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Abstract: Marine growth on offshore underwater structures is a problem as it reduces the
lifespan. The structures are cleaned annually by manually operated ROVs. Automation of
these ROVs can improve the removal efficiency, and thereby reduce the cleaning campaign
time and cost, as it is challenging for the operators to manually stabilize the ROVs under the
harsh offshore conditions. Waves, ocean currents, the attached tether and the cleaning tool all
generate external forces to the ROVs acting as substantial disturbances which can be rejected
by a controller. This study examines the operating range of a standard compact ROV subject to
external disturbances. To analyze the cleaning performance a normalized performance parameter
is defined which weight the relative distance of the water jet with the most efficient distance.
The results show that the waves has a larger effect on the cleaning performance compared to
the ocean current. This paper examines the operating range of a reconfigured BlueROV2. For
Hs< 1.4 m it is possible to clean in the entire operating range. To clean at all the considered

sea states Hs< 3m and ocean currents of 0.1 - 0.5 ms~! the ROV needs to be below 13 m.

Keywords: ROV, Underwater Robotics, Offshore, Irregular Waves, Tether Dynamics,

Disturbance Rejection, SMC

1. INTRODUCTION

Offshore underwater structures are subject to a layer of
marine growth, both hard(mussels and barnacles) and
soft(algae) growth, which in average increases the hydro-
dynamic loads by 17.5% and the weight by 0.15% (Yan
and Yan (2003)), which consequently increases the ma-
terial fatigue and lowering the lifespan of the structures;
Pedersen et al. (2022). Today, manual operated ROVs are
used to remove marine growth from offshore structures
usually using high pressure water jetting, however, au-
tomation of the ROVs can reduce the cost of operation
for the offshore industry; Energy Supply (2020); Tena
(2011); Energy Research (2020). In Benzon et al. (2021),
a control algorithm based on a modified sliding model
controller (SMC) was proposed and experimentally tested
to automate an ROV to withstand the force from the high
pressure water jet in a cleaning scenario performed in an
onshore test facility. However, autonomous operation with
ROVs near offshore structures also demands a controller
which is able to reject disturbances from, water waves,
the communication/power tether, ocean currents and the
interaction between them these forces. This will be the
investigation of this paper.

The contribution of this paper is an investigation of
the operation range in an offshore environment for near-
structure autonomous operations for a marine growth
removing ROV. The results will be obtained based on
simulations with an experimentally validated model of a

reconfigured BlueROV2 and the environmental-induced
forces acting as disturbances. The BlueROV2 is chosen
due to the availability of a verified model and it being
fully controllable Benzon et al. (2021). The results will
highlight which operating conditions, consisting of wave
height, depth and underwater ocean current, the ROV can
efficiently tolerate in a marine growth removal campaign.
The controller used in this investigation is derived and
experimental validated in Benzon et al. (2021) on the
same setup in an onshore non-disturbed environment. A
description of near structure operation is presented in
section 2, a mathematical model of the ROV in section 3,
and a full disturbance model in section 4. The controller
will be introduced in section 6 and the results will be
presented in section 7. Lastly a conclusion and future work
will be presented.

2. NEAR STRUCTURE OFFSHORE OPERATION
CONDITIONS

The operational conditions in an offshore environment
is highly disturbed by water waves, the communication
tether, ocean current and the interaction between them.
This makes operating with free floating ROVs challenging
especially when the operation is close to offshore structures
and requires small errors, such as for marine growth clean-
ing; Pedersen et al. (2022). In addition to the environmen-
tal disturbances there is also a disturbance from the high
pressure water jet. This investigation will be based in the
North Sea, where the statistical parameters used in this



study to model the disturbances is gathered. The median
significant wave height is 1-2 meter with a wave period of
6.1 seconds. This investigation will consider sea states up
to 3-4 meter significant waves height, the investigated sea
states are shown in Table 1. The current at these sea states
can be up to 0.5 ms~! , and will be evaluated at 0.1, 0.3
and 0.5 ms~!. The direction of the waves and current will
be from north-west which is the most likely direction. The
ROV cleaning trajectory will start at 30 meter depth. The
trajectory stops at 5 meter below mean sea level(MSL).
The cleaning velocity will be 0.06 ms~—!.

