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This paper presents a line-of-sight (LOS) stabilization control method for portable optical systems by analyzing fast steering
mirror, image sensor, and gyro sensor system. To compensate for LOS errors caused by hand tremors in portable optical
systems, we present the configuration of an image sensor-based LOS stabilization control system and a control strategy
considering the phase delay effect caused by low sampling frequency of the image sensor. The phase delay effect of the
image sensor caused restricted bandwidth, which limited the stabilization performance. To overcome such limitations, we
present disturbance feedforward control using the gyro sensor and controller design method considering characteristics of
the gyro sensor. Through overall system modeling, we constructed a control simulation model. The LOS stabilization
performance against hand tremor disturbances was analyzed based on the proposed controller design. Simulation results
demonstrated that integrating a gyro sensor-based disturbance feedforward control with the image sensor-based LOS
stabilization control significantly enhanced the stabilization performance.

Manuscript received: October 24, 2024 / Revised: November 9, 2024 / Accepted: November 13, 2024

1. MEB

L i L R R e e T = R )
O SN FUet Hak A 9 =& 49 Y I5S
9]8f Al4(Line-of-sight, LOS) ¢HF43} A|A8]o] @ETh1-3].
Ak Al 2" AA QPgstE 1% 7P tiEA Rl AR g
Hopoll A de] ARREARE, A or & FE Kok QIgt A
e et dEe s st 5] SAKNS ZHAAL k141,

Aul 8 el aEslel A/ AaE Ve T
a4 SR Mol Fiste] &8 = 3
v} Aol it 487F A SR wWEbA, olE %
LOS Mgt A2 7 /g gds] A8 Fofl ATHs-7].

Copyright © The Korean Society for Precision Engineering

wheb Zolz

= 14 23 7S(Fast Steering Mirror, FSM)x};
WAE SR 28 e A2

2 5] HS SallAl B F A=A

o] LOS ¢HY3ts A o= =3ste] =2 LOS M3} 4
o2 SHsIA} sk AF-Eo] Eis] X8 Fof UTH1,4,7.8].
FoE Ay 28 A 2 g o3 HAsh= E
o2 LOS M3}t g Adlishe 48 49l 5 shtolt
1 aldst7] HeliA A8 st AAgoAs dukyo=r
CCD 7id|g} 59] oju]z] AAE E-g3te] LOS st Ao
£ A A, ofu]R] A= iAo R W A&

Fioeol o WE £& A7

i olo
O

-0,
__>‘~y1
o
b

(]

tH9,10].

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



176 / February 2025

LOS ¢Hds} A5 3-A7]7] Y34 Sliding Mode Control
(SMC), Linear Quadratic Gaussian (LQG), Disturbance Observer
(DOB) 9] Alo] Yare|E&S Agsto] Huw Ao A5 F
AAZIAAL Sk B2 Ay ATEE0] AAH(10,11]. ol=gt A
07|52 Aol HAF Wolli= FFE ot A% 58& 7HA

ARk, o FE gre] aseup goof EAfshe s A A
o th= TAES 7HH

ol5 slEst7] A THE=A, Afol= A T A
B w22 AEY FHE T B8 S48 AlA 7o R ozt
HEZYE Ao7|1E F7Iste] s Lfghs BAshe 450l
A RATH9,12,13]. 2Jgt v =2 Alof= wj=u o] Al
go] £ g0l Fd= FA FoHAE WS Fuke Y
oflA ARl efgh A7 oS 7Hth= el ARk, &y
Q1 A% S gJaiAle A2g melo] T olsfet o] 2 7]
Htoz 3 Awsk AArt Basict g AY A7rsL 9t
HEZYE Aof7] AA Wt dA5toll HYFshe] %—% s H

FUAGE, 2t AAE 9l st Alo]7] W FSM Ao}7]
AA b, 2P AlAEe] TRl 24 5o TRl BolA
At ez 7]e= i

_1

ﬁ_‘

o

s

Y
o

T8 st Aulo] sl AFw, 2 AZ0] & Uy o
Bhe Agsto] Fue LOS OHyst Ao sk Qs
& 9y ofete) Fujpmrt e 2 Qrys) ooz ot

A Adsol 8tE. oS flsiA= ek Ao LOS °W§}
R ESEL| EH?IZ ofafiet Al ~H) f A LT st A7) A
weolMe g3 Alads
EH““J 1?4 Aoi7] AA wtol
OH LOS ¢1A3} A% e wloto] o
SiA AIASFAT Tr"ﬂﬁ A3t gale] & "y Aol dhsh
LOS ¢Hg3t A5 e E a4l LOS g3} Aj2jls -4t
= FSM, oJu|x] AllA, Apolz AlAof digt Feh2lQl &A=
Yatglom, o] 5 7|Hko.2 LOS Hyste] a3t FSM A|of7],
LOS Fs} Alof7], efst v == Alo|7] A Wikl sk
A AAsEAT. Y, ZF AlL"of gt mEws S Alof Al
ol mEg F5sto], Alof7] Ao whE & WY ejeh]
gt LOS M3} A5 vl 245kt

