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Abstract— Remotely operated vehicles (ROVs) are often used
for inspection in aquaculture net pens which serves the im-
portant purpose of localizing holes in the net and reporting
potential irregularities and damages. Manual control of the
vehicle inside a net pen, while simultaneously inspecting the
net structure, is difficult and puts a lot of stress on the vehicle
operators. Adaptation of new solutions that enables autonomous
traversal of net pens where the vehicle maintains a fixed
distance, heading, and velocity relative to the net is considered
essential. One of the main challenges of such autonomous
solutions is a robust and tight control of the vehicle’s velocities.
To target this challenge, this paper presents adaptive speed
controllers for the surge and sway speeds of a remotely operated
vehicle with unknown parameters and under the influence of
unknown external disturbances. The stability properties of the
controllers are proven through Lyapunov theory, and both
simulations and field experiments demonstrate their ability to
track the desired speeds through the use of a net following
scheme.

I. INTRODUCTION

Sea-based aquaculture is an industry facing several chal-
lenges related to inspection and maintenance of underwater
structures such as net pens and mooring lines. Underwater
cameras are often present inside the net pens for feed dis-
persion and fish behaviour monitoring, but these cameras are
either static or can only move up and down and rotate. They
are often located in the middle of the net pen, thus offering
little information about the state of the net. Therefore, it is
essential to adapt alternative solutions for precise inspection
and monitoring of structures in fish farms, which is important
if the industry is to improve on the Precision Fish Farming
concept [1].

According to a recent study [2], the main cause of fish
escapes is holes in the net. The holes are often caused by
wear from the weight system, the main components of the
net pen structure (e.g., mooring system, cage collar, and
bottom ring chain), and external factors such as propellers on
boats performing operations close to the net pen. The same
study also shows that weather, environmental conditions, and
operations in and around the fish cages are the most common
circumstances in which fish escape from net pens [2]. Note
that sea-based fish farms in Norway are exposed to signifi-
cant environmental forces from winds, waves, and currents,
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and operations such as delousing, moving, and counting fish,
at the fish farm, are quite common. Thus, it is essential
to have better control of escaped farmed salmon, which
also cause a threat to the wild salmon population through
interbreeding and the spread of disease and sea lice [3], [4].
A recent regulation passed by the Norwegian government
introduced requirements on fish farm proprietors to ensure
necessary surveillance and monitoring before, during, and
after any operation that may lead to fish escapes [5, §37.a].
Since the cameras used for feed and fish monitoring offer
limited information about the nets, ROVs are commonly
employed to inspect the net structures. Divers are also
used for inspection of nets and structures in Norwegian
aquaculture. Diving operations are heavily regulated and
involve high risk. As fish farms continue to expand into
more exposed locations, the use of divers for inspections
may become challenging. However, a study suggests that
while ROVs may not fully replace divers for all operations,
they can significantly improve the risk and efficiency of
inspection operations in aquaculture [6]. This highlights
the value of incorporating ROVs into fish farm inspection
strategies, particularly in more challenging environments.
The ROVs are mainly manually operated and the auto-
matic functions are often limited to automatic depth and
heading control. Automatic depth control is useful, but since
the ROV is operating inside a cylindrical net pen, the
automatic heading control function offers limited assistance
to an operator as the desired heading angle often changes.
Furthermore, the operator needs to both control the ROV
and monitor the net structure simultaneously, which can be
particularly challenging when the ROV is influenced by,
e.g., ocean currents. The Norwegian Directorate of Fisheries
reports several cases where holes in the net have not been de-
tected by operators during inspections [7]. The operator must
also maneuver the ROV with great care and make sure it does
not crash into the net structure and potentially cause tears and
holes. The aforementioned challenges alongside the fact that
some industrial actors are moving their production to more
exposed areas, which increases risk and reduces availability
for humans, speak towards a need for more autonomous
functionality in robotic operations in aquaculture [8].
Recent efforts have been made to increase the level of
autonomy of ROVs operating in net pens. In particular, the
work of [9] introduces a net-following algorithm utilizing a
Doppler velocity logger (DVL) to measure the net-relative
distance, heading, and velocity of the ROV, and employs
the line-of-sight (LOS) guidance law [10] to enable auto-



