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Because residual control-input activity during straight
cruising may not be fully apparent from attitude
response alone, this study analyzes roll-equivalent
residual control activity of an AUV using sea-trial data.
For a cross-type four-fin configuration, individual fin
commands and feedback signals were reconstructed
into roll-equivalent components, and their time- and
frequency-domain characteristics were compared
across straight-cruise segments. The results show that
the roll attitude remained stable, whereas the
roll-equivalent feedback exhibited repetitive
fluctuation with a mean peak-to-peak amplitude of
7.20° and a dominant frequency near 6 Hz.
Decomposition of the roll control input showed that
the roll-rate term was strongly related to the
roll-equivalent command, confirming the usefulness of
roll-equivalent reconstruction for analyzing
control-input activity not apparent from attitude
response alone.

A2 201214 (Autonomous Underwater Vehicle)
Roll-Equivalent #0424 (Roll-Equivalent Control
Input)

Residual Control Activity(Residual Control
Activity)

SHA4AIR O|O|Ef(Sea-Trial Data)

Aoz 21724 (Control Input Reconstruction)
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Fig. 1. Cross-type control fin configuration

7} 2%€ command= 4] (1)3} Zo] £AS 4 Q).

1 1
aeR = Eapitch - Zamll

1 1
aeL = Eapitch + Zarall

2 1)

67[/ - anaw + 4 87011

1 1
Sp= —8yy — =0

9 “yaw 4 roll

A7 A 8,.0,,.8,6,p = 2+t right elevator, left el-
evator, upper rudder, lower rudder® command
£ oJu] gt

Pitch ¥ yaw 22 elevator ¥} rudder 49
TS5 X E (common-mode) A& O & LYEYH, roll
AHL2 47| 2FEH9 A5 R E (differential-mode)
dulor ZulEt. b E 2FE FEANA=
22 W50 7 YbeEtYE Q2 T roll-equivalent 7]

Journal of the KNST 2026; 9(2); pp. 606-612 607



M

FolA= Hy &3t residual control activity=
B33 4 9o,

2.3 Equivalent Control Component Z{5-/J

B Ao A= 47 2ZE9 command ¥ actua-
tor feedback H|°]E & ©o]-&73}o] pitch, yaw, roll
equivalent componentE 4 (2)2} Zo] |+ st
t}. Pitch ¥ yaw equivalent input2 Z+Z}t elevator
& rudder 9] 3 ERE JROZ F st o,
roll equivalent input2 47 2FEQ] A5 JES

Zesto] 45t

8]‘)i1‘ch, eq = 861? + 8e[,
8z/aw,eq = 6VU + arD (2)
8701[,@11 = _6eR + 86[, + 67U - arD

Actuator feedback H|o| & o] A = LSt 1
4] 0 & equivalent componentE A5t o} A+
& roll-equivalent input2 7 ZZEF $Fof A
L 35| Eg YA &= differential control activ-

ityS 248k o] 839l

24 B9 A1

A4+ 5 roll-equivalent fin activityE % 335}
EEERECEFEE R LR
LA T AIZtY Y A EZE = peak-to-peak ampli-
tude, RMS(root mean square), “L 2] 1! total varia-
tion(TV)& AE5I Tt Peak-to-peak amplitude
< AA HEES e, RMSE B¢ A7 &
fluctuation 37| & U-etd T},

Total variation< 4] (3)3} Zo] A7t & equiv-
alent input Ha}F9] FAG0 2 JoH |, XFEL &
TFS A REG 5t e A E = ARSI

TV = Nilla(k—i-l)—é(k)l 3
k=1

o] 7] A N segment WY A Z $0|H, 8(k) = kHA
A Zof| A 9] equivalent input2 2] 1|3t}

Fat+ g g A= dominant frequency®} spec-
tral characteristicS H| 15} HAFd 5 UELY

o
+ residual control activity?] ¥HE EX4-S &Qls}

=

Ak, E3F roll angle, roll-rate gyro output,
roll-equivalent command % feedback 7+2] A E
sjmatol, o Aol Y BE| 4 A g LA
L EE EEE U

