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Abstract: The paper addresses the guidance control design of the motion controller for
an underwater Remotely Operated Vehicle (ROV) within an European Commission H2020
research project called DexROV. Given a kinematics model of an ROV possibly subject to
an ocean current, the problem consists in designing a guidance control law able to realize,
within a common and unified framework, several basic control loops denoted as “primitives”.
The problem is rather standard when considering such primitives individually, but it becomes
more challenging when aiming at designing a single general solution able to realize several
different primitives according on how the reference signal for the controller is assigned. Moreover,
the proposed guidance loop is required to operate in the presence of delays. The proposed
solution builds on standard techniques leading to a Proportional - Integral (PI) controller
with an adaptive gain selection rule to cope with integrator wind-up phenomena due to
vehicle velocity saturation. The designed solution is numerically tested and analysed through
simulations accounting for simplified, yet realistic, sensor models including stochastic noise and
delays.
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1. INTRODUCTION

DexROV: Dexterous Undersea Inspection and Mainte-
nance in Presence of Communication Latencies is an on-
going european research projects funded by the European
Commission (EC) under the H2020 Research and Innova-
tion programme. DexROV aims at the development of new
underwater service capabilities with a focus on far distance
teleoperation of Remotely Operated Vehicles (ROVs) in-
volving variable communication latencies. In particular,
the ROV pilot console within the DexROV project will be
in a separate physical location (Onshore Control Center,
OCC) with respect to the surface end of the ROV tether
where guidance commands will be elaborated (Offshore
Operations). The OCC will communicate with the ROV
system through a satellite link exhibiting possibly non
negligible delays. Moreover, the project vehicle will be
equipped with a pair of manipulators. Indeed a second
focus of the project is on advanced dexterous manipula-
tion capabilities benefiting from context specific human
skills and know-how also over long distances Gancet et al.
(2015). The project is 3.5 years long and has started in
March 2015.

This paper addresses the design of the guidance control
system for the DexROV vehicle to be integrated with
its navigation and actuator control systems as well as
with the manipulator controller. Indeed the higher level
specifications for the ROV guidance system are rather
standard, yet the requirements related to a near-future
integration with a specific manipulator control system and
an ad-hoc navigation system suggest to aim at designing

a generic guidance solution able to implement, within the
very same kinematics control law, several different basic
motion control loops. These will be called DexROV vehicle
primitives in the following and include:

(1) Hovering (dynamic positioning);
(2) Autodepth;
(3) Autoheading;
(4) Autoaltitude;
(5) Guidance to a target position.

The original contribution of the paper is related to the
design of a single kinematics control solution able to
seemingly implement all the requested primitives within a
unique and general framework. Notice that from a tech-
nological point of view, the basic motion control func-
tionalities associated with the listed primitives are rather
standard as accounted for, by example, in Christ and
Wernli (2014) and Fossen (2011). Indeed, starting from the
pioneering work of Yoerger et al. (1986), many advanced
motion control solutions for ROVs have been designed and
tested in the last 30 years. Although the performance
of such solutions will depend on the available specific
actuation system (lower level control layer) and navigation
system, at a guidance level (kinematics control layer) the
motion control primitives can be designed independently
of these sub-systems. Indeed, the preliminary results de-
scribed in this paper refer to a solution based on a purely
kinematics model of the ROV. As a result, the controller
is a Proportional - Integral (PI) closed loop law. For the
sake of brevity, the DexROV navigation system will not
be described in detail. As illustrated in the following, only
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some basic assumptions on the available feedback will be
made and their impact on the proposed guidance laws
will be discussed. Figure 1 shows a schematic represen-
tation of the DexROV control architecture. Essentially,
the necessary feedback needed to close the loop is related
to the estimated position and velocity of the vehicle as
usually needed in Dynamic Positioning (DP) applications
Sørensen (2011), Sørensen et al. (2012), Sørensen (2014).
The proposed kinematics solution is numerically simulated
including a simplified, yet realistic, model of Ultra Short
Base Line (USBL) positioning system having a relatively
low sampling frequency and a delay that is range de-
pendent. Indeed, given such range dependent delay, the
described simulation analysis suggests that the kinemat-
ics control can benefit from using adaptive gains as also
discussed in the literature (Hoang and Kreuzer (2007)) for
dynamic model based controllers of ROVs.

After describing the adopted notation and the guidance
design methodology in sections 2 and 3 the motion prim-
itive results are illustrated in section 4. Finally numerical
results and conclusions are addressed in sections 5 and 6
respectively.

Onshore

B. Underwater perception and mapping 
Machine perception is a very challenging topic for 

underwater applications starting with the limitations of 
available sensors. Visibility is never perfect underwater – even 
under the best conditions – and is sometimes even non-
existent. Sonar sensors have clear deficits with respect to 
update rates and noise levels compared to “land sensors” like 
laser range finders. Nevertheless, many marine application 
scenarios involve complex environments where 2D and even 
3D machine perception would be highly desirable or even 
essential. While there has been significant work on 2D 
mosaicking and 2.5D bathymetric mapping, there is also an 
increasing interest in underwater 3D mapping and perception. 
But this work is predominantly concerned with the posterior 
generation of high-fidelity 3D representations from recorded 
sensor data after the mission (e.g. [4][5][6]). 

