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Abstract

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.
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1. M2
95T 95 BT FAH YU BA 0= Ttk 58 A (space objectsy5°] F=Ae

A EEAL 3o, oo wet A=At SFEA 0l thet F9 214l(space domain awareness,
SDA)9] F87do] A}t 2= ot SDAE T3t 91A] mjelkZ dof, B4(search), 7HA]
(detection), 3 (tracking), A8(identification), ®E3Kcataloging), A< ZA](monitoring)
o o]2& A&EAR AH g5 9 B AAE ZFTHIL

o|2|3t A|AoA AF7IRE Gt AARE A RS SEI 1Y A TR
5] 593 IS 51, F2 Aok (narrow field-of-view, FOV)S ZH= 54T WYF
F4 digel digt AR A Y SEE Qe 2S5 dAlRIA ARER AAE vl=e
GEODSS(ground-based electro-optical deep space surveillance) A|2&®2 2F 20,0000+
A=ollA s 2719 BAA] 4T 5 U= IA-D FA AAZ 1 $5KHSpace
Force)?] ZA] HIEQA(space surveillance network)ell Ao =2 851 QT}2]. =
©] OWL-Net= g5t 7|8t A AA =, =4 54 HELYAE 33 A= 9 BAAE
EAE G og skl Q3]

2 AN T AR At FAEHIAY A FE7T BESE vR] SFEAE F
Z gate g b, 27| 23L& Zh: 7|8k I0D(initial orbit determination) 71H& E3) 4
gHct, A% 7¥t [ODE g #HEHoR A2 HZ(right ascension, RA) L ZHY
(declination) Hlo[HE ol&sto] 27| A% HHE AEsh= HHog, A2 34 glolx #
T Eflo] 7kssiths oA gt Alajle] arfdog A8E 4 Qo 4% 7N A 4
3 W¥ol= 7F-A(Gauss), 9(Gooding) 5] HARE FarE]|Ee] EAsh, AA| et
S HolHE &3 AlEdo] oA = FYAQl 27] Ak Fo] 7hsdto] ASEH A4

T8y 4% 7]9E IOD= A FE glo] ARk 49| = HolHE ol8s 7] AxE
A S WHA]o)7] el WS &, 578 1+, Ak gy B8 5ol wEt 1
et ARk 4] gltt. o] 2 <lsf diSE A= AR AR E4 91X 1tols E71
S QA7) WAYSHA EH, Ao ® 5 FA AdolAe 0] 3hH FAlolA Hloju= &
go] Uehd &= Qlth. o1& BAsk] flsiAe BS5E Y] s (offset) FHEE &85
ArATEe g Ak &S A4Sk e o] 27 F ]St

oA AL A= A1 B0l PID(proportional, integral, derivative) Ao}71S ZAgst -
ZE Ajtstar AlEdolA 719ke] s 7RAE ERIgE vl QUH5]. SHAIEE PID A|ej719] o]%
22 ARG 7 EAolY QAo J3ks € 4l X3t Aol wet sk A
5ol GAEA EAY Aol wet FARRE £ Q7] wiEell, AA| gAY Z1t Yol &gt
Z9Z 27| oA Hok AAZR] 2435t o] 8EH

H Ao A= A Earg]S(genetic algorithm, GA)}S &-851%] RMS(root mean square)
QA5 FAd}sl= PID ©l59] A X AFO R GG, o5 7|E AFolA AMGH
T& 24T U oA HlwFO RN GA 7I8F HEO] AVE FFA o RASIA}
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QF UTIE JI8r S B Bt FH AAH
st GAk AEeH A3} vAUZS 2t A9 Hast MR, /)& ATME PID
5d EA0) GapHo R 288 v} QIrH67). o] EEOAL AAdle] S5tE A%E GA 7
22 AA F@ste] 485t
£ =5o] 74 thaat Lot 2o WA Aad 72 9 84 7Nt 24 589 A
ok, 3o GA 78t PID of5 w4 FuelEe] w48 P 7&utt 43
A AEold 24 43R A% vl % Ax BA7) ANEe 3% $ge o
HpAjstoR SAOAL B d7e] AR W T AT TRsAS 7has] =ofsi,
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2. A|AH M 9l SM HXY =X 31X

2.1 NAH R

B A0 T AATE HE ACRHFOVE 2 TolE ot $U7 o] 8o,
T2 Aok oAl EaE F4o] IR0z fAste MWE A8 G Sk A
wAoz Yt 34 e A A% HRI AR wA] 95 BRlols, Alsg A

T 19 F8 T4 84 gA g AlAHl(search telescope system)@ A1 W47
/\]i‘?ll(identification telescope system) 2% FAJHT}.

