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Abstract—Oil & gas operators spend tens of million USD
every year on removing marine growth, using manually oper-
ated remotely operated vehicles (ROV) with water jets. This
study investigates the benefits of automating the ROV used
for cleaning by demonstrating a sliding mode control (SMC)
algorithm on a reconfigured BlueROV2 with an attached water
jet. A nonlinear SMC was designed for the cleaning task. SMC
was able to stabilize the orientation of the ROV while following
a trajectory in depth. Regular SMC could not stabilize the
ROV in front of the member, with the water jet activated. To
accommodate for the delay, integral action was added to the
SMC (IxSMC) in the surge direction, which stabilized the ROV.
From the research presented in this paper, it can be concluded
that automation of a marine growth removing ROV can be
achieved by applying IxSMC.

Keywords Sliding Mode Control, Integral Control, Under-
water Robotics, ROV, Offshore Robotics, Nonlinear Control,
Near-structure Operation, BlueROV2

I. INTRODUCTION

Marine growth increases the circumference and weight of
underwater structures, increasing the hydrodynamic loads and
gravity force. A typical layer of marine growth in the North
Sea increases hydrodynamic loads by 17.5% and the weight
by 0.15% [1]. The increased loads significantly increase
material fatigue, and thereby the lifespan of the structures is
potentially reduced. Today marine growth is either cleaned
off by manually operated ROVs or handled by over-sizing the
structures. The offshore industry suspects that automation of
the ROVs will greatly reduce the cost of operation [2, 3, 4].

Manually operated ROVs, performing a task are hard to
control due to the force from the cleaning tool. [5, 6]. The
control algorithms for industrial ROVs are centered around
controlling the manipulator [6], and thereby the operator still
has an active role in controlling the ROV. Automatic cleaning
off sub-sea structures requires good trajectory tracking and
disturbance rejection. Different control algorithms have been
used for ROVs concerning these objectives, some of which
are based on model predictive control (MPC) [7, 8] or
sliding mode control (SMC) [9, 10, 11]. MPC offers better
overall performance compared to SMC. However, the heavy
online computational requirement is the main difficulty of
MPC since ROVs’ computational capacity is often limited
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[8]. Several SMC schemes have been used to either control
robotic arms attached to ROVs or to compensate for the force
applied to the ROV by a robotic arm [6]. In [9] an SMC is
designed to reject model uncertainties and disturbances from
a robotic arm onto an ROV. Thus, this study examines SMC
for trajectory tracking while cleaning a sub-sea structure
using a water jet.

The contribution of this paper is the investigation of near-
structure autonomous operation by designing a controller for
a marine growth removing ROV. The controller will be based
on SMC and experimentally validated on a reconfigured
BlueROV2. The nonlinear SMC will be compared to a typical
linear quadratic regulator with integral action(LQRI). This
paper presents a description of the reconfigured ROV and
test setup in section II, a mathematical model of the ROV is
developed in section III. The SMC is designed in section IV
and tested in section V.

II. PLATFORM AND TEST SETUP

In this paper, the marine growth removal process is sim-
plified to water jetting of cylindrical members e.g., vertical
jacket members, and mono-piles. Water jetting is commonly
used for marine growth removal in the industry.

A. Reconfiguration of BlueROV2

The ROV used in this research is based on the BlueROV2
provided by Blue Robotics inc. The BlueROV2 has been
reconfigured with the Heavy upgrade kit, enabling motion
control in all six degrees of freedom. The ROV configuration
is seen in Fig.1(a). A water jetting tool is installed; this can
be seen in Fig. 1(c). The high-pressure water is provided from
the topside by a pump and is delivered to the ROV through
a high-pressure water hose. A mount is added(shown in Fig.
1(f)) to secure the hose and tether close to the center of mass
of the ROV; this is done to minimize the effect on the ROV.

