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Abstract—TIn 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



a direct comparison of control inputs, providing quantifiable
insights into the efficiency improvements introduced by this
approach.

3) A second device has been designed to allow actuation in
multiple directions (both depth and orientation). The physics-
based model and controllers are developed. In this study,
experimental validation of this multidirectional actuation using
PEM electrolysis is presented for the first time.

The remainder of the paper is structured as follows. Sec-
tion II provides an overview of the dynamic model of the
buoyancy-enabled depth control device, and explains the theo-
retical modeling of the maneuvering and depth control device.
The control methods used in those devices and the simulation
results are elaborated in Section III together with the identifica-
tion of the system parameters that will be used in simulations.
After presenting the control methods and simulation results,
the experimental setup and results are discussed in Section I'V.
Section V presents a comprehensive feasibility study for real-
time applications of the proposed method. Finally, the paper
concludes with an overall conclusion and possible future work
in Section VI

II. MODELING OF THE BUOYANCY-ENABLED DEPTH AND
ORIENTATION CONTROL DEVICE

In this section, a model of the buoyancy-enabled depth and
orientation control device will be provided. First, we will
present a device with both thrusters and PEM electrolzyers
for vertical motion control only. Second, we will derive a
physics-based model of this device. Lastly, we will present
a 2-dimensional (2D) maneuverable device with both depth
and orientation control and derive a model for it.

A. Device Description

The device is composed of a chamber that houses all the
electronics, two DC motors attached to the chamber, and two
balloons that store hydrogen and oxygen gases, respectively.
The prototype of the device can be found in Fig. 1. A model
of the device is needed for the predictive control design of the
model. Fig. 2 illustrates the schematic and free-body diagram
of the underwater device. The constant volume of the device
is represented as Vj, and the variable volume of the balloons
is represented as V). The x represents the vertical position of
the device. The positive direction is from the bottom of the
aquarium to the surface of the water.

B. Modeling of the Vertical Motion Dynamics

There are four significant forces acting on the device. Two
are in the positive direction, which is the thrust force and
the buoyancy force, and two are in the negative direction,
which are the drag force and the weight of the device. The
minor effects on the device dynamics caused by environmental
disturbances are neglected. The thrust force is represented by
F,(t), which is the force introduced by the DC propellers.
The buoyancy force is represented by Fj(¢). The drag force is
represented by Fy(¢), which can be considered as a friction
force caused by the interaction between the fluid and the
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Fig. 1. Prototype of the device with depth control only.
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Fig. 2. Schematic of vertical motion dynamics.

device during the motion. The weight is represented as W.

By including all four forces, the equation of motion by using
the force equilibrium in the vertical direction is given by

Fuer = =W + Fy(t) + F; — Fy(1). (H
The weight and drag forces are given as

W =mg, (2)
Fy(t) = bx(t), 3)

where m is the mass, g is the gravitational acceleration, b
is the drag coefficient, and x(¢) is the variable depth where
the upward direction is assumed as positive direction of the
depth. Therefore, %(¢) is the velocity of the device in vertical
direction.

The buoyancy force is related to the density of the fluid and
the total volume of the device by

Fp(t) =p(Vo+V(1))g, “)

where p is the density of the fluid and V,(¢) is the total
volume of the balloons. Vj(z) is expressed in terms of the
initial volume of the balloons. The volume of the generated
gas is expressed by using Boyle’s law as

v, _ Patm
o) = P e d =)

(Vi +Ve(2)), (5)



where d represents the total depth of the aquarium, Vj,
represents the initial volume of the balloons measured at
the surface, P, represents the atmospheric pressure and
Ve(t) represents the volume of the gas generated. The gas
generation rate can be related to the current input to the water
electrolyzers by using Faraday’s first law of electrolysis [21]
e 1(1) 3
Ve(t):(ﬁ'vm)'Ncell'Ea (6)
where I(¢) is the current input, F is the Faraday constant, V,,
is the molar volume of ideal gas, and N, is the number of
electrolyzers used in the application. Since the current input
is the only time-varying variable, it can be integrated as
Ve(t):(%'vm)'lvcell'%- (7)
It is preferred to control the voltage input instead of the
current in our experiments due to the usage of the Dspace
controller desk (DS1104, dSPACE Inc.), which manipulates
the input voltage. Therefore, the voltage-current relation of
PEM electrolyzers can be obtained by a system identification
process. The linear relation is expected to be obtained for a
limited range of voltage input [26]. The formulation can be
expressed as

I(t) =K Uin,PEM(t) +K, for 2V < Uin,PEM(t)y (8)

where Vi, pEm(¢) represents the voltage input to the PEM
electrolyzers, and K; and K, are the coefficients which can
be identified by a experimental validation.

