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Omnidirectional gimbal systems use multiple actuators to achieve the desired line-of-sight (LOS) motion through thrust
allocation. However, actuator degradation caused by thermal effects or aging alters the force constants, leading to model
mismatch and diminished torque realization performance. Conventional pseudoinverse-based thrust allocation assumes
constant actuator characteristics and, therefore, cannot effectively compensate for these variations. This paper proposes an
adaptive thrust allocation algorithm based on Recursive Least Squares (RLS) for omnidirectional gimbal systems. The
proposed method estimates the force constant of each actuator in real-time using measured torque and actuator current
data. These estimated force constants are incorporated into the thrust allocation process to address actuator degradation.
Additionally, a weighted thrust allocation strategy redistributes current demand to alleviate the burden on degraded
actuators while maintaining the required torque. The proposed algorithm was validated through MATLAB/Simulink
simulations under conditions of asymmetric actuator degradation. Compared to the conventional pseudoinverse-based
method, the proposed algorithm reduced the torque realization RMSE by 99% and the LOS tracking RMSE by 24.5%.
Furthermore, the weighted thrust allocation decreased the RMS current of the most degraded actuator by 35.8%, all while
preserving torque realization and LOS tracking performance, demonstrating the effectiveness of the proposed method.
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NOMENCLATURE ©® = Estimated Force Constant Vector
W = Weighting Matrix
la- = Desired LOS Vector P = Covariance Matrix
I = Current LOS Vector A = Forgetting Factor
x = Attitude Angle Vector H = Regression Matrix
T.ma= Command Torque Vector J = Inertia Matrix
T.a = Actual Generated Torque Vector ® = Angular Velocity
I = Actuator Current Vector B = Nominal Thrust Allocation Matrix
K, = Force Constant B = Weighted Pseudoinverse Allocation Matrix

Copyright © The Korean Society for Precision Engineering
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.


http://crossmark.crossref.org/dialog/?doi=10.7736/JKSPE.026.00072&domain=pdf&date_stamp=2026-10-01

1054 / October 2026

o
Hl
0
=
0F
o
foir
A
=
S
w
H
>
3
o

2z i) way] 9 5ol FE7I(UAV) 76k 43 Al
dollAe E2EF 75 B st e = gt HAA 9
A&l AlAl(Line-of-sight, LOS)YS {A5l7] €3+
(Gimbal) A|AHlo] "4 og AHLETHI-4] 71 AJAH
EO/IR (Electro-optical/infrared) A4 2] A E A s}5t0] A
o B4 X W e 94 85 45 Susis a4
Ao|LH[5-7]. AT Ak BST YA B B whset

NE e

rlo e e >

hJ

7] olaiA YA WakAet 1A% olulx] AAZF Q7 EH
ofo] uk} gt HAYA| Q] A7|ef FFol SIS Hrt. uhekA
Agte = 7 HollA tE gt s agdor 8

= 9l 7 717 A 7150] Fasi.
]

I
)
)
2.
o v
é
2
il
4

Off
3_15
rr
ok

>,
filo
>,

9 op

SHTHB-11]. ofeid T Alo] BaolA] Aaolel 4
ot < % TER A 8 9L T T

ARkt 5 oe“?_;ﬂ
EP/KHO]-L‘ Og 3l /\6] 7](;']
) Sl & %8 27 el et 1% s
o1t of A
FoH12].
olgfgt SHAIE FES7| 5t diote g Wi 3H S}
zZadE AAsKL ?57]’3— 7:1‘?4
_(?_] 7]1:11— /\]/\Eﬂo] E:]
Thof| vjR|E H=9] —?571‘2
35 AAIE Alojsh= 20|tk ] A2
Folal iy FAA 8ol FefstAlvt ETjxos SE 7
W sl EASH Gtk ebd BAAY 2 EaE 2
FE7]0] oelon watels e hu) omelse] WaHolu]
adtzio g o)A 3 H (Pseudo-inverse)S ©]-83F Z4 & 3
Wp2jo] ALEICHI4). o] HALS 2 EAE WEH ofe] e
%3 % 9 wBo] H4vt HL 2 ANSAT S B
AR el AAl FE7] S A3t oA ¢l
o s)uro.z sich.
= 719 B, 23 9 A 2S5 s
255 Ao et 7Ho] AL glow o]gh 22 Ao
o —E—HH A9 A AL A&l iRk H
JITH15-17]. 23 o]H3H 7] 9
53 %%ﬂl% ez 54 ARl H}*EOP— ojibAlolar
g 5] el tisl ASE R At whek AAE] A
S SR it AL AgAolc
A A2R AR R SN 2 B, 717 vhE,
AR kel = LS P DA RS IR = ] ‘i‘iﬁ]—i 018 TE7] 8 Ak}
2 1 =4 7570

>
I
)
1o
z
o
ol
ot
BN
)
Jt%

>~
o
éé

227b AtEld AR EE 28 dgo nd 2ox|y) vt
e 239 A4 13 B3 Alolo] 9317} vkt
pe) e A2RolAle 2 TE7E B Bl S

