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Abstract— This paper presents the results of the experimental
tests performed to validate the functionality of a variable
pitch system (VPS), designed for pitch attitude control of the
novel underwater robotic vehicle explorer UX-1. The VPS is
composed of a mass suspended from a central rod mounted
across the hull. This mass is rotated around the transverse axis
of the vehicle in order to perform a change in the inclination
angle for navigation in vertical mine shafts. In this work, the
equations of motion are first derived with a quaternion attitude
representation, and are then extended to include the dynamics
of the VPS. The performance of the VPS is demonstrated
in real underwater experimental tests that validate the pitch
angle control independently, and coupled with the heave motion
control system.

I. INTRODUCTION

Underwater vehicles are flourishing, performing key roles
in a number of scientific and commercial endeavors. Re-
cently, the focus of several research lines has been aimed
at developing solutions for advanced underwater vehicles,
designed to operate in complex environments, such as under
ice shelves [1], where access is virtually impossible by any
other means. Most scientific applications in these challenging
environments include mapping, survey, and inspection tasks
[2] [3]. However, a unique cutting-edge application for un-
derwater robotics is the exploration of flooded underground
mines.

In an effort to locate a sustainable supply of raw materials
from European sources, interest has been directed towards
determining the feasibility of re-opening some of the nearly
30,000 inactive or abandoned underground mines across
Europe, which may contain a considerable amount of raw
material reserves considered critical. Hence, the UNEXMIN
project has developed a novel underwater robotic platform
system named UX-1, to explore flooded mines and acquire
geo-scientific and topological data. The development of UX-
1 will open new exploration scenarios, so that strategic
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Fig. 1. UX-1 underwater vehicle during field tests in the Molar Janos cave
system in Budapest, Hungary.

decisions on dewatering and re-starting exploitation of Eu-
rope’s abandoned mines can be supported by real data, which
cannot be gathered in any other way. This challenging oper-
ational environment intended as the workspace for the UX-1
platform, and the novelty of the vehicle’s mechanical design,
require the development of innovative actuation components
that comply with the required objectives of the foreseen
exploration missions.

According to the design requirements specified by the end-
users of the UX-1 platform [4], the underwater vehicle must
be capable of shifting the inclination angle (pitch motion),
in order to navigate facing the direction of movement in
vertical or slanted shafts. This requirement arises from the
placement of the majority of the external sensors in the
front of the UX-1 vehicle, i.e., MultiBeam SONAR, cameras,
laser scanners, etc. This work presents the validation and
experimental testing of a custom built Variable Pitch System
(VPS) motion component which was designed to actively
change the center of gravity (CG) of the UX-1 underwater
vehicle by rotating a mass, suspended below the center of
buoyancy (CB), about the transverse axis of the vehicle. This
shifting of a mass w.r.t. the CG of the vehicle generates a
torque which in turn rotates the UX-1 vehicle to a desired
pitch angle, passively stabilizing the system.

Several works in underwater robotics can be found in
the literature that have exploited the possibility of shifting
internal masses to achieve efficient attitude control, more
commonly known as a mass shifting mechanism (MSM).
Examples of underwater vehicles using linear MSMs are the
Seaglider [5] and the Slocum [6]. Further details about the
MSM and the related control strategies can be found in [7]
and [8]. This approach turns out to be suitable whenever the
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mission environment requires occasional attitude changes,
rather than fast and repeated control inputs. For instance,
this is the case of torpedo-shaped vehicles (i.e., [5], [6]) that
need to keep a quasi-constant pitch angle to change depth.

Moreover, the mass shifting technique is particularly ef-
ficient, with respect to the traditional control method of
using a set of fins, whenever the cruise speeds need to
be maintained low. In fact, shifting the center of mass of
the vehicle induces a change in the attitude in spite of the
velocities experienced by the vehicle, whereas the actuation
by means of the fins presents the additional constraint of
relying on a minimum speed to be effective. Linear MSM
are generally suitable for torpedo-shaped vehicles that can
fit the length of the stroke. Therefore, due to the required
mechanical design of the underwater vehicle used in this
work, linear MSM designs cannot be efficiently allocated into
a spherical compact underwater vehicle, such as the UX-1.