3. AA AAFY F Roll-Equivalent Fin
Activity £4 4

3184718

H Ao A= 240 A A 9] 3t roll-equivalent com-
mand ¥ feedbacke AFE-5lo] HA R AT seg-
ment 23719 A9 % F4e B BAT
oh 2 o) BHe Habr 42 o2 Bt oh,
FgHoz §AW Y7 Aeox MuHoz
WEFL = residual control activity 2] E4 E4 0 QL
ow, M| & AAE T} roll-equivalent control
activity ] ¥HE4 7 B3 £40] 23S

w

2 AAFT9Y Segment'd Roll-Equivalent Feedback
Al
o

Am

Fig. 2= A A B4 A1 A+ segmento] o 5ff Z|+
A3t roll-equivalent feedback® peak-to-peak
amplitude, total variation, 12|11 dominant fre-
quencyZ UELWTH E3F Table 191 HA seg-
mento] o o & A g5 7 = 5T

(a) Roll-equivalent feedback peak-to-peak amplitude
T T

P2P [deg]
N

o N

0 5 10 15 20 25

(b) Total variation of roll-equivalent feedback
T T

0 5 10 15 20 25

(c) Dominant frequency
T T

0 5 10 15 20 25
Straight-cruise segment index

Fig. 2. Roll-equivalent feedback characteristics across
segments
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Table 1. Statistical summary of roll-equivalent feedback
activity over 23 straight-cruise segments

Metric Mean Std Median Max

p2p amplitude [deg] 7.20  0.63 7.40 8.00
RMS [deg] 1.38 0.15 1.37 1.65
Total variation [deg] 461.8  30.3 460.3  519.2

Dominant frequency [Hz] ~ 6.10  0.34 6.10 7.00
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E A S UEY ). Peak-to-peak amplitude®} total
variation2 segment©] w2} X 2}o]E H oL
Aoz FARE HY oA FAEHASH,
dominant frequency A] tHFE 2] segmentof A
27 HHol HF=HU(Table 1). ol T re-
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Fig. 3. Representative straight-cruise segment re-
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Fig. 4. Frequency characteristics of roll control activity
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g. 5. Contribution analysis of roll control components
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Table 2. Summary of roll control activity pathway analy-
sis

Metric Mean Std
Roll angle std. [deg] 0.317 0.212
Roll-rate RMS [deg/s] 3.026 0.359
P-term RMS [deg] 0.951 0.635
D-term RMS [deg] 1.815 0.215
D/P RMS ratio [-] 2.490 1.106
Corr.(P, Cmd) [-] 0.180 -
Corr.(D, Cmd) [-] 0.978 -
Max. Cmd-Fb Corr [-] 0.889 0.025
Cmd-Fb Delay [ms] 50.0 0.0
Fb/Cmd Amp. Ratio [-] 0.734 0.017

Ql £&0 7 YEyTh HFH D-term roll-rate gy-
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command= §AFSE Fab4 t9ofA dominant
peakE H QI ¥t roll angle ¥ P-term-2 At & 2
2 A%T 54S SR o= A5 5 DS
H roll-equivalent command fluctuation©] roll
angle @ A} H t}= roll-rate feedback 33} 73514 A
TE o] lgS HoET.