Table 1. Wave and current constants

Significant wave height  Period
Hs(m) T (sec)
3.0 7.75
2.8 7.58
2.6 7.39
2.4 7.20
2.2 6.98
2.0 6.75
1.8 6.50
1.6 6.23
1.4 5.97
1.2 5.70
1.0 5.38
0.8 4.97
0.6 4.40
0.4 3.84
0.2 3.39

It is assumed that the tether of the ROV is fixed above sea
level. The water hose will be ignored in this investigation,
as it is assumed that the water hose will be wrapped with
the tether.

3. ROV MODELING

The mathematical model of the ROV is based on Fossen’s
representation for marine vehicles Fossen (2011), and the
parameters have been determined through a combination
of experiments and CAD models. The model of the ROV
is described further in Benzon et al. (2021) where the same

platform has been used. The governing equations are given
by.

n=J(nv (1)

Miv+Cw)v+Dwv+gn)=7+71j+7t+Tw (2)

where 7 = [N,E,D,(ﬁ,@,z/)]T is a combination of world
coordinates and Euler angles defined in the NED frame.
v = [u,v,w,p,q, T‘]T is the body-fixed velocity vector.
J(n) is the rotation matrix. 7,7 and 7, is the external
disturbance force from the water jet, the tether and the
waves respectively. The other variables are shown in Table
2 with parameters in Table 3. In Fig. 1 both the NED and
body-fixed frame definitions are shown.
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Fig. 1. Figure from Benzon et al. (2021). Reconfigured
BlueROV2 with frame-definitions in both body and
world frame, respectively.

Table 2. Variables and their components

Notation Components
M Mpgrp+Ma
Mpgp diag(m,m, m, I, Iy, I.)
M4 -diag(Xy, Ys, Zu, Kp, My, Nyi)
0 Ci(v)
Cw) C1(v) Ca(v)
0 (m —Zy)w (Yo —m)v
Ci(v) (Zy — m)w 0 (m — Xy)u
(m—Yy)v (Xy —m)u 0
0 —(Lz + Np)r (Mg — Iy)q
CQ(V) (Ny‘ + IZ)T 0 (II — Kl;)p
(Iy — Mg)g (Kp—Iz)p 0
D(V) -diag(Xu(u), YU(U)v Zw (w)7 Kp(p), Mq(q)v NT(T))
(W — B)sin(0)
—(W — B) cos(0) sin(¢)
—(W — B) cos(0) cos(¢)
9(m) yp B cos(0) cos(¢) — zp B cos() sin(¢)
—zpBsin(0) — xp, B cos(0) cos(¢)
xp B cos(8) sin(¢) + yp B sin(0)
w mg
B pgV
T [T1, 72,73, T4, T5, T6)

Table 3. Parameters used for the model.

Notation Values/Term Unit
g 9.82 ms~?2
p 1000 kgm—3
m 13.5 kg
\Y 0.0133 m?
(Iz,Iy,I.)  (0.26, 0.23, 0.37) kg m?
(xbv Yb, Zb) (0? 0, -001) m
X 6.36 kg
Y, 7.12 kg
Zy 18.68 kg
Ky 0.189 kgm?
My 0.135 kg m?
N; 0.222 kg m?
Xu(u) 141|u| 4+ 13.7 Nsm~1
Yy (v) 184.3Jv| + 20 Nsm~!
Zw (w) 190|w| + 33 Nsm™!
Kp(p) 0.95|p| + 0.15 Ns
Mq(q) 0.47)q| + 0.8 Ns
Ny (r) 1.17|r| 4+ 0.2 Ns




4. MODELING OF EXTERNAL DISTURBANCES

In this section, we will briefly outline how the external
disturbances are found.

4.1 Water jet

The force from the water jet is modelled as a constant
force, since the ROV will be cleaning, hence the water
will be on. The constant force is found from momentum
analysis to be -16.6 N in the forward direction relative to
the body frame Benzon et al. (2021), with a flow of 0.01
m3s~1 at 100 MPa pressure.