Robots with spherical morphology recently gained pop-
ularity and are being developed for various fields, such
as surveillance using the GroundBot [9] [10], or even for
planetary exploration, as reported for the Spherical Mobile
Investigator for Planetary Surface (SMIPS) in [11]. The same
strategy can be extended to underwater field applications.
The Eyeball Remotely Operated Vehicle (ROV) [12], similar
to the UX-1 platform, is aimed at inspecting underwater
structures in hazardous environments. The Eyeball ROV uses
a gimbal mechanism to displace an internal eccentric mass
and consequently to perform a turning motion in-place, that
in narrow environments helps reducing the risk of entangle-
ments or collision with protruding objects. Nonetheless, the
specific combination of operational speeds specified for the
UX-1 (1.5 – 2 m/s), the hazardous operating environments
and the requirement for energy efficiency, deem the various
attitude control mechanisms found in the literature unsuitable
for integration in the UX-1 underwater vehicle.

The work in this paper is presented as follows: Section
II introduces the basic aspects of the mechanical design
and integration of the VPS for the UX-1 vehicle, whilst in
Section III the complete dynamic model of the underwater
vehicle system is derived, with the inclusion of the dynam-
ics generated by the VPS motion component. Afterwards,
Section IV presents the results achieved with the performed
experimental validation tests. Lastly, conclusions and future
works are detailed in Section V.

II. VPS MECHANICAL DESIGN

As it can be seen in [13] and [14], the design of the
primary propulsion system for the UX-1 platform integrated
the actuators (i.e., 8 BlueRobotics1 T200 thrusters) in a
cross-manifold configuration, so as to avoid any possibility
of entanglement, and increased fault tolerance introducing
overactuation. Nonetheless, this cross-manifold configuration
of the actuators only achieved 5 degree-of-freedom (DOF)
motions, namely, Surge, Sway, Heave, Roll, and Yaw. In
order to obtain the full 6 DOF motion of the underwater
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Fig. 2. 3D CAD model of the VPS design with the planetary gear, stepper
motor, and bevel and worm gear set-up.

vehicle, a VPS motion component, based on the principle of
counterweights rotating around an axis, has been designed
and integrated. The complete mechanical design of the VPS,
as well as initial computer simulations, can be found in [17].

Oil Reservoir TankCentral Rod

Fig. 3. CAD model of the Variable Pitch System installation on the UX-1
Robot.

The VPS motion component was designed to maximize
the operation time during dives, by using a low power
consumption implementation. As it can be seen in Fig. 2, the
VPS consists of a stepper motor with a bevel and worm gear
set-up, which rotates the battery pack (three eccentrically
placed 6S 16000 mAh LiPo batteries) around the central rod
(CR) oil reservoir tank (see Fig. 3), using a planetary gear
fixed to the CR [16]. Fig. 3 shows the 3D CAD model of
the UX-1 vehicle with the final design of the VPS integrated
into the hull.

III. SYSTEM DYNAMIC MODEL

The nonlinear dynamic model of the UX-1 underwater
vehicle has been previously studied and derived in var-
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ious works found in the literature. In [13], a model of
a spherical underwater vehicle was presented, which was
derived based on the initial design specifications of the UX-
1 vehicle. Moreover, [14] presents experimental tests which
were performed to identify several model parameters of the
real underwater platform, and to obtain the high-fidelity 6
DOF equations of motion of the UX-1 underwater vehicle.
This dynamic model was subsequently used for model-
based control system design and validation. In this work,
the previously derived 6 DOF dynamic model is extended,
by integrating the reaction forces and torques generated by
the VPS motion component into the equations of motion of
the system.

A. 6 DOF Equations of Motion

In this work, two reference frames are assumed, {i}, and
{b}, which are represented in the world coordinate system.
Reference frame {i} denotes an inertial North-East-Down
(NED) coordinate system with orthogonal basis {xi, yi, zi}
and origin oi, whilst {b} denotes a body-fixed reference
frame (located at the geometrical center of the vehicle)
with orthogonal basis {xb, yb, zb} and origin ob. Using the
Society of Naval Architects and Marine Engineers (SNAME)
nomenclature in [19], the equations of motion are derived
using the following notation in vectorial form [18],

η =

[
P
q

]
= [x, y, z, q0, q1, q2, q3]

> (1)

ν =

[
v
ω

]
= [u, v, w, p, q, r]> (2)