matic horizontal traversal of the net structure at a fixed
distance from the net. Results from field trials successfully
demonstrate the net-following algorithm. In [11] the net-
following algorithm of [9] is integrated in a mission control
system that opens the possibilities for more advanced net
inspection patterns. Again, the system is demonstrated in
a field trial showing promising results. An alternative to
DVLs for measuring the net-relative distance and heading
is presented in [12]. Here, a system comprised of two lasers
and the camera onboard the ROV are utilized. The results
are comparable to those achieved with the DVL at a fraction
of the price, but the system does not measure the net-relative
velocity and it has yet to be tested in real-time and in closed-
loop with the ROV control system.

The net-following and LOS approach reported in [9]
utilized PI controllers in the field trials to control the surge
and sway speed of the ROV, which were reported to provide
insufficient accuracy for surge and sway speed control. It is
further argued that controllers addressing model uncertainty
could improve performance. An adaptive control scheme
for positioning and velocity control is presented in [13]
and results from field trials demonstrate that the proposed
solution is quite precise. The scheme, however, relies on
measurements from an ultra-short baseline (USBL) posi-
tioning system and a camera-based motion capture system,
which may be unavailable in an aquaculture setting. In [14]
the surge, sway, and heave speeds of an ROV, as well
as the position, are controlled using a multi-input-multi-
output (MIMO) PID controller synthesized from a feedback
linearizing term and where a nonlinear high-gain observer
is adapted to provide estimates of the system states. The
controller is demonstrated in field trials and accurate tracking
of the desired speeds and the position are obtained. Feedback
linearizing control for an ROV performing net-following
was introduced in [9], but due to plant-model mismatch
causing instabilities, the controller was not tested in field
trials. Furthermore, [14] utilized a high-precision underwater
positioning system that, due to its cost and requirements
for installation, may be unavailable for many ROV service
companies operating in an aquaculture setting.

To summarize, velocity control of ROVs in net pens
using PID controllers has been reported to lack precision,
and feedback linearizing controllers have been reported to
be unstable due to uncertainties in the model parameters.
Furthermore, positioning systems such as USBL or optics-
based solutions may require additional hardware installations
and increase both the complexity and cost of the system,
which may not be suited in an aquaculture setting. To
address these issues, this paper proposes a speed controller
for the surge and sway speeds of ROVs. The controller
utilizes an adaptive term and does not require knowledge of
the system parameters. The presented controller is derived
from a recently developed adaptive backstepping dynamic
positioning (DP) controller [15]. Through Lyapunov analysis,
it is shown that the proposed speed controller ensures that the
error system and the parameter estimation system are stable
and that the error system converges to zero. The proposed

controller was validated in a simulation environment and in
a field trial at an industrial-scale fish farm under realistic
operating conditions.

The paper is structured as follows: Section II introduces
the control plant model of an ROV used for deriving the
control law. Section III considers the control design and
the stability proof. Section IV presents the results from
simulations and field trials while Section V concludes the

paper.
II. ROV MODEL

The velocity of an ROV can be expressed as the velocity
of a reference frame fixed on the ROV relative to an inertial
reference frame. The ROV-fixed reference frame is often
referred to as the BODY frame while the North-East-Down
(NED) frame is often used as the inertial frame in marine
system modelling [16]. For the model adapted in this paper,
the following assumptions are introduced:

Assumption 1: The ROV is symmetric about the port-
starboard, fore-aft, and bottom-top axes, has negligible roll
and pitch angles and the center of gravity coincides with the
center of buoyancy and the center of origin.

Assumption 2: The vehicle is neutrally buoyant.

Assumption 3: The vehicle operates at low speeds, as such
the contributions from the Coriolis and centripetal forces are
dominated by linear and nonlinear damping forces and are
thus omitted from the model.

Remark 1: Assumptions|[I}j3]are common when modelling
ROVs [17], [16].

Assumption 4: The ocean currents and 1st-order wave
forces are considered constant and irrotational in the horizon-
tal NED frame and are modelled as an external disturbance
force.