A 1Rl A AHIOAE A9 Az ©x] T =3
£ HReR 7% 7§t 27] Al Z2%I0D)e] +yE. ol ’%"‘c‘l% = ?J]E Xél"i
(predicted orbit information}= A8 G973 AAFC R ALEY, i AlAE2 oS 7]
Hho g #AS FAshH WUshdE Fid= G5
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=
BERRE A]*E“OML Ade] B A3 B 249 T
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2 @9454111, o1 Aol el el pID MHS] 1 Aol S8 ek, of Aol
St 9y 212 e, 84 g Zol7] 9% B B3PS AL, oS Sa) A4
27 ggol vl 292 Mo mn 94 B4 94 A5 s,

ofefat AA] BHL Fig. 191 A0 thehiRlon], B4 A28t A8 A2ge] g
T2 gAl By £ AZH 0T EFSL e,

—I Search Telescope System I— —I Identification Telescope System I—

Image Acquisition &

L= Offset Measurement

[

Target Detection

) PID-based Offset
Target Tracking Predicted Compensation
Orbit Information in FOV Coordinate

Initial Orbit Determination \.

&/ Corrected Tracking Command

Fig. 1. System architecture and offset compensation loop.
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2.2 SM BX 7|4t Ojce Hof X

A 7 AAE WollA 9] SAl B Alols, A 7Hte R EH 4 2K offse)E
7108 FOV BH A4S 4] BAHS Foh= WHaloltt. 4 3y F G4 Wl
A 249 1Ho 4 9|9t I F4] 719] AJolE SAl e(DE AoJstH, o] ol thsh
PID A|0j71& A-&sto] BAF ut)E AR PID AlofAl& thaat 2t

t
u(®) = K, - e(t) + K, - fe(r)drmd-de(t)

O = &

Kp K K= 2424 vlEl|, A2, vl of5 Alepolw], AA) 7 Aloflke ojitstd Alol71E A
& E5 3715 7PEeka glom, 7 my|Juitt 37
9 offsetoﬂ ohish 11101 *J:szé Agste] 4 HAgshe 722 29Eh
ojwf PID o5 k9] 32 34 ool S8 IF= WA, a5 44 Al e BAT
AT < glnt. oo} Hsto] the oA A LaElEE B8t HA o5 23 B
71%E& ARYstALAL St

=)

A9 AT v, B 23t Holxe] s Weprt F4% A-HH]-25/4]-419),
GAE 214 P43 A B 585 SAlo Alsa.
& A7olM 9] 22s}t qVd2 PID Aol719] Al 7HA] oI5 g K, K, KPIH, o159 24
2% Bl T4 LA Hadlohs Ao Hiolr). A3} R thad} 22 BAR 14

1. 7] AT B K, K, K; 2T @3}71] Agoto] 27] TH AEZ 4
2. A% H7Hfitness evaluation): Z+ Z3tof| tfs] 13] Ex= th3] AlEF ]S Ao,

3. X®i(selection), WAHcrossover), EAHO|(mutation): GA EZ AALS F-83la] the A
of ZAAlT A3

4. 58 274 T2 A T2 AR M 4= = s I FA0 mek 25 23 2%

3.2 MsX|® HO|(Performance Index)

£ =RoAe F4 5= B7I6l7] 913 5 A E(performance index, PDE AA| AlE
o] F7F Fte] RMS QAHS: T 7]&0 2 ARSIt ol 341 7|9t %9] it 4
< A¥Hoez L}E}LHL A B2, &9+ arcseconde]t}. Pl ‘:}uﬂr Zo] Aoldrt.

