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HRRIE RAHE! YA 58 05 TSAAYS 7IE 490 7 U VS g5 SAS Yol HREC!
= QIT0IM SOHS I WA 528K, AEE0IM 25 TSAIARS| X AYS 2Hol6P| 2o 7
RIS ANGIGICE D4, BE SH4S S AN TSALHO| SHSTSYS oSOl E5t &
BN o2 S TSAAHC| TE 2HYS HECIIO, TEAALD

[

2 = f1d
HMEE SEO0|| CHet HER AN E HESISICE TTSAARC| B2 UAtetE o] SHcHMO= F1& MM
= S0IGIFLE DKo = HISH SHAMOZ H|=SHF0IAQ| SA & QNES HESIRICE

0x

Abstract

The two—axis actuation system for the geostationary electro—optical payload is applied to succeed the
existing mission and enhance observation performance. In this study, structural analysis was conducted to
verify the structural safety of the two—axis actuation system under design loads, launch shock
environments, and orbital conditions. First, a modal analysis was performed to predict the dynamic
response characteristics of the drive system during launch. Additionally, a quasi—static analysis was
conducted to evaluate the structural safety of the actuation system, and the integrity of the bolts used in
the interface between the actuation system and the satellite body was examined. For the system,
structural safety was verified through shock analysis under launch conditions. Finally, a thermal stress

analysis was performed to assess the thermal structural safety of the system in an orbital environment.

FAol: 22 TEAAT, TR, fR4ol, BEo, EHHAN, ASAeHA
Keywords: two-axis actuation, structural analysis, finite element analysis (FEA), modal

analysis, quasi-static analysis, thermal stress analysis
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2.2 2% FEAAY BTN

2% FEALH A B A B2 B cEstels BHOT Fig 19 f384R

— =
o

= ARESe], HE s ST Fig. 2= RE S Aifo|n, Al &AolN FxAl=

R

B AT, AlETe 145.29 He2 F24|9] 4 87274S U= ERIsIH.

Table 1. Requirement for structural analysis

Classification Requirement
Stiffness 120 Hz < Natural frequency
Quasi-static 0 < MoS
Strength Shock 0 < MoS
Thermoelastic 0 < MoS

Main Frame

Main Frame
Supporter

Encoder Ym Motor Ym

Main Flexure L (2EA)
Mirror Flexure (3EA)

Main Base

Motor Xm

Encoder Xm

Main Flexure S (2EA)

Fig. 1. Finite element model of two—-axis actuation system.

Table 2. Description of finite element model

Node or element Qty. Total gty.
Node 3,009,135 3,009,135
RBE2 568
RBE3 16
1D
CBUSH 223
Element 1,967,025
CONM2 538
2D CQUAD4 15,077
3D CTETRA10 1,951,083

RBE2, rigid body element, Form2; RBE3, rigid body element, Form 3.
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Table 3. Material properties for two—axis actuation system

Young's modulus Poisson’s ratio Density
Material
(GPal (-] (kg/m?]
Al6061-T651 68.3 0.33 2,700
Al7075-T6 71.7 0.33 2,800
SUS304 190.0 0.30 8,000
SUS440C 200.0 0.27 7,650
Ti-6AI-4V 113.8 0.34 4,430
Copper 110.0 0.34 8,930

[Mode 1: 145.29 Hz] [Mode 2: 146.26 Hz] [Mode 8: 261.72 Hz]  [Mode 9: 282.00 Hz]

Fig. 2. Mode shape of two—-axis actuation system.

2.32% FEAAY EHH oA

2.3.1 2% 1SAAH
2% FEA 2RO A7) sHgo] iR & ARA FES 98] FEA 4 % WO 30 62
B7lete] FEAe] WYek Frf SO ERE FHIKMOYE 4] (11 T3 ARl

MoS = —Zallow. _ q > 1

S.FXOmax.

A (DM 640 AR 3E SO, 0,5 T2 A2 ANt HHSHE,
I3 SEe FdArR, FEAE diel 1.25, Sd=el disf 1.402 2-8skirH4l.
Fig. 32 44 di4 2%z 5 O @ 2AIBIE 771 Al 724000 2Ask= Jtﬂ 3=
UEHAT. Table 4014 21733t vie} o] Z+ 58 Hdig82 4 (D= PdAfE AXtt 2
IS ARt AolH, FA7E 0 ol gk 7 ER A sksoll Hish -’rﬁZﬂL = 44
go] S ERISHA

