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Abstract — This paper’s main focus is the development 

of an energy management strategy for Técnico Solar Boat 

competition electric solar boat. 

The team Técnico Solar Boat is composed by students from 

Instituto Superior Técnico with the common purpose of building 

the first Iberian competition vessel exclusively powered by solar 

energy. Its main objective is to participate in international 

competitions, namely the Dutch Solar Challenge competition and 

Solar1 in Monaco. All the work done throughout this dissertation 

is integrated with all the development areas of the Técnico Solar 

Boat team. 

Electric vehicles offer the opportunity to use energy in a more 

sustainable way, because of that they became a possible 

alternative to nowadays pollutant fossil fuels like petrol and 

derivatives.  

It is certain that the limitation remains in the energy storage, 

this because of the battery weight and volume, charging times are 

still too time-consuming. 

For this to be possible a very rigid and efficient energy 

management strategy is required, in order to use the available 

energy in a sustainable way. Thus, it is necessary a much more 

rigid and efficient power management strategy, in order to use 

the available energy in the most sustainable way possible. 

In order to test the energy management algorithm for the 

electric propulsion system of the vessel and thus to adjust the 

respective consumption of electric energy during the competition, 

a simulation platform was created. In addition to the sizing and 

experimental tests of the propulsion system, this simulation 

platform allows the prior knowledge of the vessel's energy 

consumption during the competition. 

The results obtained, both by the simulation platform and the 

experimental tests, demonstrate not only the potential of the 

existence of an energy management in electric vehicles, but also 

the need for an increased effort in the development of this energy 

management strategy. 

 

   

Index Terms— Electric propulsion, electric vehicles, energy 

management, photovoltaic power, boat, electrical systems. 

I. INTRODUCTION 

 

It is in the nature of the human being to want to evolve and 

compete in order to gain a prominent place. We all intend to 

be winners, for this, preparation and prediction take a leading 

role in achieving this goal. 

In this context, the challenge of participating in an 

international competition of solar powered and exclusively 

electric propulsion vessels, awakens the ambition to do more 

and better, using an energy consumption algorithm. 

The energy source used by the vessel is said to be "clean", 

i.e., it uses energy from the sun, so, due to the use of 

photovoltaic panels, and over a certain period of time, it is a 

source with limited energy. The energy stored in the batteries 

is also restricted, the way this energy is used dictates the final 

classification. 

One of the primary objectives is to size the propulsion 

system for a competition electric boat that named Dutch Solar 

Challenge, it becomes necessary to design a platform capable 

of predicting the behaviour of the boat in its movement, that 

the electric propulsion system is adjusted for the operating 

conditions to which it will be subjected. 

During the development of the simulation platform, thru a 

numerical program, its importance became clearer, and 

functions were added to improve the reliability of the 

simulation platform. In this way, a correct dimensioning of the 

components to be used in the vessel, namely motor, 

photovoltaic panels and battery, can be carried out. It is 

ensured that all available energy is consumed and is used by 

the vessel as efficiently as possible. 

It shows, therefore, the high importance of the study 

performed and the results obtained. 

 

II. ALGORITHM FOR AN ENERGY MANAGEMENT 

SYSTEM ADAPTED TO A VEHICLE ROUTE 

 

In order to be able to predict the behavior of a vehicle in a 

particular route, it is necessary to elaborate a simulation 

platform, in which it is possible to calculate and determine all 

its movement based on physical equations. It is necessary to 

determine two quantities. These are: the speed and propulsion 

power of the vehicle. 

The power calculation function for a land vehicle is 

obtained as described below. 

It is known that the inertial force is, 

 

 𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 = 𝑚𝑎  [N] (1) 

 

The force of aerodynamic friction is given by [1]: 

 

 𝐹𝑑_𝑎𝑒𝑟𝑜 =
1

2
𝜌𝑎𝑖𝑟𝐴𝑓𝐶𝑡𝑎𝑖𝑟𝑣2  [N] (2) 
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And the frictional force of the wheels with the ground is 

given by: 

 𝐹𝑑_𝑤ℎ𝑒𝑒𝑙𝑠 = 𝐶𝑟(𝑚𝑔)cos (ѳ)  [N] (3) 

 

The total force that is necessary to be supplied to the vehicle 

is then the sum of the previous ones: 

 

 
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑎 + 𝐶𝑟(𝑚𝑔)cos (ѳ)

+
1

2
𝜌𝑎𝑖𝑟𝐴𝑓𝐶𝑡𝑎𝑖𝑟𝑣2  [N] 

(4) 

 

Through the following equation that relates power with 

force, 

 

 𝑃 = 𝐹𝑣  [W] (5) 

 

The equation for the calculation of power is reached, this is 

represented next. 