B. Sensors

The BlueROV2 is equipped with an accelerometer, a
gyroscope, and a pressure sensor for attitude and depth
measurement.



The accelerometer and gyroscope are experimentally cali-
brated based on [12], and the magnetometer is both hard- and
soft-iron calibrated based on [13]. A short baseline (SBL)
underwater positioning system from WaterLinks was used.
The locator from this is shown in Fig. 1(e). The SBL system
has a constant delay of 1.2 sec; A similar delay has been
found by [14] in the same SBL system. Due to the large
delay, the SBL system has only been used to validate the
mechanical model.
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Fig. 1. The additional equipment added to BlueROV2 Heavy configuration.

A relative distance measurement from ROV to the structure
is facilitated by a laser pointer and a camera on the ROV, as
inspired by [15]. The laser is mounted at an angle to the
camera’s direction of view and is seen in Fig. 1(b). The
distance can be determined by tracking the laser dot’s vertical
position in the image. The distance algorithm exhibits a
constant delay of 0.4 sec when implemented on the Raspberry
Pi 3 installed on the BlueROV2. A similar algorithm using
the same camera and laser was developed to obtain the sway
position relative to the structure. However, due to limited
computational power on the BlueROV2, it has not been
possible to implement sway feedback.

In Tab.I, an overview of the sensors is given. To distinguish
between BlueROV2 and the upgraded BlueROV2 used in this
project, the ROV used in this project will be referred to as
BlueROV2 CC (cleaning configuration).

Tab. I. Sensor characteristics.

Sensor Sampling Rate Noise (Variance) Delay
IMU 20Hz 2.5× 10−5 rad -

Pressure Sensor 20Hz 1.5× 10−5 m -
SBL 4Hz 1.3× 10−3 m 1.2 sec

Laser camera sensor 20Hz 2× 10−6 m 0.4 sec

III. MECHANICAL MODEL

A. ROV model

The mechanical model of the ROV is derived based on
[16]. The model of BlueROV2 CC is seen in (1) and (2).
The reference frame used in this research is shown in Fig. 2.

ṅ = J(n)v (1)

Mv̇ + C(v)v + D(v)v + g(n) = τt + τjet (2)

The different variables of (2) can be seen in Tab. II, except
for g(n) and C(v) which are the gravitational/buoyancy force
and Coriolis/centripetal forces respectively. τjet is the force
from the water jet, acting in the surge direction. A description
of these can be found in [16, 8]. The BlueROV2 CC is
neutrally buoyant and assumed to rotate around the center
of mass. The physical parameters of the BlueROV2 CC are
shown in Tab. III.

Tab. II. Parameters and states for the BlueROV2 CC model.

Description Variable Components Size
Mass matrix M MRB + Ma 6x6
Mass/Inertia MRB diag

(
m m m Ix Iy Iz

)
6x6

Added Mass/Inertia Ma diag
(
ma,x ma,y ma,z Ia,x Ia,y Ia,z

)
6x6

Thruster force τ t
(
fx fy fz τφ τθ τψ

)T 6x1
Body frame velocity v

(
ẋ ẏ ż p q r

)T 6x1
Form drag D

(
fd,x fd,y fd,z τd,φ τd,θ τd,ψ

)T 6x1
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Fig. 2. The reference frame used for analysis of BlueROV2 CC.

Tab. III. Constants for the BlueROV2 CC model.

Description Parameter Value Unit
Mass m 13.50 kg
Moment of inertia Ixx, Iyy , Izz 0.26, 0.23, 0.37 kgm2

Dimensions L,H,W 0.46, 0.38, 0.58 m
Volume V– 0.0134 m3

Distance from center of mass to center of buoyancy rbg 0.01 m
Gravity acceleration g 9.82 m

s2

Water density ρ 1000 kg
m3

An estimate of the added mass matrix for the BlueROV2
CC is found based on [17]. The added mass matrix is shown
in (3).

