ionospheric plasma den-

sity with the various layers (right) [1].
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| Protonosphere
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o

Latiude = 45° 7
Local time = 15:00 |
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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].

F-502 W1, AJA(20-80 nm)C2 Fol25kH 07 48 o]olc}. HtfdArd=rt
UeluE 15 92e A AX(topside)gkal 3k, o] % (transition height) 600-
2,000 kmollA] Eet=utdst vhde o] XjHojjlA 02t H'e] Wi= A2] Zoprt.

4. XI5t 1307

A 71425 1 2% HIlE 5o tiiRd(troposphere), ‘35 A(stratosph-
ere), 57F8(mesosphere), EH(thermosphere)0. & EREH =3} = Alo|= AH(-pause)
o7 PrgetthFig. 1. left). tHFHEO0-10 km) ¥ FAL] 2f3f Hl%] A H#oA Hods
& 7]20] Wolrlth A35H(10-45 km)}E 202 & B ALA} X1 HE AL
L F55t0] 17} Eodas 70| EolRltt F7HE(45-95 km)2 oikaletaof ok
GEARE 7]20] RolRti7t 95 km(F7HE AH)elA 7]=0] AU Rt A0 98 km)} =
ALA = X-Aof| sl AFAEAHO)7t FES= AU S4H717} o] 23t=] A9, - U
2 Qsf AdetEo] Rol do] HEEHA| ¢l F4E o] 17t S/ 257 545H
S7IRIHA1L

TEEF gi7)19] AR Wslg 185 100 km ©]5F 715291 #&H(homosphere)o A=
o] Agle] 7] AdEu7F 475kl vl A A(heterosphere)) 100 km)ollA= &
o]l whet 7|48 1= BExrt ekt 2,000 km )42 =4A(hydrogensphere,
geocorona)P & ERHETH43].

Fig. 32 100 km ool A7t SA4H719] 1= A& 2ot Mo 4 o] &
o] £x5 HojErh 100 km ofst #AHNA = Fh EAHNYF A4 E2KHO,)2] Hle(4:1)
o] o]l Aglo] YAsHA FAIE T 100 km ool A= e Ak Aol oJgt ARAEAHO,)
9] Ffe|= Aba YRHO)7E BAE AL £A4F ghite]l ofsf N, O,Ert 72 Ak 9x7} H
£ 7 @A "ok AT d719) FE R N, O, 09] ¥kE 100 km ZA A
10"-10" cm™0] 1, 1 =7} 7Kgl whet 271 o2 HlEE Attt Il BAIE Ak
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T T T
1000 31000
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£ a0 {300 €
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200 3200
150 N, 1150
100 L ==d400

102 10° 10* 105 10® 107 10® 10° 10" 10'' 10"
Number (cm~3)
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].

()] Exg e AU IS F= o2 IRIT 4 ok AAEEE 200~
300 km A1 HH N=10° c®Z o] A=A FE 0]F= OF o] UEe} UA|F L
o= A7) ¥Wx9] 1/1,00000% & w]Zth 600 km ©JAre] 97| oAM= ¢ 7P 4

U dE 7IAE0] FE °lgt

5. M2H| H

o5& Aok =t HEHoA MR} o] 22 FAl] Fog B - AEHERE A}
o] et adeo] AYHS 125 AAsHA Hrlg AA APE, L A &ABE, V-
(NV): E2t=ut ol5o ot #3)).
N
E=q—L—V'(NV) 1)
AA A AR A - A TS v EFSHA|NL o]2H o= o SAReA
[X-A BApo] o3 SA4H7171 Fol2atE o] FAHE T ZHE 4= Qi ofuf Tabge] H
FFol EolF%(scale height)7t AT G 7IASFE o]FojXl HHE tj7|He = YAt
Hok= 22(Fig. 4. left) slollA] Fol 23+ AlAol= Chapman 3412 4] ()< 2t B¢
PAE 2=0Y wf FR7} HH= AG=L ] 2l =9 flolis A&l £0
T gej9] Chapman layers ¥/d3HHFig. 4. right).

q(z,x) = qoexp(1 — z — e *secy) Q)

At A WEo] 4] Bi= Bol= D-F, E-5, F-5, F-5°] 3=, Wl D-&
I} F-5o] AFAthFig. 5). E3F B SHi71(HA)E wieh SA71(RADY o Alelg B
It} Fof AAPEE 250-400 km FE IE(hmF)olA FA=H, RETH= do] o =t
AEE Ho AL ENmP)= S F719 b 2ol 10° cm?®, Bl 10° cm?® Fzolth
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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].

200-700 km Ale]9] AAPUE £X= F-5-& o]F= T8 ol22 0% F-5 AFole H
o].2o] HAPUES} Aol i}, F-& dh(bottomside)ell SH3l= 100-150 km Ato]9] A
Az 9 o]2o] NO'¢ 0,011, D-Foll= &ol2o] &4ttt A4 o3} Azte] Y
To] AR & Kol AejH AA9] HsKnet charge)’t 021 Eep2nt Aefjolct. oA AgGE
AXNY 1R A5 SR B BEARE B2 Silo] osf tf7] JRO 1o wE Ei
7} Agol| whet gEfx]7] whRol MA| HArd =} Ak o] 29] F5F7} thErFig. 3. MR
D-, E-, F- & Fol22hs et YL o2 7j&o] 7|53t B, F-52& AR
ol5o] 52344 Chapman °]22&%t 7|&%7] ojft}. F-F 1=o4 O, N,, O, A+&o°]
Pol23} HHA BPE A= e Aa, BEAF AES, Aot wel o]2-dR; ARt
oz Agdrh. of7|4 O, HE2 Fol2std F wi=A SN EUIHA 7%
(6300A) HETHA] 3a). N,9] 49 Fol2shd § AkagdAel vt vi2 NO'9F N2 W
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EHIL NO'& H=A siiAZ@tH2] 3b). Fol23kd O 22 &4 ool visf A}

ool AAgHEe] Rl sfeAZddol Hish §REETt B BARIARS oA -39 E
AAYA] 227} FEHA] 30).