 

 

𝑃𝑂𝑢𝑡 = (𝑚𝑎)𝑣 + (𝐶𝑟(𝑚𝑔)cos (ѳ)

+
1

2
𝜌𝑎𝑖𝑟𝐴𝑓𝐶𝑡𝑎𝑖𝑟𝑣2) 𝑣  [W] 

(6) 

 

Through equation 6 we relate the power required to be 

supplied to the vehicle with its speed. In this way, it is 

possible to create an algorithm capable of characterizing the 

vehicle at all points of the path to be traveled. 

With the energy consumption algorithm it is intended that in 

the end it is possible to control the power being sent to the 

motor. Thus, during the course, all available energy is 

consumed in the most efficient way possible. 

The pilot of the vehicle will control the speed. Through 

equation 6, the link between what is to be achieved and the 

command to accomplish it is obtained. It was then formulated 

an algorithm that allows to determine the optimal speed along 

a route, in order to adjust the consumption of the available 

energy. 

 

Step 1: The course is entered respecting the following 

format: 

[ xj, vj; 

xj+1, vj+2 

…, … 

xj+n, vj+n; ] 

 

Where xj represents the length of the section and vj 

represents the velocity imposed as the initial condition for 

each section. 

Step 2: The instantaneous power required at each point of 

the path is calculated in order to meet the speeds imposed. 

This calculation is performed using equation 6. 

Step 3: After obtaining the instantaneous power, the spent 

energy is calculated as a function of the time elapsed making a 

cumulative trapezoidal integration. 

 

Step 4: The final energy present in the battery is then 

compared to the energy available for the path, where (perc) is 

the percentage of energy remaining in the battery in order not 

to compromise its proper functioning. 

Step 5: All speed adjustment is done by the result obtained, 

i.e., if the final energy is lower than desired, the speed of all 

the sections is decremented by a constant in order to decrease 

the energy consumption. Similarly, if the final energy is higher 

than desired, the speed of each section is increased so that 

more energy is consumed. This process repeats itself 

iteratively until the final energy is exactly the energy 

available. 

III.  SIZING AND COMPONENTS CHOOSING 

 

In order to do a correct dimensioning of the components it 

is necessary to know some of the characteristic quantities with 

which to operate. For this it is fundamental to know what the 

requirements and restrictions present in the rules of the 

competition. 

The Dutch Solar Challenge is a prestigious international 

competition held in Holland with more than a decade of 

existence. 

The competition lasts for seven days in which the teams are 

put to the test in several stages. 

There are four classes, A Class, B Class, Top Class and V20 

Class. The class for which the Técnico Solar Boat Team 

(TSB) proposes to participate is Top Class, due to the fact that 

there are fewer restrictions. In this way there is more freedom 

for innovation and differentiation between vessels. 

Thus, all the sizing was done for a boat in the Top Class and 

for a typical stage of the Dutch Solar Challenge competition, 

more specifically, it was realized using as base the Harlingen 

stage whose objective is to cover the greatest number of 

possible laps of the course for 2 Hours. 

Throughout the competition the teams compete in various 

modes, namely Sprint, Endurance and Slalom. All these 

modes are mandatory, however, Endurance tests have a 

greater relevance in the final classification. 

The endurance test is to navigate between 20 to 60 km 

daily. On the other hand, the Sprint mode consists in a short 

course from 150 to 250 m, and finally Slalom aims to navigate 

a short course with obstacles. 

The fastest team will win the competition. 

 

Main restrictions of the Top Class: 

 

• Maximum energy stored in the battery: 1500 Wh 

• Apart from the initial charge the battery can   only be 

charged by the photovoltaic panels 

• Maximum power of photovoltaic panels: 1750 Wp ± 2% 

• Maximum allowable voltage: 52 Vdc or 52 Vrms 

• Average minimum boat speed on 10 km of navigation: 12   

km / h 

 

The regulation imposes restrictions on the energy stored in 

the battery and the maximum power of installed photovoltaic 

panels. 
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However, there is no restriction on the motor to be used. 

 

A. MOTOR SIZING 

 

Using the simulation platform and using only a straight-line 

route with a fixed acceleration value, it was possible to 

withdraw values of the required power to be supplied to the 

vessel for the various operating regimes. Knowing the typical 

performance values of an electric motor and a propeller for the 

power in question is then possible to create a hypothesis and 

then select the electric motor to use.  

 

ηMotor_typical = 0.85  

ηPropeller_typical = 0.60  

ηTransmission_typical = 0.95  

 

The propulsion efficiency can thus be calculated. 