232 HER
2% THA2HY A B3] et gAY Qeldol s AR Tk AN HES 9
o) HA 315 27k Al AERAH AREE o SHaASE AN AaRd] 48
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Patran 2023.3 14-Fe-25 16:33:10 bz Patran 2023.3 14-Fo-25 16:32:26 L Patran 20233 14-Feb-25 16:31:05 !
Fringe: SC1:01_ACCELERATION_X. A2 Static subcass, Strass Tansor, , von Mises, (NON-LAYERED) Fringe: SC2:02_AGCELERATION_Y, AZ:Stai subcase, Stress Tensor, , von Mises, (NON-LAYERED) Fringe: SC3:03_AGGELERATION_Z, AZ:Stasic subcase, Stress Tensor, , von Mises, (NON-LAYERED)

default_Frings
Vi 24527108 @ 173486

defaull_Fringe
M 1.1308+08 @ 130837

Jefaut_Fringe :
544408 @Nd 6347015

Min 1.4587-05 @Nd 312671

X dir] [Z dir]
Fig. 3. Stress contour of the two—axis actuation system.
Table 4. Quasi-static analysis results for two—axis actuation system
. . Oyie, Oult, Omax.
Axis  Component Material S.F. MoS
[MPa] [MPa] [MPa]
Bearing Yie. 1256 218
X SUS440C  450.0 760.0 113.1
holder Uk, 140 3.79
Yie. 1.25 049
Y Flexure Ti-6AI-4V  848.1 944.6 240.3
ut. 140 1.25
Dummy Al6061- Yie. 125 1.30
Z 276.0 310.0 156.4
mirror T651 Uit. 140 247

EEE Tables 5, 63 o] Ti-6Al-4V A&l M8 &E0o|H, Fig. 4= F-sAIAHS A2F
2471140 tigk Aojolt. AAHo ARGE EEO| gt & AW HE= 63_,_—HA40
2 AEE X, Y, 7 98kl W 0 2 B E von-Mises stress H8F & OFHA8E A Q5=
Bl AAFSHITHS,0l.
Table 62 A8 bolto]] 3t preload® G3t_ A M0 2 HE A&t BEO] & Hg 5%
| &4tstod von-Mises -8 Alitsto] 247 H71of 2-8-5131EHe]. Table 72 £E
274 B7F= ZF & 905 AARRE(G0 g B Al B o g vko] gk AR8sto] 4
()2} 2ol HESI O, FAAG7F 0 o9 7h= 7HA AlBRoIA Y 2 %o SHE
2101

)

Table 5. Fastener information

A, Strength [MPa] S.F.
Fastener type Material
[mm] Yie. Ult. Yie. Ult.
M8 Ti-6AI-4V  36.6 848.1 944.6 1.25 1.40
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Table 6. Fastener preload

Preload [N]
Fastener type Material %y, % unert
|DO |DO_min |:)O_max
M8 Ti-6AI-4V 0.6 0.1 18,227 16,404 20,049

b 3

ol

Fig. 4. Information for attachment on mounting interface.

Fastener Axial = \/(F,)? @
Fastener Shear = \/(F,)? + (F,)? (3)
Orastoner = \/((Fastener Axial +P0_Max)2 +3x (Fasten:: Shear)2 (4)
_ Tallow. _
MosS = S.FXOFastener 1 =0 (5)
Table 7. Bolt analysis results
Fastener shear [N] Fastener axial [N] Max. MoS
No. fastener
X Y z X Y z stress Yie. Ult.
[MPa]
1 2,697 1,771 1,217 1,706 1,327 674 608 0.09 0.05
2 1,246 774 1,396 838 757 921 576.8 0.15 01
3 601 904 107 410 837 3 572.3 0.16  0.12

66 | https://doi.org/10.52912/jsta.5.2.61
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Table 7. Continued

Fastener shear [N] Fastener axial [N] Max. MoS
No. fastener

X Y z X Y VA stress Yie. Ult.

[MPa]

4 1,768 1,451 694 1,165 1,065 522 585.4 0.13  0.09
5 220 982 313 148 802 242 571.6 016  0.12
6 934 282 169 690 255 142 568.4 0.16  0.13
7 958 328 180 887 345 185 573.8 0.15  0.12
8 380 130 78 512 63 99 562.1 0.18 0.14
9 104 117 233 122 175 305 556.3 0.19 0.15
10 437 737 269 410 713 234 568.4 0.16  0.13
1 345 525 123 691 315 15 567.2 017 013
12 651 572 537 1,182 306 849 580.9 0.14 0.10
13 2,839 1,802 1,125 1,806 1,342 591 612.1 0.08 0.05
14 1,243 819 1,405 837 789 904 576.4 0.15 0.1
15 636 867 87 432 813 15 571.5 016  0.12
16 1,962 1435 752 1,283 1,060 539 590.2 0.12 0.08
17 313 934 385 219 766 296 570.4 0.16  0.12
18 1,015 312 208 743 276 171 570.1 0.16  0.12
19 1,087 293 209 1,016 315 207 577.9 0.14 0.1
20 428 134 109 564 99 140 563.6 017 0.14
21 129 89 269 147 138 349 557.5 0.19 0.5
22 538 699 3562 513 679 314 567.3 017 013
23 380 539 97 764 340 118 569.2 016  0.12
24 663 558 595 1,220 277 910 582 0.14 0.10