r
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QX UTBIS T BH B B X AAH
PI = RMS error = ’% N (e)? )
o714 e = iR oA S] F4 offseto]™], M HA| e o]t}
3.3 7 =4 ¥ 20|y 4%
2| 43lo] AMEE GAE 9% olH g mo] MATLAB 7]¥F0 &2 XA| = QAet. 7HAlZ
Z718}, A9, w3}, 9o, At BVt 5 B Ve XAt FER ko] St
=4 AAolu GUI 7|9t &8& glo] H2o] @tﬁ BFE ZYANARE ST °lE &
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R
UubHo BEHL GA AF M
8 AP e B3 A Slo] FolE e

GA 712 T£E 7o, 44 PID o] 2% B4 98 thast 22 FAHe
S Agsct B B &, K, K= AFE W RelA 7] AR T,
7} 23] thol RMS Q48 A5 4B sH= Algdlol4 713t Bt St

s WK 108] BephER Aol W St Arte Qojd RMS BE9] B
35 W7 AR A ol B Ay Aue] wEAe Yok 7k gEe

o
wol7] 918 £X2, BE ABoIHL MATIAB T74014 e Qi glo] extaow Ay

A WollA AiA oz 93t 5 Bl A 2AE2 Fi=E AEEH, oF 719
W AHcrossover) W EAHo(mutation)= E3f th2 A9 SHFo| AL AA Al
HHEo] hewd, FHog nE WrHE 23 5 B RMS 247 7H¢ W2 PID o5 &
3ol 4 o5 oz AAHrh

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 24 HiskE #A415H3iH Fig. 29] Atoll= AldiE K, K, K, °15 &2 HsE
ERf AL, sholli= Al RMS 231 352 A5t

Al ZRHRolM= K2F K4kol Blad W& §9] oA wssh 274 23h& gMsk=
Aol Uttt £3], 271 10M1 WA= K71 1.29-1.44 " 91ellA, K7F 1.28-1.48 H
HlollA Wsstodct. oo W=k RMS & 9F 5.86-6.00 arcsec F0llA &% 5 HHE5}
= = Hrh olF Aldi7t AP HA, 53] 204 olFol= KoF K7t 242 1.43 #
&, 143-147 F2or FAHo= sk AT o, ofd wek RMS °AH: 5.7
arcsec 9|2 Mgk qict.

ohet, 24, 40, 48AH F-ZollAl= RMS #ho] v 02 355k d/do] S o]

AEE PID Z3to] mAstA GebAHAA AlAF9] Qg Aol 1735] ofsle A= oA
79,737 arcsecZA]
FHog F7 }O]'Oﬂ‘:} of=gt ﬁ%— PID o= %—‘61 erxqoﬂlﬂ 2
E‘Ho] a} b o 3= HolaH, A8 o5 £ AA9 S84

de AE EE7F convexsHA| %71 whizol|, AltiE RMS 8 T4 I 4 0]
£ HolA] gfom, AR Atox FAT Hitolu 50| BEE 5 =
A EAolep7| ks, AlAE] A7 Zhe @A Iz R 24 A G17ke] EASAA H
ZH 4ol & 5= Sk

Evolution of PID Gains

"J
;(d

N

Kp \
al ||
Kd

0 5 10 15 20 25 30 35 40 45 50\)

Evolution of RMS Performance Index

20

5)
)]
(7]
o
A
S 10
£
w
n
=
4

-
(&)
T

(&)
T

0 5 10 15 20 25 30 35 40 45 50
Generation

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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ole} Z-2 RMS #5652 #4 d1ElE B =5 I A 23 o] XA R JHAIE W
of Z3E| 7] Wizl WS RoR, FarFe A4 T 27U S AldollA A
A UrEPéf T U= FAdolth AA ALollA= 4 AR o1de] RMSE Hole Z3
penaltys FolotAU, MY 271 HAIHoRE ZFAFOEH g 20| Aol JF
< FA F=E Aojd = Uk

AIH 0B HF 9 oA v I3 PID o5 23 o] ZEE %o, W RMS
Q2 EJF QPIAQ] 0= |AELE o] EAL worst-case A 271Z FOR 53
| g, 27] A= oAt & Aol GA 719t }4149}7} anHo AL IRIT 4
UL of= HA| AIA”IS HoF 270]| thigt A1t PID 2 =& 7Fs S AR,