Ma = diag
(
6.36, 7.12, 18.68, 0.189, 0.135, 0.222

)
(3)

The drag force D is found by flow simulations in
SolidWorks® Flow Simulation which is an embedded pro-
gram in SolidWorks®. The results are corrected by experi-
ments, similar to the approach in [14]. The result is shown
in Tab. IV.



Tab. IV. Corrected drag force/torque eqns.

Motion Drag force/torque R2

Surge fd,x = 141|ẋ|ẋ+ 13.7ẋ 0.98
Sway fd,y = 217|ẏ|ẏ 0.99
Heave fd,z = 190|ż|ż + 33ż 0.99
Roll τd,φ = 1.19|p|p 0.94
Pitch τd,θ = 0.47|q|q + 0.8q 0.94
Yaw τd,ψ = 1.9|r|r 0.95

B. Water Jet Model

A finite control volume momentum analysis is carried out
to determine the force acting on the BlueROV2 CC from the
high-pressure water jet. The water jet’s transient response is
neglected; therefore, the water jet can be assumed to be in
a steady-state. Furthermore, due to the constant temperature
and relatively low pressure(100-500 bar), water density can
be assumed to be constant. The water jet used in this project
produces 16.6 N force(τjet) with a flow rate of 8.3 L

min . This
can approximately be scaled (by a linear scale concerning a
ratio between maximum thrust and mass) to an industrial
ROV(M500) for marine growth removal with a flow rate of
25 L

min at 250 bar, which is a normal cleaning flow according
to operators in the North Sea.

C. Thruster

There are eight T200 thrusters installed on BlueROV2 CC.
The input to force curve for two thrusters has been derived
in [14], these results will be used in this study. The transient
response of the thrusters has been found by identifying an
auto-regressive exogenous(ARX) model in MATLAB® on
data provided by MathWorks®[18]. The continuous transfer
function describing the transient from input to output force is
given by (4). The transfer function has been neglected in the
control design due to the thruster dynamics being magnitudes
faster compared to the ROV dynamics. The thruster dynamics
has been implemented in the simulations. The maximum
velocities of the vehicles for each direction of motion are
seen in Tab. V.

F (s)

U(s)
=

6136s+ 108700

s3 + 89s2 + 9258s+ 108700
(4)

Tab. V. Maximum velocities in body frame.

Movement body frame Maximum velocity
ẋmax 0.72 m

s
ẏmax 0.63 m

s
żmax 0.71 m

s
pmax 5.2 rad

s
qmax 4.9 rad

s
rmax 3.6 rad

s

IV. CONTROLLER DESIGN

A. Design of Sliding Mode Controller

Controllers will be designed based on SMC for each
direction of motion decoupled, thereby cross-coupling is not
taken in to consideration in the control design. The book [19]
is used as a reference to design the SMC. The controller
will be designed concerning the body frame. In this section,
variables will be denoted x to indicate that it belongs to

the surge motion. The equation for the surge motion can be
formulated as seen in (5), by making the simplifications seen
in (6) and (7).

ẍ = Kx + hxfx (5)

Kx = −(Cx(v)v + gx(θ)− τjet
m+ma,x

) (6)

hx =
1

m+ma,x
(7)

B. Stability Analysis of Controller for Surge

The time varying surface σx is defined by (8). The error
between the state (x) and the reference (rx) is given by (9).
c0,x is a positive integer that ensures stability of σx. The error
dynamics is given by (10). σx = 0 is the sliding surface, the
idea is now to design a controller which keeps σx on the
sliding surface after convergence.

σx = ėx + c0,xex (8)

ex = x− rx (9)

ėx = ẋ− ṙx (10)

σx needs to reach the sliding surface within finite time using
fx under the influence of the system and the disturbance,
described by Kx. The input fx can be designed using
Lyapunov analysis to ensure that the sliding surface can
be reached along the system trajectories within finite time
σx → 0 for t → tr < ∞. The Lyapunov function in (11) is
used.