τ =

[
f
m

]
= [X,Y, Z,K,M,N ]> (3)

where η ∈ R7 denotes the position (P ∈ R3) and orientation
(q ∈ R4) vectors, ν ∈ R6 denotes the linear (v ∈ R3)
and angular (ω ∈ R3) velocity vectors in {b}, and in (3),
τ ∈ R6 is used to describe the forces (f ∈ R3) and
moments (m ∈ R3) acting on the vehicle in {b}. The 6
DOF equations of motion are expressed with a quaternion
attitude representation in the body-fixed reference frame {b}
as:

η̇ = J†q(η)ν (4)

Mν̇ + C(ν)ν +D(ν)ν + g(η) = τ (5)

with
M =MRB +MA (6)

C(ν) = CRB(ν) +CA(ν) (7)

D(ν) =D +Dn(ν) (8)

where (4) and (5) define the kinematic and dynamic mod-
els, respectively. In (4), J†q(η) is the left Moore-Penrose
pseudo-inverse of the non-quadratic transformation matrix
Jq(η) ∈ R7×6, and g(η) is the vector of gravitational and
buoyant forces. M is the system inertia matrix composed of

the rigid-body inertia matrix MRB , and the hydrodynamic
inertia matrix of added mass terms MA. The Coriolis-
centripetal term matrix C(ν), consists of the rigid-body
CRB(ν), and hydrodynamic CA(ν) matrices. Lastly, the
total hydrodynamic damping matrix D(ν) is the sum of the
linear term D, and the nonlinear term Dn(ν). The UX-
1 vehicle model matrices (i.e., M , C(ν), D(ν), g(η))
definitions and properties can be found in [14].

B. VPS Model Integration

The dynamic model of the UX-1 underwater vehicle can
be obtained by extending the 6 DOF nonlinear equations of
motion presented in (4) and (5). Nevertheless, in order to
consider the full dynamic behavior of the UX-1 platform,
the forces and torques generated by the VPS must be
incorporated into the equations of motion. Consequently, the
overall system will be considered as two independent bodies:
the external hull and the internal VPS.

The VPS is modeled as a pendulum system rigidly at-
tached to the external hull of the underwater vehicle by a
planar hinge, which constrains the movement of the pendu-
lum to 1 DOF (the rotation around the hinge). This results
in an overall system with 7 DOF. All of the forces acting
on the vehicle described so far (i.e., g(η) and τ ), with the
addition of the weight force of the hull, have been applied
to the geometrical center of the vehicle; whereas, the gravity
force of the VPS is applied to its center of mass. Moreover,
the hinge is considered an ideal rigid joint where no losses
due to friction take place.
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Fig. 4. Diagram of the external forces and moments on: (a) the VPS; and
(b) the UX-1.
https://www.overleaf.com/project/5efdc64e186edf0001a7dee2
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The forces and torques are derived by analyzing the forces
acting upon the VPS as a stand alone body. Based on the free-
body diagram shown in Fig. 4(a), the vertical and horizontal
components of the pendulum mass center are z + L cos(γ)
and x+ L sin(γ), respectively. Newton’s second law gives

mp
d2

dt2
(x+ L sin(γ)) = RX (9)

mp
d2

dt2
(z + L cos(γ)) = RZ +mpg. (10)

where RX and RZ are the horizontal and vertical compo-
nents of the reaction forces at the pivot point (P ). Evaluating
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the derivatives in (9) and (10), results in:

mpu̇+mpγ̈L cos(γ)−mpγ̇
2L sin(γ) = RX (11)

mpẇ −mpγ̈L sin(γ)−mpγ̇
2L cos(γ)−mpg = RZ . (12)

Similarly, the expression for the moment about the pen-
dulum pivot point is given by:

CM = mpγ̈L
2 +mpu̇L cos(γ) +mpgL sin(γ) (13)

where the mass of the pendulum is denoted by mp, which
considers only the weight of the three eccentrically placed
batteries lumped into the center of mass of the pendulum.
g is the force from gravity. The length of the pendulum
arm is denoted by L, and the pendulum angle γ is repre-
sented as positive counterclockwise around the transverse
axis of the UX-1 vehicle, namely yb. Since the VPS is
constrained to a planar movement around the transverse
axis of the vehicle, and the roll is inherently stable by
design, the pendulum reaction forces and moments will only
affect the longitudinal dynamics of the underwater vehicle.
Furthermore, they will be assumed as external forces (τext)
to be added to the previously computed 6 DOF equations
of motion forces and moments vector τ , which results in
τext = [−RX , 0,−RZ , 0,−CM , 0]>.