2.4 2% A3MLAY SHsHA

25 AR HAEPYoA AlARl] Btk 54 skl titt 128 HES
X002 3ty F4 stksol et JE= A AqHolA AleikE JHolw, Fig. 59
Table 83} Zt} 2435122 n]Q B A7t EoF 2F_31= 51%0 2 o|2 sjahog LA}
517] Yol = FH= 34 (modal transient analysis) £33t & s4fof| A= SRS(shock
response spectrum)E 7|¥EO2 St} J9]9] AIZF JHo|A Y V& FHS =SS
TEH 7IEE SHE Fig 60 AAEo] Qlom, ARE FoAe] Y o2 AE FE
1K damped sinusoids)®] g2 & FASIGITE TAE FATE ZsH= WL thokst F

o i TS 5= o] 34 5159 S Bt Ao HASk=T] §-&5ttt. ol
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Acceleration [g]

10 T 100 ’ T 1000

Frequency [Hz]

Fig. B. Shock input profile.

Table 8. Shock analysis specification

Frequency [Hz] Acceleration [g]
10 10
1,300 200

200

T T
Generated Shock Profile

150

100

50

-50

Acceleration [g]

-100

-150

-200

[=]

0.01 0.02 0.03 0.04 0.05

Time [s]

Fig. 6. Acceleration—time curve base on shock response spectrum.

5o) 7229 58 ASL urk YA & SHATHT). B2 FA B AFL
SIo} SRS Fig. 72 Zo] A& shglom, A8 749 +6-0 dB W profilec] skl F
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1000 -

Accdeation[q]

Shock Analysis Profile
— — High Limit (+6dB)
— — Low Limit (-6dB)

Shock Test Profile —‘ 4

10 100 1000
Frequency [HZ]

Fig. 7. Shock test & analysis shock response spectrum.

(X dir.] [Y dir ] [Z dir]

Fig. 8. Shock analysis results.

Table 9. Shock analysis results for two—-axis actuation system

Oie. Ou. Omax.
Axis  Component  Material ! " S.F. MoS
[MPa]  [MPa]  [MPa]
Al6061- Yie. 125 2.00
X Bracket 276.0 310.0 73.4
1651 Ut. 140 2.0

Yie. 125 1.85
ut. 140 184

Yie. 125 1.71

Y Flexure Ti-6AI-4V  848.1 944.6 2374

VA Yoke Ym SuS440C  450.0  760.0 132.8
utt. 140 3.08

2,525 F3ALH 23HaHA

AF2(QF 200)0A 2HH 2= TLB5AIAEL Non-Operation(-20C—+55C)%] 2= 33
ZAqA F2AFAZE AESIFH. AA| 2EX= ATE 35C0H, B4A9Q0 i8S Yo
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Jiﬂ

or = EaAT ®)
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22 4] ()2 B3 A 9E AN 20E B4 4 FHE Table 10 Felstart. 2%
SRS £ WARG M 4 £ Bk A 0 ol G A
otz TEA ] G2 TEHAo] SHES St

3. 82
2 oA A AXRget @AAS] 25 FEAlLEe] tist 72 A0 AEE A6

FRALS Sslgltt. TRANS BESA, 2NN, A, 23 M F 4 P2
< Solgon, BE s 27 2% TEAAHE] 1954 21279 120 Hz ol
WEEERS Solslglth. E3 2Hel 59 AR 1838 thu] FRA] LAk 3
of gt SHAdRE AMEstol AAGHEe] tiet FRAY] F2AWY 9 EFHGH R A
ArEle AARolAe] vigoz 1Al A 7 AR 12 AW A4 FHPL

glstgict. 25 FEA2H0] WARE FUSRs SA5HCl ot BAehAS SFetel 5
shgolie] FRARgS Fasigon, A% BAeIHe L 2o e B8 Y

Yoz L= Wl Hhe FEAY FRANYS SIstelrk

o e A3555 @i 1424811
Vi 408 v 1648430

[Ti-6AI-4V] [AI6061-T651] [AI7075-T6] [SUS440C]

Fig. 9. Thermal stress analysis results.
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Table 10. Thermal stress analysis results for two-axis actuation system

. 0 yie. 0 ult. Y max.
Component Material S.F. MoS
[MPa] [MPa] [MPa]

Yie. 1256 154
Main frame Ti-6AI-4V 848.1 944.6 266.4
Ult. 140  1.53

Rotation plate Al6061- Yie. 1.25 0.06
276.0 310.0 208.3
Xm T651 Ult. 140  0.07

Yie. 125 073
Shaft Ym Al7075-T6 503.0 572.0 2314
Ult. 1.40 0.76

Yie. 125 0.05
Yoke Xm SUS440C 450.0 760.0 341.3
Ult. 1.40 059

ZiAfo| 2

2 A7E I |Eg AR AHStA N EARIQ] ‘AHo]A mlo] QU ojAtd o] 9
3 Y= ASFUTHAIREIAIH S 2021M1A3B9094415).
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Abstract