V (σx) = 0.5σ2
x (11)

To ensure global asymptotic stability V (σ) must be positive
definite V (σ) → ∞ for σ → ∞ and V̇ must be negative
definite V̇ (σ) < 0 ∀ σ 6= 0. V̇ is bounded, which can be
expressed as (12).

V̇ (σx) = −αx

√
V (σx) (12)

αx > 0, which can be proven by separation of variables,
thereby tr is finite and dependent on the value αx and
the initial error of the position and velocity, as long as
the derivative of (11) is upper bounded by (12). Then the
derivative of (11) is decrescent and since (12) is negative
definite σx = 0 is finite-time stable. The control law can be
found by applying these conditions. The time derivative of
(11) is seen in (13).

V̇ (σx) = σxσ̇x (13)

Inserting (8) in (13) leads to (14).

V̇ (σx) = σx(Kx + hxfx − r̈x + c0ėx) (14)

Choosing fx to be (15).

fx = ĥ−1
x (r̈x − c0,xėx + bin) (15)

where ĥx is the model estimate of hx and bin is the control
term, (14) then becomes (16).



V̇ (σx) = σx(Kx+hx(ĥ
−1
x (r̈x−c0,xėx+bin))− r̈x+c0,xėx)

(16)
Assuming that ĥx = hx, (16) becomes (17).

V̇ (σx) = σx(Kx + bin) (17)

Furthermore, Kx is bounded by an upper value Lb,x (18),
since both the dynamics of the ROV and the disturbance are
bounded.

Lb,x ≥ Kx,max (18)

Kx,max is found by inserting the maximum velocity Tab. V
in the equation of motion (5). The disturbance force is the
water jet force. Thereby (17) can be written as (19).

V̇ (σx) = σx(Kx + bin) ≤ |σx|Lb,x + |σx|bin (19)

bin is chosen to be (20).

bin = −ρssgn(σx) (20)

sgn (σx) =

{
1, σx > 0
−1, σx < 0

, sgn (0) ∈ [−1, 1] (21)

ρs is a gain which can be chosen based on (12) and (19)
shown in (22).

V̇ (σ) ≤ |σx|(Lb + ρs) = −αx

√
V (σx) (22)

Inserting (11) in (22) shown in (23).

ρs = Lb,x +
αx√
2

(23)

There are now two tuning parameters, c0,x and αx, which
ensure stable convergence of the sliding surface. In practice,
Lb can also be tuned. To avoid chatter in the input the
sign function in (20) is approximated by a Sigmoid function
defined in (24). Thereby the controlled system error is
bounded in a boundary layer in the neighborhood close to
the sliding surface. This approximation introduces another
tuning parameter εs,x which is a positive value and has a
relationship to the thickness of the boundary layer.

sgn(σx) ≈
σx

|σx|+ εs,x
(24)

SMC controllers have been designed for each direction of
motion.

The implemented controller is shown in (25).

fx = h−1
x (r̈x − c0,xė+ ρs

σx
|σx|+ εs,x

) (25)

C. Integral Action for Surge Motion

It has not been possible to tune an SMC controller to
stabilize the surge motion when the water jet was turned
on. The delay in the distance measurement causes instability.
To cope with this an integral part was added to the sliding
mode controller based on [20]. A similar approach to integral
sliding mode control(ISMC) has been used in [21] to obtain
accurate position tracking. ISMC introduces a new tuning
parameter Ki,x which must be positive. Thereby a less
aggressive controller can be designed since the integral part
limits the water jet effect.

