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Abstract— Considering the importance of remotely operated 

vehicles (ROVs) in conducting inspections, data collection, and 

exploration beneath the sea surface, this paper proposes a solar-

powered ROV solution. Solar power is employed to power the 

ROV/AUV, with an appropriately designed solar panel 

providing 5 hours of performance for the Blue ROV. A 

miniaturized 10Hp/12kg ROV is being considered for 

underwater activities, with an energy demand load of 943.68W. 

To meet this demand, solar panels are installed on floating 

platforms to generate the necessary power, with meticulous 

calculations determining the best number and size of solar 

modules. In order to ensure continuous operation, inverters, 

charge controllers, and battery banks are sized accordingly. The 

proposed model optimizes silicon solar cells using the COMSOL 

Multiphysics environment. Simulations in COMSOL 

Multiphysics validate results against design parameters, 

confirming adherence to calculated values. The use of solar-

powered systems improves operational effectiveness while also 

ensuring long-term sustainability in maritime activities. The 

solar-powered ROV represents a significant step towards 

environmentally conscious and efficient underwater exploration 

in the Gulf of Guinea and elsewhere by utilizing renewable 

energy. 

Keywords— COMSOL Multiphysics, Remotely Operated 

Vehicle (ROV) Solar Photovoltaic, Silicon Solar Cell, Gulf of 

Guinea 

I. INTRODUCTION 

Remote Operated Vehicles (ROVs) play a crucial role in 
Africa's maritime activities, facilitating exploration, research, 
and resource management in its vast coastal waters. In this 
context, the Gulf of Guinea region stands out due to its rich 
marine biodiversity and untapped underwater resources and 
it is the case study for this work. Recognizing the significance 
of ROVs in this region, we propose the development of a 
solar powered remotely operated vehicle (ROV) to conduct 
inspections, data capture, and exploration beneath the sea 
surface. By harnessing solar energy, the proposed work aim 
to power ROV operations efficiently while minimizing 
environmental impact and reducing dependence on non-
renewable energy sources.  

The promise of renewable energy resources and their 
associated technologies offers a dependable solution for 
powering current and upcoming technologies. Among these 
renewable sources, solar energy stands out as the safest, 

cleanest, and most abundant form [1-3]. This study proposes 
solar energy as a viable energy source for remote-operated 
vehicles (ROVs). ROV is a device that is used for underwater 
adventures which is powered through an umbilical/tethering 
connection for both electrical energy and data transfer [4,5]. 

 The offshore area like the Gulf of Guinea requires 
underwater observation of facilities and the natural resources 
as being conducted by humans. However, the task of carrying 
out this observation by humans is difficult, expensive, unsafe 
for workers, and time-consuming. Numeral research has 
brought different solar-powered remote-operated vehicles ( 
Fig 1) as reported in[1]–[4] but there was short consideration 
of the specific case studies such as Gulf of Guinea in the Sub-
Saharan region of Africa or most times the existing proposed 
models are too expensive and complex to manage.   

Fig 1. Solar-powered Remotely Operated Vehicle (BlueROV)[5][3]  

II. CASE STUDY AREA

The Gulf of Guinea is one of the most important oceans 
utilized by different multinationals and is located at 0oN 
latitude and 0oE longitude within the Sub-Saharan and 
Central Africa coastlines with territorial waters of the 
Atlantic Ocean. The Gulf of Guinea as shown in Fig 2, is 
among other territorial waters that require security and safety 
management, among other criminal activities taking place in 
the region; oil bunkering from the Nigerian Niger/Delta 
region, there are issues of kidnappers using the sea as an 
escape route. Piracy and Smuggling is another type of 
criminal activity taking place in the Gulf of Guinea. In the 
Gulf of Guinea, different resources can be harnessed for 
economic development by the countries surrounding the 



region. The average sea surface temperature in the Gulf of 
Guinea ranges from 27.13°C for the dry season and 22.52°C 
for the wet season. The Gulf of Guinea, being in the Sub 
Sahara African region is blessed with solar irradiance of an 
average range of 5.1MJ/m2/day to 13.1MJ/m2/day[6][7] 