Korea Space Launch Vehicle=Il (KSLV~II) shows the highest efficiency at an input angle of 80 degrees.
The launch azimuth angle is fixed at about 172 degrees due to the geographical location and safety
range issues of the launch site. The inclination angle of 45 degrees mentioned in recent domestic
satellite constellation studies is required yaw maneuvers, which inevitably causes loss in performance.
In this study, the satellite constellation are designed based on the 80 degrees inclination, maximizing
the injection performance of the payload of KSLV-II, and the Walker-Delta constellation with 5 and 6
orbital planes are designed to analyze the revisit time (RT) of the area of interest. It was confirmed that

the average RT was about 45 minutes and the feasibility of the satellite constellation was considered.

Aol T, SN, HALE, A A, ARE 7
Keywords: Korea Space Launch Vehicle-1I, satellite constellation, Walker-Delta, orbit
design, revisit time

1. M2

eh=+o] 2AKA| 8] 5 (Korea Space Launch Vehicle-1I, KSLV-1I)= 398 HA] 21

o2 1557 U894 Hids7I1H=(SSO, sun-synchronous orbit)oll £UE 4 U&= 4
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Table 1. Mass of satellite and numbers of the satellite per orbit

Planes Mass of satellite Number of Sat. per orbit
6 500 kg 5
5 400 kg 6

Table 2. Satellite constellation orbit parameters

Walker-Delta constellation parameters

Altitude 500 km
Inclination (i) 80°
Total satellites (t) 30
Planes (p) 5, 6
Field of view 30°
Simulation time 1 day, 1 week, 1T month
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Fig. 3. The number of revisit time for b planes for 1 week.
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Table 3. Average revisit time w.r.t. planes

0 20 40 60 80 100 120 140 160

Phase (f) 5 planes (min) 6 planes (min)
0 457 454
1 43.7 43.5
2 453 46.3
3 43.9 43.2
4 43.7 452
5 - 44.6
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Counterspace capability known as a part of the military operations involves both offensive and defensive
operations within space. It plays an essential role in keeping activities and assets safe in space while also
becoming an increasingly important part of national security and military strategies. The aim of this paper is
to explore the definition and overall concept of counterspace capability and seek ways for our military to
improve its counterspace capability by analyzing empirical examples and weapon systems developed by

major nations for use in space.

Ao $7d, 584, SFUE, 91", 5 F7IAA
Keywords: space warfare, counterspace capabilities, space security, space threats,

space weapon system

1. NE

gapsl710) wdo] weh HAo] el oA X4, S, TEE dol $FEA B
Holon], 2 Aze Aol G Ak 9l NAY BAL Wolw ek 53,
AL A 9] et JEEs Ao Sk gom, 1 FRAS Bt 4
A 848 YolA] ArjHol aaw Al itk ST AT B H2RE 91 AT


https://crossmark.crossref.org/dialog/?doi=10.52912/jsta.2025.5.2.86&domain=pdf&date_stamp=2025-5-31

J. Space Technol. Appl. 5(2), 86-101 (2025)

Hd
>
N
59
=
R
i<}
>
)
r o
o
N
-~

glov], o] Fof sobE, Y 43 AK, FUetd

o

= =, o 1
5 R 2AHE 878 32417 4 9ok ER, sk HeA, EﬂOM RIS A7k
37, 714 Aok 2Qetol Ho) B3FL Mol F8% sEoR BEHT om} A9
< 7I9kAEo] gle AYGoME AoF Qo] 8T S54lE 7HssHA 0}01 P9 854d<

A FYA)3, BLA AFEAS ALK S 4TS sk YeHIL

olefet S1e] QhaA FaA uRo] 4 Aol S el okze] S
253 9 T BES ATk FAAAR sk it o] Tl SREAL
A 9918 Sus] oI SRl ooE WemT glom, of 92 o] Al
T 95 AT F $A Hokr AUT k. SFEAY T FRAL Yo 6
A2 Zolm, olo] w2 A 13t 714 Aol W49l Aol

£ A7olE 9REA Ade ok, 2R $FEA € thSF TAAA AL 5
P2 GuE 7, 97 20) SREA WA PP BALIA St SFEAE A we] o]
o717} ohd A} Qoiukar gl ARAo] s Aleo] ol Wolo] 1 HeFAQl Hofz Al
3L glom, o] Hofo] WL B T} Qkmet Ake] slol Friet Qe w1 ol