O,+hv - 0, +e” = 0,"+e > 0+0+hv (Ga)

N,+hv > N,*+e™ = N,*4+0 - NO*+N = NO*+e” > N+0 (3b)

O+hv » 0" +e” 30

Aba PARE Fol23te] AAF AlFSHL Ny= NO™9| FE|2 Hio] Hl=2A] xje}t A2

Folo] 2T ATe -a}zi AIHOR O/N, Hl&o] F-5 Foled} AdEs 4%

S}, ol 23} ke 1Sk A9 X-4/EUV(S-140A)/UV(796-1,0274) T8 A==

s=slo] AR P-20] & AR AAFERS 120 km TEOIA FH

=
A2HE

E-53 UV(140-796A)& &
= dehdoh T8y dd=s O/N, HlER 24EA At AGEO)E
~IND), & ABLEC] 2 E-3°] obd F-3ollM HAd =7t Uepdt.

HeElde MehrlE ﬂ‘ﬂﬂ tefsl SRR 2 F= 7 [0S0 HEnt
B3 7 32 Fe Wk ckFig 6). U E-5T P52 HY
EUVl| 23] ﬂ@l—%}ﬂ S Ola?—fﬁ Eet2uH o] 0] AgEoR Yok gt 1)
=] AF SAT A EAE weh /dE aoluA] ARkl SEE S4H717F ol2stEAY
7hEEo] AT &8 M7 St o W 59 49 B AQA/X-Ao] ofgt
Folst Aol /o] FHE FHE o BEA FEkzvkg YIS =419 AouA|
YA ez D-59] deiA e Lor)7|k Stk j/2e] Aoz giofRAre] dHslo]
Ot 7] 2A(tide) BT tiFdIA B/l Autsl= mhe(FEThel FFol Ad=Hel
FFE =0t B AT A1 A Aol M2 AL JFe =k A JATH4ll.

QojEo
=

Auroral precipitation

Joule dissipation

Solar EUV
Plasmaspheric downflow
Starlight & scattered radiation
Meteors
UV radiation
X-rays
Very energetic
v v v v particle
. precipitation
F; region
E region
Lower thermosphere
- . Y ¥
D region
mesosphere
Tides and

gravity waves

Fig. 6. External process that operate on the terrestrial ionosphere [41].
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6. M2 st

—_ 17

Mol Belzole] ofske F9, 1Y, 11, S4TI9l0) 458} ol At Aol
o] AF5RRRS T sfof st} o] T} Mo L= HE WAL AWEH A (4)2} 4] (5)9F
Ztim;g: 59, ——V NkT;: 4B e(E + V, x B): AR E, —myv,,(V — U): o] &-
8971 3=, - m,-v,-e(v, ~T,): o]~ &),

m; == m;g — VN KT, + e(E + V,xB) —mw,;,(V, = U) — mv,.(V, = V) 4)

av,
Mme o~ = meg——VN KT, — e(E + V, X B) —muve,(V, — U) — mevei(V, — V) (5)

A71% Boll 215 £ V2 ARk SHIUAY] iy} =32 glo] 43S °olf =

3% sPAYAe] Aol zFm(gyrofrequency, whs ATl RHFSIER o2k XAt
o7t X 31 %= ARO] A HgRe vitf| Hpgko o)

A71AZ0]| =A% Wik o 7 A7|Ao| EAel= AL o]y} Ax= AV A A7 A e| 423
gt HgFo 2 EF(drifgsl=t] o1& E x B IRkl gt} Flg. 7904 AV AHB)2 A¥s &
3 Eo7ke ol ool 4% Wgo R A7IHEN] EAlsk: B9 ol2o] M7l I3
PSP APl o 2] S 1) 4 s S0k 2 e
o] A9 AL AA| WO, 0]L-L HhAA| WRFOE o] S5o| HHEE|RA Hje o] o]
AV A0l B S R B ERAM HEE AlHe 2t Wbt ict

Ael ol shRte] g1 VlEaon Setxulel FYT]e] FEEEII()
I A717HE) TR1AL AP 1B) B3t Al71el s 28 E. XVP‘P(B)Oﬂ A e
A71HE)T S4th7] vz U)o] EARITAL 7Hgsks 80 km 1%k offiollA«= Sttt 2}
7194 915 e 5 W74 FE0] HIHGst (v > o) A1 F¥ETE S

7S wet Z2olA " E-5-2 eIt A 25 a7t A9 HISiA(p ~ w) &
gtz2uks A7 S/9HEe] 9= B ot Bkl SR @40l EAsks A9
oJth. 200 km °oVge] Akeoi= F/4H719] Wiert Hob Eefxntet SAU719 SEFIt

Fig. 7. Perpendicular motion of ion and electron to electric field and magnetic field.
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F7F Aol urE G4 Holy < o) EHERTES A HE Al 25 T
o] FYollA Etzvte 7149 FF2= E x B E5729F tE0] S48kl 2t ol 5(U x
B)o= o237} HA7L E2(charge seperation)d o= {18 € 77t Et=rtel IF
= "AA "

ojA Y At A - ABEI S0t Heto] Agdsto] AEld AL E(NmE)Q] e}
oF #E ofF 7| PSS oPIRITh E-5-2 AZUS o= Higgo] e W ARl &
Astal W Azt ARG T20f) vl ESt2ute] o]Ee] FRIAE F-52 Folest
AR B AR RAlE W ARelE SA9uEEC] Aol = WEeE 2. Fig.
8A™ FAUE A G A7 EAL 71e7] £ 2L 7120l FHiz = iR Fe 34
vie] A B Ry A184S Aol SRS W2 =R oE5H
Her ddder EStznie SN AERRES] 2 AHoR olEsHA Hof
hmF= W ARolE Holdd:, didiz | Atol= A jior F= SA4ukdol A%
< W FAole ERtRrE w2 ks Wol &Y FA4VIeke] AldeEc] W2 AL
= oA o]2H | A7t hmF,7F oA F-35 AR =7} fA 1 EchFig. 8).

