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COLOPHON 

 
 
 

Sun-Spotter | Floating solar-tracking spotlight 

The Sun-Spotter is an innovative floating ball fitted with a parabolic mirror and solar panel that tracks the 
sun. Generating power all day and shining light at night. The ball is moved by a submerged cross, which 
moves in the water using gravity- point displacement. This delivers a lot of solar power in a pure, stylish 
and efficient way.  
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PREFACE 

This report presents the results, progress and process on the graduation project, the Sun-Spotter. This 

graduation project, by Dino Dizdar and Willem Schuurmans, is part of the master program of Building 

Technology within the faculty of Architecture, Building and Planning at Eindhoven University of 

Technology. In this report is the development of the Sun-Spotter described.  

The initial goal of this graduation project was to develop a lightweight solar tracking structure like the 

Kinegrity structure, a lightweight kinetic tensegrity roof solar tracker. Further research and conceptual 

analyzing different solutions led to a new area; solar tracking on water. Growing land scarcity and the 

beneficial effect on efficiency due to the cooling of water are obvious reasons to start developing a 

floating solar tracker. This forms the base for the Sun-Spotter.  

The Sun-Spotter is an innovative floating hemisphere that tracks the sun. The structure is fitted with a 
parabolic mirror that concentrates the sunlight on a small area of high-efficient solar cells. Therefore the 
Sun-Spotter can generate big mounts of energy with less needed material. Generating power all day and 
shining light at night. The Sun-Spotter tracks the sun with an light sensor that is based on four light 
dependent resistors. An Arduino microcomputer and this sensor control the submerged cross which is called 
the kinetic cross. This cross moves in the water using gravity- point displacement. This means exchanging 
air (up thrust) and water (down thrust) which results in tilting both the kinetic cross and the floating 
hemisphere; tracking the sun. This delivers a lot of solar power in a pure, stylish and efficient way.  
 
In this report is the research described that is necessary to build the functional prototype of the Sun-

Spotter. The first chapters describe the general necessary information about solar energy and solar 

trackers and also the motive for the development of the Sun-Spotter. Next the research, analyzing, 

development and engineering of all components of the Sun-Spotter prototype is explained. The main 

components of the Sun-Spotter are the floating hemisphere, the kinetic cross, photovoltaics and the 

electronics needed to make the tracker function. The last part of this thesis explains the different tests 

and challenges of the prototype and the final conclusions and recommendations. It also gives our future 

visions for the Sun-Spotter. 

We thank: Staalconstructiebedrijf Schuurmans VOF (Cromvoirt). Electronics: SVO Techniek (Waalwijk). 

Polyester bowl & mirror: Polycel BV (Panningen). Lights: Rena Electronica (Zundert). And Vanmussenboek 

laboratorium of the TU/e. The realization of this research and project wouldn't be possible without their 

support and collaboration. 

 

Figure 1: The principle of the Sun-Spotter in three steps. 
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ABSTRACT 

What exactly is the Sun- spotter? 

The Sun- spotter represents the dual- axis solar tracking integrated within a floating kinetic structure, driven 

by an innovative motion method. 

Floating 

The Sun- spotter combines laws of nature, 4- bar kinetics into one multidisciplinary product. It uses the 

buoyancy law of Archimedes to set a 4- bar kinetic structure in motion. A submerged kinetic cross is 

equipped with hollow spheres partially filled with liquid. By displacing the fluid from one sphere to the other, 

a constant interaction between upward and downward force is created. This interaction is used to create 

tension and compression in 4 struts which are connected to the kinetic cross on one side and a floatation 

device water surface. This causes the tilt and biaxial rotation of the floatation device.  

Solar tracking 

This type of kinetic behavior of the structure can be utilized for solar tracking. Through precise manipulation 

of the liquid within the spheres, gravity point and upthrust displacement can be achieved. This will 

simultaneously manipulate the amount of downward and upward forces and compression and tension within 

the struts and cables. By doing this, the inclination of the floatation device can be controlled. Equipping this 

device with an efficient solar harvesting installation, turns it into a promising solar tracker, with high 

environmental and innovative value.  

 

CPV technology 

One of the benefits of solar tracking is the optimization of materials. The Sun- spotter follows that principle. 

It uses a Concentrated Photovoltaic system which concentrates and intensifies the solar energy onto a much 

smaller and more efficient solar cell. The floating part of the Sun- spotter is equipped with a highly- reflective 

parabolic mirror, which has the task to concentrate the sun onto a Multi Junction solar cell, located right 

above the focal point of the mirror. This ensures a much higher output with significantly less material.  
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LED integration 

The Sun- spotter is also multifunctional by having a nightly purpose. It has an integrated LED system which 

uses the same reflective, parabolic mirror to spread light during the night. LED boards are located around 

the solar panel and pointed downward in order to shine and spread the light to the surroundings. This gives 

the Sun- spotter an additional artistic and functional value.  

 
Why the Sun- spotter? 

The constantly growing size of the world population results in almost exponentially increasing energy 
demand. Sustainable development copes with this problem through alternative, green energy sources such 
as solar energy. Still, to utilize this type of green energy, space is required. The area size of utility scale PV 
installations directly determines its energy output. Due to overpopulation, most of the countries of the 
western world cope with land scarcity. This problem translates itself in a negative ecological footprint. A 
natural solution for this issue, is to explore the possibilities of water surfaces. As one of the most abundant 
areas on Earth, water surfaces have the opportunity to give a solution for the negative ecological footprint 
created by men. Energy can be harvested, without the use of land.  
The Sun- spotter aims to serve purposefully towards the development of waterborne energy sources. Its 

technology uses the water as a foundation to move and harvest energy. 

Who are potential users? 

- Marine- related companies and businesses; 

- Private and governmental organizations aiming to utilize their water surfaces; 

- Social events near water surfaces; 

- NGO’s; 

- Governments of 3rd world countries; 

How does it work? 