O

2. 2FSH2| JHE2t FI1HA
2.1 SFENQ At

A A=Y 9 5 2 5 AHbE oot A= 958 ARE o] 52
783} o= S Ao ¢HEel wolS Hos| I3 f5olA 9] AR ES Zd3tst
Act. E3], 95 F1tolA Mol 47 gl AW HY 71es E8olo] A= 4
Fofl & 73}, AR gt AtolH 3, SIIFHAIAE ARG He SoE UEhaL
AU of2fet A RS e A B HIHsiA| 1L 9o Ryt S Eot TS o5}
=27 AeH2L

19964, tivte] 59 ZAIE =% St thet 719 {7104 S 1L AHHeE of
Tl Aol mAdS TARSETE 1y |Al S AR Hl=o] SIFHAIAE
(global positioning system, GPS}2 285111 Q1%131, GPS A5 w0 g Qs BHE 1l
U FERE ol HojFnh ol SollA9] MR 4 Welizt AAl A Aol mIR=
FFE HojF= tE-A A Ao

20184, ZjAlok= Olymp-K 914 ol8d ZFA9t ojgzjore] #A B4l Y
athena-fidusol] Hdto] AFA 02 =4S At Zlo7 Tepal FAgion o]o] ‘:HOH
Z9s] FIHABI E3E, 2019900= F= St ZACHA bt GPS A3 Ao
Flow, ol F=o] FAAE]S] AAE WAL = o] f2A YAE &ol7] et A=k
Ol=7t A Aoz EAHETHAL 20214, gAlok= RHY A7 1890 AEd-1 9 3
o AAH F71& AREsto] dlolot F4 F9= HT’OHOV]E FHFig. 1).

2022 9= olu-2 Aot HAo] ARIEHA, Aloks S0y o] ARESEAL |
H]59] /& 54l 914 Viasatoll Aol F3AS 7AYol tht & B4l PHIAIZ AL, o]
GPS A= &l Ae] Ad 771 AlA"S TS 7|e 5 54 345 B8 A3l
A9 2] FRFE PIX L ek ESE, T2 Ao 94 AAIE Welicks theld AR

oElil

i

https://www.jstna.org | 87



88

https://doi.org/10.52912/jsta.5.2.86

Fig. 1. Jamming interference image captured by the Sentinel-1 satellite over the Crimean

Peninsula [5].
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Fig. 2. Counterspace weapon systems categorized by the Center for Strategic and International

Studies (CSIS) [7].
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Fig. 3. The Nudol anti-satellite missile developed by Russia [8].
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Fig. 4. The 10-meter robotic arm installed on Tianhe (X)), the core module of the Chinese

space station [8].
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Fig. 5. A space—directed energy laser system operated by the U.S. Space Force at the Starfire
Optical Range [12].
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Fig. 6. The Meadowlands system: a satellite—based electronic warfare capability employed by

the U.S. Space Force [10].
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Fig. 7. Comparative assessment of national space military capabilities [10].
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Fig. 8. The Korla site in China, reportedly associated with the operation of directed—energy ASAT

weapon system [7]. ASAT, anti-satellite weapon.
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Fig. 9. Russia's Peresvet system, a publicly disclosed directed-energy ASAT weapon system

[18]. ASAT, anti-satellite weapon.
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Fig. 10. Conceptual diagram of space situational awareness (SSA) [10].
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SX oHIg|= 7|Et SAl HX T5t XX A|AEIO|

PID(Proportional, Integral, Derivative) 0|S XX}

5 =1 1 AT AO?2
3T, P45, A, Hae
TRAOfOIR|AR BIRTA

PO AY THBRHTA

Genetic Algorithm-Based Proportional, Integral, Derivative
(PID) Gain Optimization in an Offset-Compensated Optical
Tracking System

Chul Hyun'", Donggeon Kim!, Hyunseung Kim!, Seungwook Park?

IMaritime R&D Center, LIG Nex1, Seongnam 13488, Korea
2EO/IR Systems R&D Center, LIG Nex1, Seongnam 13486, Korea

o]
12

2 =R0ME M Y12|E(genetic algorithm, GA)S 22610, SAI BN 7|8 S =X AAHIN|A
PID(proportional, integral, derivative) M7 |2] 0|5 &S XAI=O =2 X|Msloll, 7|& &5 AF viAlnt
9| ds= HIWGIRLE 2 AARE JlshME UHES 0|0l O[X|Q] SF=XE AlEop| figt +2=

Z7| H=ZX(initial orbit determination, IOD)2 Safl HIS= HIT=E F5o6ts, JA SHOZHEQ &

Mloffset)g HARICE HHok= MO T2E ZH=Lt 71E0= PID 0|5 S AXNO=E »5 MH5|
oL}, 2 HAA0ME GAZ HE510] RMS(root mean square) 2XIE E|Asl5h= X 0| X&S At
SOE HMGIRIL} HotE YLIRIEE ZY 7AR XA FoiEUCH, ASH 01 Aug S 71E &
2t OiH| RMS X2t 5 oPyd SHOMS| 7iM SHE HIHOZ =QIGIICE 2 A7 g% oY