S0 =2, command @A A FAH fluctua-
tion©] A A actuator feedbackC. 2 o]@ A A X
=X & 3935l7] Y3l command®} feedback A}o]
9] #AE EAsIEtt. AA segmento] A com-
mand®} feedback Alo|9] FHU ATLA$E= HAF
0.889, B A 9L 9F 50 ms, feedback? AEZ2
command Y] HF 2F 0.7348] $£Fo|}. =
roll-equivalent feedback command®} 5 L3 ¥
B 4Re meolE AHE AT E 7422 5
she gz 23 s,

olio] ATHE SeohE, HAFW % V2 re-
sidual control activity+ actuator feedbacko]| 4] &=
oz dAYst fdAtolgtr7| B}, roll-rate feed-
back & E3| roll-equivalent commando] &4
H ¥rE A Ho] actuator responseE A XA L

-

KNST

A5 FE 2 e Ao B4 4 A G4k
W FarelA AE

limitoﬂ 2SR FPy EH =

o SHE &

ZZ¥€ command¥: actuator
SEFo| A ut AP35t
ZT] %] FQrOo B 7 actuator sat-
uration = 7 F57] o]Fo] F8 AU 7t
Ao o Ao F mEh o] roll AHA| QA RE
OS2 AoAY AR & 542 525 4851
oj# & 4 o, Al ol E 7|t A|lo] &4 EA o
A ZAHA| SE8 olygl equivalent control input,
command-feedback 7|, actuator activity 5 A|
oYY Ft A HE YA AET Bas} ASL AA
2.

5. 2%
&= AFoA= AA G AE diolHE ©]-8-5ho
A4 A HAFY F UEtUY= AUV roll-equivalent

residual control activityS 24359}, A &5
A= AAE F29 47 2FEE ARSI, roll A
o] 9] gL differential control allocationg &3] Z+
zgeto] BujEth 2 A= Y 25T
command ¥ feedback H|o|HE
component FE] 2 A FAJ5taL, FAFFY ALEfof A
Uehs Aol d BE S4S NG 9 ik
doolA e,

B Ay A4 A A28 Aol A roll AL ot
AAoFE LAHULS ]l:._ E5}3, roll-equiv-
alent command 2 feedbacko| A= HFE A Q] re-
sidual control activity7} A& 072 #T=FH .
AA 237 FAF3 segmentO] A roll-equivalent
feedback®] peak-to-peak amplitude= FH 7.20
deg® YE} O M, per-fin normalized 7| &2 2=
B 1.80 deg o]}, ETH roll-equivalent
feedback®] dominant frequency= 2F 6 Hz F-9]
A dHEHA YEHR T o] = E 2FE eEAA =
AstAd oz Hol= g HEo d1fferent1al combi-
nation 7|¥F9] roll-equivalent componento] A&
B} H &3t residual activityZ2 322 ¢ S22
o F T

Aol dd &= 25kl £4% 23 roll-equiv-
alent command¥ roll angle 7|%¥F P-termX T}
roll-rate feedback 7|5l D-term ¥} 4 =2 A4

roll-equivalent

Journal of the KNST 2026; 9(2); pp. 606-612 611



A 9| AUV XA ZIMZFH = Roll-Equivalent Residual Control Activity2] A|&E|0]E] 7[Ht £A

= Hth. AA AT segmento] A P-term¥}
roll-equivalent command A}0] 9] W4 A A $=
0.180° 2 27 YA v, D-term ™} roll-equiv-
alent command A}o]9] HH ATLA 4= 0.978%
et o] = A4S 5 T4 residual control
activity7} roll angle @ A} X t}+= roll-rate feedback
BEE N FE FHHUZS et
E St command@} actuator feedback AFo] 9] A
X%t A1}, actuator feedback® command&
50 ms A| ¥ L 9F 0.7348] A ZO0 7 FZ3}
E4S Uetllt AT F7olA actuator
saturation®| 4 57 £FES] SHARI ol SH
2 #SHA goong, B AFoA FAH re-
sidual control activity~= 7} actuator o]4}o]2}7]
B} roll-rate feedback 7|4t Ao] g F 1} actuator
response 5/4J0] 2¢H HFEIZ Aoj&¥Fo= 34
< 5 Sl
2 AF=AATEBATY AT E=ATNE
Sk Aol oYz, et A o ® 28H AlddHo
dot A= Aol 5 E4S AL 1 F
25 djAste o =& o] Ut & AFolA Al
roll-equivalent reconstruction 7| ¥+ £ 4] W} .2