Remark 2: Assumption [4|is widely adapted for modeling
of ROVs [16]. Even though the ocean current flow field
inside a net pen can be quite complex [18], the flow speed
is lower than on the outside of the net pen. Modelling the
ocean current as an external force obviates the need for the
relative velocity vector which may require measurements
of the ocean current [17, Ch. 2.4.3]. Assumption 4| might
be somewhat strict for an aquaculture-related setting but
is introduced for control plant modelling purposes. It is
later demonstrated through experiments that the controller
achieves the control objective regardless of this simplifying
assumption.

Assumption 5: The parameters of the mass and damping
matrices of the ROV are constant.

Remark 3: Assumption [5] is common in adaptive con-
trol [19], [16, Ch.13.2.5].

Assumption 6: The heading angle and the depth of the
ROV converge to their respective desired values.

Remark 4: The work presented in this paper concerns
speed control of the surge and sway degrees of freedom.
As such, the heading and depth degrees of freedom are
considered to be controlled by suitable controllers able to
bring the heading and depth to their desired values. In this
paper, a controller similar to that of [15] is used for heading



and depth control, however, any controller capable of driving
the controlled state to the desired value could be used.

The dynamic model of the ROV [16], considering two
degrees of freedom (i.e., surge and sway) is given as

n=RY)v (1)
My +Dw+ D, (viv=1+710. (2)
Here, n = [N E}T describes the North and East position

of the vehicle in the NED frame. R(%)) is a rotation matrix
between the BODY and NED frames, given as

cos(¥) —sin(u)

sin(y)  cos(t)

and ¢ is the heading angle of the vehicle. Further, v =
[u U]T where u and v are the surge and sway speeds,
respectively, M € R?*2 is the system inertia matrix with

M = diag[m — Xy, m — Y] 4)

R(y) = 3)

where m is the mass of the vehicle and X and Y, are the
added mass terms in the surge and sway degree of freedom,
respectively. Moreover, D; > 0 € R?*2 is the linear damping
matrix and D,, > 0 € R?*? is the nonlinear damping matrix,
ie.,

D, = —diag[X,, . )
Dn(lj) = 7diag [X\u|u‘u|v Yv\v|v|] ) (6)

where X, and Y, are the linear damping terms and X,
and Y),, are the nonlinear damping terms.

The control input is given by 7 € R? and the external
disturbance from the ocean current and 1st order wave forces,
in the BODY frame, is given by 7% = [Tg TS}T € R2

Remark 5: The current and wave disturbances in the
BODY frame are non-constant because the vehicle is moving
and rotating. The current and wave forces in the inertial
NED frame (which are assumed constant) are projected to

the BODY frame through
Te=R()c, ™)

N E

T

T .
P ] are the current and wave forces in

where 7, = [7/

the NED frame.

III. CONTROL DESIGN

In this section, the proposed speed control design and
stability proof are presented.

The vector containing the desired speeds is defined as
vy = [ug vd]T. This vector is generated by passing
the reference speeds, i.e., u, and v,, through reference
models [16, Ch.10.2] that generate smooth desired speed
signals, uq and vy, and desired accelerations, ug and v4.
The reference models are of 2nd order and have the form

g + 2Cuwulia + Wit = Wty (8)

B + 2Cuwy by + wWovg = wWavy 9)
where (,,(, are the damping ratios and w,,w, are the
natural frequencies of the reference models.

The error variable is then defined as

e=v—vgy, (10)
which has time derivative
éE=0U -1y
=M! (—Dlu -D,(vIv+T1+ RT(ﬂ))TC) —vq,
(1)

where () and ({7) have been applied.

The parameters of the mass and damping matrices of (TI)
are unknown and, thus, to handle these uncertainties and the
uncertainties introduced by external disturbances an adaptive
control approach is suggested in the following Theorem.

Theorem 1: Considering the plant model in (I)-(2) under
Assumptions [I}f3] the controller

T=—-Ke+ ¢ (v4,v)0, (12)

where K = K" > 0 is a controller gain, e is given in (T0),
0 is an estimate of the true parameter and disturbance vector
0, and ¢ (v 4, V) is a matrix of known signals, and the update
law

0= -T¢T (by,v)e (13)

with arbitrary initial conditions 8(0) = 8, € RS, where
I' =T" € R®*8, renders the origin of the error systems in
(10) and 6 = 6 — 6 stable with the error state e converging
to zero for all initial values.

