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1)  Presentation of the context 
 

Over the last years autonomous sailboats have known a growing interest. Theoretically it gives us 

the possibility to design systems fully autonomous in terms of energy since the wind is used for 

propulsion. Several projects have been launched. I will give a short presentation of two of them: the 

Vaimos and the Improbable. 

The Vaimos was designed by the Ifremer for oceanic measures campaigns. During its design it 

was thought to be reliable, upgradable but not to achieve long range missions. Therefore a lot of 

sensors are used and the energy consumption is not optimum. This ship is capable to sail for four 

days, after that the batteries will be depleted. The embedded systems are drawing a lot of power and 

the energy production systems such as solar panels or the wind turbine are not capable of producing 

enough energy to sustain the system. 

The Improbable was developed for another purpose. It was thought for a low consumption, a 

high reliability and the use of sensors is kept to a minimum. This sailboat was designed for long range 

missions. The idea was to make an Atlantic crossing in full autonomy. Even if solar panels were not 

implemented at the end of project it would have been enough to meet the energy needs of this ship 

since the embedded systems are low power consumption systems. 

As we can see these projects are complementary. The Ifremer decided to make a new sailboat 

for long range missions. The idea is to make a new version of the Vaimos thought to address the 

issues of energy consumption. How can we solve the problem? Basically we should lower the energy 

consumption and higher the energy production. By designing this new ship with the same philosophy 

we should be able to obtain a system capable of long range missions and featured with the necessary 

sensors so that it will be able to perform its oceanic missions. 

As you have probably guessed, my job in this project is to deal with energy issues. This report 

explains what can be done to improve the energy balance of the ship. In a first part I will make an 

analysis of the Vaimos embedded systems to find out what can be improved and then I will develop 

more in details the solutions I believe the more appropriate.   
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2)  Power consumption of the Vaimos 
 

Before trying to improve the energy balance of the sailboat, I decided to evaluate the power 

consumption of the ship in order to know what amount of energy we should product or save to 

insure the full autonomy. These calculations have been made using data saved by the Vaimos during 

the Brest – Douarnenez mission. To find the average power consumption, I have first calculated the 

total energy consumption. For the autonomy estimation it is supposed that the energy available is 

equivalent to the full loaded batteries of the Vaimos (24 V / 120 Ah). The results can be found in the 

table below. 

 

Calculations with Brest - Douanenez data 

Total energy consumption (in J) 1966356,10 

Total time (in s) 69406,06 

Average power (in W) 28,33 

Battery energy (in W.h) 2880,00 

Current autonomy (in days) 4,24 

 

As we can see the current average power consumption of the Vaimos is about 30 W, it allows 4 

days of autonomy to the Vaimos. We know from previous experiments conducted at ENSTA – 

Bretagne and at Ifremer that the average power we can expect from solar panels and from the wind 

turbine will not exceed 2 W for both systems. In the end we draw about ten times what we produce, 

we are far from having an autonomous system. We must decrease the power consumption as much 

as possible but as there is a big gap between consumption and production the key of the problem 

will be in finding a way to produce more energy. Indeed even if we manage to reduce the power 

consumption we must keep in mind that this kind of system will be upgraded in time and the 

customer will always need more sensors, communication systems and other power consuming 

systems therefore it is important for the credibility of the ship to be featured with a serious power 

generation system. Because of these reasons I will quickly deal with what can done to reduce the 

waste of energy aboard the sailboat and I will then focus on how to produce enough energy. 
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3)  How to reduce the energy consumption 
 

There are a few ways of saving power. The different possibilities that came to my mind are: 

 

-Using different actuators with a lower power consumption 

-Lower the consumption of secondary systems 

-Lower the consumption of embedded electronics 

-Using energy saving algorithms  

 

I have analyzed each possibility. When possible I tried to predict the amount of energy we 

could save. My conclusion for each possibility is based on the impact on the energy balance of 

the ship, how complex it is to make the solution work, what the Ifremer is ready to change or not 

and the impact on reliability. 

The Ifremer is not favorable to use other actuators because the ones used at the moment (for 

the sail and the rudder) have already been used in other projects and have proved their 

reliability.  Anyway the actuator of the sail is not used all the time but only sometimes to adjust 

the position of the sail. That is why a change in this system would not result in a big modification 

on the average energy consumption. The actuator of the rudder is however used all the time. A 

solution to improve it would be to use a wind vane steering system. In this case the rudder is 

steered using the energy of the wind. However this solution will imply complications in laws of 

command (we can only change the angle between the wind and the rudder and this angle will 

change with the torque on the rudder) and take a lot of time to implement. Moreover the 

reliability will necessarily decrease with this device. All these reasons made me think that 

changes on actuators are not useful at the moment and we should do it only if the other 

solutions are not efficient enough. 