= [-16.6,0,0,0,0,0]" (3)
4.2 Ocean waves

Table 4. Definitions of variables

Notation Description
a ‘Wave amplitude
c Spreading index
d Water depth
f Wayve frequency
r Peak wave frequency
H, The significant wave height
L Wavelength
i, J Index number
k Wavenumber
n and m Natural numbers
S(f,¢),Sss(f) Water wave spectrum
Ty Peak wave period
t Time
X(Q) Spreading function
0 Peak enhancement factor
¢ Wave direction
II Surface elevation
S) Angular wave frequency
I'(n) Gamma function
o Random phase

The disturbance due to wave motion is taken into account
by a relative Morison-type equation Avila and Adamowski
(2011); Sayer (2008); DNV (Det Norske Veritas) (2021)
expressed here as

w — Dw (Vw _Vl) |Vw_V1|+(Mw’./w _Ma,w"jl) (4)

where v, = (Uw, Vw,Wy) is the particle velocity of the
fluid, and D,, (v, —v1) = D(1:3,1:3) is the drag force,
M, = M(1:3,1:3). My, = M,(1:3,1:3) is the added
mass and vy = [u,v,w]” is the fluid particle velocity. The
fluid particle velocity is computed based on the JONSWAP
wave spectrum Hasselmann (1973) including a spreading
function that allows for short-crested sea states, i.e. multi-
directional and irregular water waves,

S(f,¢) = Sss (f) X(Q) ()
The JONSWAP spectrum can be expressed as,

S5 ) = o S ) ()

(6)

where C'(y) = 1 —1In (1) 0.287 is a normalizing factor, v is
the peak enhancement factor, H, is the significant wave
height, f, = T%, is the peak frequency, T, is the peak
period, f is the wave frequency, while o, is the spectral
width parameter which is given by 0.07 for f < f, and
0.09 for f > fp.

In order to model the short-crested sea state, we introduce
a spreading function from DNV (Det Norske Veritas)
(2021), which is defined for |¢ — (| < § as

Ir+3) ¢
X(Q) = mcos (= Cp) (7)

where I' is the gamma function and (, is the mean wave
direction, while ¢ is the spreading index. The spreading
index is chosen as 2 which is typical for a wind-driven sea
state DNV (Det Norske Veritas) (2021).

Assuming linear potential flow, we can model the free
surface elevation of the short-crested sea state by means
of the principle of superposition, i.e. n x m linear regular
waves are superimposed,

n m

II(N, E,t) ZZCL” cos (¢(N, E, t)i;) (8)
=1 j=1
where a;; = /2575 (fi) X(¢;)AfAC is the amplitude of

the ith frequency in the jth direction, whereas Af is the
frequency bandwidth and A( is the direction bandwidth.
For the sake of conciseness we have defined

e(N, E,1)ij = ©it — ki(N cos((;) + Esin(¢;)) + psj (9)
where ©; = 2n f; is the angular wave frequency, k; = %’:

is the wavenumber, ¢; is the wave direction and p;; is the
random phase angle for each linear wave component. For
actual realization of the free surface, the wavenumbers are
needed for each wave component and have to be found
by iteration using an alternative form of the dispersion
relation,

gT? L 2nd
an

2 Ll

_ gT?

- 27

L=

(10)

where the deep water wavelength L? can be used

as initial guess for each wave component.

Having assumed potential flow to be applicable, the fluid
particle velocities and accelerations can finally be derived
from the superimposed velocity potentials associated with
each wave component,

n ; ]{1
Uy = ZZ BdIT cos(¢)ASSM cos (ei;) (1)

=1 j=1
k
Z Z a; Jg )Acosh cos (eij) (12)
= 1] 1
a; ;gk;
ww—zz ”‘? Asmhsm(eij) (13)
=1 j=1



Z Z a; ;gk; cos( Q)A%’Sh sin (e;5) (14)
i=1j=
Uy R Z Z 1.0k sin(G)A sin (e5;)  (15)
i=1 j=1
~ Z Z —a; jgk; Amlh cos (€5) (16)

where €;; = €(N, E,t);; has been used in addition to the
following definitions

sinh (k; (=D + d))

ASinh — A(D)sinh — 1
K ( )” cosh (k;d) (17)
h (ki (=D + d))
Acosh — A(pycosh — € 1
17 ( )zg cosh (]fzd) ( 8)

which can now be used in the wave force disturbance vector
in eq. (4).