 

Four LDR sensors are located on the top of the floating hemisphere. All the LDR’s have to receive the same 

light intensity. These sensors communicate with 4 corresponding membrane pumps, located central in the 

submerged kinetic cross. In case uneven light distribution, the LDR’s send the information to the membrane 

pumps, which displace water through the spheres until enough tilt is created to even the amount of light 

received by all sensors. That way, the perpendicular angle of the sun is always followed by the structure 
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1 INTRODUCTION  
 

1.1 Contents 
This graduation project is the peak of the master program of Building Technology within the faculty of 
Architecture, Building and Planning at the Eindhoven University of Technology. An impulse for a thorough 
research and design objective was formed, fueled by global environmental and sustainable challenges of 
the future. This thesis will cover the implementation, design, engineering, testing and realization of floating, 
lightweight, energy- producing structure.  
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1.2 Lightweight solar tracking structures 
Giving the energy- producing nature of this graduation project, the natural response was to first look at 
solar energy. The main reason to do so, was the fact that there already was a graduation project about 
lightweight solar tracking structures, led by Peter Koelewijn and Lucas Klerk. They were developing the 
Kinegrity project, a dynamic membrane roof with solar tracking properties. The first objective was to 
understand the structure and eventually to create a 2.0 version of it.  
Practical understanding for the structure was gained by helping to build the prototype and studying its 
movement.  

1.3 Kinegrity 
Analyzing and gaining understanding for energy producing lightweight structures, was primarily done by 

studying the Kinegrity project. Kinegrity is the predecessor of this project. It is a conjunction of Tensegrity 

and Kinetics, hence ‘’Kinegrity’’. It is basically a dynamic, canopy roof, with dual- axis solar tracking 

implementation. [1] 

Kinegrity represents a design solution for the integration of dual axis sun trackers to lightweight roof 

structures. This is done with a kinetic tensegrity structure with a stable membrane roof and hinging vertical 

struts. The struts punch through the roof at the high points of the membrane roof. On top of the struts PV 

cells are connected that can follow the path of the sun as a result of the kinetic hinging of the struts in the 

tensegrity.  

The analysis and construction of the Kinegrity gave a practical insights into the behavior of a kinetic structure 

and a dual- axis tracker. Compression and tension working as one entity and at the same time fulfilling a 

solar tracking function, is the most impressive aspect of this project.  

After the construction of the prototype, it proved to have some start- up problems. The compressive force 

needed to tense the membrane was not sufficient, so more weight had to be added in order to create more 

upward (compressive) force. The forces need to be in a state of equilibrium for the solar tracker to function 

properly.  

  

Figure 2 The Kinegrity project  [1] 
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After analyzing and building the Kinegrity prototype, the conclusion was drawn that the system needed 

more optimization. Optimization in the form of an alternative way to create the upward (compressive) force 

needed to fully tension the membrane. This would improve the overall functioning of the project and make 

it more user- friendly.   

1.4 Solar tracking 
1.4.1 General 
Because of the growing environmental issues, solar 
energy is becoming more a necessity than an 
option. Countries and governments are increasingly 
aware of the fact that use of fossil fuels and CO2 
emission need to be dramatically decreased. [2] 

Therefore, solar tracking is increasingly 
acknowledged term, within the world of sustainable 
development. It is, as the name already says it, the 
act of tracking the sun- path. Solar tracking has the 
objective of increasing the efficiency of solar- 
energy harvesting.  
Solar tracking systems are divided according to the 
type of movement and according to the number of axis that it follows. 

Figure 5 Solar tracking [2] 

Figure 4 Kinegrity in tracking mode 

Figure 3 Kinegrity in stationary mode  
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There are two types of movement possible: active and passive. 

1.4.1.1 Active tracking  

Active tracking is made possible by the use of 

mechanical components such as motors, gears 

and actuators, in order to position the tracker 

perpendicular to the sunlight. Some active 

trackers use sensors to track the position of the 

sun. These sensors input the data into a 

controller, which communicates with the motors 

and the actuators to position the tracker. Other 

active trackers use solar mapping. [3]   

Solar mapping gives, depending on the location, 

the position of the sun at different times of the 

day, during the whole year. Tracking system 

which uses solar mapping, has no need for 

sensors. The main advantage of this system is, that it can be used during cloudy days. Sensors dont function 

optimally during cloudy days, because of the equal dispersion of sunlight intensity.  

1.4.1.2 Passive tracking 

Most state of the art passive trackers the 
expansion of gas as a motion mechanism. 
Depending on the position the sun rays are 
falling onto a gas container, a pressure 
difference is created until perpendicular angle to 
the sun is reached. The biggest advantage of 
this type of tracking is, that it doesn’t acquire a 
controller. Drawbacks of the system is its 
relatively slow response time and vulnerability to 
weather conditions.   

The second separation of solar trackers, is 
according to the number of axis that it can 
follow. There are two types: single and dual axis 
tracking. [4] 

1.4.1.3 Single axis tracking 

The most common type of solar tracking, is the single axis tracking. It produces greater power output than 
static PV panels. The design, implementation and maintenance costs are also higher than regular PV 
systems. Horizontal single axis trackers are commonly used in areas near the equator, because of the low 
sun inclination during noon. This makes vertical adjustment almost diminishable.  
Vertical single axis trackers are mostly used in areas within higher latitudes, where the sun inclination stays 
relatively low while the summer days are long. Opposite from the horizontal type, only horizontal adjustment 
need to take place.  [5] 
 

 

 

 

Figure 6 Active tracking  

Figure 7 Passive tracking [4] 
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1.4.1.4 Dual axis tracking 

The most efficient type of solar tracking, is dual axis tracking. This type of tracking, involves movement in 

the horizontal and the vertical direction. This results in the ability to track the sun apparent motion basically 

anywhere on Earth. Dual axis trackers have a more complicated tracking mechanisms, which involve 

sophisticated software and mechanical packages. Therefore, the energy output is even greater, but so are 

the implementation, design and maintenance costs. [6]   

 

 

 

 

 

 

 

 

 

 

 

1.4.2 Sun path 
The sun path represents the apparent significant seasonal and hourly fluctuation of the sun as the earth 

rotates and orbits around the sun.   

In order to produce an efficient solar tracker, the movement of the sun needs to be studied. This will result 

in better design parameters and overall comprehension of solar dynamics and solar tracking.  

 

The location of the sun in the sky which corresponds to a location on the surface of the earth, is specified 

by two angles: the altitude angle and the azimuth angle. The altitude angle is the angle from the horizon 

of the observer to the sun, perpendicular to the horizontal plane. Logically, the sun’s altitude inclination 

during sunrise and sunset is 0°. This same value is negative before the sunrise and after the sunset. The 

Figure 11 Dual- axis tracking [5] 
Figure 10 Altitude and azimuth angle [6] 

Figure 9 Vertical tracking [5] 
Figure 8 Horizontal tracking. [5]  
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maximum altitude inclination is during noon, but it varies according to the time of the year and the given 

locations.   

