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ABSTRACT

As interest in underwater structures and ocean exploration increases, many researchers are proposing methods for modeling

and controlling various remotely operated vehicles (ROVs). Recently, hybrid systems composed of an autonomous underwater

vehicle and an ROV capable of remote control and autonomous navigation are being developed. In this study we introduce

a method that models Ariari-aROV, an ROV consisting of five thrusters, and performs navigation. The proposed ROV can be

controlled manually and by autonomous navigation when given a target point. An extended Kalman filter is utilized for sensor

measurement correction for more precise navigation. The proposed method is verified through a simulation.

Keywords: underwater robot, remotely operated vehicle, Ariari-aROV, control, navigation, extended Kalman filter, under-
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. INTRODUCTION
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9 7] L Sl o] il sjorm ol

o012\ 2 i}, Tedslol, A ApolA Bheby
&g 4% 2ol 4 gsle] utcholqo) shoty
v (Ishida et al. 2012)2 A7 & 5h, sfeF A
JRASLS €J5F sllF remotely operated vehicle (ROV)
oJ (Rémouit et al. 2018)517| & s}, Yubil BhALE )5t 5
B9 29 (Eldred et al. 2021) s}7| % it} &3], 41 ZA
ofA] 2ol o] R = % F2E AL % 2 &
ROV7Z} 2o] o] &% 11 Q) (Kim & Lee 2012, Kim & Lee 2013,
Aguado et al. 2021). Ryu et al. (2020)= Z4E7} HZ517] o]
B2 G5} =2 vitfollA] o] 4 Q1= ROV A ARLS A
S}l ZA=35}93th Nicolaus & Katlein (2013)& Hlsl2 A= 3
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ROVZ} AA =9t} Joochlm et al. (2015)= DC H¥E
A2 THE R0 TEALLS HASR 280t A
7], 4 AA, 9] oL e AN ol 831] 25
19t Miao & Pang (2015)= A 7}e] RE52 FTAE 3
OVE 2dHsle] 2] 4] 150 mof|A] 4= 4 knots
Xd o2 98519ch Elaff (2022)= 23 ZAAF Y 93] B
P2 {5l Zoh 300 moflA| 25 4+ 9l ROVE Aljtst
VE -5 835171 HsiA ozt WirAlol A B
Aet=EQi T} Garcia et al. (2015)= VRS 282351 ROV ¢
A AEHE A7|5F91 0w Aras et al. (2013)-& 912 AlA]
o] 48] ROVE Alofsloiet. sHA olefat 7129 Al
Ao RE Aoj7} o|Roix 7] wjRe], L4zl &
B YL WHeths B S 73 Yk olel, 2
ZA o] 71535k slo|H ] E ROV/AUV A]
A" gt A7} o]Fo X1 It} (Siesjoe 2018). Lee et al.
(2017)-&- ultra-short baseline (USBL), doppler velocity log (DVL)
4 heading S-S o]&sto] Aol Al ROV HH|AlolE &
4-385}93t}. Sani et al. (2019)-& robot operating system (ROS)
7148k9] slo]lH 2] E ROV/AUV A|AHEIS AAS] simultaneous
localization and mapping (SLAM)S 4=3§5}7] A &St motion
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Fig. 1. ROV configuration (a) ROV concept (b) Side view (c) Front view (d) COB and COG from front view (e) COB and COG from side view.

& YH|Alo]Ad 7153t ko] B2 E| = ROV/AUV AJAERIQ] Ariari-
aROVE Atehct. gt AlAR ] HH[Alo]d-& ¢35l USBL,
DVL Y inertial measurement unit IMU) AlAE &35t} ROV
of 55t PANS olg5tol FUS BAYslglon, Y Tu
TEE o] 83l 4 ahe BT} AE ol AFe F3l Al
ek A ARLS H S}

2. MAIN TOPICS

H A AHL 37| Ariari-aROVE 2@lE)sH= 223} control
She FE0 8 FAHT 1A REY FiolAe Ariari-aROV
o] 341 9 dynamicsE THFIL control HEof|A= extended
Kalman filter (EKF)E ©]-8-%F 25-9] WH]|A o] el ohal 4
Ry