4.8 Underwater current

The current effect is implemented as an additional velocity
term that does not change in the water column and is
transformed to be in terms of relative velocity shown in
eq. (19),

Mo+ Cvp v, +D (V) v, +8(V) =T+ Tw (19)
where the relative velocity in body frame is given by
vy =V — V.. The ocean current is given in world frame by
v¢ the body frame current velocity i found by,

ve=R v, (20)
where,
. T
Ve = (Um]cawcaoa(),()) (21)
Ue, je, We 1s the world frame water particle velocity in
north, east and down direction respectably.

5. TETHER MODEL

The tether is modelled using the lumped-mass method,
whereby the cable is treated as a set of n+1 lumped masses
connected by n mass-less cylinders Hall and Goupee
(2015).

Let p;; € R%,i € {0,--- ,n}, be the position of lumped
mass ¢ in the NED frame, and v;; = p;; the correspond-
ing velocity vector. pt is directly linked to the above-
mentioned offshore structure which is assumed to be fixed
in the world frame, p;, is directly attached to the ROV,
hence the same position and velocity of the ROV. The
dynamics associated to tether position and velocity vectors
p: and v; can summarized as a mass-spring-damper-like
system

Mt‘.’t + DtVt + Tz =0 (22)
where M, is a diagonal matrix of n — 1 elements
1
M, = 3 (M1 +M,; +M, -1 +M,,) (23)

where M; € R3*3 is the mass matrix of node 4 and M, €
R3*3 is the added mass matrix of the corresponding

cylinder. Similarly, the damping terms of diagonal matrix
D, are given by

Dy=P;_1 —P; +F; (24)
where P;, the internal damping of the tether, is expressed
as

T Ti r;
i~ [tvi— v o 2 29)
where C is a damping constant, and r; := p;4+1 — p; is the
vector between 2 consecutive nodes.
The tether is modelled as neutrally buoyant and the
external force reduces to the hydrodynamic drag F; . The
force F; can be separated into its normal and tangential
components

Fi=F.,+F; (26)

where )
F,..= §pdtOJ_VJ_,i illrd (27)

and .
Fyi = 5pdeCyvyalvyllril, (28)

where d; is the diameter of the tether, v, ; and Vi
are the normal and tangential components of the flow
velocity of the i-th cylinder, while €| and C) are their
respective drag coefficients. The normal and tangential
velocity components are themselves obtained through the
expressions

Vii= ‘ (29)

(with v, representing the water current velocity, expressed
in the earth-fixed frame) and

V)i =Ve—Vi— V], (30)
The term k; in (22) is given by
ki, =T (31)

T, is the axial tension of the i-th node is and given by

T; = E, (A“) r; (1 —~ lo”’) :
l(),i |I'z|

where lj ; is the length between 2 consecutive nodes at rest
and [y is the length of the tether. The force acting on the
ROV 7 is the end node of the axial tension.

(32)

6. CONTROLLER DESCRIPTION

The controllers used in this study is based on the work
done in Benzon et al. (2021), where the exact same
ROV platform is used and experimentally validated for
cleaning in an onshore test facility. The controller in
Benzon et al. (2021) for Sway, Heave, Pitch, Roll and
Yaw motion are based on SMC with an approximation
on the sign function to eliminate chatter in the input;
the approximation is a Sigmoid function. The controllers
will be designed decoupled and the controller for the surge
motion is based on SMC with integral action; see Benzon
et al. (2021). The implemented controller is shown in (33).

T =H"'(# — coé + bin) (33)
where o
bin(2:6) = pg——— 4
(2:6) = porre (34)
bin(l) = _ki,z Ox — Ps,x (S$> (35)

|Sac| + €s,x



, H is the input matrix, r is the reference, e is the error,
o is a sliding variable, S, is an auxiliary sliding variable
and cg,ps and €5 are control/tuning parameters. The

parameters for the controllers can be found in Benzon et al.
(2021).

7. RESULTS

To quantify the cleaning performance of each test, a
performance parameter, £ , is defined based on the distance
which the water jet travels to the structure, d,., calculated
as,

d, = o

" sin(m — )sin(m — 0)
where d, is the distance the water jet travels before
hitting the structure. x, is the relative distance to the
structure from the nozzle. As stated in Sgrensen et al.
(2022); Benzon et al. (2021) on a similar cleaning tool
the cleaning performance is most efficient when d,. is 0.1
m, and steadily degrading until 0.2 m as the pressure
is degrading, similarly the performance degrades as the
nozzle gets closer to the structure as the cleaning area
gets smaller. d,. will be weighted according to Fig. 2 where
the weight function W(d,) is shown.