The thrust force of DC motors in terms of voltage input is
expected to follow a quadratic profile [27]. The formulation
can be expressed as

F(t)= K3vi2n,DC(t) + K4 Vin pe(t) + Ks
for 0.7V <|[vinpc(®)ll, (9)
where V;, pc(f) represents the voltage input to the DC motors
and K3, K4, K5 are the coefficients which will be carried out
in the system identification part.

The coefficients are specified in Table I. Using the expres-
sions in Eqgs. 2-9, Eq. 1 becomes

Patm
Patm+Pg(d—x(l))
Ky, t)+ Kodt 3
JKi m,PE2MF() 2 'Vm)-Ncell'z)))g+K3v,-n,Dc(t)2+
K4V pe(t) + Ks — bx(t).  (10)

Combining Eq. 7 and Eq. 10, the state space representation of
the equation of motion is given by

mi=—-mg+p(Vo+
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where the state vector and control vector are given by:

0| =[50 | o] <[]
X; V(1) " u2 VinpEm (1) |

C. Modeling of the Rotational Motion Dynamics

Previous studies on PEM electrolysis-based buoyancy con-
trol focused on one-dimensional motion in the vertical di-
rection. In this study, another device has been developed to
provide soft actuation by PEM electrolyzers in the angular
direction in addition to the vertical direction. The design is
made by attaching two buoyancy control devices (BCDs) and
creating a single rigid body out of two BCDs, as shown in
Fig. 3. The schematic for device modeling can be found in
Fig. 4.

Fig. 3. Prototype of the device with both depth and orientation control.

Fig. 4. Schematic of the rotational motion dynamics.

The forces acting on the device are the thrust forces gener-
ated by the DC motors (77 and 7>), the drag forces as resistance
to movement in horizontal, vertical and rotational directions
(Dx, Dy and Dg), the buoyancy force of the overall device (B),
and the weight of the overall device (W). The weight and drag



forces are given by

W =Mg, (13)
Dyy+Dyy= cyy(t)7 (14)
Dy, +D;,= cz(1), (15)
Dyg+Ds 9 =cob(t), (16)

where M represents the total mass of the device in Fig. 4, ¢,
¢, and cg represent the damping coefficients in the horizontal,
vertical and rotational directions, respectively. The assumption
is to have homogeneous damping forces in both BCDs because
of the device symmetry. The rotation of the device without
the help of thrusters can only be caused by the difference
in the center point of buoyancy force and weight. Although
the center point of the weight is the center of mass, the
center of buoyancy is actually the center of volume. Therefore,
asymmetric volume distribution while having symmetric mass
distribution will cause a difference in center points. Using
Newton’s second law, the overall dynamics of the device
shown in Fig. 4 is given by

—Tsin(0) — T sin(0) — ¢,z = Mz, (17
Ticos(0)+Trcos(0) —cyy+pg(Vo+ Vi + Vo) — Mg = My,

(18)

—TiL+TL—cgO+pg(Vo+Vi+V2)(cos(0)d — sin(6)j) =16,

(19)

where variables z, y, and O represent the position on the
horizontal axis, the vertical axis, and the orientation with
respect to the positive z axis, respectively. V| is the volume
of balloons attached to the first BCD, and V is the volume of
balloons attached to the second BCD. The expressions for d
and j are given by

VoL —VL

S 20

Vo+Vi+V, 20

. WH+VIH

J=— 21
Vo+Vi+W

where the lengths L and H are shown in Fig. 4.

D. System Identification

The system identification was conducted to identify the
coefficients in Eqgs. 7-8. The first experiment was performed
for PEM electrolyzers by applying voltages in a range from
2V to 9V and observing the behavior of current output in
steady state. The profile can be observed in Fig. 5. Another
experiment has been performed by applying a thrust force to
the device and bringing it to a steady state. Since the weight
and initial volume of the device are known, and acceleration
is zero at steady state, Newton’s second law will directly give
the thrust force by subtracting the buoyancy force from the
weight. The profile can be observed in Fig. 6.