After having taken a look to the secondary systems of the Vaimos I concluded that it is not 

really possible to improve their energy balance. These systems are all made systems such as 

communication devices or other devices with a correct consumption. However some of these 

systems are working all the time. I recommend the use of a relay board to switch off all 

unnecessary systems and wake them up only when necessary. 

A look into the embedded electronics of the Vaimos showed that it is possible to gain a lot of 

power by applying a few changes. 

It is possible to remove the board which is converting RS232 to a PWM signal for the control 

of the brushless engine of the rudder. Indeed the Armadeus board is capable of generating 

directly a PWM signal. By removing this board we will save 0.4 W. This solution is easy to 

implement only a few changes in the code are necessary.  
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It is also possible to remove the serial server board (MOXA) since the Armadeus board is 

featured with enough UARTs. The issue is that this board allows the use of the TCP/IP protocol 

with serial ports. As everything has been programmed using this protocol and as it allows an 

easy debugging the Ifremer wants to keep the use of this protocol on the serial ports. With the 

help of Mr. REYNET and Mr. LE BARS we managed to prove that by using the command “ser2net” 

we can use directly the serial ports of the Armadeus board with the TCP/IP protocol therefore 

this board is no longer necessary. By removing this board we save 7.5 W. I have not found other 

possibilities to decrease the consumption of embedded electronics. By applying these changes 

on the new version of the Vaimos we can save 8 W (almost one third of the total consumption). 

Since these changes are simple to implement and are even helping to improve the reliability by 

diminishing the number of components, I strongly recommend their implementation.  

It is more difficult to predict what amount of energy could be saved by using energy saving 

algorithms since I cannot run any test at the moment but I will try to give some estimations and 

ideas of improvement. As I said before some secondary systems are always activated, they 

should be turned on only when necessary. We can do it by using a relay board and as a 

consequence changes must be implemented in the code to take into account this new way of 

functioning. The frequency of adjustment of the sail should be lowered if possible because this 

system is power consuming. Taking into account the consumption of the Wi-Fi board that was 

always switched on during the mission, and the energy we could gain by using the relay board 

and by improving the frequency of use of each secondary system I believe that we could save 

about 5W. There is no proof concerning this number it is only a guess. 

The table below shows the amount of energy that can be saved by applying the previous 

changes and gives an estimation of the new average power consumption and autonomy without 

any system to product energy onboard. 

  

Estimations with "low power consumption electronics" 

MOXA consumption (in W) 7,5 

Brushless engine control board (in W) 0,4 

Estimated saved power by using properly the relay board (in W) 5 

Estimated average power (in W) 15,43 

Estimated autonomy (in days) 7,78 
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4)  How to higher the energy production 
 

As explained before, tests run by the Ifremer and ENSTA – Bretagne proved that solar panels and 

a wind turbine are not producing enough energy to power the ship. We can expect about 4 W by 

combining these systems. Even if it can be interesting to implement them aboard the sailboat we 

need another source of energy to insure the autonomy.  

Here is my reasoning: First we need to use renewable energies, indeed another type of energy 

would imply a refueling and then we could not have a full autonomy. If we cannot use solar panels or 

a wind turbine what can we use? The main source of energy aboard the ship is the wind, it allows the 

ship to move thanks to its sail. Could we take a part of this energy for power generation? How? The 

energy of the sail is mechanical energy, to take a part of it we need to have a movement. The only 

movement created by the sail is movement of the hull compared with the sea. I know two ways of 

converting this energy into electricity: 

-using a propeller and a generator  

-using a paddle wheel and a generator. 

The propeller is a well known solution. However it has some drawbacks. First it will generate a 

streak when not used and slower the sailboat. Secondly a hole is needed to allow the shaft to pass 

through the hull and will generate waterproofing issues. Last but not least algae will be collected into 

the propeller and it will diminish the yield of the system and generate an additional streak.  

The paddle wheel can be disengaged easily so then the streak when not used would be minimal, 

the shaft can pass above the level of the sea so the waterproofing will be easier. It is hoped (but not 

tested) that algae will not be collected with a paddle wheel properly designed as the mechanical 

parts in contact with water would be strait. 

This quick analysis of these solutions made me think that the paddle wheel is the best solution. It 

would be good however to know what we can expect in terms of energy production. As explained in 

the next section, according to the theory on paddle wheels, we can expect a generation of 107 W of 

mechanical energy (about 53 W after conversion into electrical power) for a speed of 8 km/h. 