A7) 2] - B2 A Sk 712olA Al SAelA R Hloly ot A4
0= ZA719] A719E 71807l HmeAlEqA AEAle] Aok 71&0A o A1
Ae met F2jole Ertulet S/9ukE Afolo] AL ule- Bkt old Haget dA
A Gt @AEo] WAkt

X\
(]

7. M9k A SHE HEA

L
Jim

A A A2 Ay} s widE o] Qi Frdel 8 WIFCR E0lA
A= dejd Setzve 8 Ue=tt FARIT: 1 23 Ak FZ0)A hmF,2F NmF,
+ A9 AZHlocal time)E= H35HH, hmF= ol $9= AQde 29 fEue W
o =t

A=A B-Solle /9171 videll 3 B/d=e tholui 4717 (dynamo electric field)
o] ZAIsk=t(Fig. 9. left), A71EAor= A7} ufe- ot o] A7 A7
e} F-57H] dgdn:. W A E-5olA Add 55 32 tolui A7l 2t E x
B #7& Ee2up7h &2 IR ols(upward drift)sha, W A2 W2 W2 IER o)F
SH| Eoh W AR 59 w2 =R olF Y ERtErke S 71AIYE 71710 s @

Poleward neutral winds Equatorward neutral winds

VBZT/’ ’

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].

< kg 71| E=d, ofuf SRt 547 A4S wet EATEEA Aol Bl
o Ao w2 AL =E FAI5H HrkFig. 9. right). olAF A4 27 et avt
7F AR vpR] B g2 EStEnt &5 WY op7Ishy o] st A7 A7 | A ] FEL
& glofd A A== B2 olET ol HAppleton anomaly)Ztal Jhet. A9 2
W 22 toui 71 ot Al S22t 1 w2 dLEfste] 53
*7\1&3}5‘1} HF £S5 10730 m/sec HY A= Roll= w2 1% Rfo|al Holl=
2 A Wgole}. tiRRe] AEA oA DE FLEA(18 LT) ZANA E=mrt
2 1k WFo s FAT] EFoks FAAPRE(prereversal enhancement)]o] Yoiu=H],
ol HxAY F-F 4 Hequatorial spread F)z THAHCY.

HEAQl Sef=nt ERFYQI F-35 4Kspread F; Fig. 10)9] 2= 2 cmolA 2 # km
7HA1S] Refolal AA oA UERAT, HA oA FEHAA HEhdt: HARE
FE F-5 FHE=20 vB)e “]-':-—7} W2 EFt2u golgrt B SHERE ik
1,500 km7H] 208 A7 Sofus 2 EIth o] Blojle E4 REE A|E4e
et F& R o5 s AR AR} W S theth
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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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F-5 B4l E2k20t BiE A Alue] s thaat d sholld W ARE A=A F-59
S92 E x B B7E AEoRr A7k oA delde A HPeR olEstet 4 4
AAdelM 55 WFe= S7Rd suHlge] W ohE Aot BiEo] UM 35 Y
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S oM A ARPAA Prt W2 {4 ol Bt w2 AV SAEIA E8sk
olze]-H| &S (Rayleigh-Taylor) =V A&7} Art. o|FA F-5 oM Teet Wert @
< 2P A EAE T ol EstA HEe B0kl -2 AL A= I

SH=CIM S os Yeus @4 § SR E-5(90-120 km Ak)oflAf o237t &
Al S7Fshe 2Z#H-E(Sporadic-E) @/3°] Ut 2E oA HdAog veht
HEG e 108 F SR F2 o] BojAle &7t wEoldl S5/l &(Fe
Mg")el ARHAIA] el g2 55 ThEo] AT &=A .

A,

X

8. Hojd g4 %

13

Agd A7 P A #5253l E2 AuE B4k T 2o o s U
ot A A5 S S HHoEs IA A, Fo Ay 15 52 E 5 Uk A
2]d Z+ Z(F, E, D)OIA "= ATHHF, MF, LRE AAolA =31 AR H4(0]
Zd)o] 7 tiiE A2 #5402 F-F ASH+ topside sounderZ Q1591430114
gt ko g AET & ok ERF AuE E8oks A0 &2= 7] ARKcoherent scat-
ter), Y71 AleHincoherent scatter), GNSS 4l3A}H|(occultation) 2 Alg o] (scintil-
lation)] Qick. 7HARE W22 HuKHF, VHF, UHF)Q] =&8] a3ks olgslo] o2a} 2]
Az, 5/ EFY T=o0] 7okt VHE/UHF Hubs 283 H|7H At Bi4lo 2= o]
e, 2%, 7 §& Y A7) B50] 7hssit Fohts WAloR e2de] 1M Ee
ojmAE LESHAY 7GR VA9 2k £=E FA3Nth 2T IS BAAE

Z7d(in-situ measurements) O Z SFAYAF E F/47|1H|9] P, &, 2%,
&5, A7 olu 37] Do ot 94 A= ¥skE 74 A= ¢ 4 ok tiEAQ o
A 2= FH ol E37](Langmuir probe)?t AF2 Al(magnetometer)”t ATH46,47].