Although the relation between voltage input to the gas gen-
eration rate and the thrust force is explored, it should be noted
that the actuator dynamics might vary this relationship. The
performance of the DC motor can alter due to hydrodynamic
effects and possible corrosion. Moreover, the performance of
the PEM electrolyzer is also not stationary as a result of
the degradation of the membrane or electrode. The results of

Figs. 5 and 6 are used as approximations for their dynamics
that will be used to design the controller.
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Fig. 5. Applied voltage vs current of PEM Electrolyzers
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Fig. 6. Applied voltage vs thrust force of the thrusters.

TABLE 1
IDENTIFIED PARAMETERS

Parameter  Value Unit

F 96485 C/mol

Vin 24789 ml /mol

b 0.04 Ns/m

d 1000 mm

g 9.81 m/s?

K 0.2008

K> -0.3965

K; -0.0088

Ky 0.1277

Ks 0.0229

m 2643 g

Ncel] 2

Pum 101325 Pa

P 997 kg/m’

Vin 0 m

Vi 2.621-1073 m

k 1/(2.5803-107%)

cy 0.3 Ns/m
0.1646 kg -m?

L 0.16 m

H 0.16 m

co 0.3 Ns/rad

Vo 0.0053 m’

III. CONTROL SYSTEM DESIGN AND SIMULATION

The overall closed-loop control system of the vertical mo-
tion control device is provided in Fig. 7. The tracking error
goes through two controllers, which are for the DC motors



and the PEM electrolysis. The pressure sensor depth signal is
used as feedback in the control loop, which creates an MISO
system.

X(t) |  mpc
r(t) Controller-l
Ll Modell

uy(t)

r(t) e(t) Switching On/Off 1 u,(t)
Controller
(electrolyzers)
x(t) Pressure
Sensor
Fig. 7. Schematic of the control loop.

A. Control of the Thrusters

Model Predictive Control (MPC) is chosen as the controller
of the thrusters. Since the thrusters are likely to consume
more energy compared to the PEM electrolysis, as well as
being more significant in transient response, the MPC is
selected so that the optimal control performance of the MPC
can provide more energy-efficient performance compared to
the traditional controllers and having a more precise depth
tracking by predicting the future steps from the model of
the dynamics of the device. MPC is a control method that
minimizes a linear quadratic cost function based on the device
dynamics model [28] [29]. The MPC algorithm predicts the
future states (Y, Yka1,---,Vkrp—1) based on the input of the
current state for a limited time interval, which is called the
prediction horizon (P), and choosing the set of controllers
(U, ugy1, ..., ug+p—1) for a finite time interval, which is called
the control horizon (M). The controllers are selected so that
they can minimize the cost function for the defined prediction
horizon [30] [31]. After the set of controllers is determined, the
first element (ug) is sent as a control input to the device. This
algorithm is repeated for each control loop during a simulation
or real experiment [32] [33].

The performance index of the MPC can be expressed as the
following linear quadratic term:

50 = [(©QGte) ~rle)? + Rk (),

where Q represents the cost of the state, and R is the cost of
the DC motor controller under conditions Q > 0 and R > 0.
The MPC is designed by linearizing the dynamics of hard
actuators by assuming that the input from soft actuation is the
disturbance of the system. The new state-space representation
without the dynamics of the PEM electrolysis is given by

X>
%+M_@
m m m

(22)

o] - @
X2 —8+Vi

Linearization is conducted around an equilibrium point. The
equilibrium point of this state space equation is (X;,0) where
X[ is a free parameter. This is expected because the device
can be stabilized at any desired depth. The control input is
zero at the steady state when the device becomes neutrally

buoyant, which will be the case in the real experiment when
the PEM electrolysis provides the necessary change in volume.
Jacobian linearization method is applied to linearize this state-
space equation by classifying the terms as
Xi] X1 —X; U - Uy
R T

where J(X) and J(U) are Jacobian matrices for input of the
state and control. When Jacobian matrices are determined by
taking the derivatives for the corresponding variables [34], Eq.
24 is rewritten by

Xi] [0 1] [x—-X; 0 0] [u,-U;
el =0 2] (8 [ e

Using the parameters in Table I, the linearized state-space

equation becomes
1 n 0
—0.0151 | [0.0483| "

x[g
y=[1 0]x.

This linearized model is used in Matlab Simulink to design
a predictive controller model. The parameters for MPC are
determined by running simulations of the nonlinear model
by using the designed MPC and observing the response. The
selected values of the parameters can be found in Table II.
The simulation result using this MPC block, including all the
dynamics of the device (as in Eq. 11) can be found in Fig.
8. The MPC takes the input and minimizes the cost function
(Eq. 22) by using the linearized state-space equation (Eq. 26).
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Fig. 8. The simulation result of depth tracking using MPC.