 

 
ηPropulsion_typical

= ηMotor_typicalηPropeller_typicalηTransmission_typical  
(7) 

 

ηPropulsion_typical = 0.85(0.6)(0.95) = 0.485 = 48.5 [%] 

 

For the 2-hour course in Harlingen, the mean power value 

that is required to be supplied to the vessel (𝑃𝑂𝑢𝑡) was 

withdrawn from the simulation platform, that value is 842 W. 

Using the equation 8 and the average power required along 

the route, the average power that the motor will be able to 

provide is calculated. 

 

 𝑃𝑀𝑜𝑡𝑜𝑟 =
𝑃𝑂𝑢𝑡 

𝜂Propulsion_typical

 [W] (8) 

 

𝑃𝑀𝑜𝑡𝑜𝑟 =
842

0.485
= 1736 [W] 

 

The motor to be used would then ideally have 1800 W of 

rated power for the Endurance mode, and be simultaneously a 

more powerful motor, for the other modes as mentioned 

above, were large accelerations and speeds are required. 

 

 𝑃𝑀𝑜𝑡𝑜𝑟_𝑝𝑒𝑎𝑘 = 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦_𝑚𝑎𝑥 + 𝑃𝑃𝑎𝑛𝑒𝑙𝑠   [W] (9) 

 

From equation 9 it is concluded that the maximum 

propulsion power is entirely dependent on the power that the 

battery and photovoltaic panels are capable of supplying. 

However, as previously mentioned the most relevant 

competition mode in the final classification is the Endurance. 

In this way, for the final decision of the motor to be used, this 

mode was chosen instead of the others. For this reason a motor 

with an output close to the nominal value must be selected for 

1800W of input power, but its maximum power is as high as 

possible. 

Being that there is no restriction in the motor to use the 

decision was based on some determining factors, namely: 

 

-Motor type         -Efficiency 

-Rated power        -Weight 

-Peak power           -Volume 

 

To decide the electric motor to be used, 3 types of different 

motors were compared. A brushless direct current motor 

(BLDC), a permanent magnet current (PMDC) motor [2] and 

an induction motor [3]. 

 
Table I  Motors and their characteristics. 

Type 

BLDC 

(CPM90) 

 

Induction * 

 

PMDC * 

(PMG132) 

 

Power [W] 3000 3000 4700 

Weight [kg] 3.7 21.5 12.5 

Dimensions 

[mm] 

Ø 138.2 x 

141 
Ø150 x 236 Ø222 x 172 

Efficiency [%] 90 94 89 

Rated voltage 

[V] 
48 48 48 

 

Weight is a key factor in the final choice, since it has a 

direct implication in the coefficient of hydrodynamic friction 

of the vessel. In this way, the motor capable of meeting all 

requirements and restrictions is then CPmotion CPM90-45 

rated at 48V and rated at 3kW. 

 

 
Figure  1  CPM90 motor and accessories. 

 

 

B. DIMENSIONING OF PHOTOVOLTAIC PANELS 

 

As previously mentioned, according to the rules of 

competition the maximum installed power cannot exceed 1750 

Wp ± 2%. Now, knowing that the main source of energy 

during the competition comes from the photovoltaic panels, it 

is clear that this is the installed power value to be used. 

Through the installed power value, the installation angle of 

the panels, the month of the year and the location of the 

competition, the average solar power per square meter that 

will be available on the photovoltaic panels is acknowledged. 

[4] 

 

The graph in Figure 2 takes into account the angle of the 

sun relative to the horizontally installed photovoltaic panels of 
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the vessel and the average solar power per square meter for the 

month of June in Harlingen in the Netherlands. 

 

The average daily potency in June in Harlingen, The 

Netherlands, is then: 
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Figure  2  Average solar power for a day of the month of June in 

Harlingen, Holland. 

 

There are currently on the market photovoltaic panels made 

of monocrystalline silicon and polycrystalline silicon. 

However, since the most suitable photovoltaic panels for this 

type of use should be light and with the highest possible 

efficiency, the chosen photovoltaic panels are the 

monocrystalline silicon ones. Those have a higher efficiency. 

Thus, due to its efficiency, the highest of the market, and its 

light weight, the panels SP125 supplied by Solbian were 

selected, and are presented in figure 3. 

 

 
Figure  3  Solbian SP125 Photovoltaic panels. 

 

The power of each SP125 solar panel is 125 W and has 

23 % of efficiency. This calculates the number of photovoltaic 

panels needed to make a total of 1750 Wp. 

 

𝑁𝑃𝑎í𝑛𝑒𝑖𝑠 =
1750

125
= 14  

 

The total installed area is calculated using the 

measurements of an individual photovoltaic cell. This way the 

margins of the solar cells are not considered. 

From Figure 3 it is known that 40 cells are used in the 

SP125 solar panel, thus easily calculating the useful area of 

the array of photovoltaic panels. 