The expanded 7 DOF model of the underwater vehicle is
defined by combining the pendulum reaction equations in
(11), (12), and (13), with the equations of motion of the
underwater vehicle in (4) and (5).

IV. RESULTS AND DISCUSSION

In this section, the experimental results will be presented
and analyzed. The verification and validation of the VPS
motion component for pitch control was carried out with
several experimental tests, during the field trials performed
at the Ecton copper mine in the United Kingdom.

A. Experimental Set-up.

The initial testing of the VPS mechanism focused as a
proof-of-concept to validate the design of the actuator, as
such, the control input for the VPS motion component was
chosen as incremental changes in pendulum angle (γ), for
which a basic proportional control law (γ = Kpeγ) was
integrated in the motion control system software architecture,
running at 20 Hz. Where eγ is the error between the current
pitch angle, hereby reported as θ, and the setpoint reference.
The results obtained with this control law will be used as
a baseline for future implementations of more advanced
control algorithms.

The hardware interface for the VPS was developed using
CAN bus communications. Moreover, to maintain scalability
with the previous components of the software architecture,
the open source Robot Operating System (ROS) middleware
framework was used to handle intercommunication between
processes. All nodes have been implemented in Python or
C++ in the Com Express Type 6 on-board main PC, running
the GNU/Linux operating system Ubuntu 16.04 LTS.

B. Pitch Motion Tests

The preliminary experimental tests were carried out to
evaluate the response of the VPS motion component for a
pitch angle regulation task. Three pitch configurations were
considered crucial for navigation in mine tunnels, i.e., nose-
front (θ ≈ 0 rad), nose-up (θ ≈ π

2 rad), and nose-down
(θ ≈ −π2 rad).
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Fig. 5. Experimental tests performed with the VPS to control the pitch
angle of the UX-1 vehicle. (a) Nose down and (b) Nose up motions.

As it can be seen in Fig. 5(a), starting from a nose-front
pitch setpoint of θ = 0.175 rad, a series of negative pitch
reference commands were sent, which relate to a nose-down
motion of the UX-1 underwater vehicle, until a pitch of
approximately θ = −1.132 rad was reached. At this pitch
angle, the underwater vehicle was kept nearly parallel to
the shaft of the tunnel, before returning the reference to
a nose-front configuration at a pitch angle of θ = 0.175
rad. Once the nose-down pitch motion of the underwater
vehicle was tested, the nose-up (counterclockwise rotation)
configuration test was performed. The response of the VPS
for this test is presented in Fig. 5(b). Similar to the previous
test, step reference pitch angles were applied until an angle
of θ = 1.50 rad was obtained, maintaining this nose-up for a
span of 150 s. Afterwards, the configuration was changed
directly from nose-up to nose-front in order to test the
response of the VPS for a larger step reference command.

Table I shows the time response analysis for the pitch
motion tests presented in Fig. 5. The chosen time response
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Fig. 6. Experimental test performed with coupled motions. The dashed lines represent the instants where a configuration change was commanded for the
pitch angle and the vehicle configurations associated with the the commanded pitch angles are shown on top of the signals for clarity. (a)–(b) Response of
the depth motion control system of the UX-1 vehicle during experiment. (c)–(d) Response of the pitch angle using the VPS during the coupled experiment.

metrics were: Overshoot percentage (OS%), Rise time (Tr),
Fall time (Tf ), Settling time (Ts) and Root-Mean-Square
Error (RMSE). The results validate the functionality and per-
formance of the VPS for the overall requirements, established
as achieving an OS% of less than 10% and a RMSE of
0.1 rad. The implemented proportional control law achieved
a RMSE of 0.092 rad and 0.109 rad for the nose-down
and nose-up motions, respectively. The transient response
of the system can be considered to have slow dynamics,
which is a consequence of limitations in space/power of
the mechanical components. Nevertheless, since the UX-1
platform is intended to perform at low speeds, these values
are not considered crucial. Moreover, it was noticed that at
the critical pitch reference angles for complete nose-up or
nose-down configurations, the response of the system became
unstable and oscillating, which can be appreciated by the
control input plots in Fig. 5. This behavior had no noticeable
effect on the performance of the VPS and was only shown
at these configurations because of an unbalanced weight
distribution unnoticed prior to the descent, which affected
the buoyancy of the underwater platform.