2.1 Modelling of Ariari-aROV

Ariari-aROVE & 57]9] thruster2 JLAJE T surge, sway,
heave, roll, pitch, yaw 2% & 4 It} Ariari-aROVE 44
oF 6000 moflA] && 755} forward2+& 2.5 knotsE lateral
9 heaveZ2 & 2 knots £ 52 221 4= Qlth AQKsE ROV} 9
HAH o7 295k 4 QI T = center of gravity (COG)+= center of
buoyancy (COB) Bt} olefe]] Q=& AAIZIct A ROVE] &
&3} A5 A B = Fig. 13} Table 12 £35) &1 4~ 9o}, Ariari-
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Table 1. Details of ROV configuration.

Configuration Details

Dimension  |(L) 2800 mm (W) 1700 mm (H) 2300 mm
Weight 3500 kg

Depthrating {6000 m

DOF 6 (Surge, Sway, Heave, Roll, Pitch, Yaw)
Speed Forward: 2.5 knots, Lateral/Heave: 2 knots
Thruster Horizontal (x3), Vertical (x2)

Sensor Altimeter, Depth, IMU, DVL

aROV 2] A4+ altimeter, depth, IMU, DVLE LA =T}

Ariari-aROVE] £Z17]& 43 visko 2 37) 432 Hkgko
2 Ui F4d=o] glom Fig. 20|49} ZHo] fX|star it Zh
thrustere] location vector 7%} direction vector dn= Al (D)
23 9el= mmo|tt

= (=65,0,-380)" x 1073, d' = (0,~1,0)"
= (~1195,-530,-380)" x 103, d% = (cos10°, —sin10°,0)”
1195,530,-380)" x 10-3, d3 = (cos10°,sin10°,0)"

= (~65,-585,-1280)" x 1073, d% = (0, —sin10°, cos10°)”
(—65,585,—-1280)" x 1073, d® = (0,sin10°,cos10°)” (1)

AR AR |
1}

(-

olo} Zro] s7R FAIH thruster Yol u = [f1, f2, 3, f*, f°1"
o o, Ariari-aROV ] 3 T = [fL, £, £, mt, mb, mt] &
Tt = T -uof wg} ALt oo, A= thrustere] golui Ariari-
aROV 9] configuration 3§ T+ 4! (2)<} At}
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Fig. 2. Thruster configuration (a) Top view (b) Side view.
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Fig. 3. Reference coordinate and ROV coordinate.

2.2 Control of Ariari-aROV

ROVE Aojsl7] $13F A= AY ALt 25 24
FIHA 2 A€t Fig 3§ &3l ROVY] 7 3 A& 21T 4
Aot A uAE AT H2AE w2 Ariari-aROVE] A|
o] LR E Fig. 3¢9} Zt} 2Ho] &2lo|11 AL target velocity
profileo] Fo1% & wj, inverse kinematics, inverse dynamics,
inverse thruster allocation model (TAM), inverse thruster
propulsion model (TPM)S £3}] £%17]9] rpm-& #3lc}. Inverse
kinematics BEAE A HEA ] oA 2H A9
£ T 2 I, inverse dynamics 25 £ 2 HE 250 ¢17}
sllof & & it Inverse TAMOA &= 259 3o 2 HE &
710 ¢17}slioF 5= propulsiong 5}, inverse TPME 25
F2171e] Y o 2HE 2X17]9] rpme T3}

szl e] 250 FAQlol whE Fke] A4S 9 7FA 9
=50l wet 289 et A8 Enh %S e 848

=%
A T BE My, 7 AR w2 B BE M, 2EeY
™ C(v), damping 3 FE D(v), Y} Fof T JFF
g7} Atk 11719 Yol mhE 2R VMG E S 11TS| &
FshH v=M" (r-Dv-g)&t Bk 1= X, Y, Z, K, M, N['o 2
o} R E WEjolm ROVE SR ofA] w2 £ 271 obd HH
3| 2 o]7] wigoll, Cvw AASIES ghch 7} @450 W
ROVE] 7HE E 9] A7 &2 ofefj o] Alx} et

