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Abstract—In this paper, we present the experimental validation
of our previous research on buoyancy control devices (BCDs)
that are based on proton exchange membrane (PEM) electrolysis.
These devices are used to control the buoyancy and orientation of
autonomous underwater vehicles (AUVs) by volume adjustments
of the output gases (hydrogen and oxygen) from PEM electrolysis.
Two different devices are designed. Using the first device, we
performed experiments to demonstrate the effectiveness of using
regular (hard) thrusters and (soft) PEM electrolysis for depth
control. We utilized a Model Predictive Control (MPC) law for
this purpose. The experimental results showed that the addition
of the soft actuator brings a significant amount of energy savings.
Furthermore, we designed a second device to validate the simul-
taneous control of the depth and orientation of BCDs that use
only PEM electrolysis. Two different closed-loop controllers are
designed to use two PEM electrolyzers. The experimental results
demonstrated their ability to control both vertical movement and
orientation simultaneously. A feasibility study on deep ocean
application has been conducted and simulation results have
shown that an industrial PEM based BCD can save up to 90%
of energy when an underwater vehicle operates a payload of 5
kg under 300 bar water pressure.

I. INTRODUCTION

Numerous underwater robotic devices, including remotely
operated vehicles (ROVs) and autonomous underwater vehi-
cles (AUVs), are extensively used in the oil and gas industry
for various purposes, such as offshore drilling [1]. However,
one of the significant issues with underwater robotics is the
sudden change in buoyancy, especially for devices that change
their overall weight due to the grabbing or releasing of items
underwater [2]. Underwater robots may often need to adjust
their buoyancy when dealing with applications such as inves-
tigating the impact of the Deepwater Horizon explosion on
historic shipwreck-associated sediment microbiomes, which
require the capture or release of materials [3].

Using Direct Current (DC) propellers for vertical movement
is a common way to control the depth of underwater vehicles
[4]. DC motors are preferred because they can provide a lot
of power even when the vehicle is heavy, weighing several
tons [5]. However, there are some disadvantages to using DC
propellers for depth control, such as high energy consumption
and noise generation [6]. When the total mass of the vehicle
changes, the weight will no longer be equal to the buoyancy
force. As a result, the propellers will need to run continuously,
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which is why some researchers are exploring alternative solu-
tions based on adjustable buoyancy rather than relying on the
propellers to constantly apply an external force.

A common way to adjust the buoyancy of a device is by
pumping or sucking water to increase or decrease its weight
until it reaches a neutral buoyancy level [7]. However, this
method requires a lot of power to release the water when the
pressure difference between the environment and the water
tank is significant. This becomes a major challenge in deep-
ocean applications, where the depth can reach thousands of
meters [8]. Another method of controlling buoyancy is to
use compressed air and release it when needed [9]. However,
this method has some drawbacks, such as limited air supply,
excessive heat generation, and high friction drag that can
affect the buoys [10], [11]. PEM electrolysis offers several
advantages over previous gas generation and compressed air
methods for buoyancy control. These include precise control
with finer increments in gas generation, eliminating the need
for high-risk pressure tanks required in compressed air systems
[12], [13], reduced maintenance due to fewer moving parts,
and the dual functionality of energy storage when operating
in the fuel cell model [14].

Our research group has been studying an innovative way to
achieve adjustable buoyancy for underwater ROVs using PEM
electrolyzers. PEM electrolysis is a chemical reaction that uses
electrical energy to convert water into hydrogen and oxygen
gas in a cell containing a solid polymer electrolyte membrane
that selectively conducts protons, allowing hydrogen ions to
pass through while blocking electrons [15]. We used the
hydrogen and oxygen gases produced through this process to
fill the ROV balloons, thus increasing their total volume and
adjusting their buoyancy [16]–[18]. Our extensive exploration
of this approach has shown that traditional thrusters can
be used for coarse motion, while fine motion is achieved
by electrolysis [19]–[22]. The simulation results have shown
significant energy savings [19], [20] and that this approach
can result in substantial energy savings compared to using
traditional thrusters alone [23]. Recently, we conducted further
studies [24], [25] that extended our previous results and vali-
dated that buoyancy control devices based on PEM electrolysis
can be used exclusively for buoyancy and orientation control.

This paper is an extension of our previous research [19]–
[25] and focuses on experimental validation. The major con-
tributions of this study can be listed as follows:

1) A comprehensive physics-based model of the hybrid
system, integrating thrusters and PEM electrolysis, has been
developed. An MPC is designed on the basis of this model and
is experimentally validated, demonstrating its effectiveness.

2) The addition of PEM electrolysis to conventional
thrusters is analyzed in terms of energy consumption, with