B 817 70T B Tks

o

AtSetE PID =8 Y| 712t MAIRITE

This paper presents a genetic algorithm (GA)-based optimization method for tuning proportional, integral,
derivative (PID) gains in an offset-compensated optical tracking system. The system is designed for high—
resolution optical identification of unknown space objects and employs initial orbit determination (I0D) to
estimate the target trajectory. The controller continuously compensates forimage—based center offsets in
real time. While prior studies used manually tuned PID gains, this work applies GA to automatically search
for gain combinations that minimize root mean square (RMS) tracking errors. The GA was implemented in
a lightweight custom framework, and simulation results demonstrate improved performance over the
manually selected gains in terms of both RMS error and tracking stability. The proposed approach provides
a foundation for automated and adaptive PID tuning in future optical tracking scenarios under varying

conditions.

o). 54 &18]FE, PID(proportional, integral, derivative) A|o17], A1 B4, 55t
SEA A

4,
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(detection), &(tracking), 41" (identification), HF53HKcataloging), A& ZFAl(monitoring)
o o]2= A&EAR FE g5 9 B4 AAE 2I3HIL

o|2f3t A|AoA AF7IRE Gt AARIE A RS SEI 1Y A SR
5] $Q%F IS 51, FL2 Aok (narrow field-of-view, FOV)S ZH= 54T WYF
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Fig. 1. System architecture and offset compensation loop.
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3. X®i(selection), WAHcrossover), ETHO|(mutation): GA EZ AARS F-83lo] the A
of ZAAl A3

4. 58 24 T A T2 AR M 4= = s I FAo ek 25 23 2F

3.2 MsX|H® HO|(Performance Index)

£ =RoAe F4 5= B7I6l7] 913 5 A E(performance index, PDE AA| AlE
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GA Sf% sfoluefel o] MATLAB 710 54 TSI, Ak
2718, M9, A, B, HUE W 5 B ISUE T TEE T B
4 Aol GUI7Ith £ glo] 5l 958 499 ZADSILE ol oI B
o W AR A B40) AR Btk BA RS AT 4 Uk R vt

OBl Table 13} 2t AlE g2 71& =2206,71°14 ¥xtog &85 GA 44 HAE

GA 712 T£E 7o, 44) PID ol 2% B4 915 thast 22 FAHe 4
S Agsct B B &, K, K= AFE W eld 7] AR T,
2} Z3o] T} RMS 048 A5 AEE sk ABdold 7l Bt e

s 7K 108] BephER Aol W St Arte Qoldl RMS #E9] B
i 1L 22 4% g5k ¥s e esisn um o *g%

A WollA AiA oz 93t 5 ERl A 2AE2 Fi=E AEE, oF 719
M2 Hcrossover) ¥ EHHO|(mutation)S E3f the At THIo] AAETE AX A
Hkso] fE=d, HEH0% BE grhd 29 5 B RMS 22P7F 7Fg W2 PID o5 £
gto] X4 o]5 Fo=® AgHH

Table 1. Genetic algorithm setup and simulation configuration

Parameter Setting

Search variable range € [0.9,2.0],K; € [0.8,2.0], K; € [0.00,0.06]

Population size 30
Maximum generations 50
Crossover rate 0.8
Mutation rate 0.1

. . Performance evaluation based on the average RMS over
Simulation method

10 Monte Carlo simulation runs

RMS, root mean square.
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GA 719t PID o]5 &3} 3Pgo|A 2+ Al = =249 PID olS(X,, K, K2 ool th-&
Sk= RMS @4 HsHE: #A15H3iH Fig. 29] Atoll= AldiE K, K, K, °15 &2 HskE
EFYS AL, shctolls AltiE RMS 24F gk TAIsHT

Al ZRHRolM= K 2F K4kol Blad W& §9] WolA #ssh 278 23h& gMsk=
o] Uepgtt. £3], 7] 10419 Wellkls K7t 1.29-1.44 9914, K7F 1.28-1.48
oA WslstALt. olof wet RMS FH= 9F 5.86-6.00 arcsec SFollA &% 52 BHES)
= = HArh olF Aldi7t XA, 53] 204 olFol= KoF K7F 242 1.43 #
o, 143-147 F2or FRH o= sk A2 Hlom, ofd wek RMS °AH: 5.7
arcsec 9|2 QHFgF=qiet.