The approach in DexROV is to use amongst others very 
robust and fast 2D and 3D registration techniques such as the 
ones developed in [8][9][10] that are particularly suited for 
online processing of underwater data [7][11][12]. The robust 
online capabilities that will be developed in DexROV provide 
substantial progress beyond the state of the art, which is as 
mentioned dominated by manual operations, respectively post-
mission offline processing of data for modelling complex 
structures and operating in complex situations. 

The machine perception in DexROV will involve a high 
amount of online 3D data processing. This starts with the 
acquisition of underwater 3D data or more precisely of 2.5D 
range data or short scans. An important contribution will be 
the online estimation of stereo disparities under adverse 
conditions (such as marine snow), as well as fitting and 

outlining of surface patches into noisy underwater scans from 
a stereo camera. As a challenge, proper uncertainty models 
will need to be properly determined for the surface 
representations. 

There is finally the issue of Simultaneous Localization and 
Mapping (SLAM), for which the main challenge in the context 
of DexROV is to do it in a very fast and robust manner suited 
for online processing. Building upon existing expertise on 
robust pose-graph SLAM, adaptations and improvements for 
higher speed and incremental execution to existing method 
will be investigated. 

C. Autonomous navigation and manipulation 
The state of the art technology used in underwater 

monitoring applications is represented by AUVs . In such a 
case, the vehicle(s) generally travel at constant cruise velocity 
following pre-planned paths. Some features such as the 
“mowing the lawn” pattern are currently possible with off-the-
shelf products [19]. Some basic autonomous facilities are also 
common in ROV and AUV commercial vehicles such as 
attitude or station keeping also in the presence of ocean 
current.  Recently, some attempts to achieve on-line path 
planning based on the information acquired and exchanged 
with other vehicles have been made in, e.g., the project FP7 
Co3AUVs [20][22]. On the other hand, when intervention or a 
close inspection at low velocities are required, ROV are 
typically used. Most operations need to be performed by the 
operator, with existing ROV solutions. The operator is in 
charge also of compensating the current or be aware of the 
umbilical deplyment in the 3D underwater environment in 
order to avoid entanglement. The latter case, to be manully 
addressed with custom movement, is the source of waste of 
time. In missions requiring manipulation operations the 

Fig. 1. DexROV functional architecture 
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2. NOTATION

The notation adopted in this paper is rather standard. For
the sake of clarity and completeness we report the most
significant notation details.

Vectors will be denoted in bold face fonts while matri-
ces will be denoted by capital regular (not bold) fonts.
Rotation matrices (i.e. elements of the special orthogonal
group SO(n) with n being 3 unless otherwise stated) will
be indicated as 1R0 being 0 and 1 the labels of the input
and output frames respectively. Namely indicating with
0b the projection of vector b in frame 0, its components
in frame 1 will be given by 1b = 1R0

0b. Consequently,
denoting with i0, j0 and k0 the unit vectors of frame 0, the
rotation matrix 1R0 results in:

1R0 =
[
1i0

1j0
1k0

]

where 1i0, 1j0 and 1k0 are the projections of i0, j0 and k0

in frame 1.

The cross product a = b × c among elements in R3

expressed as components with respect to a given frame
can be computed as a matrix times vector operation in
the form:

a = b× c = S(b) c

being the skew symmetric matrix S(·) given by:

S(b) =

(
0 −b3 b2
b3 0 −b1
−b2 b1 0

)
. (1)

3. KINEMATIC GUIDANCE DESIGN

3.1 Modelling

Let us consider the following kinematic model for the
ROV:

ṗ= u+ vc (2)
1Ṙ0 =−S(1ω1/0)

1R0. (3)
The linear velocity control input is the velocity with re-
spect to the fluid u ∈ R3, namely the linear motion model
is fully actuated and eventually subject to a (matched)
disturbance vc representing the ocean current. The rota-
tion matrix 1R0 maps vectors from frame 0 to frame 1: in
particular frame 0 is assumed to be an earth fixed frame
(typically a North East Down - NED frame) and frame 1 is
a body fixed frame having its x, y, z axis aligned to surge,
sway and heave directions of the ROV. In the following,
unless otherwise stated, equation (2) will be thought as
expressed in frame 1. ṗ is the ROV velocity as projected
in body frame. The rotational control input is 1ω1/0 that
represents the angular velocity of frame 1 with respect to
0 projected in frame 1.
Actually, the rotational motion model of the ROV used
in DexROV, i.e. the APACHE 2500 in Figure 2, is not
fully actuated, since the only actuated rotation is the yaw
rotation. Moreover, the motion control scenario, within the
DexROV project, is tipically a setpoint regulation where
the desired position and attitude is a constant input or
a setpoint provided by a human operator. Hence, the
proposed guidance and control system consists of a linear
velocity controller in combination with an heading con-
troller.

3.2 Linear velocity control

Assuming the desired position to be pd having velocity ṗd,
the position error would be:

e = pd − p = (eu, ev, ew)
�. (4)

Its time evolution (in body frame) is:
ė = ṗd − u− vc (5)

suggesting for the control input u a PI with feedforward
structure:

u = Kp e+KI

∫ t

ti

e(τ)dτ + ˆ̇pd − v̂c (6)

where ˆ̇pd and v̂c are estimates of the desired velocity and
ocean current. Assume:

ˆ̇pd − ṗd = δ1 : δ̇1 = 0 (7)

v̂c − vc = δ2 : δ̇2 = 0 (8)
that can be satisfied, by example, if ṗd and vc are constant
and their estimates are null. If assumption (7 - 8) hold, the
closed loop error would evolve as:
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