 

 𝐴𝑇𝑜𝑡𝑎𝑙 = 𝐴𝐶𝑒𝑙𝑙𝑁𝐶𝑒𝑙𝑙𝑁𝑃𝑎𝑛𝑒𝑙𝑠 [m2] (10) 

 

𝐴𝑇𝑜𝑡𝑎𝑙 = 0.125(0.125)(40)(14) = 8.75 [m2] 
 

A graph of the power that the installed photovoltaic panels can 

provide to the boat during the race can be calculated.  

The start of the stage is preset to 10 o'clock in the morning 

and duration has a total of 2 hours. 

 

 
Figure  4  Dimensions of the constituent cells of the photovoltaic panels 

[mm]. 

 

The following expression is used: 

 

 
𝑃𝑃𝑎𝑛𝑒𝑙𝑠  = 𝑦(𝑡)𝐴𝑝𝑎𝑛𝑒𝑙𝑠𝜂𝑃𝑎𝑛𝑒𝑙𝑠 ,

𝑡 є [10,12]  [kW] 
(11) 

 

 
Figure  5  Solar power output from photovoltaic panels during the stage in 

Harlingen, Holland. 

 

Due to the imposition of the regulation stating that the 

maximum voltage in the vessel can not exceed 52 VDC, the 

panels will have to be connected in parallel of two in series. 

The diagram in Fig 6 shows the proposed connection 

between the fourteen photovoltaic panels of the vessel. 

 

 
Figure  6  Connection diagram of photovoltaic panels. 

 

After the sizing of the photovoltaic panels, it is confirmed 

that for long duration tests, as is the case with endurance tests, 

the greatest contribution of power comes from photovoltaic 

panels and not from the battery. Thus, in order to be able to 
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reach the top of the qualification, it was necessary to select the 

most efficient photovoltaic panels on the market. Careful and 

accurate forecasting of the solar power available for the course 

was also crucial. 

At the end of the design of the photovoltaic panels, it was 

possible to reach the maximum 1750 Wp imposed by the 

regulation, thus maximizing the electric power generation 

capacity of the vessel. 

 

C. SIZING THE BATTERY PACK 

 

Due to the complete dependence of the battery with the 

motor and the photovoltaic panels, only after the respective 

sizing and selection of components previously made it is 

possible to successfully size the battery of the vessel. 

In order to choose the constituent cells of the battery it is 

previously necessary to choose the chemical composition of 

the cells to be used, in this way a comparative study of the 

most common cell types in the market was made to choose the 

ones that best fit the requirements of the competition. The 

cells compared are lead acid, lithium-iron-phosphate and 

lithium-cobalt oxide [5]. 

The decision of the chemical composition of the cells takes 

into account as decision factors the following: 

 

- Specific energy [Wh / kg]    - Price 

- Number of cycles       - Charging time [h] 

- Safety 

 
Table II   Types of cells and their characteristics. 

Type  

Chemical 

Symbol 

Specific 

Energy 

[Wh/Kg] 

Number of 

cycles 

(80% 

discharge) 

Recharge 

time [h] 

Lead-acid Pb 30-50 200-300 8 

Lithium 

Iron 

Phosphate 

LiFePO4 90-120 500-1000 2-3 

Lithium 

Cobalt 

Oxide 

LiCoO2 150-225 2000-3000 2-3 

 

Due to their high specific energy and low recharge time 

compared to other chemical compositions, the most indicated 

cells will be LiFePO4 or LiCoO2. However, the cells of this 

chemical composition (LiCoO2) are highly intolerant of 

excessive charges or discharges, which can burn or even 

explode. Because of the small margin for errors in the 

handling of this chemical composition, the LiFePO4 cells are 

chosen. Thus, it is not only the safety of all the elements 

responsible for handling them, but also the permanence in the 

competition until its conclusion is ensured. These being more 

error tolerant become a more attractive solution to the team's 

current requirements. The volume of LiFePO4 is known to be 

superior, however, the arrangement and attachment between 

the various cells made by a screw at their ends makes it simple 

to replace dead or defective cells. In this way LiCoO2 cells are 

excluded, without compromising the overall performance of 

the vessel as it will be approached and proven during the 

sizing. 

 

After the decision of the chemical composition of the cells, 

it is necessary to determine which cells are best suited to the 

needs of the vessel. For this it is necessary to know some 

characteristics and specifications, because there are cells with 

different characteristics for the same chemical composition. 

 

Thus, the characteristics on which the final decision of 

LiFePO4 cells to be used is made are as follows: 

 

- Maximum discharge current (continuous) [A] 

- Recommended discharge current [A]. 