SHH HEH Atof ol B2 I &84 o|E5 7IRIe R Sh= o4 HdW S
= A ofu|E ] A SAZLE BAsto] di&she B4 HdE Us 4 At B
g4g B0 1%, ARE 9 - AEo) TE HAEE BE HILE oS3t EA]] AEE B
991 IRI(international reference ionosphere)= AR, o] 2A=(0", H', He', NO*, O,),
A 9 o] 2%, A 427 o] 17, TECE AlFTTE o84 a2 ALY 4(AR}e]
B E A, ols I)E AXtetal EaHt offufA] BHE RS FAo] F7FETH42] A
i 970 ZgEE giEFHe ol234 RYE: [FM(ionosphere forecast model)a}
SAMI2/SAMI3 BEZ & &= it} ol2iet F¥ 4 ndla o]24 mdlo] FHA|(QF 7|91 a9l
59| B9 BSAR BHE S5 s Ausr|ndoe] tREIL vt thEdow
GAIM(Global Assimilation of Ionospheric Measurements), WACCM-X/DART(data assim-

ilation research testbed) 2@ £ 4 JtH3].

2}



J. Space Technol. Appl. 3(3), 239-256 (2023)

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 ANekAt eeh SlollA BRskar
e Agd ¢ 1FH7] TS A= o]k, FPI, A7}, #lolt], GNSS Alg o]
A $A17] SoleH2l. A=A AHE 2Acke 7140 [RIESES, 1/ Wl 9
H o], AEAR] ¥t 5) Yol F - MY AHO] B¢ thFdt oA (NEH oldd
A, AL old@A, A ol @A, B ol @A), WSA ol @Ade] At EgE Ak /d/
Y= A oA Yef= 0|84 (lonization trough) TAMY | - BHILO] HAUE
7} vty & el @A} So] YA Park et al., Kim et al, Jo et al.of| 93] sHt=S =3}t
e 5 AYE AH9] A7I7E o]l ARE EEsto] HYEE U AR &0l o
AL E(NmE)H 23X Y-E 39 E4do] ATEUTHAO]. Jeong et al.ofl &3 Al o]
Ly 35 AR 4 24 d+= JPEHJEHT] Kam et al2 A2H #3lo] HJ==
13719 E4MEDS BET fAEelH ARE EA5HITHS]. Kim et al., Kwak et al.,
Chung et al., Lee et al.= 94 9 GPS TEC A=E B3t EIA hemispheric asymmetry2}
trough®t -2 anomaly @4-& A-5F4THO-13]. Hong et al topside sounding®} ISR
A=E 59 mid-latitude tough?t Eet2nHEY} AAHS ALsIGIcH14l ol EfHE &
A2 dErdo] nkslof] &84 4 qlr}.

oA AFTE o= B AAPY] FEFol EtEut B9/l Z1RIgh M= A
S{depletion, TID, bubbles, blobs) FAFE2 LA|ZQ] B4l F41} o] AAgof AHx 0
B JFE o] oA A= Ut thEAR] AR E A/ Hdepletion)?] HEA]
HE(bubble)ol] A= LAY 71&] et AgolARE TS Zxe] EA7HA] B2 A7t
o]2ojA] QtH15-27]. Lee et al.2 BPDs(broad plasma depletions)?} MSTIDs(medium-
scale traveling ionospheric disturbances)oll tigt A5 X PoFATH28,29]. Park & Park
A3} o] ZAgofl A wAEeE AAIAQI EQHg/do] e viRle I A HEUTH30]
Yang et al.-> VHF coherent backscatter #|°|t] A25 B3| FAls(field-aligned irregular-
ities)5 #AISIHTH31].

o] Qo Lee et al 2 F,-& AZE9l topside AW} EetA2ukEto] ASHAS At
SHATH32]. E=9] AlIS71A1eE HAL 7]1R]of|A &Fck= o] &, FPI AH7iH2hE &
&sto] §FAIGANA S 7FsS 137 9 A @S AH6llal, EISCAT & i€l
dloley YA &85t thokst A, 183 A oA FARR] Weddell sea anomaly A
7} ItH33-40].

18

10. 9% U ZE

-1 x

L g90R BN peisle] Agle] AHHOR e Fol oA 7 ATEolL Hof
oltf. Iwof e AAUEE ol FH ol 2ol wet D-%, -5, F50% TEE, F
0|28kt WL Wols F-3T etk E4 Beknt Wio] vs) FAH] Awst oS-
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A4 W7 FF= ARt STtRutRE TR ok St BidollA] AlRE o] AR o
B 97 A 2] 9ol Ao Higs= 0393& SRSkl tpefRt 499
A7t A=l 2okl E3t F - A et 1A= A2 AEd FIolt HE

= @] - Aolstel T2 olsiEnt:. & =wollAe XHL ASH7)7} o8k
AeEE J4ske e Astal Jol2oiet A1 FHiek Set2uet S0 4%
28 5ol ofsl 2= T - AAEe] Hejde] 42 4?_1 Sl st sty E3t &
A7HA A=t wste] s AREo] ot A4S avlistal ol & B3l I e
AT 2ol 1 /dste] EEE7IE 7.

ALl =2

£ A7e TEATAE A ot 3= AFHTHNRF-2022R1A2C1092602).
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Ug =43 2] HiIREV(High Resolution Video and
o &st 7HH[2te| & HA A H= E sl

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

ot Y SSY EHO|H, YT 3 Al 229 72t BEE QIS HIAQL BF 710 H K[ QAP M
g @xh= o0l 2 Hak2 OIXIEE, 0|5 alfol| !l @ &AVF HRo,, Eot
HIREV &5t 7tH2k= XIM0IA M0l= MERIE(COTS, Commercial Off The Shelf)S 0125104 7HLrst
Q0|22 HR0M 71 E2 52 7K, 12/X2 2tE0l RF0IM E857| ol E=ol & AAI7t
HMEE|00F it 2 =20z S 702 BXHMIE Ich 37IXIQ] 5 & HA7E +-H=ACH, A

& oS Sot0] & MA7t FUAERJUS 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.