The angle between a perpendicularly projected vector onto a reference plane and a reference vector (North) 

is called the azimuth angle. It basically describes the horizontal movement of the earth around the sun. 

Depending on the latitude where the observer is located, these angles can be different. For example, there 

is a significant angular difference between Amsterdam and Marrakesh.  

 

Graph 1 Altitude in Amsterdam [7] 

 

 

 

 

 

 

 

 

 

 

 

 

The charts above are 

illustrating the sun path and the amount of sun that Amsterdam and Marrakesh are receiving in June. The 

8- shaped lines represent the analemma. Analemma represents the deviation of the Sun from its mean 

motion in the sky. Because of the Earths axial tilt and orbital eccentricity, the sun will not be in the same 

Graph 2 Altitude in Marrakesh 
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position in the sky at the same time of the day. Amsterdam receives more sun in June, but the altitude 

angle is lower.  Because of this, Amsterdam would be more suitable for vertical single axis solar tracking, 

while Marrakesh would be suitable for horizontal single axis tracking. In both cases, dual axis tracking would 

be the most efficient.   

1.4.3 Efficiency 
The efficiency of solar tracking mechanisms is strongly dependent on the following aspects: 

- Location; 

- Type of tracking system; 

- Type of panel; 

- Cooling; 

- Construction costs; 

It is not possible to determine which aspect is the most important one, because of their relation to each 
other. The most efficient solar tracking system, is a system which is designed with equally enough attention 
to every aspect.  

Optimizing one aspect without the other, would perhaps increase the theoretical efficiency, but will never 
match the expectations in reality. If, for example, dual axis system is applied, with high efficiency solar 
panels, the efficiency will theoretically increase. At the same time, if the construction and installation costs 
of that system are high and there is no sufficient cooling, the envisioned efficiency will drastically decrease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

When compared to fixed mount systems, solar trackers are always more efficient. The efficiency leap 

between the single axis trackers and fixed mount systems, starts at 13%. It gets even bigger, depending 

on the system configurations.  

 

A test site was made in South Africa, where inclined fixed mount panels where compared with single and 

Figure 12 Relationship between efficiency factors 
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dual axis tracking systems. Throughout South Africa, test installations were placed with fixed mount panels 

and single and dual- axis trackers. The results are shown in the figures below. [8]  

  

 

 

Graph 3 Overall output comparison of the three different configurations [8] 

From this, the conclusion can be drawn that output difference between fixed and solar tracking configuration 

ranges from 24 to 39%, depending on the location.  

1.4.4 Solar tracking optimization 
Solar tracking has undergone a significant improvement through the years. New technologies, which have 
been implemented on the fixed mount systems, have also been introduced within the solar tracking sector. 
Here are some of those systems.  

1.4.4.1 CPV (Concentrated Photovoltaics) 

A photovoltaic technology that generates electricity from sunlight. Contrary to conventional photovoltaic 
systems, it uses lenses and curved mirrors to focus sunlight onto small, but highly efficient, multi-junction 
(MJ) solar cells.  

1.4.4.2 CSP (Concentrated Thermal) 

Systems generate solar power by using mirrors or lenses to concentrate a large area of sunlight, or solar 
thermal energy, onto a small area. Electricity is generated when the concentrated light is converted to heat, 

Table 1 Electricity gain of the 1 and 2- axis tracker when compared to fixed mount system. [8]  

http://en.wikipedia.org/wiki/Photovoltaic
http://en.wikipedia.org/wiki/Photovoltaic_system
http://en.wikipedia.org/wiki/Photovoltaic_system
http://en.wikipedia.org/wiki/Lens_%28optics%29
http://en.wikipedia.org/wiki/Curved_mirror
http://en.wikipedia.org/wiki/Multi-junction
http://en.wikipedia.org/wiki/Solar_cells
http://en.wikipedia.org/wiki/Solar_power
http://en.wikipedia.org/wiki/Solar_thermal_energy
http://en.wikipedia.org/wiki/Solar_thermal_energy
http://en.wikipedia.org/wiki/Electricity


 

     19 

which drives a heat engine (usually a steam turbine) connected to an electrical power generator or powers 
a thermochemical reaction (experimental as of 2013). [9] 

 
 

 

  

 

 

 

 

 

 

 

 

 

1.5 Conceptual analysis 
The initial incentive of the graduation project was to create a new, 2.0 version of the Kinegrity project. The 

analysis and the construction of the prototype pointed out, however, that the main problems of the 

prototype first had to be solved and engineered. The tensioning method was simply inconvenient. If that 

problem was solved, Kinegrity would be a very promising and lucrative project.    

The focus of the project shifted to creating a new type of energy producing roof, which can be an alternative 

to the Kinegrity project. A series of various concepts was produced, based on the idea of an energy 

producing carport. 

 

Figure 15 Geodesic roof concept 

 

  

Figure 14 Efficiency of CSP [9] Figure 13 Efficiency of CPV [9] 

http://en.wikipedia.org/wiki/Heat_engine
http://en.wikipedia.org/wiki/Steam_turbine
http://en.wikipedia.org/wiki/Power_generator
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Figure 17 Truss tracker concept 

Figure 18 Inflatable roof concepts 

Figure 19 Existing roof concept 

Figure 16 Reverse membrane concept 
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1.6 Defining the main subject 
The conceptual analysis produced a significant number of alternatives for energy producing kinetic roofs. 

Comparing them to each other gave some favorable and less favorable solutions. All the concepts were 

mainly focused on simplicity and functionality. The application of proven technologies such as trusses and 

actuators, makes each concept less complicated to realize. Laying the focus on the easy realization of each 

concept, resulted in less attention for the innovation degree within each solution. The absence of innovative 

synergy was evident. Therefore, a different approach needed to be applied.  

After brainstorming and researching innovation, floating solar systems came to attention. Floating solar 

systems are relatively new development within the world of solar energy. The increasing world population 

and the land scarcity make the use of floating structures inevitable. Floating solar tracking systems are also 

realized, but not on a significant scale. Mainly pilot projects, with a testing purpose. This forms an 

opportunity to make an effort and develop an innovative product which will be of sustainable value for the 

future generations.   