AA S0HRE] ¥HE: 2S5 GAE ©-85to] K= 1.3325, K, = 1.4698, K, = 0.03562]
PID o5 &%= == & AUSIth o] FZ3H o|= g2 olF 4ZL /\lg'ﬂﬂolﬁ SAA

H8=jo] 71z 74 x| 5 v B 24 45 F50] BEEA
4. Al=Z80|d 231t Y
4.1 NgHolM MY

AREE AF HolEe ARE ATZE0]9] STK(systems tool kit)s 7|¥toz F/iw
TLE(two-line element) X5 -&5to] FFE Ut AU 2= SHREE W A4 540014
AR IS 7S AT IEES 71 s dskalen, AL °F 300, 500, 700 km 4>
=9 9= Fof 117+ 9F 45, 60, 80= :rLﬂq] A7 ZokE SAH0E HAEI

157} S-S5 S BS54 Qe AR Fxto] oAl S 7104 9] AHiSE

.I

nn 1__
7F AR, Fj dzto] Fordas B5 45 571 9 AA 9 HAdgAgel FESAE B4
o Sl olefet 27 ot 7t B Aole] o] £ Hol=E fuslel, AAHe] A

d1} ¥H3/dS B7Iel] SIRt iR A s,

o[2I3t 7ol wt F 11719 A AlUR|E T/ttt 229 22 vt B
oA =4 A|oj7]19] e FHA ST & JTF AN H, A TeF AlAH
< 7IEos A HA 7N 245 AlEFolAdsiait Ak dlS FEE STK Wl ODTK
(orbit determination tool kit)s -85fo] A=A, AEZ(streak) FA Al ZL A=
7MeS g E 27 Aedds 3T ¥, oid AE 54 Alo] A or ARSI

o] & shte] A ¥ % =7 331 10D 7|8 A 578 A7 Adtid e IA
Aok 2745 Helow, F4 o] o] 7 AstEe = UElth sid AUzl
worst case® AL, AA AlEgo]dofAl= 10D 27 £7 Aol 20% o714
SjE AT ERIEI o= Sl FOVZE = E(degree) 502 AtE= A3
A S B RS A8 o e FFolth o2t worst-case £ 7IEoE, A9t

3 GA 718t PID oF% #=j3t 7]%19] AT 37 Y52 YFHOE WL

4.2 Worst Case0f Cigt £ M5 H|u

H Hoj|A&= worst case HIA 274 HACE, 7|29 fixed-gridE 7|HFCE AW PID
5 283 o] Aol GA FH3E B3l MEA =3t PID o5 282 242 4851

o]
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9 71¥te] 118€ PID R3HK, = 1.24, K, = 1.56, K, = 0.03)°] AF&E]
Rom, o= 44 HY oA 7Fs3t ZE PID o5 X3t EHoH Al EF oS 33t T,

RMS OA1E ASARP)Z B8alo] e Aoltt, Bes] 4 RMS 948 Kol &
ke A AL ohH, QR 23 oMo vl 2L RMS FHE HolrekE 914
Qolollx] 450l S5 ISl WAk Aol SISl o), A4 A4 T

WO RMS 9342 SASHIAE 4 of5 gt wslo] dhel gelA ke AL 71%

o X
o
~
55
)

o|9} tiH]sto] & Aol A= GA 7IHE 2|H3t 7S AEslo] Het AAHoR o5 =
= FASISITE 271 ZiAIZolA AlAste] AldiE AE, A, EARe] IS wHEshEA
b Rt A5 Hole olF 2o geiglon, HFA 0w =aH A 2K, =
1.3325, K, = 1.4698, K,;= 0.0356) RMS 24} 7|&oA 7 P AQl 45 Bt 1
Il GA 7I5F HEL2 o5 2 28 Ul A 274 FhsH ST 2N, 7|EHT
o AlEet s ol 7 71HE 4= itk