Yo : 5 4 AA, A=

249 914

g A, 6U 2438 Y4, TAE FAF D o]u])Z|(HiREV)
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Keywords : passive thermal design, thermal analysis, 6U nano-satellite, high resolution
video and image (HiREV) nano-satellite

1. NE

249 42 150 kg Ale]9] A 2= Qo E BREH, 249 9149 Hed
Il FHOHO FHWORS yHiog sjukE QXoltt FHYIAL 10 x 10 x 10
cm¥(1U)E &9 2712 79 3U, 6U, 1207 59 vt 27|1& 71t

O6URF 4% 9442 1U 4 305 247 91400 BlsiAl \oixl BiaRes 7HA AL 9le
0 f 2 A8E 35 & e S 7L Qloh sHARE w2 AYE A= BE
tisfiA 2o] AT 4= Qlof HE] =7t S8-2=H S oA EASh=AIE Eelsfiof
shH[1], 5 FAAZE st 7l B & A%k EX}(thermal pointing error) F= 24|
A = 1A G AL ol FofAof gt wEhA|, & =04 AgER= 6UF 24T
42 4 S Bl G4 Aol ASE ofok gt
1U 9 30F 249 -CH*EJQ B & AAE fIRr € S R A9t Bt olgEof

A= AAES] 1UH 243 9% °ﬂ ois ARkl & siA TS AUHE BF QloH[2], &
Aol A= 1UF 249 9143 STEP Cube Lab94 A= & shxE B3 o 7HA] & Ao A
AE AScHA sHRAHB]. B oAM= 3Us 24F 914 TRIO-CINEMA®] tisf =5 &
Ao} AlAERE E-gsto] FAAS] & X] 3 st oH 4], Ade] &8 s dist
KTH(Kungliga Tekiska Hogskolan)ollA+= 3UF 4% YA MIST(the Miniature Student
saTellite)2] THARt AF FAHA|l chsf 013 A Ao} A|A”S dAISH] d AAS avEs
PSSR,

A AoE At A WAL AYS "ae= k= 56 ¥ Aol HAlactive thermal
control design)} A WQZ K] U= 55 & Ao] HA(passive thermal control
design) #HAlo] EAgE 248 S 3FE & U AR AL o, &5 &
Aol AA ¥HAl& AS sk HoltH1].

4% 42 Rl 982 5 Qe FFolE Alofo] 7] wizol| 94 +RAIY 2 ®#

A o]-8sto] 5 E Aol Aot ettt AllEol EA1RI.

A= 1UF 247 9140 disiA S Adske 24 didol & 4714 A=
9l anodizing A, black anodizing, MLI(multi layer insulation), white paint®& € F&<
stof FZ QFYAdS H|wskl (6], B7]9] Sakarya tietollAl= 1UF 247 9140l tis)

A 2 2H| PR} L2 ®HO et AE O HlES HEA sl EA4S g AL
7t AcH7). A 3+ 2D 2 sHChilean Airforce ¥ University of Chile)o|Al& 54
2L &S olgsto] 3UF 499 2 FH 47149 tE A=E AREste] HE 273
B XA 4 AAE JFPSIATHSI

NASA9A= 6UH 4% 91499 2 ®Ho A= 7 5 & Alo] A&’ Louver &
A-gs5ke= Alxrt A 0“1[9 1] F=HUSA Air Force)ollA= 6Ug 247 21/l tish 2
FH oot & AA9] 7S YSSIITHI0). Fig. 13+ o] JAXASA & gAE
Al i 521 6UF J.Loé 214 EQUULEUSO= 91439 2 #Hof| MLIE 2-8sto] 34

=)

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

[11]. MLI, multi layer insulation.

S EEEEEER L

N

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

2 =xode e T 2 s Y dFE 7= oUg 4% 94
HiREV(high resolution video and image)®] 45 &AIA| st 7lvete] s AL st
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\

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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A AotE Al=st3ich HIREV A5 EAA] 38} 7Heh= 2138 AF-8AIB(COTS, Commercial
Off The Shelf)o]=& A5 Alo]] 420 77k 2% HRlolA 7HE =2 sEE 7HH, 2%
A5 aIE Y5 dEA 9 sk MLIE HIREV 7£:2A419] Q)%of 283t
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2o 274 253 Itk

6UH HIREV 249 9149 -9 eidx|moe] A7le o= 72412 2 EH0]| oA
T F2to] HA| YA &2 A7olH, Fig. 49} o] £ oftio|H(black anodizing) 2|5
sto] 94 W FEEC YR dYo] g¥og A U HiEo| & o|Fojx dHH S olF
T A= SIltE HIREV 24 91449 2%, DA Fojof H]sf| HIgo] sou= 24
£ =3 5ido] 2= 4= A black anodizing @ 2 A2 =itk

Black anodizing® = A A] HA AL REEL 51-82% He| 24 tof e
gk AF FAA 7] S 7t RS Fol A FAHeE A AgEo] W2 2

= 7H & itk @A, Fig. 59F o] AR &AA| F9] 24 2 #He| IFE
MLIE Z-&sto] ©d & A4 A5t

3. 8 x| oY 7|H

9] AA B2 ALKAola v B4t 7|5l P42 7HAIAL QI E R SiAE 9
of| olAkslE (discretized) 73t 84 HEZ WIS W7} it

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.
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Fig. 6. HIREV nano-satellite thermal model. HIREV, high resolution video and image.