B. Control of the PEM Electrolyzers

The PEM electrolysis controller is designed to track the
error signal in a way that runs with maximum performance
when an increase in the neutral buoyancy is needed, is turned
off when the volume is already at the desired level, and runs
at maximum performance in reversible mode when a decrease
in the neutral buoyancy is needed. In that way, the PEM
electrolysis adjusts the volume of the device until it becomes
neutrally buoyant.

C. Orientation Control Design

The orientation control is carried out by the PEM electrolyz-
ers only without using any thrusters to validate that pure PEM
electrolysis can be used for actuation in vertical and angular



directions simultaneously. Therefore, the thrust forces of the
DC motors (77 and 75 in Egs. 17-19) are taken as zero in the
equation of motion of the device. The controllers are voltage
inputs to the PEM electrolyzers, which is proportional to the
volume generation rate. Therefore, controllers are given as

uy = kV],
up ZkVQ.

27)
(28)
Using Eqgs. 17-21, the final state space representation of

the maneuverable device in twp degrees of freedom (DOF)
including the defined controllers is given as

X2
X:1 vy pg(Vo+xs+x6)
X2 M M
X3 X4
x4| | coxa | pglcos(xs)L(xs —xq) —sin(xs)H (x5 +x6))
Xs 1 1
X6 0
L 0 .
0 0
0 0
0 0 ui
A 00 M 29)
1k 0
0 1/k

where x; is the depth, x; is the velocity in the vertical direction,
X3 is rotation, x4 is the angular velocity, x5 is the volume of
balloons attached to the first BCD and xg is the volume of
balloons attached to the second BCD.

The closed-loop control will be done using 2 PID controllers
for 2 BCDs. The references are set differently to have a non-
zero orientation. The relation between the depth references and
the target depth and angle is determined by the geometry of
the device.

(30)
€29

ry=r—Ltan@,
rp =r+Ltan0,

where r is the depth of the target and O is the angle of the
target. Kp, Kj, and Kp, which can be found in Table II, are
selected based on the automatic tuning based on the transfer
function in Matlab Simulink. The control loop can be observed
in Fig. 9. The simulation results for tracking fine depth and
angle are observable in Fig. 10. Note that an additional distur-
bance force is added as a sinusoidal signal in both vertical and
angular directions. The frequency of the disturbance is selected
as 0.02 Hz and the amplitude is estimated as 20 times the
average drag force applied to the device taken from previous
simulations. Responses are stable and overshoots are not large
enough to become significant, indicating that the selected
controller parameters are convenient. The lengthy settling time
is expected because of the slow gas generation/consumption
rates of balloons and because of the lack of a less aggressive
controller to provide a stable response both for the depth and
the orientation.

The reason behind selecting a simpler control law instead
of an advanced controller in this part is that the main interest

ra(t) () [ PD
controller

_> u,(t) [ Switching
s modes —L

Plant

(BCD 1+BCD 2)

PID
controller

1 | U(t) [ Switching

s modes
Pressure
Sensors

Fig. 9. Schematic of the orientation control.

of the study on the maneuverable device is demonstrating
experimental validation of the concept of rotational motion
with PEM Electrolyzers as actuators, apart from the study in
the first part, which was also focused on improving the energy
efficiency of hard actuators by using an advanced controller.
In this part, the controller will be highly energy-efficient by
itself because of having pure soft actuators without an addition
of hard actuators.
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Fig. 10. Simulation results for fine depth and orientation control. (a) Desired
and actual trajectory; (b) Desired and actual orientation; (c) Voltage for PEM
electrolyzers; (d) Resultant volume of attached balloons.

TABLE II
CONTROL PARAMETERS

Parameter  Value Parameter  Value
Kp 2.318 K; 0.003
Kp 10.185 Q 1

R 0.3 M 1

P 5

IV. EXPERIMENTAL VALIDATION

Two types of experiments have been carried out to validate
this research. The first experiment was conducted to validate
that using both thrusters and PEM electrolyzers achieves accu-
rate and energy efficient depth control. The second experiment
was conducted to validate that using PEM electrolyzers along
can achieve noiseless and fine orientation control.