 

 
Fig 2, Gulf of Guinea[8] 

Remote-operated underwater vehicles can be used for 
different purposes underwater such as site inspections, 
surveillance, monitoring, exploration, scientific research, 
search and recovery, and industrial research due to their 
ability to explore, data capture, and storage. However, the 
ROV requires energy to carry out the assigned task. Electrical 
devices operate based on their electrical power consumption 
which depends on the size and the task to be accomplished. 
The solar-powered ROV encompasses various components, 
including the propulsion system, payload capacity, 
communication equipment, battery, control system, and solar 
panels. The proposed model optimizes silicon solar cells material 

using the COMSOL Multiphysics environment, even though other 
type material such as in [9] can be used. 

III. METHODOLOGY 

The solar energy available in the Gulf of Guinea adheres 
to several parameters such as the temperature of the site as 
mentioned by the National Aeronautics and Space 
Administration (NASA)[7]. The ROV considered in this 
work is the mini blueROV2 [14] with a maximum weight size 
of 12kg with a power rating of 10Hp, and this ROV can go 
up to 300 meters under the sea. The subsequent subsections 
assess the estimation of energy demand by BlueROV, 
mathematical modeling of floating PV, selection and sizing 
of elements, capacity sizing of the battery bank, sizing of the 
inverter capacity, sizing of the charge controller, and sizing 
of the cables. 

A.   Energy Demand Estimation 

The total energy demand of the various components in the 
ROV is estimated based on their power ratings to determine 
the total wattage required daily with respect to operational 
hours. Table 1 presents the summary of the loads with the 
total power to be used as 4,675 Watt-hour per day and 
indicate the total peak load as 935W. 

 

B.  Mathematical Modeling of Floating PV 

Since the solar PV will be installed on a floating surface, 
therefore, the sea wind speed (Vws) and the sea temperature 
(Tw) need to be used to determine the cell temperature of the 
floating solar PV system that will be powering the 

ROV[10][8], [9],10]. Using sea temperature and land (Air) 
temperature relationship, as in: 

 

�� = 5 + 0.75���	                    (1) 

= 5 + 0.75
27.65
 = 25.74�C, 
where: 

�� – Sea temperature 

���	  – Air temperature 
 

However, due to the cooling influence of the water, the water 
temperature decreases as it reacts, as shown by the 
coefficients of the formula. As can be seen in the relationship 
above, the sea (water) temperature will rise as the air (wind) 
temperature is less than 20oC[13], [14]. Therefore, using the 
relation in (2) 
 

��� = 1.62 + 1.17 � ��� ,                    (2) 
     
where: 

��� – Sea wind speed 

���  – Land wind speed 
 
The wind speed in terms of velocity on the sea is constantly 
higher than that of the land, i.e the wind velocity (Vws) on 
the sea surpasses the wind velocity (Vwl) over the land[15] 
Therefore,  
 

��� = 1.62 + 1.17 � 9.16 = 12.34�/� 
 

TABLE 1 SUMMARY OF THE LOADS [3], [5], [16], [17] 

S/

N 

Load Qty Power 

Rating 

(W) 

Hours

/day 

Peak 

load 

(W) 

Daily Use 

(Wh/day) 

1 Electric 

motor  

2 75 5 150   750 

2 Lights  4 10 5 40 200 

3 HD 

Camera  

1 10 5 10 50 

4 Sensor 3 1 5  3 15 

5 Acoustic 

Modem 

1 5 5 5 25 

6 Wi-Fi 

Modem 

1 5 5 5 25 

7 Thruster 

Propeller 

4 65 5 260   1300 

8 Motor 

Controller 

4 65 5 260 1300 

9 Micro 

controller 

1 2 5 2 10 

 10 Sonar 1 200 5 200 1000 

 Total                                           935 4675 

 

C.   Determination of the solar cell temperature both on the 

sea and land 

Solar PV Cell Temperature on land is given by [18], as in: 
 