A A8 4 (solid element)= 58770, 2XF | 3 A (surface element)y= 58371, shte] A
A9l FHEE YEFN7] $J3F conductor= 2587Y, THE: @4 719] EHTE YERR7] 9
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HiREV € HEojlA 2z} BZ0] viX|= Fig. 72 Zo] #ix|=3leH, 1U 511l sidshe= st
9] Stack Qtell FE=0] DAsH viA7F EQdet. Stack Aol F2 BAIA FE=°] #i4

ofr

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

Payload

b. s-Band Antenna a. Camera Lens

b. Camera Module

€. UHF/VHF Transceiver

d. 5-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

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

and image.
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Table 2. Thermophysical properties [17]

Materials Conductivity W/m-K)  Density (kg/m?®) C, J/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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4.1.3 8244
AT FAAL} HA ALY BES0] 5182k HAE Table 52 YERARITH S37H0] 2%

22 7= A9 B0IA 9130 fPgH o R 85| YA BE FEE0] 5182
T 19 WolA 8= ofof jitt

RE0] FE50] -40CoA 85T 27E 7HAIH, viE 2] A9 2kof 71 viztslr]
g &of| -10ColA 50T Q] 7FE F& W99l 2AE 7M.

AT GAAQ] B EFrlE FRAR =] o] F2RA9] FE-2=Re 207 Y
SHAYE A 8 Aol w2 V=S 7HAI7] flsh A2l 20T SOCOIW +85)= Ao
<t

Table b. Operating temperature range

MIN. operating T MAX. operating T
Subsystems Components . .
() ()
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: 207C) (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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Fig. 8. Power consumption in mission mode.
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Fig. 9. Power consumption in safe hold mode.
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2 drg=gfo] 247} Bl worst cold orbit(safe hold mode)?] A& vrojzich

BRI G- EdT A 7] A7t 7P grouw ofF o] 7} Ew, ojuje] RA
of SUN Zte+= 270°7F ok, T3t 5HA] 2] -9 et 2|k 719] A7} 7Hd dojA B = H]
& A7 (right ascension of SUN) ZrE+= 90°7} Ht}. RAAN(right ascension of ascending
node) Z& = 282HE 718]7]% A3} ascending nodeZ 71e]71E 419] AlolZto g #olxE]
™, LTAN(ocal time of ascending node)®] Al7F& 11:00AMO.&2 7] 9J8) 30°9HE Ze
Aol & Fol 5AY = 240°, SHAY W= 60°% A sl

HiREV 4L HYs7|AES 7R 1% 685 kmoll Y= A= FAHIS] 98.13°02
A5 o, 2JF FUQl solar flux, albedo, earth IRS 54| ¥ 8FA] £710] ©30] Table
63} o] A-g5k3irt

3} HIREV 912 Al3olA Aol w2k o2 AAIE 2E=r. Fig. 10, 110042} o] o
FE FY5k= 4ol At AH earth pointing) AHAE 7HIM, 134 k& wofl= Bl
Z|ZHSUN pointing) AHAIE 71222 gttt Eclipse 1A= o % E9 24Z 99
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. 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 35
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.

34 A3}, Fig. 139} o] 2% X7} 2= 9loH, Case 1+ THE HEHT A=
B 27t AAH O RZ WAL, Case 59 BY- 257t w2 AAALRE ERIE &4 3,11:}

Table 70l o]213t 2% R 34 Aol tigt 214 23} g=2 Uetfidct Case 12
A=l wE il 71 & 2% 2Jo]Z 14.75CHE 2tel7} %2, Case 2% 10.7TC, Case
32 12.74C, Case 4= 9.5C, 181 2E & Fo}7} AAHE Case 5= 7H 2R 2% o]
U 6.65C 9] gk AlolE HofFArt. 3 Case 59] 9= TIA] A sh= MLIQ| IF
o= Qlsf A 19} BEO T 27t e AERT VIR Ag ERIT 4= 3lor, ol A

20 77 2EOIER B F2 TS DL FeS Uepdch
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Aol tste] 55 FBsk7] Yol o W F4 SEE AT siidS Sote] FFsklch
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@AY, 6U HIREV 243 91442 F25 ejgdA|mo] ofd ANE sfFHAEES 7=
W 99 x4 A By ¥Eg BaE BIo] ¥rg EASH] gom BT black
Anodizing® 2 & ¥ A7} =] Slr}. wheta], A 2 EHol| ML -80] 7Fset 27
= 7HaL e, & Wﬂoﬂ/ﬂh MLES ol-gsto] JiF =3 Alofl A5 7=t FAA o] 2
HOIS H3t Ao ke LEHRE WHE 4 YL i 55 G AAS AT

o4 A= 34 black anod1z1ng gt o|2o]A ALel MLI & AA7} o]Fo]Al F
F= WrolAH, Z42t9] A9= flolld AuEIE F 37419 A= 220l disiAl siAol
T At

Aoz ML € AAZ AXSE 2T}, R BA AAH HEEo] 07} AZ 27}
SERAIRE 5182 =Y Holl EAstR o™, 5 FAIAI] 2= black anodizing =T A
g5t Ao Rt L7 AREsle] Ak YA L BRE J1A]A Ho] a9 & A4
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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)?] 7-2-0f] tgt &= 2L 3j
A Aitolw], 9139 AAAQ] 257t AU =2 AIF fje] 2% Fxolrh, 2% T1FIo) 4=
e Al 8uHAE B & & 1,740% FR1 49,000014 AHE =S5 Hige=
5H YA os IS Houg ggFHA|Ho] 949 FRA| T HH R TP AL &
L5 7 AAH o R E gRISH 4= qlth

