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Abstract— This paper presents the study and implementation 
of various sources of renewable energy in cruises. For this purpose, 
different sources of renewable generation (photovoltaic, wind and 
hydrodynamic) easily installed in the sailboats were selected. In 
order to check the technical feasibility of this type of devices in a 
cruise, a simulation has been carried out under real conditions of 
wind, temperature and radiation. In order to carry out the 
measures, different devices have been installed in a sailboat with 
the aim to register real data. The devices were: a radiation detector 
located in the possible location of photovoltaic panels, and a 
meteorological station that allows to measure the speed of the wind 
and the temperature. In addition, a GPS device was used to 
measure the cruise speed in the case of going out to the sea. The 
models of these renewable systems have been realized and 
implemented under the simulation environment of Matlab / 
Simulink®. The photovoltaic energy was determined from data of 
irradiation and temperature. For this, a highly contrasted model 
available in the literature has been used. The main advantage of 
this model is that it can be configured from data commonly 
provided by the manufacturer. As far as obtaining the wind power, 
this is obtained from the curves provided by the manufacturer of 
wind speed and power generated. In addition to photovoltaic and 
wind energy, other type of energy is generated due to the 
movement of the sailboat when it is traveling, with a 
hydrogenerator located at the stern of the boat. Similar to wind 
power, the hydro-power is obtained from the manufacturer's own 
curve. Finally, these models have been used for the simulation 
from the recorded data of the radiation, temperature, wind speed 
and boat speed, in order to select and size the devices, and also 
calculate their energy production for a given period. 
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I.  INTRODUCTION 
The increase of energy prices and environmental 

catastrophes lead to a development of alternative and renewable 
energy systems [1]. A high efficient electric engine with a 
variety of the source could replace the traditional internal 
combustion engine (ICE). A battery system with a renewable 
energy provider, like photovoltaic panels, affects promising 
results [2]. 

In the last few years, the implementation of renewable 
energy sources, for example photovoltaic and wind energy in 
Hybrid Renewable Energy Systems (HRES), is becoming more 
popular. Those systems are very depending on seasonal impacts 
and that is the main disadvantage [3]. Not only land vehicles can 

use HRES [4,5], but also boats can incorporate hybrid systems 
[6]. Electric energy production is performed with renewable 
energy provided by several photovoltaic panels and small eolic 
generators located in the own boat. Furthermore, this energy 
production can be increased during the sail navigation with one 
or more hydrogenerators. 

In this paper, an auxiliary power system with renewable 
energy is created, simulated and adapted for using in sailboats 
and cruises. The energy provided with several renewable 
sources (eolic, solar and hydrodynamic) is stored with batteries. 
Subsequently, independent modular models for each energy 
system will be development in Matlab®/Simulink® and 
embedded.  

II. RENEWABLE ENERGY SOURCE SELECTION 
The first step in this study was the selection of several 

renewable sources that are easily implementable in sailing 
cruises. The better possibilities are energy sources based in wind 
speed and solar irradiation. These fonts are renewable and 
frequently are used in many applications with positive results.  

Their use are made through wind generators and 
photovoltaic panels. It is possible to find these devices in the 
nautical field since many manufacturers have opted for them. 
Moreover, the combination of both sources could be positive 
because when the weather conditions are worse for one of them, 
the other could compensate this lack.  

On the other hand, sailboats show a new generation 
possibility with the utilization of wind with the sail. This 
exploitation could be performed with a marine turbine. The 
marine generator or hydrogenerator is a device used only for 
sailing navigation [7]. This device generates electrical power 
from a propeller and a small generator. When the boat is running 
with electric motor, it is raised up to avoid the friction of 
propeller. However, when boat is sailing without motor, it is 
submerged under water and the marine propeller generates the 
electrical power, in the same way as the wind turbine. 

In this study, all these energies was used for a possible 
implementation in a sailboat type cruise of class school with a 
length of 15.27 m, an sleeve of 4 m and a draft of 2.5 m (Fig. 1). 
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Fig. 1: Sailboat type cruise 

A. Photovoltaic panels 
A mono-crystalline solar module was chosen as photovoltaic 

technology. This technology offers a high efficiency in 
comparison with the others, although its price is higher than 
these. Nowadays, this problem is decreasing and it shows a 
competitive cost. In the other hand, there are manufacturers of 
monocrystalline panels which adapt this kind of panels for 
marine applications. One of them is “Victron Energy” which has 
a wide catalog of panels for marine environments. In Table I are 
shown the size and a power configuration of monocrystalline 
panels for this manufacturer [8]. 