1.6.1 Floating solar tracking 
Floating solar systems combines PV plant 
technology and floating devices. It is a relatively 
new development to give an alternative for 
space- requiring land- based systems. Different 
scale fixed mount projects have been realized, 
located on irrigation ponds and reservoirs, with 
the additional intention to decrease evaporation 
of water [10]. 
The orientation of the solar cells is essential for 
the efficiency of the system. Misalignment is the 
main reason for output losses. An angle deviation 
of 10° initially results in a 2% output loss. More 
than that will, however, result in more significant 
losses. Solar trackers with angular deviation of 
maximum 20° from an orthogonal solar beam, 
have a general output of above 90%. The 
tracking itself, can be done in two ways: by 
optical sensing and by calculated positioning system. Optical sensing is done through LDR resistors and it 
is the most precise method, when the sky is clear. Cloudy sky, dirt and reflectance of the surrounding 
decrease the efficiency of optical sensing. Optical sensing functions through light intensity. Unevenly divided 
or changing light intensity can cause irregular behavior of the sensor, which results constant movement 
and efficiency loss. A calculated positioning system uses fixed data to direct the panels. Outside influences 
have no impact on this system. Dual- axis tracking makes it possible to achieve the same output, with less 
solar cells. The efficiency gain of dual- axis trackers compared to fixed mount systems can even reach 48% 
[6].   

The upgrade to floating solar trackers, naturally gives even higher power outputs. Different solar tracking 
projects have been realized and have generated higher outputs, even reaching up to 60%.  
The company Pyron solar introduced dual- axis floating solar tracker, combined with a fresnel lens based 
CPV- technology. The system has an additional module efficiency of 22%.   
 
  

Figure 20 Energy output floating solar trackers and fixed solar 
panels [58] 
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1.7 State of the art  
1.7.1 State of the art of floating solar trackers 
The potentials of land- saving, sustainable, floating PV systems has been recognized by the scientific 
community. Although still in a relatively experimental phase, floating solar PV systems are being used in 
some parts of the world. But before analyzing the existing systems, some general terminology needs to be 
explained:   

1.7.1.1  Single axis solar tracker, Petra Winery project (Italy), Terra Moretti Holding  

The 200 kW Petra Winery project was designed 
by the Terra Moretti Holding in conjunction with 
the company SCINTEC, which was responsible 
for the tracking system. It is a structure almost 
entirely made of metal struts, with hollow 
buoyant elements underneath. The structure 
was designed to hold the crystalline panels at an 
optimal angle of 40°, while tracking the solar 
motion. The tracking is realized through 
rotational movement of the platform. A central 
vertical column, is rotating the platform. Inside 
of this column, a horizontal slew drive is located, 
which rotates the platform [11].   

1.7.1.2 Single axis solar tracker, Lake 

Colignola (Italy), Terra Moretti 

Holding.  

A second similar project was realized by the 
same company at Lake Colignola, Italy in 
2011. Smaller scale project, 30 kWp, with the 
same rotation principle as the Petra Winery. 
Killowatpeak (kWp) is the power that the 
installation produces under standard 
conditions, corresponding to the power that 
the panel generates during the best days of 
the year.  Interesting aspect of this project is 
the utilization of mirrors to reflect additional 
solar radiation onto the panels. Another 
difference is that the panels are placed 
horizontally, and the mirrors under an angle of 
60° and -60° with the expectation to double 
the amount of solar radiation falling onto the 
PV panels. In combination with the cooling effect of the water, an annual increase of 60% - 70% was 
documented during the tests [12] .  

1.7.1.3 Single-axis solar tracker, Sunflower 

Plant, Hapcheon (South-Korea), 

Solarpark  

The biggest floating solar tracker yet, is the 
Sunflower plant in Hapcheon, South Korea. The 
Korean company SolarPark, created a floating 
power plant, which covers 8000 m² and produces 
465 kWp. Once again the movement method is 
rotational slewing drive, located in the center of 
the platform. According to the company, the 

Figure 22 Sunflower Solar plant, Hapcheon Korea 
[13] 

Figure 21 Petra winery project, Italy [11] 

Figure 23 Lake Colignola project, Italy [12] 
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system uses a very small amount of energy exclusively to run the rotation mechanism [13].    
  

1.7.1.4 Dual-axis solar tracker, Liquid Solar Array, Australia, Sunengy  

A floating solar tracker project, based on a different type of dynamics, is the Liquid Solar Array (LSA) by 
the company Sunengy from Australia. A very innovative and unique pilot project, which uses very light 
plastic concentrators, mounted on anchored rafts. A thin plastic concentrator lens rotates to track the sun, 
daily and seasonally. In this case, the concentrators are moving simultaneously and the supporting structure 
is static. Collectors rotate tracking the movements of the sun by both a light sensor and a pre- programmed 
path. A minimal amount of silicon (or other types of) photovoltaic cells are housed in a PV container that 
sits in the water where the cells are kept cool and efficient, through convective heat flow to the surrounding 
water. During bad weather, every unit has the ability to protect the lens by rotating and submerging under 
water. A wind sensor is connected to the sun tracking software to submerge each unit into the water should 
winds rise above a predetermined force and return the lens to its tracking position once the winds have 
abated. [14] 

 

 
 
 
 
 
 
 
 
 
 
 
 

It is a very promising project, tested in more than 10 countries, focusing on benefits such as low material 
use and high energy output. One of the test locations is India, where a 1, 2 m² Fresnel lens per unit was 
implemented. The company claims to have achieved a 230 W of electrical output per single unit. 

1.7.1.5 Dual-axis, CPV technology, San Diego (USA), Pyron Solar  

In 2004 the company Pyron Solar designed a 
double- axis floating solar system based on a CPV 
principle. A rotating platform with solar modules, 
also capable of tilting to a variable angle. It is a 
90 kWp DC CPV generating system with dual axis 
solar tracking. It includes three, ideally spaced, 
30 kWp DC arrays 15 m in diameter, all floating 
in water. A prototype was developed, but the 
product never reached commercial level [15].  
 

1.7.2 Conclusion 
After analyzing the state of the art of the floating 
solar trackers, it becomes clear that most systems are pilot systems on a utility scale, located on calm water 
surfaces such as reservoirs and ponds. Each project consists of multiple arrays of PV modules. These 
modules are generally placed on a rotating platform and are using single- axis tracking. The rotation of this 
type of platforms around a mechanical pivot is beneficial in terms of the amount of PV modules that can be 
used, as up- and downscaling is possible.   
The downside of these systems, is that they are mostly suitable for calm water surfaces and most of them 
have a static position in the vertical direction. Water level fluctuation and changes in the overall water 
dynamics, could result in damage and efficiency decrease. Another restriction is, that the single- axis 
tracking nature of these systems, does not result in less material being used.  