Table 82 black anodizing #2]%€ 73-¢-9] 4 Ao, He F5S52] 14 43 2=
7h 518 2= HYE WESIGIth E3 8-k 8} siA 2&k9] AJolE margin ATE #
dotgom, LE BEE0] 0C oMY margin AT HolBg J& o= FYhs st
At Table 9= MLI @ AA7 -85 790l black anodizing 42]9] 4-¢-Ht HE F
FE0| &F 550U BF S8 HRIE WEollon, AR EAAY 2k A=l

B 7P 10C o139l 258 JAEE o £ HIES 71 Bt

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 51.5 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 37.5 475 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 14.5 555 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 38 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% ZH2} black anodizing ﬂ 9 ML € AA AH=)7t d H5-
o, & A§ iF BE BEEY 27} 82 S TS IRlskaith

4.3.3 Worst cold orbit (safe hold mode)

Table 129] 7% black anodizing A7} =lo] 91.2H, worst cold orbit(safe hold mode)
9] AL Alo= 5’—7‘%01] AFA o7 =% o] 1= UV antenna®}t S-band antenna’} 3-8
THeED 32 25 E 7R ERlskith

Table 130]A4] MLI & ”74] 33t 49, UV antenna®} S-band antenna®] %7} o}
ol we} S8 E/RE TEslo] BE FEo] s8R s TS SRisk

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 " 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 -40 156.5 —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 Tax

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 6.5 785 85
GPS A -40 10 -30 25 60 85
Magnetorquer =40 23.5 -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.
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A Alo] Al2gle] AA Abdel] e A= ot Zt

1. 95 &AA 7Hlet A= FE2A 9] aluminum tapes 2-83to] 7HHt @29 27t
SR, ZHEt = - 7 BE 7 2537 Aaskeich

2. o] up|eto & Ws]= 7|} EY ZHE) fl= Abolof] @A go] w2 AR
= FARI copper bridge 4715 &5t 244 mEy} A2 710] LEx7) A5

3. HIREV 243 94 #2A49] 2 ®¥o| MLIE 283024 AT A =71 A
AHog AL 7 LL7tA] ASE1 o™, UHF/VHFUltra High Frequency
/very High Frequency) antenna & S-band antenna®] 3|-&-2%=H 27} H=EE Ut

S =93t Ao, AF FAAC] FL]H aluminum tape ¥ copper bridge®] 2714 &
AAE Fof 7ilet BEdt A= 719 2EA; A s gRIskyIh ML € A= AR
A 7 kel Al20] 2L E ASAIA A2l 7HdA 5192, UHF/VHF antenna ¥ S-
band antenna®] 5-8-2EHAE T=HA|ZT]

£ =RoAE oA HEx2 HdE 6UF 24F 94 HiREVl disfiA] thefst & sf
Ag TR AT FGAAIE et € Aol AlA" AL E o]FolFEs RIS

oURE 4% 942 1U % 3UF 247 9140l Hlste] Fuj7t 231 118S ARG o= A
of mjgfjo] o= Y & HALE 9IRt BRI TRt RS T & e 73S WAt
I QU wEbA] QRO 2 oUd 4% $1/99] 7idoe] B S go] o]Fofd Zo s mrhErh

2 =20 W82 FFol sl & sfQlolA B Hfstal B4Rt 5 FAAE SRRt 6U
T 247 S TS dof] /-85 AuE E8E Z0E 7|tEh

¢

[y

o

el =

B A= A st 2022 A5 |eSAR 0] Yo StATA v S
AE(2022M1A3C2074536)9] A4S HQko oo ZAt=HYtt
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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 MHUI=Y 671, FXHE=LHY 37101 tiol 24A17F SSPIRs ZUHZSH Ao, 2L
Al 237 |52 Soll SIS 2ot Aol QFYXOZ 2ot Tt 2007H E=2 A=
d QA4 0|2 E24X02 RFEX2t 2 It SRS ZHEEGH JUCH, L&5H) 88
OF MO0l thxol7| flofl CAfer S22 HZAMARS IHLHRAT. 2 ==0Al= 20073 01F XY
TR WL E RFEX SSR BRI TR A0, SiX] Xl QIELEEX| oig, ol 2
S AIARI0N CHoll 7|01, L0 O 20| UMt 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

[ =

At 609 W7k 7o &t S IR Qs AT Aol $ES A=A
7t 2A5HA H Ak, AF7HA] AR AE 10 cm oM S5EAl= 57,3000 M2 HAE]
9, o] & ti7]= A5t 22HH 29,6009 7 SAIE ANt 27,70001 7He] 2A417F o1
3] A7 2 el 245t eIl 58] SRR a8 9ol A EE9 5 1
2,000 km ©fote] A= Gl H2 FF=AH BT Sledl, 2% 78 km] ¥E &
=2 gAol BAl FEY B9 FEEYON} GTENE opfet SRS FETRS P
Sto] oh2 d=ClAl AR o] & 4 Slth 20099 W= ol2)E 33 1) 2lAlor &
2ARA 2251 $go] AmAdollAl &S] 2F 2,50001 7 ohHS FASH = oF%lem, 2016
4 FET= Al 1A9] B3-S A9t SE= s HigHATme] EEe 5 5
EA0te] SEE A4S WSS W= o] A&A o ISkl QlH2l.