TABLE I.  TECHNICAL DATA OF PHOTOVOLTAIC MODULES 

Size 
(mm) 

Nominal 
power 
(W) 

Max. 
voltage 

(V) 

Max. 
current 

(A) 

Open 
circuit 
voltage 

(V) 

Short 
circuit 
current 

(A) 

1580x808x35 190 36 8.06 43.2 5.98 

 

Based in the sailboat size and in the available space in it, a 
possible configuration with a maximum power installed of 380 
W was proposed with this manufacturer’s panels. Fig. 2 shows 
a possible configuration with the panels showed in last table 
(two panels of 190 W) 

 
Fig. 2. Sailboat configuration with 380 W of power panel installed 

B. Eolic generator 
The selected eolic generator was a horizontal axis wind 

turbine Enernaval GE-400 [9]. These aerogenerators are 
considered as the good solution since they can generate energy 
through wind low speed, allows their installation on sailboats. 
The main characteristics are descripted in next table (Table II) 

TABLE II.  TECHNICAL DATA OF EOLIC GENERATOR 

Nominal Power (W) 400 

Peak Power (W) 500 

Start-up wind speed (m/s) 2.5 

Rated wind speed (m/s) 11 

Max. wind speed (m/s) 45 

Rated voltage (V) 12VDC/(optional 24VDC) 

 

C. Marine Turbine 
The marine generator or hydrogenerator is a device used 

only for sailing navigation [7]. This device generates electrical 
power from a propeller and a small generator. When the boat is 
running with electric motor, it is raised up to avoid the friction 
of propeller. But when the boat is sailing without motor, it is 
submerged under water and the marine propeller generates the 
electrical power, in the same way as the wind turbine.  

The selected model was the Watt&Sea cruising 
hydrogenerator with a maximum power of 500 W at 8 knots. 

III. MODELIZATION 
In order to study the feasibility of implementing all these 

sources in sailboats or in cruises whose navigation with sail is 
possible, all them have been modeled and studied in this work. 

For this task, the environment of Matlab/Simulink® has 
been used. Individual models based in the manufacturer 
information and in recognized bibliography have been 
developed and implemented in a global model.  

Subsequently, the simulation of photovoltaic, eolic and 
marine energy have been simulated using real data of wind 
speed, temperature, irradiation and ship speed. 

A. Photovoltaic model 
The base of a photovoltaic system is the operation of a 

photovoltaic panel. Those panels are photosensitive devices, 
which generate electricity by using the photovoltaic effect. This 
effect describes the transformation of solar radiation into 
electrical power. 

The modelling of this system is used to give a forecast of the 
energy, generated by the integrated photovoltaic panels. The 
calculation requires an amount of variables, which are available, 
but the De Soto model [10] only uses five inputs, to find in every 
datasheet of a photovoltaic panel. Those data are: open circuit 
voltage (Voc), short circuit current (Isc), voltage (Vmp), current of 
maximum power (Imp) and the temperature coefficients of Voc 
and Isc. They are to refer to the standard radiation of 1000 W/m2 
at 25 °C cell temperature. 

Moreover, this model has been modified by Hadj Arab, 
obtaining an expression which lets to evaluate the maximum 
power output [11]: 

𝑃"# =
𝐺
𝐺&'(

𝑃"#,&'( 1 + 𝛾 𝑇 − 𝑇&'(  (1) 

Where P is the power output, G is the incident irradiance, T 
is the temperature, mp refers to maximum power, ref refers to 
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standard conditions (Gref = 1000 W/m2, Tref = 25 °C) and γ is the 
maximum power correction factor for temperature. 

Solar irradiation could be measured with a portable solar 
meter placed in the ship deck, and the temperature with a 
thermometer placed in the same location.  

The result of implementing this model and the specifications 
of the selected photovoltaic panel under Matlab/Simulink® 
environment are shown in Fig. 3  

 
Fig. 3: Implementation of photovoltaic model under Simulink® environment 

B. Eolic model 
For modelling the selected wind generator, the characteristic 

curve with the representation of wind speed versus output power 
was parameterized using a polynomial adjustment (Fig. 4).  

 
Fig. 4: Polynomial adjustment of wind turbine GE-400. 

This characteristic curve was provided by the wind turbine 
manufacturer and it was adjusted with Matlab® adjustment tool 
(cftool), and the following equation that relates the eolic power 
(Peol) with the wind speed (v) was obtained [12]: 

𝑃'/0 = 0.0016𝑣5 − 0.071𝑣7 + 0.8𝑣9 − 0.9𝑣; + 0.46𝑣 − 6.9 (2) 

Once implemented as Matlab® function, wind generator can 
be integrated with the other models in Simulink® (Fig. 5).  

The wind speed values could be obtained with an 
anemometer placed on a boat or even via meteorological data of 
marine buoys. In this case, an anemometer was placed in the 
stern of a cruise. 

 
Fig. 5: Implementation of eolic generator under Simulink® environment 

C. Hydrogeneration 
The procedure for the marine model is the same than eolic 

generator model. The polynomial adjustment is performed from 
manufacturer data and then implemented to Matlab-Simulink®. 
The polynomial adjustment (Fig. 6) that relates the hydro power 
(Phyd) with the sailboat speed could be carried out and 
implemented in the global model [13].  