Figure 24 LSA project- working and protected mode [14] 

Figure 25 Pyron solar prototype project [15] 
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2 FLOATING SOLAR- TRACKING STRUCTURE 
 

2.1 Contents 
Designing without clear purpose, has no added value. That is why a clear motivation has to be formulated, 

which will support the reasons for developing this product. In the case of the Sun- spotter a clear 

environmental and innovative value has to be present, in order for it to be beneficial. Environmental, in 

terms of sustainability. Innovative, in terms of bringing something new to the existing market. Floating solar 

trackers are a relative newcomer, within the world of sustainable development. Combining that with solar 

tracking, results in an interesting topic on basis of which research can be conducted.  

This chapter will cover the reasoning behind the project. The design focus, based on general ideology, 

challenges and a final list of demands for the final product will be explained.   
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2.2 Design focus 
Before designing the structure, a clear 
definition of the purpose has to be made. This 
will validate the very existence of the product 
and give more insight in the decisions during 
the design process. 

Country such as the Netherlands, but also a lot 
of other countries, have a lot of water surface. 
Approximately 18% of the total surface of the 
country contains of water surface. These water 
surfaces are mainly used for transport and 
recreation purposes. Because of the big flood 
in 1953, water is proven to be a nemesis the 
Dutch people. Since then the Dutch have 
become world leaders in hydro structures and 
water protective technologies.   

At the same time, the Netherlands is the fourth 
most densely populated country in the world, 
with 400 citizens per km2. This results in a 
country, which battles with land scarcity and a 
significantly negative ecological footprint [16] [17].  

 

 
 

 

 

 

 

 

 

 

 

 
Figure 27 Ecological footprint in the Netherlands [17] 

Figure 26 Water surfaces in the Netherlands [16] 
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These problems create a necessity for solutions which will provide ways to utilize the water surfaces and 
decrease the ecological footprint of the country. This becomes even more evident when the land- use 
requirements for PV- installations are analyzed.   

 

Table 2  Land use of PV installations [18] 

The information in the figure above is noted in acres, 1 acre corresponds with 0,4 hectares. Which means, 
that for a 20 MW installation in Netherlands, 3,0 hectares is needed. The Netherlands uses approximately 
100 000 000 MWh on electricity per year.  This would mean that roughly 5000 km2 of area is needed just 
to cover 10% of the total electricity demand through land- based PV installation. This is a highly unrealistic 
expectation, for a crowded country such as the Netherlands. 

Because of this problem, future solutions have to be implemented which will reduce the ecological footprint 
and make a more efficient use of the water surfaces. One of the possible solutions is generating clean and 
sustainable energy on the water. Wind parks have proven to be a big success, so other possibilities also 
have to be investigated.   
 
That is why floating solar installations and trackers could become an alternative solution which will cope 
with the problems mentioned above. Floating, solar tracking structure can contribute to the decrease of 
land- use and can utilize the positive cooling effects of the water. Their increasing application across the 
world has proven to be promising factor in the sustainable development. This is one more reason to 
investigate the possibilities and benefits of its application in the Netherlands.   

After the definition of the main design, objectives can be formulated. These objectives are focused on the 
technical functionality of the structure and is based on the following questions, which will be answered after 
the product is realized and tested: 

 Will it work? 

 Will it produce energy? 

 How can we build it? 
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2.3 Design challenges 
Floating solar trackers have a multidisciplinary background. It is a field where building technology meets 

electrical and mechanical engineering. This forms the primary challenge for the whole project, because of 

the fact that the involved students are building technology students, without enough knowledge about 

electrical or mechanical engineering. Yet, this also forms the learning curve of the whole graduation 

phase, which will only be of added value for their own development.  

From purely technical point of view, the following challenges will occur: 

 Mechanical behavior and tracking accuracy of the floating structure; 

 Waterproofing and protection of electrical parts; 

 Software and control of the solar tracker; 

 Heat removal and temperature control; 

 Mirror technology; 

 Lifetime engineering; 

 Usability; 

A powerful effort will have to be made to cope with these challenges. Effort, not only based on the 

gathering of theoretical knowledge, but also based on the trial and error principle.  

2.4 List of demands 
From the conclusion drawn after the state of the art analysis, the following aspects came out: 

 Utility scale pilot projects; 

 Single- axis rotational tracking; 

 Suitable for calm water surfaces; 

 Higher output strongly dependent on the amount PV surface area; 

Therefore, the primary list of demands will be focused on creating a system that will optimize these aspects. 

These main demands will be:  

● Downscaling of the system to a modular, manageable size; 
● Applying dual- axis tracking through vertical movement; 
● Increasing the efficiency and decreasing the amount of material used; 
● Withstand harsh weather conditions; 
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2.5 Research methodology 
 

Sun-Spotter

1. Uncover oppertunities

9. Final product

Floating solar trackersAnalytical thinking

Research

Ideas

Creative 
thinking

Ideas

Research

Research

Analytical thinking

Analytical thinking

2. Concept idea generation

3. Concept testing

4. Evaluate & refine

5. Concept testing

6. Create prototype

7. Prototype testing

8. Evaluate & refine

 
Graph 4 Research methodology of the Sun- spotter 

The research model of this graduation project is based on the methodology used for most new product 
development projects. The model is divided in stages from the beginning to the end. It is a sequential 
decision making process, which means that it’s a series of decisions. Analytical thinking and research form 
the foundation of the transition between each stage. Every decision has to be reevaluated and compared 
to other options. The aim of this, is to reassure the quality of the choices that are being made.  
 
Important aspect during the research and development of the Sun- spotter, is the trial and error principle. 
The participants of the project have chosen for this hands on approach, which will give more insight into 
the functioning and the development of the product. A purely theoretical approach is less suited for this 
type of project, giving its innovative nature and the absence of similar reference projects.  
 
Each stage can be defined in the following matter: 

2.5.1.1  Uncover opportunities 

This is the initial stage of the project, during which the literature study is being done and the opportunities 
are being researched. The framework of the design has to be formulated and from that point the actual 
design process can start.  

2.5.1.2 Concept idea generation  

During this stage the first ideas are generated, analyzed and compared to each other. Also in depth research 
is simultaneously conducted to judge the success rate of each idea.   

2.5.1.3 Concept testing 

Each concept will have its own small scale model. The different models will be analyzed, tested and 
compared to each other. The tests will be conducted according to parameters derived from the list of 
demands and the overall product requirements.  
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2.5.1.4 Evaluate & refine 

This stage forms the breaking point, where the final design choice will be made. Last evaluation of the most 
promising concept are made and the final refinements are carried out. From this point the final design 
begins to take shape.  