FF o)of T2 AR TS ofshE A og AgH) rAHo|A Atje] EA510] w7
& 250 PP ETE T 23913 90 Bofvar, Tkt Rz delM . 971
]| oislr] AlatRtel whet 10| M1 2003 At 524 126710141 20229 3,1009
Mz 238 ol F43] At ST 23 A7 17 555 Al AT oF
1,90001 7H& FF 3,000-4,0009] 7l F==A71 viid AAE Aoz o€ HH, 2020
WRE o] Al n9F Amo]AMAL 7]Eo] 2A5HA] YA AF 35 cm9] &
A7A FHo] 71 AL, AR A7]= AARE 910 F83% &S oISk o=
FESHI0] S A FSloF sk A= 71 27,7001 7 EAIE ofdzt
100,0007]]l 77+ P25 aL=isfoF she Aol H AL

EFE AT = A= 571, AAAEAAY 371, €A 1718 =*FskL
Ao, SJYFEC] - SFEAIE 24417 BYE s Fa3 EXETS] FEH
S BEskar eH4l. B714 w7 wet 20304 o |7R-FAMEe] 4271 8071 ©f
‘go] 2 Aoz ool wet @ AIARY] ARsS} HlE eIy £4-8% S, A= &
7ol ’igt #4 715 37 5 A&H R AAES AEskelal Sl

2 =29 28oME @ AR AAE, BAAE FEA0] ddol dis 245k, 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 SI=8h3- 91199 95EA4 S8 AL v
Zapgoll tis 2skct 48olM= BAl 29 FU CA-FAST II F=8715-E°] Hish 2715t
L, SFolME dogo] A, wAaReFEol thsh Eskich

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

Fig. 12 SATCAT(satellite catalog)oll ZgHe HEE viglog AxdY U 750 ut &
ot AoloH5]. AlF7HA] & 5543871 EA7F TAREGl o™, o] & 28,5297112] EAl=
712 ARIYsto] AEEUT ARIUSE EAY] A Al WARE 0] AT & 1LsHd
Sto] ARIYSHAY 8 717 R H AejollA AAs] &7} WobA AxIYsk= o] drt
29l otk AA HA/dol EAcks BAle F 26,9097101H, AH ol 78%, SH=Cl
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Fig. 1. SATCAT catalog data statistics. SATCAT, satellite catalog.
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Fig. 2. Space environment analysis for the low orbit operational satellite.




J. Space Technol. Appl. 3(3), 280-300 (2023)

= 2419 AFE7t EoMA=H ol Ak 770 kmeflA AR vl-2 fASET Ak 850
kmojlA] Lg%t wilfﬂ A= a4 48e] 63: o2 & o TH6, 7). FF TARE TS
PG 459] B, 1k 888 kmol| YAZ A= AVJE7|of TAL - At 2749 Edut
it RG] A5 WD Ao dlde o= Sl ?h, Ak 500 km °Jske] FHolA=
d71dE ez <Isf Azl Aot 49 ASErt ¥A vERdTh tiF2e] =7Hedel
AL 500-700 km H9 W ARSHAL & dFgel7]of s el it dS duE,
9,2967]1 &4 7k Aol 29 Sl vl=, Aok, g YIS AeE UET. o]

2 B3] SXWEWAY ZuolA SHedTolt FUu ute dolg TRAAE o}
Ak AT 7 ABT 5 U AN, Z1eH ek vhde] AFRRE & 4 it

< =
AAHES] F¢, A7 ATHTU, International Telecommunication Umon)gl 2902
Hho} uleo} 7|24 E HAE AR ] =t} Fig. 32 =5 FATHolA B
32 37] AAA=ET T ES ek d2t 91449 B9 B= 128.15%E 7]
Foz 0.1% 89 lﬂoﬂ A % Folm, AAATBAA 24, 2B 1282558 7jEow
0.1%= HY oA Fstal Urh. 53] FAA=EREY] BF Lt A=A
(station keeping box)°ll HF2HA HE FE5HA] Fe= FAY(co-location) WS A
23511 9tk oo 9|3t SR FHAof, B A Q4o 9lom, &y ArHst
£ WESEA Aot PSS Foto] 2Tt 2t A0 A9, Foixl FH Y] oA &
FAIEIL UQIE o5 fIsl et 9852 AF, 22 i 234 29 FIRA, Aot B

A4S 1T AZZHLS WAL k. FAAZGGY 59, FPHo= 29 F9 94

o) Whgo] 322 HolJo L Folil A2 4 AT Dov), A Tl A
IUR 4 S PR gl Rt 3. 08 JAALAgel egyes
S 97k WS, ol We 9ol A% IFL nF 4 Uk Fig 4o

RADUGA 1-7°]4 EUTE 25C7F tiEZQ1 A2 & 4= it

[ "22.07 CelesTrak

Fig. 3. Space environment analysis for the geostationary orbit operational satellite. KARI,

Korea Aerospace Research Institute.
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Fig. 5. Gabbard Plot of FENGYUN 1C Debris. Plot shows the apogee and perigee of each
piece plotted against its orbital period [7].
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Fig. 8. ACAS system architecture [8]. ACAS, automated conjunction analysis system.
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Fig. 9. KARISMA System in KARI. KARISMA, KARI space debris collision risk management

system.
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Fig. 10. KARISMA system architecture. CAM, conjunction assessment module; ODM, orbit
determination module; AMM, avoidance maneuver module; SMM, system management
module; TLE, two line element; CSM, command/service module; KARISMA, KARI space

debris collision risk management system.
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Fig. 11. CA-FAST main window. CA-FAST, conjunction assessment flow automation support tool.
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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. 14. KARI collision risk management process. 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.
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Fig. 16. CA-FAST Il event alarm function. CA-FAST, conjunction assessment flow auto—

mation support tool.
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Fig. 17. CA-FAST |l 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. 19. Fine assessment example for KOMPSAT-3A.
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Fig. 20. CSpOC request window. CSpOC, Combined Space Operation Center.
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Fig. 22. Statistics window — number of conjunction event w.r.t satellite.
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Fig. 23. Statistics window — conjunction event ratio w.r.t operation status.
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Fig. 24. Collision avoidance maneuver map for minimum range.
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Fig. 25. Conjunction assessment for CAS—1 for COSMOS 1408 breakup debris.
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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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