I

n%r

HE o °
o

2. R &st gHle| Al eFgst wof7] EH

o

2.1 O|O|X] MM Z]2E Al R} 07| AA|

Fig. 12 glo]A & o]-&3F Foi§ st Au|e] LOS g3}
A2) ARES BelFa gk, LOS QPgsh Al2g Ui
L 2o g Bxe| AFel] $I% HhAL Ag o Wet HES
o A 5o Al & Dol ofs WAsh= FlolAe] LOS &4}
asl7] st olm]R] AlA, A|AElY] AEL 2A517] 95t
oj& A, Z1E]al o X5 AJollA LOSE eHyslslr] fivt
[AE 15 sHe FSMoR 40| gict.

o ﬁd rulm

LOS Stabilization System

\4,[| E Target

Hand Vibration '

Fig. 1 Schematic structure of LOS stabilization system

Hand Vibration D(s)

d(s)

FSM Feedback
Controller

B10srer(s) Ocmp(s) Orsm(s) + * 0105(s)
T Cros(s) T Q Crsm(s) Prsm(s)

LOS Stabilization
Controller

|

Hesm(s)

i

Himage(s)

T

Fig. 2 Block diagram of LOS stabilization control loop
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Fig. 4 Block diagram of LOS stabilization control loop with disturbance
feedforward control
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Table 1 Parameters of the LOS stabilization simulation model

Max. Tip/Tilt Angle +2.5 mrad
- Resonant frequency 2000 Hz
Fast steering mirror (Unloaded)
(P1S-330.4SL) Resolution 0.25 urad
Moment of inertia N
(Unloaded) 1530 g'mm
Sampling frequency 60 Hz
Image sensor -
Resolution 20 urad
Bandwidth 480 Hz
Gyro sensor Sampling frequency 1000 Hz
Resolution 766 urad
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Table 2 Controller parameters of the LOS stabilization simulation
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(@) 5
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controller filter Whpf 3.14 rad/s
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Table 3 Comparison of LOS stabilization performance

o LOS performance (RMS)
Vibration .
frequency Feedback Feedback + Reduction

feedforward rate

5Hz 353.3 urad 36.1 urad 89.8%

10 Hz 681.1 urad 38.7 urad 94.3%

Range o
(1-10 Hz) 255.7 urad 51.8 urad 79.7%

shu, WY AAE Aol 2 AAE Sk ot mExge B2
7F F71E e e RIFE Sy(s) of stk LOS g3} A
ofgk ol olA)3L 9 u, elehg MAKE 4 o= Fus o)l
Z2 of 13 Hz2 QPYs} 20| 220w Fojgol eohe
15 otk ok 28 gpolth. Sigt EEYIE R S7ho)
weba] A QelolA] NIRRTl 2 e A Shele
glom], ole} oA ThelE wak OF 130 Hz 42202 =7 &
H A &4 Aok

Fig. 10& LOS ¢H3} Aloj7|of w2 & He Jgko] gt
Al QHSE Aee HolFal Qloh WA Fukas Ao whE
AlA QHES} s Hlal EA48H] 9184l 1.5 mrad 2715 7}
A= A&l ek LOSe €175+ 1 (Figs. 10(a): 5, 10(b): 10 Hz),
LOS QP8 4% L0Se] A ZHRMS)S E3lA BHlskal
O}, Fig. 10()2] 5 Hzo] & ®g) eleo] syl olu]x] A14] 7]
wbe] LOS @43} Aol LOS 7= Alols Baja] mieka) 4
Aol oleto] A7FE LOSZ Woj=y 9lou], 3533 urad
(RMS)] QFeh 45 7Hch. sHRt, 9ok Fulert 27k
of weh QHgs}t theEo AR ot oA e AstEH,
Fig. 10(b)2] 10 Hz &) 3] ¢yt A%< 681.1 urad
RMS)= A AslE= Ae gheld 4= et

of7]o] AAIG et HEZQE Aloj7|E 7t wet
A Ao A B 4= Qlzo] 59 10 Hz Qfhof| tisiA 2 2
g A Aol A FFE A AT 5 Uk o E
OS o3}t 52 36.1, 38.7 urad (RMS)Z o]u|x] AlA 7|4t
OS o3} Alojut 285192 wjH ) 21ZF 89.8, 94.3% BFAF
& HolFal glew, 1 ﬁﬂh Table 3] 2|5ttt
o2, Fig. 10(c)= 1-10 Hzo| Zu}d Hol2 7z &
o] LOSof| 217 3lE wjo] Al eHysl e 2ol
= AlEEe]de] & Hel Fke 1-10 Hz H9lofA
e S 7HE AduES Adste] Adskelen,
ghof] oJsfjA] WASH= LOS X5 551.1 urad (RMS)O]
Cojuld ALK TSu) Aojer AHEAHES A9 LOS eHyal
@b A4)S 2557 urad (RMS)o]A]ak, 9jet oj=xele
Aol7171) A3t A% QPsh A5 AH)S 518 urad
(RMS)S.& 79.7% e & HolFal Ut ol& &34
Al A 1 G ISR £ A A S o 2
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