X = (X, + Xyplul)u — (W = B)sing
Y = (¥, + Y lvl)v + (W — B)singcosd

P Z = (Zy + ZypyIWl)w + (W = B)cosgcosd @

K = (K, + Kpjp/Ip|)p — y»Bcoscosd + z,Bsingcosd
M- (Mq + Mq|q||q|)q + z;,Bsinf + x;,Bcos¢gcosh
N = (N + Ny 7[)r = x, Bsingcosd — y, Bsing

oltf, X, Y, Z, K, M, N A IAE W2, u, v, w, p, q, r
2ROl 1y #aAE wpEct

o FEgtE WH|Alo] & 18l EKFE o] &3ttt EKFO] state
variable X(t,)=[x(t,), y(t,), z(t,), ¢(t,), 6(t,), w(t,), u(t,), v(t,), w(t,),
pt), q(t), rt)]"ITh. x, y, z, ¢, 6, yi= global FIEAof| A <] 25
9] x%, y=, 2% 2] 3o, roll, pitch, yawo|t}. u, v, wi= Z42¢
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Table 2. Process of EKF applied to Ariari-aROV.

1 |Setinitial time: t = to, tx =t
Set initial value for the state variables:

Set covariance of measurement model:

%(to) = [x(t0), ¥(to), z(to), p(to), H(to), Y(to), ulto), v(to), wlto), p(to), q(to), r(fo)]r
Set initial value for covariance of state variables: P(t,): 12 x 12 matrix
Set covariance of process model: Q: 12 x 12 matrix

in case of USBL,IMU,and DVL are all available: R: 12 x 12 matrix
in case of IMU and DVL are available: R: 9 x 9 matrix
in case of only IMU is available: R: 6 x 6 matrix

2 |Update ¥(ty) to X(tp41)”
Calculate 77 (t;,), v(tx)

()™ = [ZEZ:S:

Update 1(tx) to 7(te1)™ i M(tes1)™ = nte) + 76 * (s — te)
Update v(t) t0 (tes1)™ 1 V(tka1)” = V() + (i) * (Ekwr — i)

3 |Update P(ty) to P~ (tys1)
P~ (tgs1) = F(t) - P(t) " Ft)" + Q

4 |Calculate Kalman gain K(ty41)

K(ts1) = P(teer) ™ Hter) (H(tran) - P(tern)” " H(ter)" + B!

5 |Update ¥(tg+1)~ t0 X(tg+1)

X(trs1) = Xty 1) + K (tean) - @(irr) = H(trepr) - X(ter) ™)

6 |Update P(ty41)” to P(tx41)

P(tis1) = P(tra1)”™ — K(tean) - H(tra1) - P(tryn)”

Velocity Inverse

Robot System \

/ Thruster System \

Inverse Inverse

Profile Kinematics

TAM Y

Velocity

Servo
Controller

Forward Forward
Kinematics Dynamics

Fig. 4. Control architecture for Ariari-aROV.

local ZtZA| | A Q] 2E9] xF, y&, 250529 £E0|H, p g, r
2 xF, yF, 25089 7t Eoltt «, y, 29 & USBL AIXE
o] &3Al, u, v, w DVL AIAE o] 83N u, v, w, p, q, r= IMU
HAE o] gslia] 57431t B =FolA= Fig. 33 22 &
Bl T8k Fhol A2 EE & 53 HlolEkal 7P gt EKF&
A 2718} A= 2k dulolE, &4 3t JdlolER FdHrt 5)
AT 7+ AA= Alel o] §1%] 2 Aol wet AS- e miet 1
U7 L F 2 LT webd, Aol a e BE A7t 7
& wiel, DVLI IMUZ} 73 o, IMURE 7 T 2 LHeo]
Al e3)gict 71 342 Table 29} Zc}. Ariari-aROVE] tiu]A|o]
A& target velocity profileo]] wz} thrusto]] o] YHFH o] =
A= 7+ measurement:= corrections o] 423 =t} EKFo] 2 &
=] process model Q2} measurement model R-& Aili & Ekelund

(2016)5 wHET.