�� = 
0.943 � ���	  
 + 
0.0195 � �
 − 
1.528 � ��� +
                                      0.3529,                               (3) 

where: 

�� – Land cell temperature in oC 
G – STC irradiation (1000W/m2) 
 

�� = 
0.943 � 27.65
 + 
0.0195 � 1000
 − 
1.528 � 9.16
+ 0.3529 



 

= 
 27.09
 + 
19.5
 − 
13.996
 + 0.3529 = 32.24oC 
 
Solar PV Cell temperature on the sea is given by [15] as in: 
 

��� = 
0.943 � ��  
 + 
0.0195 � �
 − 
1.528 � ��� +
0.3529
    (4) 

 

Where;  ��� - Sea cell temperature in oC 

�� – Sea temperature in oC 

��� – Sea wind speed in m/s 
G –STC irradiation (1000W/m2) 
 

��� = 
0.943 � 25.74 
 + 
0.0195 � 1000
 −

1.528 � 12.34 + 0.3529
 = 24.2728 + 19.5 −

18.8555 + 0.3529 = 24.56oC 
  

D.  Sizing of the floating Solar PV for the ROV  

     The performance of the solar PV array is influenced by the 
de-rating factors that impact the solar PV, these factors 
include dirt, temperature, and mismatches. The daily energy 
output power for the PV array can be determined by Equation 
(5) as suggested in [19]–[21]. 
The photovoltaic array produces DC electricity in direct 
proportion to the global solar radiation. 

 

Ppv-array = 
"#

$

$%&'
 ()*+'

,' -(./012                              (5) 

where: 
EL – Estimated Load for energy required per day (Wh/day) 
FDC/AC DC to AC with de-rating factor (%) = 0.778 
Ppv-array – The array of solar Photovoltaic 
ꞵ - Temperature coefficient of max. Power (%/oC) = -0.38% 
G – Solar radiation incident on PV array in kW/m2 

�345 – Incident radiation under STC of 1kW/m2or 1000W/m2  

Tc – PV cell temperature in current time step (oC) 

TSTC – PV cell temperature under STC, TSTC = 25 oC 

Given that; 6 = 1 −  7
��� − �8�9
  

  

E.  Sea PV installation  

 
    Factors such as PV cell temperature under STC and Sea 
cell temperature need to be considered before the sea PV 
installation. 
   

6 = 1 −  7
��� − �8�9
                                  (6) 

6/012= 1 – [-0.38% (24.56– 25)] = 0.998 

G = Solar radiation incident on PV = 6.38 kWh/m2[7]                

�345 = Solar incident radiation under STC of 1kW/m2 

 
Therefore,  

PPV-Array = 
:;<=

>.?@
A  B 
C.<<D
B C.EED = 943.68W (The total power 

in the PV array) 
 
The recommended system voltage is 48 V dc based on 
Sandia’s Handbook recommendation [22].  The ENP Sonne 
High Quality 180 Watt, 24V monocrystalline module is 

selected in this work. It has a short circuit current (Isc) of 
5.38A, panel efficiency of 14.1%, and power temperature 
coefficient of -0.480 %/°C[23].  
 
F.  Determination of the number of modules connected in 

series. 

Since 48V system voltage is selected, modules to be 
connected in series can be determined as follows:  
 

F1� = GHIHJKL
GLMNOPK

                       (7)                                                   

where: 

F1�   – Number of modules in series 

��Q�/01–   System Voltage 

�1�RS�0  – Module Voltage 
 

F1� = :D
T:= 2 modules 

                                    
The number of modules connected in parallel is given as in 
(8): 
 

F12 = UVWXYZZYI
[LH( ULMNOPK

                                       (8) 

F12 = E:\.;D
T ( ]DC      = 5.19 = 6 

 
The total number of modules required to generate 4,675 
Wh/day power is as follows.  

