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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. NE

b AR SA A o= el P& (space objectsfE°] A=Al
A 2&HIL gled, olof wet A=A SFE Aol Higt §9 14 (space domain awareness,
SDA)9] F87d0] HAF ZZ= L Stk SDAE Tt 93] 1ok dof, B (search), A
(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
A ool digk AR A ) FHEE R HF 9ANA ARGE AR vl=e
GEODSS(ground-based electro-optical deep space surveillance) A|2&2 2F 20,0000+
A=ollA s 2719 BAA] 24T 5 U= D FA AAZ 1] 5HSpace
Force)?] ZA] HIEQA(space surveillance network)ell 41202 857 Q2] =
°] OWL-Net= g5t 7|8t A A=, =4 54 HELAE 33 A= 9 BAAE
SAIE Fotdow FAsk 3]

2 AN o= AR Al AAEHIAY A FE7E RS vR] SFEAE F
A giito g o, 27| AL 2 7]HE [OD(initial orbit determination) 7|H< &3 4
Pet, 4w 7Hb [ODE Fst #=o= AL HA(right ascension, RA) E F¢
(declination) Hlo[HE ol-&sto] 27| A= HHE AEsh= HHog, A7 34 glo|k ¥
T Bo] 7hsstths HoflA Bk AlA” ] arpdos A8E 4 Ut 4k 7 A=
73 WHol= 7FA(Gauss), F9(Gooding) 5] TR FarE|Eo] EAsh, AA| ek
S HolHE Z83 AlEdo] oA = FYAQl 7] Ak Fo] Zhsdto] ASEH A4

T3y Zte 719 10D+ A9 FE glo] AlRtE 2] B HolHE of&d 27] ?‘ﬂE—
A FAoHE ®HAo)7] whizol S 4}, 57 , Ak ek £ 5ol Wt &
et ARk 4ol gltt. o] <lsf S Ak Eet AR E4 91X Tl g7}ﬁ]
S QA7) WAESHA EH, A o' 5 FA AolAe EAo] 3HH FAlolA Hlojue= &
go] Uehd &= Qlek. o1& BAsh] flsiAe B5E Y] s (offset) FHEE E-85to]
AATEC® A= &S S5k S5 Ao L2771 F Qs
o4 AL AE A B0l PID(proportional, integral, derivative) Ao}7]1S ZAgst -
= AlRbstar /\]Ef‘ﬂo]’q 719re] /g5 7S ERIgt vE QITHS). SHARE PID A01719] o=
Z2 A AL 8 EAoluy QA0 ks & o o, £ HAd] wet Yske A
5ol BAEA FAY B9l wet AR £ Q7] e, AA B I3 oA AEet
3= 2] SeiMe Eek AR 2235t Ho] atFHh

H Ao A= A GarE]S(genetic algorithm, GA}S &-8519] RMS(root mean square)
LAE Fadshe= PID o159 A 232 ARsor HASHL, oF 7IE ATolM AeH
T8 X3 Y XA vlwFo2H GA 78 He] a3kE HgH oz EAstut
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A -&ste] 285ttt

w29 AL vt A 280 A AlaE 2 9S4 7IRE 24 55
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2. A|AH M 9l SM HXY =X 31X
2.1 A2E HQ

AFoNA HF= AAEE F2 AORHFOV)E 2= s E Bt Hd7dS o]&sto],
Aok Hiofl A E2Z F4loll P e® FAsHH s A e FEstE A
oz it 4t AR Ak FE7E AIRFAR] vjR]9] 95 EAo1H, Al A

5 7h9] 8 43 841 B A A AHl(search telescope system)¥t A1 A7
/\]i‘%](identification telescope system) 2% FAJH T}

A 1l A|AHIoAE A9 Az €] Tl =3 =]
£ viges 7= 7|t 27] i 2HI0D)e] FEH. o *@"E}% A= 3‘1]5 Xél‘i
(predicted orbit informationy= 418 Y7 AlAgoz ALY, g AAEL o] 7]
Hrog #AS FA51H AsE YdS IS

A 7 AlL"ollAE AEA A =
3L, S F4102RE 9] QAoffseS AT o {4 LS FOV B HaA 7|zo
= o=, o]F Alo] Yoz ggste] PID 7|HHe] B Alo] FE gt o] Alof
FIe 94 #7712 RS, 34 ghe S07] 9% 27 de A/l ofE S AAl
2] el A 5—7@% 7Ire = Y A 74 e FE
S Fig. 19 7EFd oz yepfiglon, oA AlAgnt A8 AL Y
FILE AA o= HASHL Qo
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—I Search Telescope System I— —I Identification Telescope System I—