3. EXPERIMENT RESULT

AR OlHE B3 AT PHS SHH 25l thah 45
9k} AR ROV 1%, y%, 2%, roll pitch, yawsk 2] 6 2}
RE 50| 7Hssik. 5112 ROVE o] §3 AT e
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A

Forward Forward
TAM TPM

W

La &5 Y= roll, pitch 5] 34 AJ7]1A] L=ciH, 4=
AW i &5 U IE 52 Urol sl 7kt
(Lee et al. 2017). o]of] & =FolAe $HH 255 she 2714
2o sl AFS X5t HR 12 x& Yo 2 FF ol
AEoIH, FE 25 671y PR 40Fo 2 BF FX ol HE
o]t} Target velocity 2% translation velocity (tv) ¥+ 212I5F 7
2.9} tv 9l rotation velocity (rv)& 25 &8st L2 Lo A

A 28-S 5T A2 ot 7] wiRol Fig. 4ol A} o] 3
7] JHEE R F317] Y& Fsl= forward TPM B&, 7]
SHE] 250 Q71 §l& F8l= forward TAM B,

2 Q7 o BRE ZHO £% Z2FIS o Qe
forward dynamics &&, 28 3% £ =25 reference 3

Ae] £5 & JLsl= forward kinematics &2 13159t} 2+

3]l measurementsZ |0 Eslo] 258 &1}

Ay A3N= Fig. 55 53l 2RI 4 Stk Fig. 5at= & 10|
thal tvit target & 2 Fol S wfjo], Fig. Sb= = 20 tial]
tvit target & 2 o3& wjo] A3 Ato|th Fig. 5ci= H & 200



Nak Yong Ko & Jiyoun Moon A Modelling and Control Method for a Hybrid ROV/AUV 71

E“ ROV

Target Path

ROV Path

MNorth [m]

East [m]

(a)

North [m]

East [m]

North [m]

East [m]
()
Fig. 5. Simulation results: (a) Path 1 with translation velocity (b) Path 2 with translation velocity (c) Path 3 with translation velocity and rotation velocity.
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ROV Path

ROV Path with EKF
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Fig. 6. ROV path with and without EKF: (a) Target point 1 of path 3 (b) Target point 3 of path 3.
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Table 3. Accumulated path error with and without EKF (unit: mm).

Path  WithoutEKF  With EKF
2 5513 4996
3 9621 7764

ol tvel rv 5 targeto 2 Fol% & ufj o] 731}0]‘1} Fig. 501 A1
S

\__\_. =
N H E%“\—O] target 73_%% =k
Aow Bulol g 2UeE SIS 5 9l
w9} 4230514 SFQFS wfo] AF
A& EKF §lo] WA o143 4
Tolni, Wkl ML EKFE E3] measurementE correction
128 ¥H EKFE 2435198 uj

>

mﬁ

target 7 2oko] @ X1/} H851A] oFore WiRct 23S ERIE
= ATt 1EH Fig. 50| 42] 7 & 29} 7 2 30f T3l EKFE &4
A whet 2-85HA Agke wio] 4 el Table 33} . -
el 2 o2 FUgh H R ﬂ%oH vk 1 513-S thEch tv
ol rvE B n5IlS o, et 2 o 7

e,

4. CONCLUSIONS

ROV 1gbo] 21517 ojele doket +3a7olA th
3 2qlel] FEHTL glek. olo] FTol Qlzbo] A U

ROVE #lofsH= Zvto] obd AUVS} Zro )
9li= Blo] K| = ROV/AUV AlAEl] thgt rﬂuc, o] %o}x| i
o & EEAAE Slelel AUVROV A2 219 o o
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