2.5.1.5 Concept testing 

A new series of tests and calculations is being carried out during this stage. These tests are more detailed 
and specifically configured towards the realization of the first prototype. Different failure scenarios are being 
researched and critically questioned.  

2.5.1.6 Create prototype 

The next phase initiates the creation of the first prototype. Depending on the time frame and the availability 
of materials and equipment, decision will be made which part of the product will be directly made by the 
designers and which part will be outsourced. Essential for this phase is the communication between the 
participants and the intensive quality control.  

2.5.1.7 Prototype testing 

Perhaps the most important stage of the whole design process. The first prototype will be tested on 
functionality, durability and efficiency. The results of the testing will determine the initial strengths and 
weaknesses of the product and give an estimate of the room for improvement.  

2.5.1.8 Evaluate & refine 

The final evaluation will be made and the possible improvements will be carried out. The evaluation will 
determine the feasibility and the efficiency of the product. It will determine if the product has sustainable, 
commercial or innovative value.  

2.5.1.9 Final product  

The final product is presented to a wider audience.   
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2.6 Conceptual analysis 
2.6.1 Contents 
Tracking the sun is the main goal and function. Achieving this can be done in many different ways. The first 

part of this graduation project was all about tracking the sun with a floating ball as reference point.  

This chapter explains the different possibilities to track the sun and the different technical challenges.  

2.6.2 Conceptual analysis 
A lot of analysis and research was needed to help developing the concept of a floating solar tracking ball. 

Analyzing the best method to control the structure involved a lot of 3D models and models. The round 

shape in combination with the water made the movement smooth and simple, but the control still needed 

attention; what was the best and easiest way to tilt the floating ball. 

In order to develop the different ways of creating movement have to be researched. Moving the floating 

ball in the direction of the sun can be done in two different ways:  

● Moving the gravity point of the structure.  

Creating movement by the displacement of the gravity point can make the structure tilt in a certain 

direction. When all sides are equally ballasted the gravity point will be centered in the middle of the 

structure, getting more weight to one of the side creates an unequal weight distribution and 

therefore movement of the gravity point and structure.  

 

● Pulling/pushing the structure.  

Forcing the structure to aim in the right direction by pushing and pulling with cables or struts creates 

movement. In order to do this fixed points have to be arranged for placing the motors that pull the 

structure in the direction of the sun. 

 

● Combination, 

Creating a gravity point displacement in a structure hanging with cables underneath the floating 

ball will let the cables pull the ball in the direction of the sun. This technique combines both 

movement methods. 

 

2.6.3 Configurations & test models 
Developing different configurations and corresponding test models are necessary to develop a working 

floating structure. In order to decide what way of creating movement in the balls different concepts have 

been developed and tested, this is described in this paragraph. 

Five concepts have been developed and tested: 

1. Moving meshes. 

2. Floats. 

3. Rotational axis. 

4. Pulling cables with external construction. 

5. Changing gravity point. 
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2.6.3.1 Moving meshes concept 

Creating two meshes underneath and struts that connect the desired structure. The top mesh is fixated and 

keeps everything in place while the bottom mesh moves. Connecting the top and bottom mesh with a strut 

connected to the ball will let the ball tilt/move. 

 
Figure 28: Principle 1. 

  

2.6.3.2 Float concept 

Based on the floats attached to fishing rods, adding a strut on top of each ball that is connected to the next 

‘floats’ with a strut or cable. Pulling the cables on one side will make all the structures move to the same 

direction. 

 
Figure 29: Principle 2. 

 

 

2.6.3.3 Rotational axis 

This design is based on a rotational platform underneath each ‘ball’, pulling cables will let the ball rotate in 

the X-direction in an easy and simple way. Pulling with a different cable underneath each ball will let the 

balls tilt in the Y-direction. 

 
Figure 30: Principle 3. 
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2.6.3.4 Pulling cables with external construction 

Creating an external construction that is fixated with balls floating in between the raster. Cables are guided 

with pulleys over the balls and are gathered in four places where the motoring has to be placed.  

 
 

Figure 31: Principle 4. 

 

2.6.3.5 Changing gravity point 

Attaching an underlying structure under each ball, this structure creates a gravity point displacement with 

as result tension in the cables forcing the floating ball to tilt in the same direction. Based on the principle 

of a marionette. 

 
 

Figure 32: Principle 5. 

 

 

2.6.4 Designs 
After researching, testing and evaluating the different test models a final conclusion could be made. Each 

concept has its own strengths and weaknesses. In most cases the routing of cables is complicated and 

requires a lot of pulleys, this makes the construction complicated and creates bigger forces in the cables. 

Considering this, the changing gravity point and rotational platform concepts seem more reliable and 

feasible to develop further, this means that to correctly evaluate these concepts the technical aspects had 

to be developed further. Creating two conceptual designs. 

Comparing and testing the different configurations led to two different design both based on different 

movement methods: 

1. Moving with pushing/pulling 

2. Reversed marionette 

 

Each design has different properties and advantages, the biggest difference is the number of controlled 

floating balls.  
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2.6.4.1 Design 1: Moving with pushing/pulling 

This design is very straightforward, keeping the 

movement of the X and Y direction separated. 

The movement in the X-direction is performed with a 

rotational platform below each floating ball, pulling 

cables will let the ball rotate in the X-direction. When 

using struts the movement can be created with both 

pushing and pulling. 

The 

movement in the Y direction can be done by pulling with 

a different cable/strut that is attached below each ball. 

This will let the balls tilt in the Y-direction.  

Creating different rows by adding a fixated truss beam 

that keeps the floating balls in place and makes it possible 

to place electrical components above the water surface. 

This system can be scaled up from two floating balls to 

200 floating balls. This makes it a very versatile system. 

 

Figure 35: Visualization of the pushing/pulling design. 

  

Figure 34: Tilting by pushing/pulling a strut that 
connects the bottoms of the balls. 

Figure 33: Pushing/pulling on a rotational axis creates a 
rotational movement in the X-direction. 
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2.6.4.2 Design 2: Reversed marionette 

Tracking the sun with a system that is out of sight; placed underwater. Design 2 is based on 

the displacement of the gravity point with as effect tension in the connecting cables, design 

2 combines both movement methods. The idea derived from the principle of a marionette. 