AlEHo)AH ZIFE Azimuth ¥ Elevation ZF2o] tisf] Al7150] TZ offset 27 QA
Fig. 30 ZAJsI9ich Ji oA 712 PID 23 238 oidtd(blue) A10Z, o] GA 7]
vl A5} PID 23 23S 2= M(green) A0 2 FESto] HAISI ). Azimuth, Elevation
T+ & 15 20 arcsec O|H9] @A HIAARE GA 7|9t 23 o] AA| AAYE 7t 52t Hek
SAloll 7HA sk B3E YElch

F71=, FOV 7] FHH1A Aol A Azimuth 2 Elevation ®3F] B4 @4} EILE Fig. 4]
AlZeFeleitt. X552 Azimuth, Y52 Elevation @& Al7Ho]| W 7} @4} g2 F4sto] &
IS ZAISIT o] ATE F3l 3 S0, 02 2RE duh Hlold=AE AW ow
eI 4= U Fig. 4. JA] 7| 14 PID £ 7S ot Ao = GA 23} PID £
o 2TE 229 Mo TRae] BAST

AA ExE AmEd, & BE gi= 3 S0l 34 HloluA] o= AFS &
ojuf, GA-Z|A3} PID £ 54 FHo| & T8 E2E JAcL oH, 24 1§
S AR o g AA UEhts 2 EU8 4

4.3 CHds HIH =H0| gt ¥ Hlw

7% AT7BI1A Aol 11709 cherst A4 Auelog thiow, GA ZIvoR Hlsk
PID o] 23 #g3te] 34 4% Bk 2 Aol Tl 10080 Bt A
galo]4e Fsiglon, 7t AlRlol AHEE RMS 9A9] BIRE 71E0R HT AL
Agelgict. o] W A4t 24 o] Je T FAH AL Pus et 22
B4 S0l AM8E 108] BT TR

ali thel 2 A 7H 248 V1R ® SaEslt

D =M 3= 9 & 10D 718k o5 Aol H-8A171 3%
2) 71& Ao A Fixed-Grid 7]8Fe.2 AAsH 14 PID o|& X
3) & AolA GA FZH3LE B9l =&% PID o5 2&&

i

Jl
F-\_‘ m_?lt
oM. mlo
do

oo

)

o,
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Q|
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Offset Compensated Error
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I e Fixed-grid PID ||
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Time(sec)

Fig. 3. Comparison of offset compensation error over time. PID, proportional, integral, derivative;

GA, genetic algorithm.

g X 1073
—*— Fixed-grid PID
——GA PID

2 =

1 -

0 L

At 1

2t g

3 - : - - .

3 -2 -1 0 1 2 3

x10°* (deg)

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.

Al 3 HiE 2 Afole A% 400 weEt RMS exPF 34 HEdE & 5= Stk
E35| A4 1043} 1183} 22 718 2 A= 242} 64.85 arcsec, 301.24 arcsecol] €oF=
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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 4.2188 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
7] Fixed-Grid 7|¥F PID ©l5 £33 #-83%F 3¢, ZE AFoNA A 54 thH] RMS

QA7t & AT BHH O R OF 4 arcsect] RMS 2448 7|53 0, £7 AIZA
+ o3| HARE A5 BAPF TSI

GA 7|8t J&3} PID R3S A3 Auk= B E A4 7|2 Fixed-Grid ¥ tfjy] &=
7Rl A5 o] ERIEIQIL £39], 7IERA0E BRS¢ 92,49, 10, 114 AFd
A= RMS 2Pt B1& W2 310 & 9ok AFE Hoirk

GA-PID %32 71& ¥ oMl F 10% Helo 71 &5 7
worst-case 27X = d¥E S Ak AAE 9:431‘:]'- °
PID °|5 %= AldsH 223l gs, A J9o] 24 gt 54 & 289 &
U= AlAbohe At & o Al

nllo
ok
r O
m_0|_l5
P
39,
32,
IR

rTr
2
N,
rE
X
rH
™ rE
o,

£ =2olMe gt 71dt 9 EA 74 Al2gelA 28 7Rs?t PID Al01719] o5 &9
LEEHGArE 9“1611 AAH ez 2Hlste ke AESII.

7|&0NE fixed-grid WA 0= 7%t He 230l Hisf A AlEdolds skl &
o 7iRto = it S Hﬂxﬂo}ﬂi FZ A7geizton, ot A2 B Jgo] Wil A
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