Proof: Consider the Lyapunov function candidate

1
Vi(et) = e’ Me, (14)

which has time derivative along its trajectories
Vi(e,t) =eTMe
=T (—Mﬂd —Dw—-D,(vv+ RT(w)TC + T) ,
5)

where has been applied.
The term in the parenthesis of (I3) (excluding 7) can be
represented using a linear parameterized form, i.e.,

Mv,+ Dw+ D, (v)v — R* (). = ¢ (0q,1) 0,
(16)

where ¢ (74, v) € R?*® is a matrix of known, i.e., measured
or generated, signals.

¢ (g,v) = (17)
g 0 uw 0 Julu 0 —cos(¢yp) —sin(y)
0 9¢ 0 v 0 Jolv sin(®) —cos(v))

and @ € R® is a vector of unknown system parameters and
external disturbances, i.e.,
0= [m*Xﬁa mfyiu 7Xu7 7Yva
N _ET
_X\u|ua _}/\'U|va Te s T ] . (13)

c c



Inserting the linear parameterized form of (I6) into (T3) gives

Vl(e,t)zeT (r—¢(wq,v)0) . (19)
Inserting into gives
Vie,t) = —e"Ke+ e (va, )0, (20)
where 6 = 6 — 6.
Next, define a second Lyapunov function candidate
~ 1-~T 1A
VQ(B,O,f) :Vl(e,t)+§0 r—e. 21

Using Assumption [5| implies that 6 = 0, the time derivative
of (ZI) along its trajectories is

Vale,0,t) = —eTKe+ e ¢ (0q,v)0 + o'rT 6
— —"Ke+8' (¢T (Da,v) e+ r—lé) ,
(22)
where (20) has been applied. Inserting the update law

from (13) into (22) gives

Va(e,0,t) = —e"Ke, <0Ve. (23)

This implies that V3 (e, 8,t) < Va(e, 8, 0) and that the origin
of (ZI)) is stable [20, Th. 4.1]. The time derivative of @23) is

Va(e,0,t) = —2e"Ké . (24)

Assuming bounded initial conditions of e ensures that (24)) is
bounded. As such, @ is uniformly continuous and hence
convergence of (23) to zero is ensured through Barbilat’s
lemma, as in [21], [22], which in turn implies that e —
0 as t — oo. Combining the proof of stability with that
of convergence ensures asymptotic stability in the sense of
Lyapunov for the error state e. [ ]
_ Remark 6: Theorem 1 does not guarantee convergence of
6 to zero. This would require the system to be persistently
exciting [19, Ch. 4.2].

IV. RESULTS
A. Net following and guidance law

The scenario considered for demonstration of the speed
controllers is that of net-following, and as such the net-
following algorithm and guidance law of [9] were used to
provide reference speeds to the proposed controllers.

The control objective is to make the ROV follow a path
P € C? with a desired constant speed U; > 0 and with
the heading angle converging to some desired heading angle
Pa(t).

The net-following algorithm is approximating the net
structure as a plane based on the measured length of the
beams from the DVL sensor. The normal vector of this plane
is used when calculating the reference for the ROVs heading
angle, 14(t), in order to point the ROV directly toward the
net structure approximation. Further, the distance from the
ROVs center of origin to the plane approximating the net
structure, dpne((t), is given by the inner product between the

unit normal vector to the plane, and any vector from the ROV
to the plane.

A LOS guidance law is used to calculate a course angle
for the ROV, i.e.,

os(t) 2 9(8) ~ anctan (2570

(25)
where Xpos(t) is the desired course angle, 7, (t) is the path-
tangential angle, y.(t) = dne(t) — dg is the cross-track error
with dg as the desired distance to the net and A > 0 is the
lookahead distance [16]. The guidance law takes as inputs
the ROV heading, (), the path-tangential angle, ,(t), and
the cross-track error y.(t), and outputs the reference surge
and sway speeds as follows:

u(t) 2 Ugcos (—1h(t) + xros(t))
op(t) £ Ugsin (—(t) + xLos(t)) -

If the reference surge and sway speeds converge to their
desired values, i.e.,

(26)
27

tli)m u(t) —ur(t) =0 (28)
tlgglo v(t) —v.-(t) =0, (29)

the guidance law will ensure that the path P is followed
with desired absolute speed Uy e Vuz + 02, e,

lim ye(t) =0 (30)
t—o0
lim U(t) — Uy = 0. (31)
t—o00

See [9] for a full description of the net-following algorithm
and stability analysis of the guidance law.