A. Experimental Setup

The control setup was composed of two power generators
(KEPCO BOP 50-8D). One of those is for DC motors and the



other is for PEM electrolyzers. dSPACE (DS1104, dSPACE
Inc.) was used to send the desired control signals (x; and
up in Fig. 7) to the power generators. An Arduino UNO
was used to sense depth through the pressure sensor (Spark-
Fun pressure sensor breakdown - MS5803-14BA). MATLAB
Simulink 2017b was used for communication with Arduino
and dSPACE, and for recording the data. The dSPACE is a
convenient selection because of its robustness which prevents
any latency or computation delays even for experiments that
have small sampling times. The sampling time was 0.1 seconds
in our experiment, which provides decent control perfor-
mance. The experimental setup can be observed in Fig. 11.
A buoyancy-enabled depth control device was designed using
hard and soft actuators. A Blue Robotics Watertight Enclosure
(SKU: WTE-VP) was used as a waterproof chamber that
includes two PEM electrolyzers (Horizon, SKU: HFC-FCSU-
023B), one water tank, and pipes for gas connections. The DC
motors (LICHIFIT, ASIN:BO7WY4MDYZ) were attached to
the circumference of the chamber to apply thrust force. The
reason for using two DC motors was to prevent the device from
rotating. The pressure sensor (SparkFun, MS5803-14BA) was
also attached to the circumference to observe the pressure and
provide depth data. The dead weight was used to adjust the
buoyancy of the device so that it became negative buoyant at
the beginning of the experiment.

Depth
Sensor

Aquarium
Device
Power Supply Controller
(PEM) (Dspace)
Power Suppl
(bC)

Fig. 11.

Experimental setup.

B. Depth Control Results

Two different experiments have been conducted to make a
clear comparison between the cases in which PEM electrolysis
was used and those in which it was not, especially to observe
the energy savings in the control input for DC motors. The
corresponding result for the first case that the DC motor was
used only can be found in Fig. 12, and the results when the
PEM electrolysis was used in addition to the DC motors are
shown in 13. According to the results, it is observed that there
is an excessive amount of savings in the control energy when
PEM is used. There are huge time intervals during which
DC motors did not run at all because PEM electrolysis was

able to keep the device at the desired level by bringing it
to a neutrally buoyant level. According to estimates of energy
consumption based on control input signals, it is observed that
72.94% of the control energy is saved when PEM electrolysis
is used. Please note that the step changes in the reference were
small. The linearized model around any equilibrium point is
unstable. With a PID control, the dynamics of BCD can be
stabilized [35]. However, due to the saturation of the controls:
the gas generation and consumption rate, we have to program
the reference sign with a sequence of small step changes in
part [35].
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Fig. 12. Step reference tracking results when PEM electrolysis was not used.
(a) Desired and actual trajectory; (b) Control input to the DC motors.

C. Orientation Control Results

The experimental setup for the depth and orientation control
device includes two power generators, Dspace to send control
signals to power generators, three Arduinos (two Arduino
Nano and one Arduino UNO) to track the depth of two
BCDs and to have serial communication with Dspace, and
the experimental device. The overall setup can be observed
in Fig. 11. The device was built up by basically attaching
two BCDs that were defined in Section IV with a connector
that was printed on a 3D printer. The application of non-
homogeneous voltage inputs to two BCDs can provide oriented
movement. The experiment was conducted to track a fine depth
and angle. Since the maneuvering capacity of the device was
not too large due to the limited volume of balloons, a small
orientation angle (3.5 degrees) was tracked in the experiment
along with a small value for depth tracking. The experimental
results can be observed in Fig. 14.

In this experiment, a switching control was used to switch
between the fuel cell mode and the electrolyzer mode based
on the depth signal. Consequently, BCD #2 was in the gas
generation mode, and BCD #1 was in the gas consumption
mode throughout the experiment. Although gas generation
was automatically adjusted by changes in the voltage input
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Fig. 13.  Step reference tracking results when PEM electrolysis is used in

combination with DC motors. (a) Desired and actual trajectory; (b) Control
Input to the DC motors; (c) Control Input to the PEM electrolyzers.

to the BCD #2, which can be observed in Fig. 14(c), gas
consumption was kept at the maximum consumption capacity
of the PEM cells throughout the experiment by connecting
a resistor between two terminals of the BCD #2. That was
done by the relay module, which provided automatic switching
based on the signal from the controller. The results show that
the novel design can track the fine depth (16 mm) and the
fine angle (3.5 deg) without the use of hard actuators, and
the device can maintain its final orientation and depth since
PEM electrolysis provided a permanent buoyancy adjustment
as shown in Fig. 14.