An ISMC was designed by splitting the control function
bin,I into two terms seen in (26).

bin,I = bin,1 + bin,2 (26)

bin,1 is the auxiliary control that compensates for the
bounded disturbance and is designed in such a way that the
sliding starts immediately, and bin,2 is driving the sliding
variable towards zero as time increases [20]. bin,1 can be
found from the new sliding variable (27) and dynamics (28),
by following the same procedure which led to (20). bin,1 is
seen in (29). {

Sx = σx − Jx
J̇x = −bin,2

(27)

Ṡx = Kx + hxfx − (bin,1 + bin,2)− (−bin,2) (28)

bin,1 = −ρssgn(Sx) (29)

Thereby the original sliding variable dynamics can be written
as (30).

σ̇x = Kx + hxfx − bin,1 − bin,2
Ṡx = Kx + hxfx − bin,1

(30)

Then σ̇x can be described in auxiliary sliding mode by
making Ṡ = 0 and finding the bin,1,eq done in (31). This leads
to (32).

0 = Kx + hxfx − bin,1,eq ⇒ bin,1,eq = Kx + hxfx (31)

σ̇x = −bin,2 (32)

As explained in [20] the control function bin,2 can be
chosen as (33)

bin,2 = ki,xσx, ki,x > 0 (33)

ki,x is the convergence rate of the sliding variable. A Sigmoid
function once again approximates the sign function in (29),
hereby the new control function becomes (34).

bin,I = −ki,x · σx − ρs
(Sx)

|Sx|+ εs,x
(34)

As seen in (28), Sx is a function of Jx, which is found by
integration of J̇x. At the initial moment Jx = σ(0). The
implemented surge controller based on ISMC is shown in
(25).

fx,i = h−1
x (r̈x − c0,xė+ bin,I) (35)

SMC has been designed for the remaining directions of
motion based on section IV-B, to clarify the combined
controlled system will be referenced as IxSMC.



D. Tuning of Control Parameters

The various control parameters covered in section IV-A
has been tuned through simulations and experiments in the
test facility. The tuned control parameters are shown in Tab.
VI. Ki,x has been chosen to be 1.5. It was found that the
IxSMC was sensitive to the tuning parameters, especially the
Lb gain, which represents the bounds of the system and the
disturbance.

Tab. VI. Tuned control parameters for IxSMC.

Controller α C0 εs Lb
Surge 0.1 1 0.08 1.17
Sway 0.5 3 0.03 1.04
Heave 0.1 2 0.05 0.70
Roll 0.1 0.4 0.1 2.01
Pitch 0.1 0.4 0.1 1.83
Yaw 0.1 2 0.1 2.05

V. EXPERIMENTAL RESULTS

In the following section, the results of the experiments per-
formed in the test facility are presented. An LQRI controller
has been designed for the BlueROV2 CC based on [14]. The
LQRI and IxSMC controllers have been implemented on the
BlueROV2 CC. The tests are compared to a simulation of
the ROV, running the respective controllers.

A. Test Setup

The test facility consisted of a circular commercially
available pool, which had a diameter of 6.1 m and a height
of 1.15 m. Two different cylindrical pipes were placed in the
test facility, representing a member of an offshore structure;
the pipes were 350mm and 600mm. The members of offshore
structures are 330-4000mm.

B. Simulations

The mechanical model derived in section III is imple-
mented in Simulink® together with the controller developed in
section IV and the LQRI controller. The sampling frequency,
delay, and noise from the sensors are also implemented
together with the thrusters’ dynamics.

C. Results

The ROV were made to follow a trajectory in depth (zref )
while keeping a fixed distance of 0.1 m to the member in the
test facility. The trajectory in depth (zref ) varied from 0.7 to
0.2 m(surface is 0 m) and with a velocity of 0.12 m/s. The
reference to the angles were set to zero. The controller was
assessed on the mean error between the measured value and
the reference and the variation from the reference quantified
by two standard deviations(2sd).