B. Simulation results

The derived controller (12) and update law (I3) were
implemented in FhSim [23], [24], a software platform and
framework for mathematical modelling and numerical simu-
lation with a focus on marine applications. The control plant
model from (I) was used in the simulation to validate the
controller. A model of an aquaculture net pen [25] was used
to provide the ROV with an environment in which to move.

The ROV model from (I) and (@) was used in the
simulation with the following parameters

m — Xu 0
M = { o Yi,] (32)
_[90+54 0 ] _[144 0
1 0 90+72) [0 162
250 0
Di= [ 0 200] (33)
350 0
Dn = { 0 350] 9

The current and 1st order wave forces were given by
.= [20 QO]T. The parameters of the controllers used in
the simulation are listed in Table [



TABLE I: Controller parameters used in the simulations.

Parameter Value
K diag (500, 500)
r 350 18%8
Cu» Cv 1
Wy, Wy 2
A 1
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Fig. 1: Simulation results showing the tracking of the desired surge
and sway speeds, as well as the absolute speed.

The ROV was commanded to follow the net structure with
desired speed Uy = 0.2 m/s and desired distance from the
net of d; = 2 m. The ROV was initially placed 5 meters
from the net structure, at 5 meters depth, with a heading
angle of ¢ = 7. All estimated parameters, and the reference
models, were initialized at zero.

From Figure [I] we see that the desired surge and sway
speeds, as well as the desired absolute speed are accurately
tracked by the controller. Figure 2] shows that the desired
distance to the net is maintained after an initial period of
convergence of about 20 seconds. Further, Figure [2| shows
that the desired heading and depth are accurately tracked by
the adaptive backstepping controller from [15].

Figures [3]and ] show the estimated parameters in the surge
and sway degrees of freedom, respectively. These do not
converge to the actual values, but this is not required for e
to converge to zero according to Theorem 1.

C. Experimental results

The controller was validated in a field trial performed
at the SINTEF ACE full-scale laboratory for aquaculture
technologies [26], see Figure [5| The ROV used is an Argus
Mini [27], a 90 kg Observation-class ROV which has 4
thrusters in the horizontal plane and 2 thrusters in the vertical
plane. The ROV is slightly positively buoyant and passively
stabilized in the roll and pitch degrees of freedom. The ROV
is controlled through an in-house graphical user interface
(GUI) which allows the operator to manually control the
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Depth [m]
o

4 . . . . . . .
0 20 40 60 80 100 120 140 160

Time [s]
Fig. 2: Simulation results showing the tracking of the desired
distance to the net, the heading angle and the depth.
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Fig. 3: The estimated parameters in the surge direction during the
simulation.
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Fig. 4: The estimated parameters in the sway direction during the
simulation.



Fig. 5: SINTEF ACE full-scale laboratory or aquaculture technolo-
gies. Photo: Magnus O. Pedersen.

TABLE II: Controller parameters used in the field trial

Parameter Value
K diag (300, 300)
r 150 188
Gus Go 1
Wy, Wy 1
A 1
kp,u> kp,v 200
k/‘i,uy ki,v 5

ROV and activate functions such as net-following and dy-
namic positioning.

The speed controller alongside the net-following algo-
rithm, guidance law, and an extended Kalman filter (EKF)
for the Argus Mini ROV based on [28], are running in
FhSim. The GUI is communicating with the FhSim frame-
work through the Inter-Module Communication (IMC) pro-
tocol [29]. Commands are sent to the ROV through a serial
connection. The ROV is equipped with a depth sensor,
magnetic compass, and a forward-facing Nortek 1000 DVL
for measuring the distance, heading, and velocity relative to
the net. The EKF provides filtered estimates of the controlled
states, i.e., u, v, 1, and the depth, D. The speed controller
from (12) with update law (13)) is used. The heading angle
and depth are controlled using the adaptive backstepping
controller from [15]. The parameters used in the field trial
are listed in Table [, A block diagram is shown in Figure [6]

The ROV was lowered into the net pen and manually
operated to the starting location which was approximately
3 meters from the net. The ROV was facing the net prior to
the activation of the net-following algorithm to ensure that
the forward-facing DVL made contact with the net structure.
The ROV was commanded to maintain a distance of 2.5
meters to the net, a depth of 5 meters and to have a velocity
of Uy = 0.2 m/s. The vehicle was commanded to travel in
the starboard direction between ¢ ~ 30 and ¢ ~ 100, and in
the port direction between ¢ ~ 100 and ¢ ~ 180.