- Maximum discharge current (30 second pulse) [A] 

- Current maximum continuous load [A] 

- Recommended load current [A] 

- Maximum voltage per cell [V] 

- Minimum voltage per cell [V] 

- Weight [kg] 

- Volume [m3]. 

 

As previously mentioned and imposed by regulation, in no 

case can the voltage on the vessel exceed 52 VDC. In 

particular, for the use of lithium cells there is another 

restriction, which imposes that a maximum of 14 cells in 

series be used at most. 

The nominal voltage of each lithium cell is 3.2 V. 

 

 𝑉𝑛_𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑁𝐶𝑒𝑙𝑙_𝑠𝑒𝑟𝑖𝑒𝑉𝑛_𝑐𝑒𝑙𝑙  [V] (12) 

 

𝑉𝑛_𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 14(3.2) = 44.80 [V] 

 

Using the nominal voltage value of the battery and the 

power required in the motor it is possible to calculate all the 

discharge current values that the battery will have to be able to 

supply. 

 

 𝑃 = 𝑈𝐼 [W] (13) 

 

Discharge Mode (Motor) 

 
Table III  Motor discharge current and discharge values for various 

operating modes. 

 Maximum 

acceleration 

Nominal Average 

Power [W] 5000 3000 1736 

Current [A] 111.60 67 38.75 

 

 

Charging mode (Photovoltaic panels) 

 
Table IV  Power and battery charging current values for nominal and peak 

operation. 

 Peak Nominal 

Power [W] 1750 1120 

Current [A] 36.50 23.33 

 

Through tables III and IV it is possible to conclude that 

cells are or cannot be used in the vessel. 
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Three distinct LiFePO4 cells on the market were selected 

and a study was carried out to see which ones could or should 

not be used on the vessel. 

 

The cells are as follows: 

 

Type 1 - LiFePO4 WN10AH [6] 

Type 2 - LiFePO4 HW-38120S [7] 

Type 3 - LiFePO4 LFP-40152SE [8] 

 

 
 

 
  

Figure  7  LiFePO4 

LFP - 40152SE cells 

Figure  8  

LiFePO4 WN10AH 

cells 

 

Figure  9  LiFePO4 

HW - 38120S cells 

 

The number of parallel connections of series of fourteen 

cells shall be calculated to be used for each type using the 

following equation: 

 

 𝐸𝑇𝑜𝑡𝑎𝑙 = 𝑁𝐵𝑟𝑎𝑛𝑐ℎ_𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑁𝐶𝑒𝑙𝑙_𝑠𝑒𝑟𝑖𝑒  𝑉𝑛_𝑐𝑒𝑙𝑙  𝐶𝑛  [Wh] (14) 

 

For type 1 cells - LiFePO4 WN10AH and type 2 - LiFePO4 

38120S, both of 10Ah, there are: 

 

𝑁𝐵𝑟𝑎𝑛𝑐ℎ_𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
1500

3.2(14)(10)
= 3.35 ⟹ 3 

 

Similarly, using equation 14, the number of parallels 

required for type 3 cells of 15Ah is calculated: 

 

𝑁𝐵𝑟𝑎𝑛𝑐ℎ_𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
1500

3.2(14)(15)
= 2.23 ⟹ 2 

 

For type 3 cells will be only two sets of fourteen cells in 

parallel, however, the final stored energy is the same for every 

cell type 

 

𝐸𝑇𝑜𝑡𝑎𝑙_3 = 2(3.2)(14)(15) = 1344 [Wh] 
 

𝐸𝑇𝑜𝑡𝑎𝑙_1_2 = 3(3.2)(14)(10) = 1344 [Wh] 
 

Analyzing table V, the type 1 battery is excluded because it 

is not able to supply the current necessary for the full 

operation of the motor. Since type 1 and type 2 cells are 

equally capable, it is now important to determine which is the 

most appropriate solution. 

Because the total cost of the two solutions is approximately 

the same, the type 2 battery that uses LiFePO4 LFP-40152SE 

cells is chosen because of its lower weight and the fact that 

less cells need to be used. 

 

 

 
  Table V  Charging and discharge current values of the 3 types of cells 

proposed. 

 

Charging mode Discharge Mode 

Peak Nominal Peak Nominal Aver

age 

Power 

[W] 
1750 1121 5000 3000 1736 

Current 

[A] 

36.5

0 
23.35 111.60 67 38.75 

Battery      

Type 1 
30A 

Max. 

30A 

Max. 

9.9A 

Rec. 

90A 

Max. 

15 sec 

60A 

Max. 

9.9A 

Rec. 

60A 

Max. 

9.9A 

Rec. 

Type 2 

90A 

Max. 

15A 

Rec. 

90A 

Max. 

15A rec. 

300A 

Max. 