ohet, 24, 40, 48A1H F-ZollAl= RMS #ho] v 02 355k d/4do] S o]
AEE PID Z3to] mAsHA EetAHAA AlA-l9] QHFgAo] F4 5] ook Be-=E sfi4l
th. £3] 24AollA= RMS7F 9F 2,550 arcsec, 48AMIHiolA= 9F 1,179,737 arcsec”HA]
Ao = F76ie ol=et @42 PID o5 7Fd IgollA SeQl X3t wat AlA
glo] A 4+ QS HolFm, ATt o5 2t A9 S/4& AT
9] 45 AE FE7} convexsHA| &7 wiZol, AltiE RMS 8 FA2 L 4 50|
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Fig. 2. Evolution of PID gains and RMS error across generations during genetic algorithm-—

based optimization. PID, proportional, integral, derivative; RMS, root mean square.
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Fig. 3. Comparison of offset compensation error over time. PID, proportional, integral, derivative;

GA, genetic algorithm.
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Fig. 4. Scatter plot of offset compensation errors in FOV (deg). PID, proportional, integral,

derivative; GA, genetic algorithm; FOV, narrow field—of-view.
Table 2= 7t 27 E FEH RMS 2415 gt 27 Yepdct.

A 32 HiE 2 Afole A% EA40 weEt RMS exPF 34 HEdE & 5 St
E35| A4 103} 11837} 22 718 2 A= 242} 64.85 arcsec, 301.24 arcsecol] €o1=
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Table 2. RMS error comparison across trajectories

RMS error (arcssec)

Trajectory Offset Fixed—grid selected GA-optimized
compensation PID PID
1 3.7048 4.2812 3.7053
2 20.6504 4.2973 3.7056
3 2.0109 42188 3.6369
4 10.9026 4.2840 3.6912
5 2.2754 4.2956 3.6976
6 3.2861 4.3279 3.7104
7 4.4383 4.2934 3.6967
8 4.2426 4.3088 3.7204
9 14.7516 4.3257 3.7232
10 64.8537 4.408 3.8532
11 301.2429 5.9209 5.7744

RMS, root mean square: PID, proportional, integral, derivative; GA, genetic algorithm.

o F &7} g3t
712 Fixed-Grid 718t PID ©]5 Z3h& 283 A9, 2E AZoA A1 27 oi¥] RMS

QA tE AT BHZ 02 9F 4 arcsect] RMS A= 7|2 o}, E4 AZ oA
L oJA3] uAsE S Hxprt ZFE

GA 718t 2143} PID 23h& A83t it B A4 71 Fixed-Grid W o] 5
7HARI A5 el ERIERILE 9], 7l o® B o e 2,49, 10, 119 #AlFo]
A= RMS 2AP7F B 2 3io ' sk A Bt

GA-PID &%+ 7]1& ¥ o8] oF 10% WY 71 5 7S gRId 4= el
worst-case 27T ATE IFHE FAok= IS AUtk o= GA 7I8F HHo]
PID o5 232 AldstA Zskto s, d o] 44 A% 4 o= 28T &

S AN Akt I 5 ek

2 =wolAE B 7IRE &5 B4 4 AlA"loA 28 7RsSt PID Alo17]9] ol & &3
< 7 SEHGCAS -Qulﬁﬁ AAA o= A slsh= etk HESISITH

7120 fixed-grid B0 2 7535t BE 230 i8] A4 AlEYo]AdE& =35k, &
g 7IHto 2 Wik 17k Hﬂxﬂol'“q Z2S Agsgkont, ol=gt WAl B G-8&0] Wil A

Ago] Shzah] F718ke AL Ak olo] wek o ATelAE GA 7N B 1S
HGBIL, RMS QA8 A5 AER Fslel bgst 24 FU=S Wl Teid HA o)
x3e =29

S8 HIE vorscme TUE VYUY A A2i0 12 29 5T o
SeslILt A 4 3100, B8] Akl GE offser 7 49 B2 RS 04
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Development of 3D Cell Model for Collision Risk Assessment of
Space Assets
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29
2 RF=H 9 S48 S/t FH RF=A M0l 5= {I¥0| Stk AN 0o e,
PFALS QM 285P| floiMds RF=A ¢ = fIRES U6l 012 BiEC=2 HMHst

IAEFE UE & UACOF oIt =2 S+ RF=X MO 5=
SRHE H(cell) 2 THEO] FAHQI LSS THELE /L 2ES ASBO| LMl ) M= SHMA
10 ME S 2E A 2) RE A9 I PRiE ARGINS 2 ESA(European

Space Agency)2| Xt Al 2 MASTERS| Zutet H|wotRACt.