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

A GG AA" WollAo] FA1 B Alols, dA 7THte s 29 S 2 offse)E
7|22 FOV B HEANAY 93] BALS F3ste Wajolth 34 3 5 44 el
A S3E 2249 T4 AR 3 S 19 ZolE B e(= st o] Fholl Hish
PID Ao171E 285t B wt)S AR PID Aoj42 thaa) gt

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

O = &

Kp, K, K= 47 v, A&, vl of5 Ageols, AA 7@ Aol oliteld Alol71E A
£ 3718 7Pgska low, 2 Zautct 2%
A HAske 7R 29dn
ol PID °I5 %t} Ze} %—@ ol T8 IF= vIAIH, 5 4F Al s wAT
AL 5 9lt. o9k este] vy oA 74 darelEe &8t HF o5 29 g
71& ARtstalA} gt

A9 AT v, B 23t Hole] s Weprt F4% A-HH-E5/4]-419),
GAE 214 P43 A g4 585 SAlo Al
& A7olM 9] 2Hs}t qVd2 PID Alo719] Al 7HA] ol g K, K, KPIH, o159 24
232 B9l B4 eAE Hasloh= Alo] Biolrt HAsE P2 vt T2 BAR 74

1. 7] WA B8 K, K, K; 2T @3}71] Agoto] 27] TH AEZ 4
2. A% H7Hfitness evaluation): Z+ 23] tfg] 13] Ex= thd] AlEF ]S Ao,

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

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

3.2 MsX|H® HO|(Performance Index)

£ =RoAe F4 5= B7I6l7] 913 5 A E(performance index, PDE AA| AlE
#lolAd 7k k9] RMS QAHS: T 7|E0 2 ARERITE ol 3AL 7|4k 29| Wi 4
52 ATAeR "}E}‘ﬂh A®=E, F9= arcsecondo|th. Pl ‘ﬂruﬂr o] HojEh

r
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QF UAT2IF J|Et S B LS 2 AAY
PI = RMS error = /% N (e)? o))
o714 e = 1A ZH YoM Q] F4] offsero]n], M- A T o]k,
3.3 78 = 3 m2foje 43

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|
£ Ho|x] gtomn AR Aol FAT Wity o] ISH 5 =
2 EAolepr| ks, AlAE AA7F 2he @A Iz R 24 A G17ke] EALAA H
25 @olet & 4 Qirh

e

¢

Evolution of PID Gains
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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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o2} =2 RMS H62 4 €aldlE B =5 47 it x3to] dAjF oz JiAE W
of 2] wizel ARt Ao, daege A B 27y S AldlolM A
A ‘%E‘r‘é* T e ol A FEolre 27 dARE o2l RMSE Hole =g
penaltys FofstAY, A 238 PAA R ZdrHoeH g o] Axl IF
= FA G=E Ao 4= U

Ao 2= HF 7 TRoIA vlad A PID o5 20| =&FHeH, Bt RMS
LA} I3} YA £EO= FAEIT. o] 42 worst-case A4 2UE o= 3
g 2z, 27] A= 2P 2 45ol= GA 7Idt 5‘4149}7} aHoR eSS
AR ol A Al2gle] Fof 2] digh At PID 29 =& 7 dE AR

ZA S0MIH 2] RS e S8l GAS o185t K= 1.3325, K, = 1.4698, K= 0.0356°
PID o5 3+ =& & A3t o] Ak o= ¢ ol% 4ZL /\lg’ﬂﬂolﬁ A A

Zg=o] 7|& 1 23] A v s B3 4 e A5l ZEH A

O

4

4. AE30]4 Zdt 2Y
4.1 Ng#Hols 4y

AREE AF HolEe ARE ATZE0]9] STK(systems tool kit)s 7|¥toz F/iw
TLE(two-line element) F2-E E-8st0] B=|qlct AU Q= ST f A4 TS5Aao]A
AR IS 7S AT IES 71 s Fdstalem, Al °F 300, 500, 700 km 4>
=0 1} Fdf a7t 9F 45, 60, 80 Tt A 2= FHoE =ik

NE7F FERE S BET 5 Qe AR 0] oAl S 7104 S
7 AAH, Fdf 117t0] FobdSE IS A5k SV 9 AIZ 9 Bl o] FEAE &4
o] Qltt. ol=et 272 st 7|Ht HA Aojof] Qlof &2 WoleE FIshH, AlIAFS] AL
d1} vH3/3S B7Iel] SIRt HE A,

o[2I3t 7ol wet F 11719 A& AlUR|E F/dsieitt. 49 24 v
oA 4 Ao)719] e FEA ST & JTE AAENCH, A T Al
= 7120® |l B 7N 22 AlEYoldstlt. AlE o& AJH+= STK W9 ODTK
(orbit determination tool kitys -85fo] A=A, AEH(streak) FA Al ZL A=
M= R 27 A T ¥, oid 2E 4 Alo] A or ARSI

o] & she] AAE BE 757t 231 [0D 7| Al 34 QAP iAo R AA &
Aohs 245 Helow, 34 o] o] 7FE AstEe = UElnh sid Alueles
worst case® AZE AL, AA| AlEFo]HoA= 10D 2A7F £ Aol 20% o7
S A= SRIESITh o= WY S] FOVZL 4= E(degree) 08 A3HE]= 4%
A A B SRS A8 o e FFolth ol2Rt worst-case £ 7=, AQt