30 sec 

90A 

Max. 

30A Rec. 

90A 

Max. 

30A 

Rec. 

Type 3 

90A 

Max 

15A 

Rec. 

90A 

Max. 

15A rec. 

300A 

Max. 

30 sec 

90A 

Max. 

30A Rec. 

90A 

Max. 

30A 

Rec. 

 

 
Table VI  Determining characteristics in the choice of battery to be used in 

the vessel 

Cell 
LiFePO4 HW - 

8120S  

LiFePO4 LFP- 

40152SE  

Number of cells 14(3) = 42 14(2) = 28 

Unit price [$] 23.75 37.95  

Total cost [$] 
42(23.75)
= 997.5 

28(37.95)
= 1062.6 

Unit weight [g] 330 480 

Total weight [g] 
42(330)  
=  13860 

28(480)
=  13440 

 

The proposed configuration for the battery is as displayed: 

 

 
Figure  10 Battery cells connections. 

 

IV. SIMULATION PLATFORM OF BOAT MOVEMENT 

IN TRACK 

 

 The simulation platform designed uses the previous 

mentioned algorithm. In which, for the tests performed, all the 

straight-line speeds are initialized with the value of vj = 15.6 

3.2 Vn 

44.8 Vn 
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km / h and the curved speeds are all started at vj = 10 km / h. 

These values are only initial conditions from which the 

algorithm will calculate the optimal speed and were selected 

so that the average speeds are approximately 15 km / h for the 

2-hour duration. 

The total weight of the vessel (with pilot) and the length of 

the hull used in the simulation platform were provided by the 

hull area of the TSB team and are respectively 280 kg and 7 

meters. 

Analogously to the algorithm of chapter II, we obtain the 

power calculation function. 

 

As well as the aerodynamic friction force, being different 

only in the coefficients used, the hydrodynamic friction force 

is given by: 

 

 𝐹𝑑_ℎ𝑦𝑑𝑟𝑜 =
1

2
𝜌𝑤𝑎𝑡𝑒𝑟𝐴𝑓𝐶𝑡𝑤𝑎𝑡𝑒𝑟𝑣2  [N] (15) 

 

Because the hydrodynamic frictional force is approximately 

one thousand times greater than the aerodynamic drag force, it 

is neglected. Therefore, the total force that is required to be 

supplied to the vessel is as follows: 

 

 𝐹𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑎 +
1

2
𝜌𝑤𝑎𝑡𝑒𝑟𝐴𝑓𝐶𝑡𝑤𝑎𝑡𝑒𝑟𝑣2  [N] (16) 

 

Through equation 5 that relates power with force, we obtain 

the final equation. 

 

 𝑃𝑜𝑢𝑡 = (𝑚𝑎)𝑣 + (
1

2
𝜌𝑤𝑎𝑡𝑒𝑟𝐴𝑓𝐶𝑡𝑤𝑎𝑡𝑒𝑟𝑣2) 𝑣  [W] (17) 

 

After knowing (𝑃𝑜𝑢𝑡) by equation 17, the required power is 

calculated to be supplied to the motor. Subsequently, using the 

estimated solar power, the power to be withdrawn from the 

battery and to be supplied to the motor is calculated so that the 

speed is the desired one. 

 

 
𝑃𝑀𝑜𝑡𝑜𝑟_𝑖𝑛 = 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦_𝑜𝑢𝑡 + 𝑃𝑃𝑎𝑛𝑒𝑙𝑠 ⟺ 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦_𝑜𝑢𝑡

= 𝑃𝑀𝑜𝑡𝑜𝑟_𝑖𝑛 − 𝑃𝑃𝑎𝑛𝑒𝑙𝑠 
(18) 

 

In case the current speed is higher than desired, the speed of 

the boat is reduced by imposing the power input to the motor 

to 0 W. This way the speed is reduced only due to the friction 

with the water. This is done for all sections of the course. 

The algorithm then checks to see if it is possible to travel 

the entire route using the available solar energy and ≈70% of 

the total energy stored in the battery. 

 

𝐸𝐴𝑣_𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 1500(0.7) = 1050 Wh 

𝐸𝐹𝑖𝑛𝑎𝑙_𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 1500(0.3) = 450 Wh 

 

If the available energy in the battery at the end of the first 

iteration of the calculation is higher or lower than 450 Wh, 

speed is adjusted. The preset speed is increased or decreased.       

This way we can increase or decrease energy consumption 

during the stage. 

A new calculation is made and the procedure is repeated 

until the final energy stored in the battery is equal to 450 Wh. 

In this way you can obtain the speed for each route in order to 

spend exactly all available energy. 