However the available power is quickly decreasing with speed, for a speed of 4 km/h we can expect 

13 W (about 7 W after conversion into electrical power). Based on the Vaimos navigation data record 

the average speed is often superior to 5 km/h, that is why the paddle wheel seems to be a viable 

solution to produce power.  
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5) Design of the paddle wheel 
 

The design of the paddle wheel was organized in several steps. First I calculated the theoretical 

power production of the paddle wheel. Knowing the amount of mechanical energy we should expect 

I selected the more appropriate generator with its mechanics and electronics. When all the 

components were chosen I designed the system with CATIA and realized it for real. At this moment 

the system was ready for tests. 

 

5.1) Calculation of the theoretical power production 

 

After some research on paddle wheel theory, I found an interesting web page published by the 

ENSEEIHT. My calculations are based on their article about paddle wheels available here: 

http://hmf.enseeiht.fr/travaux/CD0708/beiere/3/html/bi/3/ch2.html 

Just for information the interesting part of theory for this project is the about flows in deep water. 

Calculations developed by Müller are leading to the following formula which predicts the power 

available on one blade: 

 

 

 

 

Where b is the width of the blade. 

 

 

 

http://hmf.enseeiht.fr/travaux/CD0708/beiere/3/html/bi/3/ch2.html
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Beyond this formula calculations and experiments were already done for a paddle wheel of 0.5 m 

of diameter, 1m width and 55 mm of immersion. As this paddle wheel is quite close to what we need 

I decided to use the results and apply the necessary corrections to calculate the power we should 

expect from our paddle wheel. The results of their experiment are available in the graph below. 

 

  

It can be inferred from this graph that the optimum speed for the paddle wheel must be half of 

the flow speed. Adjustments regarding the flow speed will also be needed so that our calculations 

are adapted to our situation. For this we should remember that the power we can expect is not 

proportional to the flow speed but to its cubic speed. 

Knowing these properties we can do the power calculations for our paddle wheel. Our 

hypotheses are the following ones: because of mechanical constraints on the sailboat we will have a 

diameter of 300 mm and a width of 300 mm. In the purpose of making the calculations as simple as 

possible I kept the same immersion as in the experiment: 55 mm. It allows us to say that the change 

in diameter will not result in a difference in terms of power but only in terms of speed – torque ratio. 

Calculations will be done for 2 different speeds, 4 and 8 km/h. We know from navigation data of the 

Vaimos that it reached the average speed of 8 km/h during a mission. During the Brest - Douarnenez 
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mission its average speed was 5 km/h. Therefore we assume that the Vaimos speed in usual 

conditions is always superior to 4 km/h, it explains the choices for calculation speeds. A graph will 

show the results for our paddle wheel for speeds between 0 to 10 km/h. 

On the previous graph we can see that for a speed of 0.6  m/s we have a power production of 7 

W. We will use this point for our calculations. 

 

Calculation for 4 km/h (1.1 m/s): 

  

 

Calculation for 8 km/h (2.2 m/s): 

  

Graph showing expected mechanical power in regards with flow speed: 
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These calculations are showing the mechanical power we should expect however a yield should 

be taken into account for conversion into electrical power. At this moment of the study we will take a 

yield of 0.5 as the power generation chain is not known yet and 0.5 seems to be a reasonable value. 

Taking into account this yield and the expected power consumption of the Vaimos after the changes 

recommended before, we need a production of about 30 W to be autonomous with the energy 

coming from the paddle wheel. The blue line on the graph shows the corresponding speed of the 

sailboat to produce enough power. The conclusion of this section is that theoretically the paddle 

wheel should insure the autonomy of the sailboat when it reaches an average speed of 5.2 km/h. 

This speed is corresponding to its average speed during the Brest – Douarnenez mission. These 

calculations are then validating the concept and showing that the system will be much more efficient 

at high speed. It may be disengaged at low speed as its production will be very low. 

 

5.2) Choice of the power generation chain 

 

The idea here is to select a generator and its gearbox adapted to the speed and torque coming 

from the paddle wheel with a yield as best as possible. The maximum speed we decided to take into 

account is 8 km/h for the boat; at this speed we should be able to retrieve about 100 W of 

mechanical power. As explained before, the speed of the paddle wheel should be half of the flow 

speed, here we should have 4 km/h. 