The net pen used in the experiments contains approxi-
mately 200.000 living Atlantic salmon (Salmo Salar). The
fish often swim in front of the ROV and disrupt the beams
from the DVL, resulting in signal loss [30]. The control
system is designed to stop the net-following procedure if
the DVL signal is lost, and continue when the signal returns
(yellow line and right-side y-axis of Figures [§] and [7). The
ocean current during the trial was measured to be 0.09
m/s with a direction of 39° at a depth of 4.5 meters. This

measurement was taken from a buoy located outside the net
pen in which the experiment was carried out.

Figure [7] shows the results of speed tracking from one of
the experiments. The ROV operated manually for the first ~
30 seconds before the net-following algorithms and the speed
controllers were turned on. The top plot of Figure |7| shows
the surge speed w, the middle plot shows the sway speed
v, and the bottom plot shows the absolute speed U. From
Figure [7] it is clear that the controller brings the surge and
sway speeds to their desired values. The DVL experienced
signal loss between ¢ ~ 80 to t ~ 90 seconds which turns off
the algorithm, hence the desired speeds are not tracked in that
time period. Figure [§] shows estimates of the ROVs distance
and heading relative to the net, and its depth. The desired
distance to the net is maintained with small deviations. Some
measurement noise is experienced between ¢t ~ 160 to ¢ ~
170 which may be caused by fish disrupting the DVL signals.

Figure [§] also shows the heading angle and the depth,
controlled using a controller similar to the adaptive back-
stepping controller from [15] with parameters tuned for this
experiment. The desired depth is accurately tracked, while
the heading experiences some deviation between ¢ ~ 60
and ¢ ~ 75 seconds. From the top two plots of Figure [7]
it can be seen that the surge and sway speeds also suffer
from inaccuracies during this time period and the coupling
between the degrees of freedom is most likely causing this
deviation in heading. The heading is more accurately tracked
between ¢ ~ 90 to ¢ ~ 160.

Figures [9] and [I0] show the estimated parameters during
the field trial in the surge and sway degree of freedom,
respectively. Note that the adaptation stops when the DVL
signal is lost. When the DVL signal returns the adaptation
is re-started, but it is also re-initialized at zero. This is
purposefully implemented to avoid sudden jumps and kinks
in the control input when the DVL locks to the net again.

In the interest of comparison, PI speed controllers were
also tested during the field trial. These controllers were tuned
based on operator experience combined with a trial-and-
error approach. Controller parameters are listed in Table [T}
During the tuning, it was found that the integral parts of the
controllers were influenced by the presence of measurement
noise and thus had to be chosen with great care. This resulted
in conservative values for the integral parts. This is in line
with findings reported in [31]. Figure [IT] shows the results.
A deviation is clearly present in the sway degree of freedom
which is probably caused by the conservative choice of
integral gain. This deviation again leads to a deviation in
the desired absolute speed. Note that these deviations are
not present when using the proposed controller.

V. CONCLUSION AND FUTURE WORK

An adaptive speed controller for the surge and sway speeds
of an ROV has been presented in this paper. It is shown
through Lyapunov analysis that the state error variable and
the estimated parameters are stable and that the state error
converges to zero asymptotically. The developed controllers
were demonstrated using a net-following algorithm and a
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Fig. 7: Experimental trial showing tracking of surge, sway and
absolute speed, respectively, using the proposed controller.

guidance law developed for ROV operations in aquaculture
net pens. The presented controllers were validated in both
simulations and field trials at a full-scale fish farm. Future
work may involve extending the proposed controller to also
include the heave speed, and to investigate the parameter
estimation capabilities of the proposed controller.
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