 

The technique is in the underwater structure which is not only the weight under the floating 

ball but also controls the movement. By pumping fluids inside the structure the weight 

distribution is changing with as result the displacement of the gravity point and therefore 

tilting of the floating structure. Displacing the gravity point has as result that the underwater 

structure tilts. Therefore it 

automatically pulls the 

floating ball in the same 

direction.  

Controlling the flow of the fluids inside the 

underwater structure makes it possible to 

divide the weight underwater precisely. This 

makes it possible to control the floating 

structure precisely and with ease.   

 

  

Figure 38: Gravity point displacement in an underwater sheave.  

Figure 39: Gravity point displacement in an underwater cross. 

  

Figure 36: Based 

on the marionette 
principle. 

Figure 37: Creating movement by pumping fluids. 
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2.6.5 Conclusion 
In order to continue the development of a floating 

solar tracker the flaws and strengths of the 

designs have to be evaluated. Design 2 is the most 

innovative concept of the two, the first one mostly 

combines existing methods of moving objects in 

the water. This makes the first concept more 

feasible and a safer choice at first. The simplicity 

of the second design derives from the lack of 

pulleys and other moving parts directly 

underwater, making the structure more resistant 

to external forces. Which is the biggest issue when 

designing in water. Because the second design is 

based on tracking with one floating structure and not with multiple floating structures the product is more 

feasible to apply in small ponds or lakes. This makes the product therefore more attractive for consumers. 

So tracking the sun on the water with just a simple underwater cross that divide the weight of the water 

and therefore uses the laws of nature to perform the biggest forces. This is the most innovative, feasible 

and promising design to develop further. 

  

Figure 40: Sketch of design 2: tracking with fluid displacement 
underwater. 
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3 THE SUN-SPOTTER 
 

3.1 Contents 
After the long and intensive conceptual phase, a final design is formulated. Carefully selected from other 
concepts, the final design has to meet the requirements which are determined in the initial stage of the 
project. The Sun- spotter has the potential to do that. Interaction between its simple movement and its 
complex system configuration, result in a design which is everything else but ordinary. The combination of 
electrical engineering and mechanical engineering, contribute to its innovative value.  This chapter gives an 
introduction of the Sun- spotter. It also gives a global overview of the main characteristics and components 
of the product 
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3.2 Final design- The Sun- spotter 
Design nr.2 is eventually chosen to be the most optimal design. It proved to be the concept which best 
came in terms with the list of demands that were made earlier in the process. Briefly described, the Sun-
spotter is a floating 'ball' that reflects and concentrates sunlight with a parabolic mirror (1, 35 meter) on 
high efficiency solar cells. Controlled by a light sensor that is connected to an underwater system that 
moves by pumping fluid from one side to another. This changes the center of gravity and therefore the 
direction of the Sun-Spotter, following the sun all day generating loads of green energy. This energy can 
be used for the LED's that make the Sun-Spotter usable as a spotlight or can be delivered to the shore. 

 

 

3.3 Description and principle 
 

 

Figure 42 Movement of the Sun- spotter 

Design 2 fulfils the demand of dual axis tracking through vertical movement in a very natural way. 

Gravitational point displacement created by shifting water volumes in 2 directions, utilizes the properties of 

the water in a very sufficient way. It floats on water and it uses water to create movement. 

  

Figure 41 Final design 
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The concept consists of two parts. A floating and a completely submerged part. The floating part regulates 

the energy harvesting, while the submerged part regulates the movement.  

 

 

 

 

 

 

 

 

 

From an energy- producing point of view, the concept uses CPV to concentrate and multiply the solar energy 

onto a small size panel. A parabolic mirror, located within the polyester ball, concentrates the sun onto a 

multi-junction solar cell.   

LED integration  
The Sun- spotter has an integrated LED system, which gives it the opportunity to function as a spotlight 
during the night. The LED light is projected onto the parabolic mirror and creates an appealing visual effect. 
This gives an added value to the product and enables it to broaden its target group.  

 

Figure 45 The Sun- spotter during night 

  

Figure 44 Kinetic cross 
Figure 43 Floating polyester part 
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3.4 Main system components 
 

 

 
Figure 46 The Sun- spotter system components 

 
 
The following pages give a more in depth analysis of the different components of the Sun- spotter. A 

detailed view of every component, its properties and production. In addition, different material options will 

be compared in order to give a more clear reasoning behind the decisions that have been made.  
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4 TRACKING WITH GRAVITY POINT 

DISPLACEMENT 
 

4.1 Contents 
The displacement of gravity is the idea where the concept of the Sun-Spotter has evolved from. Creating 
movement with just a small displacement of fluids with as result a solar tracking structure.  

The Sun-Spotter combines both gravity point displacement and four-bar linkage to track the sun. The gravity 
point displacement is executed in the underwater structure which is called the kinetic cross and is connected 
with the floating structure with four-bar linkage. Therefore the movement of the kinetic cross is directly 
followed by the floating structure. 

This chapter describes the aspects of both gravity point displacement and four-bar linkage as applied in the 
Sun-Spotter design and prototype. 
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4.2 Components and balancing 
The system consist out of different components that combined make the Sun-Spotter. Each component is 

evenly important because the system couldn’t work without one missing. The main component are: the 

floating structure and the kinetic cross. These two are connected and move together. 

4.2.1 Floating structure 
The way the floating structure moves on the water surface strongly depends on the shape of the structure, 

a structure with round edges is recommended to create a smooth movement with a minimum of weight 

needed underwater. A half sphere is ideal because there are no edges and the gravity point will be right in 

the middle, keeping the bowl steady and balanced. This creates the balance needed for the 0° setting, this 

is called the neutral setting. 

 

Figure 47: Different shapes for the floating structure. 

When the floating structure is top-heavy the gravity point lies out of the middle of the structure, creating 

an unbalanced situation that makes the structure tilt/fall over. In order to keep the structure balanced a 

corresponding amount of contra ballast has to be attached right underneath the gravity point. 

Because the system is floating the structure has upward pressure preventing it from sinking and if the 

weight is corresponding with the upwards forces creating a stable position and depth. This phenomenon is 

called buoyancy. The buoyancy of the floating structure depends on the weights and the density of the 

fluid. 

4.2.2 Underwater structure - Kinetic cross 
Underneath the water surface and the floating structure is the system that makes the tracking possible. It’s 

called the kinetic cross. This system is based on the displacement of weights. 

Because the system is based on the displacement of weight and therefore the gravity point the system has 

to be balanced in two ways; the cross has to hover horizontally in the neutral position. And the amount of 

air and weight have to be corresponding so it has to be almost weightless. 