—_

Abstract

With the recent surge in the number of objects in orbit, the collision risk to space assets has grown rapidly.
Accurately assessing this risk to support safe operations has therefore become increasingly important. We
develop a 3D cell modet—a space environment modeling technique for collision assessment—and validate
it by comparing our spatial density calculations in low Earth orbit and collision risk results for KITSAT against
those produced by MASTER, the 3D grid-cell model developed by European Space Agency (ESA).
ol : SR, BE AT A, $EEARE RdY
Keywords : space situational awareness, collision risk assessment, space environment
modeling
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Fig. 1. Count evolution by object orbit (reprinted from [1]).
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Fig. 2. Count evolution by object type (reprinted from [1]).
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Fig. 3. Overview of the integrated space collision risk analysis system.
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2. 7 Aupt}t = 98 EAI7F ot 57 Wi(spatial density) AAE
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(co]lision flux) A&
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A W g B FH HIEA AdolA S H(radial W), SHEH(dec-
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O] ZHAL Ar, SHEH AtelY] A2 A5, LW Aol THA2 Aa=E HAIGHY, 217 X
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Fig. 4. Shape of a cell bounded by surfaces of constant latitude, longitude, and altitude.
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o71A, 1, ], K= 4 52, 5=, S8EH] 23f e S8 F7F ol o]
of w2k, & I x ] x K74 cello] A€t 2 o] T4 1,2 TR 2ol g 2ttH10]

COS @y, COS §;
Tije =" | sinag c055 fori=1,...Lj=1,.,L,k=1,. K 4
sin §;
71A, 1, &, ay= 2 L] FAolH, thaat o] Aot
1
T =rmm+(i—z)Ar fori=1,..,1 (5)
1
8 = S + (j —E>A6 for j=1,..,] 6)
1
ay =am,-n+(k—§)Aa for k=1,..,K 7
o] wj, Z} 9] A& (volume)} T3t o] AAIFHH10].
2 1 AS
Vijk = 3 (37‘,-2 " (Ar)2> cos & sin?AaAr (8)

ool ol

o1 XN

AT EA0l w2t Al FolE tEA & 5= Stk Table 1< MASTER 89] cell
A9E YeRdtH11]. 97]1A, r = h + Rg(Rz= geocentric frame©]A2] A BEA]S)o]ct.
T HV‘H ol Lol ZF Aofl sl 3= 9™ AT 345k 31X s ALt

e 2 dlod + b B4 A a7} S S TR 24 Sl
body dynamics) B@& 2§31 3 BA AT A=S wet F/1502 LBa ot
2 B A1 7] 52 2 S S B QAR olcteh S0z I, 1o
BAE Bol= A B3} AF(cell passage event) FEE LI ITHY, o 7] B EA
7} 7} o] TR AIZES AXKE 5 Sict.
5, @l o) Holse SIE, SIEY, SAERS Ak A719) Ay ol
(true anomal) f;,, f5,. fa, = Tht 2ol At 4= AcH10]
Table 1. Control volume and cell definition of MASTER 8
himin hmax Ah amin Cpax Da O Gpax A6
LEO 186 2,286 10  -180 180 10 -90 90 2
MEO 2,286 34,786 500 -180 180 10 -90 90 5
GEO 34,786 36,786 20 180 180 10 -90 90 2
Unit km km km deg deg deg deg deg deg

Reprinted from [11].

LEO, low earth orbit; MEO, Medium Earth orbit; GEO, geostationary earth orbit.
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of Bxsl7] g wEc

ARt SE g 10%10° olH, 948 2 A AT ofde) shHshe JshE et
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Table 2. Parameters for cell definition

Parameter Value Unit
Tmin/Tmax/ AT 400/2,000/10 km
Smin/Omax/AS -90/90/2 deg
Xmin/ Amax/ A -180/180/10 deg
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Fig. 5. Spatial density calculations from MASTER-8.0.5 (left) and the developed model (right).
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Table 3. Collision parameters for KITSAT 1, 2, 3 and annual collision probability calculated by
MASTER and the developed model

_ o Collision Annual collision probability
Target Altitude Inclination cross— MASTER Devel
object (km) (deg) _ ) eveloped
section (m?) 8.05 model
KITSAT 1 1,320 66 0.2 1.06e-8 2.71e-8
KITSAT 2 800 98.6 0.2 2.55e-7 3.94e-7
KITSAT 3 730 98 0.5 2.45e-7 5.91e-7

olF 3l & AFoMe FAME F= A S A Rt o] Thset 3Akd A
2dlo] o]24 7|HkE FYslL, olF HiEe® AXES 0] FAS SRSt /idd 2
o] efg S 7S] 919l ESAS] MASTER-8.0.59F fARE 27 stollA] 37t de ¥ 35
Ad 24< 9 5} o, = Bdo] fARE £EM FE A9E B7e RIS

5 MAdE A dlolgHolaet AekE 4%, £ A7) 3Ak A mdo] w2 34
E(fidelity)E 7= $& A9 &4 22 ASE Aoz 7diEn. k3t oY HEe 28
s vt e et 28 AUEIRE SE S AT BATeEH s
HEAR 28 A A M 5ol 7192 4 02 Aol

rks

LAt 2

o] A+ =52 20259¢ AREFEH)Y APz SH=ARATLY =48-S 534
AE] FEIAQIO] A YL Hio} Z8E]QAUTHNO. 1711179479, Q2931 EatA|AH]
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