Zlo] ozt o7 5719 4 AEoR 35 EAE
getne 87] 1 REAs BEEe et & 1 oS
A7t ohet AA] £210] o8 Feh= rehdet. et
AU N B3] 5710 G} Ferstaon
Mol A F571e) ejs A ZHapr] o

a2
Ay3tod

mnﬂ

]
<l
-
L.

il

4

¢

siasl s 57
=74t o%# Baf7lo] wheat 5 gl A
7h BRBIT). ofo] & kRo| M TB| Fek A5 57}
2 AR BUskn Y7Y e
Squares, RLS)- ol-45}0] 7|8 57)9] Fe4k4: wists 414
7to 2 =A== WS Aorsith XY =8
gyl westo] 757] A% wslel uje mal

=]

hl ==
Akl 715 7|RE 28 BuajE Agste dad 15719
g Has AgiEoz Auo] fAE 572 A Eujsict
O|5 vigo g 57| AH Wl AHS3lHA By EIE &
HHo g FHT 4= Q= WYY el H3y S35 Hulj &
2|&8 AT Aek 719 8-F AL MATLAB/Simulink
714k Al g ol AS Bl FEA 2 8w, WY E3 Y
A%, LOS % Ae 9 43t 5719 48 Hd sl 2o
A FFH o2 HEeTt

2.1 AlAE] 1M

B oaAe) Al 7uke o BAA ] 000 gAoE
WXE 4709 5710 93l Roll(¢), Pitch(8), Yaw(y )2
P S $5 YASHe FEoln. Fie 13 o 2 3
5719 IARE 98 zdedel, ZHERE SR ddun
AER7 WA A gReR 99 ke 78 ERIA
Szl TE71S HAF MATCHE A A H" 74 ol
ZE| B 75 FRAME A 5 YUTHISL TR
A e 3 = [0y ok S e 35 u A s
MES F = [f, A A4 2 Aol eaAl Bl n4e
TE7|S0] EEsHe Y Pol 3% M4 EaE AT B
Ae Fsted 72 WA W BeR™E Fal Aok 2ol
#o)zic},

r=B-F )
P B= 5719 H2 v R AA 93 2 S8 2
3ol o8 AAEE 715182 wix] FPR 2](2)eF Zo] He

o} B Als"elds 75719 1
AEjof glof BAIAS) A4 wiske} TAlglo] 2 AHg 9%

H il ok

T



October 2026 / 1055

Actuator #1

Actuator #2

Payload

Actuator #3
Line of Sight

Actuator #4

(@) (b)

Fig. 1 Configuration of the omnidirectional gimbal system: (a)
Overall system configuration and (b) Arrangement of the
four actuators and payload
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Table 1 Simulation parameters

1 : : : : T T . . :
——RIS #1
Category Parameter Value 1 =T '\\ o o _gng f r
ino ti 09} N — RISi4
Sampling time 0.0001 s 7:; \ N el 1
Simulation Simulation time 10s g 081 \ \ . S :::::i “‘j i
LOS command Cone trajectory § 0.7 \ S S Actual #4
Sl \ i
K 2 = 0.6 \
Controller ’ S \
Ky 4 05} \\‘ .
Forgetting factor (A) 0.99 04r :
RLS Initial parameter [1111] 030 ; i X ) s p . . s 10
Initial covariance 10/ Time (s)
Actuator Number of actuators 4 Fig. 3 Actual and estimated actuator force constants using RLS
Force constant 1.0 (Nominal)
Geometry Moment arm (R) 145 mm Table 2 RMSE of estimated actuator force constants
Motor RMSE
LOS Command Generator Sensor # 0.0012
i X #2 0.0014
o Nl = o - #3 0.0015
B! ::j #4 0.0019
Average 0.0015
Position C Adaptive Thrust A i Plant

Los
(]
Paykad

Fig. 2 Simulink-based simulation block diagram of the proposed

omni-directional gimbal control system
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Table 3 RMSE of estimated force constants according to the
forgetting factor and initial parameter

No. Forgetting Initial RMS]E

Factor (\) parameter (x107)
1 0.98 0.8 1.81
2 0.98 1.0 1.78
3 0.98 1.2 1.84
4 0.99 0.8 1.56
5 0.99 1.0 1.51
6 0.99 12 1.57
7 0.995 0.8 1.69
8 0.995 1.0 1.65
9 0.995 1.2 1.71
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Fig. 4 Comparison of commanded and generated torques during 34 s

Table 4 Comparison of torque tracking RMSE

Method X-axis Y-axis Z-axis Average
Pinv 0.2387 0.2975 0.2857 0.2740
RLS 0.0001 0.0010 0.0012 0.0008
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Fig. 5 LOS tracking response and LOS error comparison

Table 5 Comparison of LOS tracking RMSE

Method RMSE (deg)
Pinv 0.9297
RLS 0.7021
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Fig. 6 Comparison of RMS currents for each actuator

Table 6 Comparison of RLS and weighted RLS allocation

RLS+
Method RLS Weighted Change
Torque RMSE ~ 7.667 x 10*  7.752 x 10™* +1.1%
LOSRMSE  7.0215x 10" 7.0216 x 10" <0.01%
Total RMS 12.7444 13.0990 +2.8%
current
RMS current o
(Motor#d) 3.1244 2.0073 -35.8%
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