The two tests are shown in Fig. 3 (IxSMC) and 4 (LQRI).
Both tests show that the BlueROV2 CC is kept at constant

depth (ztest) for the initial phase. After the BlueROV2 CC
has stabilized, the water jet is turned on, and the ROV starts
to follow the trajectory. It is only the angle in yaw shown in
Fig. 3 and 4 since the other two angles were kept zero by
the controllers.
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Fig. 3. IxSMC. References xr = −0.1 m, zr = variable(0.7 − 0.2m)
and ψr = 0 rad.
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Fig. 4. LQRI. References xr = −0.1 m, zr = variable(0.7− 0.2m) and
ψr = 0 rad.
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Fig. 5. Error comparison between IxSMC and LQRI , references xr =
−0.1 m, zr = variable(0.7− 0.2m) and ψr = 0 rad.

In Fig. 5 a comparison between the two controllers are
shown concerning the error in each direction of motion.
In regards to the two constant references, ψ and x, the
controllers are on par. In z the difference between the two
controllers is more apparent as the LQRI can not keep up with



the varying reference, hence having a more significant error
than IxSMC. Note that the errors between the two controllers
can not be compared in terms of time due to the controllers
not being started simultaneously.

The tests have been repeated three times in order to
evaluate repeatability. The average results of the three tests
for both controllers are seen in Tab. VII and VIII. Each test
was similar to the results illustrated in Fig. 3 and 4.

Tab. VII. Average results of 3 tests with the LQRI controller.

Direction Mean error 2sd of mean error
x −0.002 m 0.046 m
z 0.007 0.35 m
ψ 0 rad 0.02 rad

Tab. VIII. Average results of 3 tests with the IxSMC controller.

Direction Mean error 2sd of mean error
x 0 m 0.072 m
z 0.048 m 0.09 m
ψ 0.028 rad 0.053 rad

VI. CONCLUSION AND FUTURE WORK

This paper has presented the design and experimental
validation of an ROV controlled by IxSMC and applied
for near-structure high-pressure water jet cleaning. The con-
trollers were implemented on a BlueROV2 reconfigured with
a water jet for cleaning sub-sea structures. The controllers
were experimentally examined for trajectory tracking while
cleaning a cylindrical structure in a laboratory test facility.
A comparison was made between IxSMC and LQRI for
the application. Results show that the SMC controller could
not stabilize the ROV when the water jet was activated. To
accommodate for the delay, integral action was added to
the SMC (IxSMC) in the surge direction, which stabilized
the ROV. The tests were repeated three times. The control
loop was limited to 20 Hz by the hardware on ROV. The
experimental tests for both controllers showed consistency
with the simulations which indicates that the model is suitable
for the application.

The IxSMC controller followed the reference trajectory in
depth with a mean error of 0.048m with 2sd of 0.090m
compared to the LQRI controller, which had a mean error in
depth of 0.007m with 2sd of 0.35m. Thereby the SMC had
a better trajectory tracking performance compared to LQRI.
The IxSMC controller was able to keep a mean error between
the reference and the measured distance to the structure of
0.00m with 2sd of 0.072m. Results from the LQRI showed
a mean error of −0.002m with 2sd of 0.046m. Conclusively,
the two controllers’ performance in terms of mean error is on
par, while the LQRI yielded less variance in the control error.
The IxSMC was able to keep the mean error of the angle ψ at
−0.01 rad with 2sd of 0.043 rad. Compared to LQRI, which
had a mean error of 0.00 rad with 2sd of 0.02 rad. In term
of mean error of the angle ψ were on par, while the IxSMC
performed worse with regard to variance in the error.

Generally, the error of the IxSMC varied more compared
to LQRI when the reference was kept constant. Regarding
tracking a moving reference, the error of IxSMC varied

less than LQRI. Both controllers’ performance would be
improved if the sample time were increased and the delay
of 0.4 sec in the distance measurement was handled. It can
be concluded that automation of a marine growth removing
ROV can be achieved by applying IxSMC.

Further investigation is necessary to automate the marine
growth removal process; this could include incorporating the
environmental disturbances from waves and ocean current in
the control design and thereby making it more robust for the
application.
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