 

F1/ =  F1� X F12                                              (9) 

 
where:   

F1/  = Number of total modules required 
 = 2 x 6 = 12 modules 

  

G.   Battery Bank Capacity Sizing  

The battery bank capacity required (Cx) can be calculated as 
in: 

9B = [^("_
`�`LYa B GHIHJKL B bMOJ

 ,                       (10) 

 
where:  

9c = Required battery capacity in Ampere-hour (Ah) 

F5  = Number of days of autonomy = 3 days 
EL = Estimated load Energy in Wh = 4675Wh 

Dod1�B = Maximum Depth of Discharge = 80% (0.8) 

e�S/ = Output efficiency 
 

e�S/ = ef�/  x e�gh                         (11) 
 
Where: 

ef�/ = 0.85 

e�gh = 0.985 

e�S/  = 0.85 x 0.985 = 0.84 
 

Therefore, the required battery capacity: 
 

9B = \ (:;<=
C.D B :D B C.D:  =   145.027 Ah 

 
A lithium-ion battery 14.8V 18Ah with a high capacity, light 
in weight, and suitably enclosed, mainly designed for 



blueROVs usage is selected for this work[5]. The number of 
batteries required to be calculated as follows: 
 

Fi	0j =  5a
5HKPK^JKN

  =  ]:=.CT<
]D  = 8.06 = 9                 (12) 

 
The number of batteries in the series is as follows. 
 

Fi� =  GHIHJKL
GkYJJKZI

 =  :D
]:.D = 3.24 = 4                   (13) 

 
The number of batteries in parallel is as follows. 
 

Fi2 =  [lZKm
[lH

    =  E
: = 2.25   = 3                 (14) 

 
The total number of batteries required for the system is 
calculated based on (15). Therefore; 
 

 �Ff3 =  Ff2  x Ff�                 (15) 

                   = 4 � 3 = 12 noppqrsq�        
        

H.  Inverter Capacity Sizing 

      In determining the size of the inverter, the initial step is 
to identify the actual total sum of power consumption by the 
loads that operate simultaneously. In this work for instance 
50% of the total loads. Due to the high starting current of 
large electric motors, a factor of 3 is being considered to 
multiply their power[20] Also, for system expansion, the sum 
of the individual peak loads value is being multiply by 1.25 
as a safety factor[24], [25] 

 

t�gh = tu8 v 1.25,                    (16) 
 

where: 

t�gh  - Inverter Power Rating  
PRS - Power of appliances running simultaneously. 

 

t�gh = 935 v 1.25 = 1,168.75w 
 
Based on the calculated value (1,168.75W), a 1.2kW 
inverter is selected with a 48v nominal voltage. 
  

I.  Charge Controller Sizing 

    The rated current of the regulator is as follows: 
 

x	�/0R =  F12 x x��  x 6��.0/Q                             (17) 

              = 6 x 5.38 x 1.25 = 40.35A,  
where: 

F12 - Number of modules in parallel 

x��    - Module short circuit current = 5.38A 

6��.0/Q  – Safety factor = 1.25  

 
Solar Charge Controller 48v 80A  
Number of charge controllers required is as follows: 
 

F��	0j =  yZYJKN
yHKPK^JKN

   =  :C.\=
DC  =   0.50 = 1       (18) 

 

J.  Cable Sizing 

     In the selection of the appropriate size and type of cable, 
careful consideration must be applied because it enhances 
performance and brings about the reliability of the system.  
Current flows through cable from solar PV to the charge 
controller Icab is equal to the rating of the charge 
controller[26]  
 

A =  
U#yZYJKN

GN
 � 2 =  

].<T: B ]C @B ]C B DC
:D B C.C:  � 2    (19) 

= 1.437�10^ −= 

= 14.37�10^ −; 
 
Therefore, 16mm is being proposed based on the calculated 
value. 
р - The resistivity of the copper conductor selected for the 
system is taken as 1.724 x 10-8 
L - Length of the conductor (10m) 
 
In standalone wiring for solar photovoltaic systems, the 
voltage drop is taken not to exceed 4%.  Therefore, a cable 
with a 16mm2 cross-sectional area is selected[27]. 
 