V. SIMULATION PLATFORM RESULTS 

 

Tests for several values of maximum acceleration power, 

were performed, in this way it is possible to compare and 

better understand the relevance of the simulation platform. 

The results obtained are shown in table VII. 

 
Table VII  Results for various maximum acceleration powers. 

Accelera

tion 

power 

[W] 

5000 3000 2500 2000 1645 

Duration 

[min] 
120.60 120 120 119.90 119.80 

Distance

[km] 
30.64 30.64 30.64 30.64 30.64 

Final 

stored 

energy 

[Wh] 

452 451 459.50 457 457.50 

Average 

speed 

[km/h] 

15.26 15.31 15.31 15.33 15.34 

Average 

motor 

input 

power 

[W] 

1597 1599 1595 1596 1597 

 

Analyzing Table VII, it is confirmed the importance of 

using the simulation platform and obtaining the power 

consumption and speed at each point of the course. It is 

achieved in a 30.64 km course being 48 seconds faster just 

because of making the accelerations at a lower power. That is, 

with lower acceleration the endurance test is finished in a 

shorter time interval. The reason this happens is due to the 

efficiency of the motor and propeller assembly. 

It is confirmed by table VIII that for lower power values the 

average efficiency during the course is higher, consequently it 

is possible to transmit more power to the boat (useful power). 

This way the 30.64 km route is then completed in a shorter 

period of time. 

 

For a competition in which the team with the shortest 

accumulated time during the seven days of competition is the 

winning team, it is essential to use the simulation platform in 

order to elaborate the appropriate energy management 

strategy. 
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Table VIII  Performance of the motor and propeller assembly for various 

acceleration powers. 

Acceleration 

power [W] 
1645 2000 2500 3000 5000 

Average 

efficiency 

[%] 

52.80 52.74 52.65 52.62 52.49 

Straight line 

efficiency 

[%] 

54.64 54.53 54.58 54.53 54.40 

Efficiency 

during 

acceleration 

[%] 

56.14 57.73 56.26 54.06 50.90 

 

VI. ENERGY MANAGEMENT 

 

In order to implement the energy consumption algorithm it 

is necessary to create a system capable of channeling the 

energy so that it is not wasted. 

The proposed wiring diagram for the electric propulsion 

system, which is shown in Figure 11, consists of a parallel 

connection of the battery, photovoltaic panels and motor. 

Since this system is an isolated system, the power from the 

photovoltaic panels is directed to the motor or the battery 

depending on the consumption that is being made at each 

moment.  

 

Solar panels

Battery
Motor and
controller

 
Figure  11  Electrical Propulsion System Connections. 

 

This way, 4 different cases of power transit can occur. 

Case 1, the power consumed is higher than that from the 

photovoltaic panels. 

 
Figure  12  Case 1, power transit. 

 

Case 2, the power consumed is the same as that of the 

photovoltaic panels. 

 
Figure  13  Case 2, power transit. 

 

Case 3, the power consumed is less than that of the 

photovoltaic panels. 

 

 
Figure  14  Case 3, power transit. 

 

Case 4, battery charging mode. 

 

 
Figure  15  Case 4, power transit. 

  

VII. EXPERIMENTAL TESTS 

 

In order to verify if the values obtained in the simulation 

platform are in agreement with the reality, laboratory tests 

were performed on the motor using a variable load. This load 

represents the load that the rotating propeller will perform in 

the motor during the competition in Harlingen. 

The laboratory tests are performed through the conceptual 

assembly shown below: 

 

DC power
supply

Motor and
controller

Transmission
ratio

Generator Resistances

 
Figure  16  Connection diagram of the laboratory test platform. 

 

In that, the DC source feeds the motor controller, it drives 

the motor sequentially exciting the coils arranged in the stator, 

causing the rotor to rotate. After being rotated, the mechanical 

power in the shaft is transmitted to the generator via the 3:1 

Solar panels

Battery
Motor and
controller

Solar panels

Battery
Motor and
controller

Solar panels

Battery
Motor and
controller

Solar panels

Battery
Motor and
controller

1750 Wp 

1500 Wh 3 kW 

48 V 
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chain drive. Due to the excitation imposed by the DC source 

connected to the inductor of the generator, the rotation of its 

axis induces a voltage in the armature. Finally, when 

connected to resistors it will dissipate the generated power. In 

this way, changing the resistance connected to the generator 

can change the load "felt" by the BLDC motor. 

In figures 17 to 20, the actual assembly performed in the 

laboratory is shown. You can see the various components 

connected together, thus completing the conceptual assembly 

of figure 17. 

 

     Resistances                Generator        Dc power source 

 
Figure  17  Assembly of the test platform in the laboratory. 

 

 Protection box            Motor controller 

   
Figure  18  Motor controller and power transmission protection box. 