 
Fig. 6: Polynomial adjustment of marine  

The equation used as Matlab function for the hydrogenerator 
selected (Watt&Sea) is the following [14]: 

𝑃'/0 = −0.21𝑣5 + 4.6𝑣7 − 39𝑣9 + 170𝑣; − 350𝑣 + 270 (3) 

The ship speed could be obtained with a GPS device, where 
sailing data can be registered and stored. 

IV. DATA ADQUISITION 
In order to simulate the photovoltaic panel and the eolic and 

marine generators, an input of irradiation, temperature, wind 
speed and ship speed are needed. All these data are obtained 
under real conditions, since these has been measured “in situ” in 
the cruise for a week period. It is based in the frequency of use 
of this cruise sailboat.  

A. Solar irradiation and temperature 
Solar irradiation was measured in a springtime period. The 

measurements were performed in the own ship, on the place 
where photovoltaic panels would be installed. The Fig. 7 shows 
the irradiation values in W/m2 for a week.  
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Fig. 7: Solar irradiation measured on the sailboat (1 week) 

Maximum irradiation was 700 W approximately, and these 
values were obtained throughout the week. On the other hand, 
temperature values are also required for the photovoltaic 
simulation. Fig. 8 shows the temperature for the same period of 
irradiation. It can be observed that the average temperature was 
around 16 ºC. 

 
Fig. 8: Temperature measured on the sailboat 

B. Wind speed 
Furthermore, the wind speed was measured and registered 

with an anemometer. This device was placed on the ship for the 
same period than the irradiation logger and the thermometer. 
Fig. 9 shows the average wind speed values (red) and the gusts 
of wind (green).  

 
Fig. 9: Average wind speed values (red) and gusts of wind (green) 

C. Speed ship with the sail 
In order to estimate the hydrogeneration with the sea turbine 

device, the boat speed was measured with a GPS in a little route 
with the sail. The boat trip was approximately for three hours, 

with a maximum speed of 6 m/s and an average of 4 m/s (Fig. 
10). 

 
Fig. 10: Speed data registered in a tour with the ship 

The conditions of sailing were not good and the duration of 
tour was short. So probably, the energy generation could have 
been higher with other type of conditions. 

V. SIMULATION 
Once the simulation data input were defined and the 

manufacturer’s data sheet were implemented in the model, the 
simulation of renewable energy generation could be carried out 
in order to adapt the generic model into an specific model. 

In the case of photovoltaic energy, the production for a week 
when the ship was anchored on the pontoon was about 20 kWh. 
Fig. 11 shows the power production for this time period, 
obtaining maximum power peaks with 250-300 W. The night is 
not included in this simulation. 

 
Fig. 11: Photovoltaic power production (W) obtained with the model 

simulation 

For the eolic production, the energy generated was much 
lower (Fig. 12). The maximum wind production was 100-120 
W, and electric production was in a few instants of time. 
However, the average production was only 30 W versus the 100 
W of the photovoltaic production.  
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Fig. 12: Eolic production (W) with the GE-400  

The energy production in this case was 1.14 kWh for the 
same period than photovoltaic, with the advantage of generate 
electric energy for the night. This is mainly due to the fact that 
wind production is usually lower when meteorological 
conditions favor photovoltaic production. 

Finally, the hydro energy production was analyzed in a tour 
with the sailboat which last 3.5 hours. The energy production 
was the minimum of all, almost 0.14 kWh with maximum power 
peak of 160 W. The power production for this time period can 
be observed in Fig. 13.  

 
Fig. 13: Power production with Watt&Sea hydrogenerator 

VI. CONCLUSIONS 
In this paper, the main objective was to test the viability of 

supplyimg renewable energy into a sailboat for the auxiliary 
consumptions. For this purpose, a model of each one renewable 
energy systems have been developed and implemented under 
Matlab/Simulink®. Subsequently, all of them have been 
simulated under real conditions, obtaining the individual energy 
production. They were also simulated for the same period under 
real conditions. 

The sum of all energy generation (photovoltaic, eolic and 
hydrogenated) was studied. The total energy production was of 
21.28 kWh for a week. 

The original sailboat equips several batteries system with an 
energy storage of 13.8 kWh. This value of energy production is 
enough to complete the original batteries 1.5 times. 

Moreover, it was observed that the generation is very 
fluctuating, due to the nature of the energies employed. In this 
case, photovoltaic energy is more representative than eolic 
energy. However, if solar irradiation is lower, the wind 
conditions would be better since both sources are often opposite. 

Finally, the energy provided with the marine generator is 
lowest. Although the tour of sailboat was larger, the cruise speed 
conditions does not allow a greater production of energy for the 
use of these kind of ships.  
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