A basic calculation gives us the following results in terms of rotating speed and torque for the shaft of 

the paddle wheel: 

N = 70.7 rpm 

C = 14.4 N.m 

Basically the problem is to find a motoreductor capable of retrieving 100 W at 70 rpm with a 

gearbox capable of sustaining a torque of 15 n.m. Because the system is used as a generator and not 

as a motor the gearbox ratio should be as little as possible to allow reversibility. Moreover a little 

gear ratio is synonymous to a good yield for the gearbox. This led me to select a motor with a 

rotating speed as slow as possible. After a lot of comparisons between different products my choice 

was the following one: 

Motor: Maxon F2260.885-51.216-200 (24 V, 80 W @ 1810 rpm, max. yield: 77.4 %) 

Gearbox: Maxon GP 62 A 110502 (50 N.m, ratio: 27:1, max. yield: 75 %) 

In order to be able control the motor’s parameters and to retrieve energy, a 4 quadrants 

electronic board is needed. Because of the fact that the paddle wheel must operate with a speed half 

of the sailboat speed we will also need an encoder to know the rotating speed of the paddle wheel. 

This way and thanks to the loch or GPS speed of the sailboat we will be able to send the right orders 

to the electronic board so that the paddle wheel will be as efficient as possible in regards with the 

sailboat speed. My choice for these devices was directed by the constructor’s recommendations 
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Electronic control board: ADS 50/5 145391 (50 V, 5 A, 250 W, max. yield: 95 %) 

Encoder: HEDS 5540 110517 (500 pulses/rotation, max. freq: 100 kHz) 

The theoretical yield of this power generation chain is 0.55. We can see that we are close to our first 

guess.  

I asked the school to order these parts; the expected delivery delay was one week. Three weeks 

later I was told that these parts were not available at the moment and that they would be delivered 

two months later… I could not wait anymore so I decided to try to make something with what we 

have in the school even if the design will not be optimum. Here are the features of the new engine 

and its gearbox: 

Motor: Maxon RE 40 148867 (24 V, 150 W @ 6930 rpm, max. yield: 91 %) 

Gearbox: Dunkermotoren PLG 42 S (6 N.m, ratio: 32:1, max. yield: 81 %) 

Similar electronic board and encoder were found. The issue here is that the motor is able to 

produce a lot of power but only when running at a high speed. When running at 8 km/h the motor 

will reach the speed of 2262 rpm (one third of nominal speed) therefore it will be able to retrieve one 

third of its nominal power: 50 W (against 80 W for the first one). Another issue is that the maximum 

torque on the gearbox is 6 N.m and we will exceed this value.  

The theoretical yield of this power generation chain is 0.79. However the engine and the gearbox 

are not working as supposed to and then will never reach the maximum yield that is why we should 

not expect a yield superior to 0.5. 

It is definitely clear that these conditions are not optimum for testing the paddle wheel and it will 

probably damage both the engine and the gearbox but it is the lesser evil at the moment. So I will run 

tests with this configuration. 

 

5.3) Mechanical design 

 

The guideline for the mechanical construction is simplicity. Because this version is only a 

prototype we can make it without taking into account mechanical constraints such as waterproofing 

and size except for the paddle wheel itself which respects the maximum possible size for the sailboat. 

In order to be as close as possible to the theoretical study made by the ENSEEIHT I decided to use the 

same number of paddle (12). One constraint of my design is that the paddle wheel must have a 

shape which is preventing it from taking algae, this way we can also test it on this aspect. This is the 

reason why paddles are strait and are the only part to be submerged. To make it as simple as 

possible the rest of the paddle wheel is only an assembly of aluminium sheets. Every part is in 

aluminium. Two parts in aluminium are keeping the paddle wheel onto the shaft. Two bearings are 

guiding it. These bearings are attached onto aluminium holders which are maintaining the whole 

paddle wheel onto a plywood sheet. One of these holders is also holding the gearbox. Initially 
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rotational locking was supposed to be done thanks to a key but because of changes on the design 

due to the use of the new gearbox it was simpler to use screws. 

 

 
The paddle wheel designed using CATIA 

 

 
The paddles are made 
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The brackets used to keep each paddle onto the disks 

 
 

 
The disks  
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The shaft, the bearings and the parts maintaining the wheel onto the shaft 

 
 

 
The gearbox and its new key 
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The paddle wheel assembled on the plywood sheet 

 
 

Once the paddle was assembled on the plywood sheet I decided to make a little catamaran in 

foam in order to put the system on it. This way it is easy to tug it at a known speed and to monitor 

the different parameters. The plywood sheet is linked to the foam by four threaded rods.  