 

A continuous voltage source, Mean Well RSP-3000-48, of 

48 V and a maximum current of 62.5 A is used to power the 

motor. For the transmission of mechanical power between the 

motor and the generator, a Transmission with a gear ratio was 

needed. A DC voltage source is also used to energize the 

inductor of the synchronous generator. Finally, to dissipate the 

electrical power generated by the rotation of the synchronous 

generator, resistors are used, these are connected to each of the 

phases of the generator armature. 

This way it is possible to simulate the load the rotating 

propeller produces on the motor. The load that the generator 

imposes on the BLDC motor depends on the output current of 

the synchronous generator, that is, it depends on the current 

that is dissipated in the resistors that are connected to the 

phases of the generator.  

 

 

Motor      Power transmission 3:1     DC power source 

 

 

 
 

 
 

Figure  19   Mechanical power transmission. 

 

Figure  20  Motor power 

supply. 

VIII. POWER CONSUMPTION DURING THE 2 HOUR 

COURSE 

 

It was possible to reproduce in the laboratory the result of 

the previous energy consumption algorithm. In order to 

compare the graphs of the power consumed for both results, 

both experimental and simulated, a figure with the two results 

was performed simultaneously. 

The result of the laboratory test obtained for the two-hour 

course is shown in figure 21. The blue colour is the laboratory 

result and in red represents the simulation result. 

 

 
Figure  21  Power obtained in the simulation and power obtained in the 

experimental test during the course of two hours. 

 

Through the analysis of the figure 22, which represent the 

power consumed by the motor along a complete curve, it can 

be concluded that the experimental test was successful. It is 

only possible to observe a super elevation in the blue signal 

(actual power) relative to the signal in red (simulation power) 

due to the undulation of the actual signal and the motor 

controller. 

 

In the graphs of figures 23 and 24 it is represented a 

evolution of energy throughout a turn and the two-hour stage 

in Harlingen respectively. As previously mentioned, the 

energy consumed during the experimental test is lower than 

that predicted by the simulation, the behaviour shown is the 

expected one. At the end of the stage the energy stored in the 

battery has a difference of 114.8 Wh. 
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Figure  22 Power obtained in the simulation and power obtained in the 

experimental test for a curve. 
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Figure  23  Energy values obtained through the simulation platform and 

experimental tests. 

 

0 20 40 60 80 100 120
400

600

800

1000

1200

1400

1600

Time [min]

E
n
e
rg

y
 s

to
re

d
 s

im
u
la

ti
o
n
 [
W

h
],

  
R

e
a
l 
s
to

re
d
 e

n
e
rg

y
 [
W

h
]

 

 

E
arm

real

E
arm

sim

 
Figure  24  Energy values obtained through the simulation platform and 

experimental tests. 

 

 

 
Simulation Experimental tests 

Total energy consumed 

[Wh] 
3191.3 3076.4 

 Battery energy after the 

competition [Wh] 
457 571.8 

 

The error between the energy consumed through the 

experimental tests and the predicted by the simulation 

platform is calculated as follows: 

 

𝐸𝑟𝑟𝑜𝑟 = 100 (
3191.3 − 3076.4

1500
) = 7.65 [%] 

 

Where 1500 Wh is the energy stored when the battery is 

fully charged. With an error of only 7.65% it is concluded that 

through the simulation platform an adequate representation of 

reality was achieved. 

IX. CONCLUSIONS 

In the present work, the first approach to the design and 

energy management system of a solar competition vessel was 

carried out. Of the aspects taken into account is to show the 

physical equation regarding the movement of the vessel in the 

water, the power of the electric motor chosen, the available 

solar power and the energy stored in the battery. 

The main contribution of this work was the development of 

the simulation and energy consumption algorithm. Being that, 

the sizing of the motor, photovoltaic panels and batteries has 

also a prominent role, since they are interdependent with 

respect to the simulation platform. 

It was validated the need of the execution of the energy 

consumption algorithm and proved experimentally the gain of 

effectiveness and efficiency comparatively when there is no 

existence of the same. Through the energy consumption 

algorithm it was possible to extract the optimal velocity at 

each point of the course, as well as to quantify the importance 

of performing the accelerations using an acceleration power at 

the maximum efficiency point. 

Due to the adaptability of the algorithm it is possible to go 

through each stage of the competition with the certainty that 

the speed is optimal. It is guaranteed that at the end of each of 

each course the energy consumed is exactly the available 

energy. 

A completely directed design for the competition 

requirements was carried out, adjusting each component for 

the operating regime in which it will be used.  

Through the experimental tests in the laboratory, it was 

possible to obtain very close results, in the order of 8%, for the 

energy consumption along the Harlingen course. 
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