(36)

0 0.02 004 006 008 01 012 014 016 0.18 02
Relative distance (m)

Fig. 2. Weight of relative position of nozzle to the struc-
ture.

The performance parameter can be calculate by,

e~ [ Wi,

and then normalizing it to a value between 0 and 1. A
performance parameter of 0.95 is chosen as the acceptable
limit. The operating conditions for the ocean waves and
current will be based on data collected from an offshore
structure located in the North sea. The constants used
to simulate waves and current are shown in Table 5. The
reference trajectory in depth and a single evaluation of the
simulation results for Hs=0.2m and Hs=3m are shown in
Fig. 3, this for on evaluation. 34 different evaluations is
performed for each significant wave height, this is done by
varying the seed of the random parameter 1, and ensures
that the full spectrum is represented at each depth. The
results are shown in Fig. 4-6 and is the average of 34
evaluations and represents 1530 simulations. From the
results it can be seen that there is no clear effect of the
ocean current in the performance parameter. This is due to
the controller being able to reject the constant disturbance
from the ocean current.

(37)
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Fig. 3. Trajectory plot going from 30-5 m in depth at 0.5
ms~! ocean current.

Table 5. Wave and tether constants used for

simulations
Notation Value Unit Obtained from
c 2 - DNV (Det Norske Veritas) (2021)
d 50 m North Sea data
0% 3.3 - JONSWAP
¢ —0.7854  rad North Sea data
Mtet 0.043 kgm~—1 Experimental
dtet 0.0075 m Experimental
Cntet 1.2 - Souza and Maruyama (2007)
Ctiet 0.01 - Souza and Maruyama (2007)
Clet 100 Nsm~! Souza and Maruyama (2007)
FEiet 6.4-1010 N/m2 Souza and Maruyama (2007)
lo 35 m Determined

3 098 097 09 084/ 08 078 |0.72| 069 | 0.62

28 09! 087 (085 0.82 | 0.79 | 073 | 0.69 | M98

26 9 9 099 098 09 |087 083|078 | 0.76

24 % 09 088 (085 0.81
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Fig. 4. Performance parameter at varying depths from 30
to 5 m and in different significant wave heights. Ocean

current is constant at 0.1 ms!.

From Fig. 4-6 the performance parameter is shown at
different depths with 3 different currents. Below 13 m the
ROV is able to clean at all the investigated sea states and
still keep a performance parameter above 0.95. Below a
significant wave height of 1.4 m the ROV is able to keep a
cleaning performance above 0.95 for all depths. There is a
clear tendency that larger waves limits how close the ROV
can get to the surface while cleaning.
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Fig. 5. Performance parameter at varying depths from 30
to 5 m and in different significant wave heights. Ocean
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Fig. 6. Performance parameter at varying depths from 30
to 5 m and in different significant wave heights. Ocean
current is constant at 0.5 ms~!.

8. CONCLUSION

To conclude, this paper investigated the operating range
on a validated reconfigured BlueROV2 platform used for
cleaning marine growth off offshore structures in various
sea states based on data gathered from the North Sea.
The investigation was performed based on a simulation
model which besides from a BlueROV2 model, included
a model of tether based on the lumped-mass method, a
model of the waves based on the JONSWAP spectrum
with a spreading function to get multi-directional and
irregular waves, a model of the cleaning tool and a model
of the ocean current. A total of 1530 simulations were per-
formed. To analyze the cleaning performance a normalized
performance parameter was defined which weighted the
relative distance of the water jet with the most efficient
distance. A performance parameter of 0.95 is chosen as the
acceptable limit. The results show that the waves have a
larger effect on the cleaning performance compared to the
ocean current. For Hs < 1.4m it is possible to clean in the
entire operating range. To clean at sea states with Hs = 3,
the ROV needs to clean below 13 m in depth To further
investigate the operating range of marine growth removing
ROVs, future work should include performing the same
analysis on larger more durable ROVs as the BlueROV2
has its limitation with regard cleaning offshore structures.
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