The results demonstrate that the usage of automatically con-
trolled PEM electrolysis could be used for underwater vehicles
to actuate in both vertical and rotational directions. The major
difference of this method in comparison with existing methods
of depth and orientation control is the energy efficiency due
to providing a permanent change because of adjustment in
buoyancy and the center of volume, instead of running hard
actuators throughout the application to keep the position and
orientation of the device at a desired level. The device will
maintain its position even after the PEM electrolyzers are
turned off, which prevents energy consumption.

V. FEASIBILITY STUDY FOR INDUSTRIAL APPLICATIONS

In order to achieve larger and faster actuation, the real-
time application can include a replacement with an industrial
PEM electrolyzer that can provide a larger gas generation rate.
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Fig. 14.  Experimental results for fine depth and orientation control: (a)

orientation angle; (b) depth; (c) voltage input to the BCD #2.

For example, Titan EZ1000 can provide a production rate of
500 ml / min and 1000 ml / min for oxygen and hydrogen,
respectively [36]. Those rates are 140 times higher than the
educational product (Horizon educational PEM Fuel Cells)
used in our work [37]. The weight of the product, 1.8 kg,
makes it suitable for use in underwater devices.

The applicability of using PEM electrolyzers for BCDs
requires consideration of larger weight changes during an un-
derwater application and environments with higher pressures.
In that manner, a possible solution for real-world application
will be to use the latest industrial PEMs, which can produce
gases much faster. In this paper, a case study is conducted
in which an underwater device needs to grab a material from
the ocean that has a weight of 5 kg at 3000 meters depth.
The extra volume required to bring the device to a neutrally
buoyant level would be 0.0048 m>. Since hydrogen is expected
to have a density of 20 kg/m> at 300 bars [38], the required
amount of hydrogen to occupy the desired volume would be
0.096 kg.

Although production rates of up to 10 kgh~! can be reached
at 300 bars using PEM water electrolysis [39], while power
consumption is 6.5 kW, a safer assumption will be made by
taking the production rate as 1 kgh™!, which is the hydrogen
production rate of “Titan EZ1000”. With this rate, the desired
amount of hydrogen is produced in 346 seconds by spending
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The comparison between the cases of thrusters that use the
addition of PEM electrolyzers with and without the addition
of the PEM electrolyzers is estimated using the energy con-
sumption data from our experiments. Since the extra weight
that prevents the device from being natural buoyant is 5 kg
instead of 20 g as in our experiment, the energy consumption
rate is taken to be 250 times higher. The simulation is done
for the time of the operations in a range of 1 to 4.6 hours.
The corresponding energy savings by using PEM electrolysis
can be observed in Fig. 15.
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Fig. 15. The energy saving with respect to the time of operation at 300 bars.

As can be seen, PEM electrolyzers are still expected to
save a significant amount of energy for underwater operations
even though high pressure and larger change in weight are
considered. Note that if higher pressure causes propellers to
spend more energy, it would only help PEM electrolyzers to
save larger percentages of energy.

VI. CONCLUSION AND FUTURE WORK

In this article, we validate our previous studies on the usage
of PEM electrolysis for the buoyancy and orientation control
of AUVs through experimental tests. We designed two devices
for this experiment. The first device is a buoyancy-enabled
depth control device that integrates a combined thruster and
a PEM electrolysis device, enabling vertical buoyancy con-
trol. We used MPC control for the thruster’s DC motor and
automatic switching control for PEM electrolysis. The results
showed that the device successfully tracked depth while saving
significant energy. The second device is an orientation and
depth control device that exclusively uses PEM electrolysis as
actuators. We used PID control for this device. This exper-
imental study indicates that PEM electrolysis is an effective
control method for underwater vehicles.

In this paper, we only used MPC control for the thruster and
PID control for PEM to validate depth control. Comparison
with other control strategies will be focused on in our future
work. This study assumed steady water conditions without
water currents and significant pressure changes. Although per-
formance is expected to be steady even under a water current
because of permanent changes in the buoyancy and volume
center, future work can be followed by experimental validation
under challenging conditions. Solutions to overcome possible
challenges coming from disturbances of real applications can
be listed as using industrial PEM electrolyzer to achieve

fast and robust performance, using highly elastic, pressure-
resistant, and chemically stable materials instead of regular
plastic balloons such as neoprene rubber, silicon rubber, or
Ethylene Propylene Diene Monomer (EPDM). Moreover, al-
though the performance of PEM electrolyzers is expected to
be the same or even more efficient [40], future work will focus
on applications under higher pressure.
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