3 GA 7]t PID oI5 45} 7|8le] A4 24 4 WEdow B

.I

O

_?_L
I

r

[>
o,

o

R

>~

_II~>

4.2 Worst Case0f Cigt £ M5 H|u

AS Ao R, 7129 fixed-gridE 7|Hto.2 A4H PID

H Hol| A& worst case HA &
= 23S 47 2851

234} o A7 GA HA3kE Eo) AEA £5 PID ol

o]
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32 /45 vlusiqitt
71& Aol 479 719ke] 17E PID 23K, = 1.24, K, = 1.56, K= 0.03)°] A+8=

el
Rom, o= dA WOl YoA 7Fs3t ZE PID 0|5 3o tis] AlEFolAS 3t
g 5 AHPDZE EEoto] 473t Aylolct, Tes] 4 RMS A Hol&=
TS At AL ofyy, YH 232 FA4FoZ vl 2R RMS 3 EolgEte QI
4 J50] F23] A= AY Hilksl= dAto] ERIEQIY] wiRof|, AR A% 3o
O,

re 2PL 71

¢

S
)
=

R
rir
.
rlo
2
N
il
o
N,
o,
)
>
H1
=N
rE
(o]
A
2
Hu)
ol
e
oy
E
B

#
1.3325, K, = 1.4698, K, = 0.03568& RMS 24} 7|&0A 7Fg g2l s Btk 1
Il GA 7I5F HEL2 o5 #2258 Ul A 274 FEsH ST 2N, 7|EHT
o AlEet s ol 7 71HE 4= itk

AlEFold A¥E Azimuth R Elevation ZHZto] tisf| AIXtEo] W offset B QA=
Fig. 30 ZAJsI9ich Jei oA 712 PID 23 238 oidtd(blue) A10Z, o] GA 7]
vt 2|25} PID 23t 23S 22 M(green) A0 2 FLESIo] FAISILE Azimuth, Flevation
T & 15 20 arcsec O|H9] @A HIIARE GA 7|9t 30| AA| AAYE 7t 52t Erk
S4loll 7HA seshe B3E YElch

F712, FOV 713 HHA A4 Azimuth 9 Elevation ®3Fe] B4 94} EXE Fig. 4]
AlZSeleitt. X552 Azimuth, Y52 Elevation @ & Al7Ho]| W 7} @4} g2 F4sto] &
EE A9 o] ZHE E3 s F40, 002 HE dupt Hol=AE A HHoz
SIS 4= Qltt. Fig. 4. GA| 71 14 PID 2 Z3E o Ao = GA &g} PID &
o ATE 25 Ao= JLEse] HAISHITH

AA ExE AWEY, & BE A= 3P SYolA IA HloluA] o= AFS B
ojtf, GA-Z|A3} PID £ 54 FHo| S 48 £2E FA6IL oH, o4 #9
TS ARbH o = AA Ueh= Ae 1T 4= Stk

=
i

f

4.3 CHds HIH =H0| gt ¥ Hlw

7% QTG iRt 11709) chofet A2 Altel o8 o2, GA 7oz Hxste

5 292 A8ote] 28 452 Btk 2 ARl die 10021] BepiEE A
Feol g Sasiglon], 7t ARolA AHEE RMS 410) Baghe 71Eo® HT B4
AL 0] BIE F4k 2 oo FFS eid BAH AT InS oY 2X=
T4 oA AM8E 108] BT TR

Bl v 22 Al 7K 285 VIee R ET

D | 32 I 2 10D 718k d& Aol H-&A171 35
2) 71& ATollA] Fixed-Grid 7|50 & A3t 714 PID o]
3) & AoA GA FA3E 53] =&9 PID ol 2¢
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Offset Compensated Error
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I e Fixed-grid PID ||
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Elevation Error(deg)
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-5 5 L L 1 1 H L L 1

0 20 40 60 80 100 120 140 160 180 200
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 2782 8549 RMS 24+ A=st 23E Yepdct.

A 2 HiE 2 Ffoll= A% EA4l weEt RMS 22 A MedE & 4= Qlth
E35] A4 1043} 11837} 22 718 2 A= 242} 64.85 arcsec, 301.24 arcseco]] €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 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
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