C. Coupled Motion Tests

The main motivation behind the design and integration
of the VPS is to have the ability to navigate with the

TABLE I
TIME RESPONSE ANALYSIS FOR VPS PITCH CONTROL TESTS.

Pitch Motion

Metrics Nose Down Nose Up Units

Tr —- 7.125 [s]

Tf 8.526 —- [s]

Ts 8.045 13.831 [s]

OS% 9.330 5.014 [%]

RMSE 0.092 0.109 [rad]

front of the UX-1 vehicle facing the desired direction of
travel during exploration missions. Hence, once the pitch
angle control was validated, a coupled motion experiment
was performed. For this test, the pitch and heave motion
controllers were active simultaneously throughout the dive.
The depth controller is based on Feedback Linearization,
where the design, testing and experimental validation can be
found in [15] [14]. Fig. 6 shows the results of the exploration
mission with insets of the pitch configuration at different
stages of the dive, as well as the force output from the
depth controller and the control input for the VPS from the
proportional controller implemented.

The UX-1 platform was submerged to 60 m using the
depth controller. During the descent (see Fig. 6(a)), the pitch
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angle was set to θ = −1.5 rad to navigate nose-down along
the shaft from t ≈ 250 s to t ≈ 2000 s, shown in Fig. 6(c).

Once the desired depth was reached, the pitch angle was
set to a nose-front configuration and the exploration of a
side gallery was accomplished with an operator guiding the
mission. After the exploration maneuvers were performed,
the pitch reference was set to θ = 1.5 rad at t ≈ 4000
s, to ascend the shaft in a nose-up configuration (see Fig.
6(d)). However, while resurfacing, the response of the depth
controller was deteriorated by the drag of the tether (see
Fig. 6(b)), as did the pitch measurements. Thus, as a safety
measure, the VPS was set once again to a nose-front until
the end of the dive.

The complete exploration mission had a duration of 1.77
hr. For the descent of the shaft, the depth control system
achieved a RMSE of 0.2273 m, while the pitch controller a
RMSE of 0.0872 rad. Similarly for the resurfacing of the UX-
1, the depth controller achieved a RMSE of 0.4756 m and
the pitch control a RMSE of 0.0932 rad. These results are in
accordance with the results obtained in the tests performed
considering only the pitch motions. Furthermore, the error
accumulated by the depth controller while resurfacing was
much higher than the descent, this can be explained by
the unstable behavior observed in the depth control with a
nose-up configuration. The results obtained with the coupled
motion tests demonstrate that the VPS integrated in the UX-
1 underwater vehicle is functional and validates the motion
component as capable of performing a real mission in the
operating environment intended for the UX-1 platform.

V. CONCLUSION

This paper presents the design, including the derivation
of the dynamic model, and experimental validation of the
variable pitch system for the underwater explorer robot UX-
1. The VPS is composed of a suspended mass whose rotation
allows to change the vehicle inclination. This actuator is
crucial for the maneuverability of the robot in the challenging
operating environment for which it has been designed.

The intention for the development of the UX-1 under-
water vehicle is to explore mostly uncharted sections of
underground flooded mines. The experimental results, con-
cerning pitch motion tests, where only the VPS and the
pitch controller are involved, and a combination of pitch
and heave motion tests, demonstrate the effectiveness of the
proposed variable pitch system. In particular, though a simple
proportional controller has been adopted, the promising
control error and settling time shown in the experiments
confirm that the proposed solution is suitable for flooded
mine exploration.

Due to the constricted space available inside the watertight
hull of the UX-1 platform, the VPS rotation was limited to
range of γ ≈ [−1.74, 1.74] rad. This motion constraint will
be the focus of future studies, in order to further optimize
the placement of the components in the interior of the hull.
Moreover, more advanced pitch motion control laws will
be integrated to the software architecture, based on model
predictive and adaptive control strategies, to compare the

performance achieved against the baseline metrics obtained
in this work.
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