IV. MODELING IN COMSOL MULTIPHYSICS 

ENVIRONMENT 

    The COMSOL Multiphysics software uses the Finite 
Element Method to solve continuity equations as in (20) 
while simulating solar cells, this is to eliminate the issue of 
non-uniform illumination on the surface of the solar cell and, 
to find the current density distribution. 
 

−∇. 
|∇V −  ȷ
 = �,                    (20) 
 

where V is the electric potential, � is the current density, Q is 

the generated current and |  is the conductivity of the 
material. 

The generated current density is presented in (21) while 
the governing equation in solving continuity equation (20) 
using the Finite Element Method. 

 

� =  �]� + �T�\ exp ��"�
��4� )exp � G�

gG&
� − 1- + �\��        (21) 

 
In the modeling of a Photovoltaic (PV) array, some 

parameters are considered such as open circuit voltage (Voc), 
short circuit current (Isc), Maximum Power Point (MPP), the 
efficiency of the solar cell, and the fill factor.   Using the one-
diode model as represented in Fig. 3, the total current flowing 
into the load resistance RL is presented in equations (22) & 

(23)[28] where x2�  and xR  are the photo-generated current 

and diode current respectively. 

 
x =  x2� −  xR                                                 (22) 

 

x = xU�� x� �exp � G
gG4� − 1� − G�

�H�
                                    (23) 



 
Fig 3. PV Cell Equivalent Circuit 

 

The �/  represents the thermodynamic voltage, ��   is the 

junction voltage, �i  is the Boltzmann constant, �0  is the 
electron change while n is the ideality factor. 

 

�4 =  �i�/�0                               (24) 
 

�� =  � + xu0                               (25) 

 
The general form of current generated by a solar cell is 

presented in (23) but can be reduced based on the type of 

emitter region x0  and the finger regionxR�. Also, the photo-
generated current depends on the level of illumination, which 
is directly proportional to its intensity[29]. COMSOL 
Multiphysics software was used for the modeling and 
simulation even though other software available such as in 
[30]. The software was employed because of its versatility in 
nature and ability to solve numerical problems in different 
dimensions. In this work, 2D dimensional has been used for 
the numerical solutions as presented in Fig. 4. 

 
 

 
Fig 4. Model of Solar PV Cells Array in COMSOL 
 
The modeling started with a single silicon solar cell, 

gradually increasing to reach the total number of cells in a 
module and moving to modules in an array as indicated in 
Figure 4. Figure 5 shows the sequence of the solar cell 
modeling and simulation based on the required number of 
modules as calculated in equation (9). 

 

  
Fig 5. Single Solar Cell to PV Cells Array 

 
 

V. SIMULATION RESULTS USING COMSOL 

MULTIPHYSICS 

Having considered the Standard Test Condition (STC), 
the output simulation results show a Power output of 
945.45W with an Open circuit voltage (Voc) = 0.66V based 
on the number of solar cells therein at a maximum power 
point tracking (MPPT), as indicated in Fig 7. The simulated 
solar PV cells model (Fig 6) shows surface distribution of 
Incident radiation. The total power output of the PV solar 
cells in an array is indicated in the P-V curve as shown in fig 
7. 

 

 

Fig 6. Simulated Solar PV Cells Arrays 

 

 
Fig 7. Power-Voltage Curve 

 
 

VI.  CONCLUSION 

The paper has presented a solar-powered remote-operated 

underwater vehicle. The cumulative electrical energy demand 

of 943.68W has been generated by the floating offshore solar 

PV modules as shown in Fig 7, after the model simulation as 

shown in Fig 6. The paper has presented but efficient way of 

powering ROVs using solar PV systems that are connected in 

series-parallel while floating on the sea located at The Gulf 

of Guinea. It is designed to meet the blueROV energy 

requirement. The result shows the Solar PV Array can 

generate the required kWp for the ROV and this result has 

been validated with COMSOL Multiphysics Software to 



verify and ensure that the proposed design will be suitable 

and meet up with the load demand of the ROV. The 

performance of solar depends on weather conditions either on 

land or on the sea, where floating photovoltaics are installed. 

These operational parameters include temperature and wind 

speed. 
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