I conducted a first test on the swimming pool of the school in order to adjust the weight of the 

catamaran so that the submerged part of the paddle wheel is indeed 55 mm. Once this step was 

achieved I could not resist the desire to give it a shot on the swimming pool, just to see if something 

happens. In fact I tugged the paddle wheel on a few meters and it was rotating even with when the 

motor was short circuited. Even if this not a proof of good functioning it is still a good new: it appears 

that the dimensioning is credible. 
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The paddle wheel assembled on the catamaran 

 

 

 
The catamaran in the swimming pool of the school 
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5.4) Power measurement system 

 

Initially I decided to use a four quadrant board to supply a 24 V battery. An ammeter connected 

in series would have given data concerning the power production. This configuration would allow 

speed servitude in order that the paddle wheel has a speed half of the flow speed. First tests in the 

workshop showed that the four quadrant board I had was not compliant with the motor despite 

what I thought at the beginning.  

Once again I had to continue with the means at my disposal. Eventually I decided to use a 

variable resistor a voltmeter and an ammeter to monitor the voltage and current. Knowing the value 

of the resistor for each measure it is therefore easy to know the amount of power produced, it is 

given by the following formula: 

 

Eventually it is a good thing that the board was not working because this system is more simple, 

reliable and independent of any electronics. The servitude can be done easily by adjusting the value 

of the resistor. 

 

5.5) Tests and future improvements 

 

The tests were conducted at the Ifremer on the water vein with the help of Mr. MENAGE. Thanks 

to a movable bridge over the vein we were able to tug the catamaran at several speeds and to 

monitor the parameters. We had several issues: First the platform was not able to reach the speed of 

2.2 m/s. The maximum speed was 1.5 m/s. We decided to try with a speed of 1 m/s. The results were 

really bad, the best value was 0.4 W. Initially we were expecting about 5 W for this speed (12 times 

more). We decided to try with the maximum speed available (1.5 m/s), the best power we were able 

to retrieve was 3 W. For this speed we were expecting about 16 W (5 times more). After these tests 

we saw that the front paddle was generating an elevation of water therefore we thought good to try 

after having removed half of the paddles, however the results were not better and even a bit worst. 

Below can be found the table and graphs concerning measured data. 
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12 paddles 

Speed 1 m/s 

Resistance Voltage Current Power 

5 1,3 0,3 0,39 

3,5 1 0,3 0,3 

2 0,7 0,5 0,35 

12 paddles 

Speed 1,5 m/s 

Resistance Voltage Current Power 

5 3,2 0,7 2,24 

4 3 0,75 2,25 

3 3 1 3 

2 2 1 2 

6 paddles 

Speed 1,5 m/s 

Resistance Voltage Current Power 

3 2,6 0,8 2,08 
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The movable platform 
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The paddle wheel on the movable platform 

 

How can we explain these results and improve the system? You can see below the list of all the 

points that I believe responsible for the big gap between theory and practice: 

-During my theoretical study I considered that the difference of diameter between a paddle 

wheel of 500 mm and a paddle wheel of 300 mm was only changing the torque – speed ratio and not 

the power. This is not exact however I thought it was a good approximation, I might been wrong 

-As I said before I was not able to use the right generator as it was not arrived on time. The fact 

that we had not this part is of course influencing the results. However knowing the results of the 

experiment I would say that my first choice is not the right one because even if we manage to 

improve the system we are far from what was we expected. I believe that we should use an engine 

with a lower maximum power (for instance 20 W instead of 80 W) this way we could retrieve power 

with a better yield adapted to the real power. 

-The catamaran was clearly not an adapted platform for the tests. Indeed when tugged it, 

depending how high we were attaching the rope it was diving below the water or hovering over the 

water. Therefore we cannot know if the blades were deep enough in the water or not. If the system 

was completely hovering then the blades were only 20 mm deep instead of 55 mm. As suggested Mr. 

MENAGE it would be good to make a system directly attached onto the bridge, this way we could 

adjust the depth of blades and it would be a fixed value. I strongly believe that this problem has 

really changed the values as the wheel was rolling onto the water. 
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6)  Conclusion  
 

As a conclusion this project was interesting as it allowed me to deal with energy issues. It showed 

clearly the differences between theory and practice and how issues during development and tests 

can jeopardize the results of a project. Even the results we obtained were far from our first 

expectations I still believe that this way of creating energy is viable. The analysis of the results and of 

what could be done allows us to believe that we should be able to improve the system in order to 

reach more interesting values. However I believe that we will never be able to obtain what we 

expected at first.  
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