> o M o
ool o o 2 N

X

T 525 A Aloj7] AA, actuator modeling, A]
S do]lg 7|4 M&S AZ 74 o A residual control
activityS sfAlst7] 913 F1 Ang &8&F & 3
S A0 F ek

et 2 A= ol G AIE 219 A JAF
Y S R PP o, gt 28 24
4 48757 R A7 A4 A2 E4 5 Al
of A AR 849 JFol et =7 AEZHFS A
2d=t

e

[1] Thor I. Fossen, Handbook of Marine Craft Hydrodynamics
and Motion Control, John Wiley & Sons, 2011.

[2] Jan Petrich & Daniel J. Stilwell, ‘Model Simplification for
AUV Pitch-Axis Control Design,” Ocean Engineering, VOL. 37,
NO. 7, 2010, pp. 638-651.
https://doi.org/10.1016/j.oceaneng.2009.11.007

[3] Jan Petrich & Daniel J. Stilwell, ‘Robust Control for an
Autonomous Underwater Vehicle That Suppresses Pitch and
Yaw Coupling,” Ocean Engineering, VOL. 38, NO. 1, 2011, pp.
197-204. https://doi.org/10.1016/j.0oceaneng.2010.10.007
[4] K. N. Cho, D. C. Seo, & H. S. Choi, ‘A Study on an
Input-Output Controller Based on the Time—-Scale Properties
of an Underwater Vehicle Dynamics,’ Journal of the Society of
Naval Architects of Korea, VOL. 45, NO. 5, 2008, pp.
469-476.

[5] Tor A. Johansen & Thor |. Fossen, ‘Control Allocation—A
Survey,” Automatica, VOL. 49, NO. 5, 2013, pp. 1087-1103.
https://doi.org/10.1016/j.automatica.2013.01.035

[6] Chengren Yuan, Changgeng Shuai, Jianguo Ma, & Yuan
Fang, ‘An Efficient Control Allocation Algorithm for
Over—Actuated AUVs Trajectory Tracking with Fault-Tolerant
Control,” Ocean Engineering, VOL. 273, 2023, Article 113976.
https://doi.org/10.1016/j.oceaneng.2023.113976

[7] Yung-Yue Chen, Chun-Yen Lee, Ya-Xuan Huang, &
Tsung-Tso Yu, ‘Control Allocation Design for Torpedo-Like
Underwater Vehicles with Multiple Actuators,” Actuators,
VOL. 11, NO. 4, 2022, Article 104.
https://doi.org/10.3390/act11040104

[8] Chul Hyun, ‘Design and Verification of Early Unstable
Stage Control Scheme for High-Speed Underwater Launched
AUV,” International Journal of Control, Automation and
Systems, VOL. 21, 2023, pp. 3574-3583.
https://doi.org/10.1007/s12555-023-0390-y

[9] Chul Hyun, Hyunseung Kim, Changhwan Kim, & Hojin Lee,
‘Transfer Function-Based Modeling and Control Performance
Analysis of an Underwater Vehicle Actuator,” Journal of KNST,
VOL. 8, NO. 1, 2025, pp. 105-108.
https://doi.org/10.31818/JKNST.2025.3.8.1.105

612 2026; 9(2); pp. 606-612 Journal of the KNST



	AUV 정상 직선주행 중 Roll-Equivalent Residual Control Activity의 시험데이터 기반 분석
	Abstract
	1. 서론
	2. Roll-Equivalent 제어입력 재구성
	3. 정상 직선주행 중 Roll-Equivalent Fin Activity 특성 분석
	4. Roll-Rate Feedback 기반 Residual Control Activity 영향요인 분석
	5. 결론
	참고문헌