 

To keep the cross horizontal in the neutral position the fluids have 

to be evenly divided over all containers, only a small difference 

causes the structure to tilt. The air will automatically divide itself 

because the containers are all connected on top. Also the weight 

of the construction has to be equal on all sides. Combined this 

creates a neutral buoyancy. 

Weightlessness/neutral buoyancy can be achieved by dividing the 

amount of air and weights before installing the structure so it has 

to be almost weightless, with just enough weight to pull the struts and floating structure down (see figure). 

Figure 48: Balanced movement cross. 
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The air inside will give up thrust, this has to be almost equal to the gravity from the mass of the cross. If 

this is not the case extra weights have to be added below the kinetic cross. 

4.2.3 Connection 
To make interaction possible between the floating and underwater components possible, a connection has 
to be made. The components are connected with four steel struts. These struts each have the same length 
making the kinetic cross directly hover below the floating structure. This create two (imaginary) links, right 
above each other. This also results in a kinetic structure, based on a three-dimensional four- bar linkage. 
 
The struts that are attached to the kinetic cross have to be attached to the floating structure. The position 
of the steel attachment rings has to be placed in a precise manner, in order to prevent the structure from 
clashing with the steel connection struts. When the attachment is made above the gravity point the structure 
tends to fall over, so the goal is to place the attachment point on the same height as the gravity point of 
the structure. This gravity point is about the middle of the spherical bottom and therefore the rotational 
point of the floating structure. 

4.3 Gravity point displacement principle 
Tracking the sun is done by a direct interaction 

of the underwater cross and the floating 

structure. Every action that is performed under 

water directly steers the floating structure in the 

same direction. There is a direct connection 

between the gravity point under the water 

surface and above the water surface. A small 

displacement in the kinetic cross directly tilts the 

floating structure in the same direction. 

Figure 49: Principle of gravity point displacement in the 
Sun-Spotter. 

The needed components are four containers, half- filled with water or other liquids and air that are 

connected in pairs with two two-directional or four one-directional pumps in between. The containers also 

have to be connected from top to top to transport the air and prevent the system from building pressure. 

This is the base of the system. The technique to move the gravity point is fairly simple, moving the 

fluids/weights from balanced to the desired tilted position, corresponding with the angle of the sun to the 

altitude. 

Moving the weights is a continuous interaction between pumping water 

and a corresponding flow of air. Between the containers preventing the 

pumps from creating high pressure (uses more power) and creating up 

thrust on the inverse side. 

The water in the four containers moves in the X and in the Y-direction, 

so as the air. This interaction makes the containers move separately in 

the Z-direction, making the cross tilt and therefore pulling (down thrust) 

and pushing (up thrust) the struts and tilting the floating structure in the 

same direction 

The movement of the Sun-Spotter is based on two different parameters. 

Together these parameters define the angle of which the Sun-Spotter will 

tilt. This is viewed in the figure below. 

Figure 50: Three-dimensional grid. 



 

     43 

 

Figure 51: Tracking the sun with the displacement of the center of gravity. 

 Rotational points: 

● O1: The radius of the spherical part of the Spotter make the rotational point, this 

point stays in place when the Spotter tilts. 
● O2: The rotational point is the lowest point of the center. This is where the cross 

is attached to an anchor cable. 

 
Center of gravity / gravity point: 

● CG1: This point represents the center of mass of the floating structure and is the 

balanced middle point of all weights that are attached to the structure. 
● CG2: When all containers are filled evenly the gravity point is in the middle of the 

kinetic cross. 

α / β Angles in °: 

● α: The angle of the floating structure. 
● β: The angle of the kinetic cross. 

 

Displacing the gravity point is a direct interaction between the center of gravity (CG) and rotational points 

(O) underwater and above water. Moving fluid and air underwater displaces the gravity point/center of 

gravity (CG2) and makes the cross tilt around the rotational point (O2). Corresponding to this displacement 

the gravity point of the floating structure (CG1) also directly follows the displacement of the kinetic cross 

gravity point. With as a result makes the floating structure tilt around the rotational point (O1). This means 

that CG1 and CG2 of both the kinetic cross and the floating structure are always directly above each other 

while the only one that is controlled is the one underwater (see figure). Due to this the angle that the 

kinetic cross creates (α) is equal to the angle that the floating structure creates (β) 
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4.4 Buoyancy  
Hydrostatic water pressure is responsible for the 

buoyancy of an object. The Archimedes principle 

describes the buoyancy of an object.  

Archimedes principle  
Any object, partially or fully immersed in a fluid, is 
buoyed up by a force, equal to the weight of the fluid 
displaced by the object [19].   

The upwards force is called the Archimedes force (FA). 
This force is equal to the weight of the displaced water. 
The weight is equal to the density of water ρ (kg/m3) 
times the gravitational acceleration g (m/s2), times the 
volume of the displaced water V (m3). The main formula 
for this is:  
 
FA= ρ * g * V      
  

             
       FA – Archimedes force  f - freeboard 

     Fg – gravity force  d – draught  

                                                                                        G – center of gravity 

A free floating structure in the vertical direction, is in state of equilibrium, where the weight of the floating 

structure equals the Archimedes force: 

FA = Fg 

In case of the Sun- spotter, the buoyancy is slightly different because of the interaction of a floating part 

with a submerged part.  The two parts are connected to each other, but function as one entity. Therefore, 

to calculate the buoyant force, both 

the polyester hemisphere as the 

kinetic cross will be reckoned with.  

 The buoyant force is equal to the 

gravitational force when the kinetic 

cross is not attached to the 

hemisphere. When the cross is 

attached and its weight is added to 

the equation, the hemisphere will tend 

to sink 57 cm below the surface. This 

is approximately 4% of the total 

volume of the hemisphere. However, 

the difference in weight will, 

theoretically, put the cables under 

tension and result in better 

movement. 

   

 

Figure 52 Archimedes principle [19] 

Figure 53 Buoyant force without added weight 
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After the initial tests in the water, it 

became clear that the kinetic cross 

would not sink. This was caused by 

the central machine area where the 

pumps are located. That part of the 

cross contains an important amount 

of air, which is resulting in more 

upthrust than initially calculated. This 

resulted in the need for additional 

weight that had to be attached 

beneath the cross. A chain weighing 

35 kg or 325 kN was added. This 

gives enough downward force to 

completely submerge the kinetic 

cross. 

 

 

In the tilted 45 ° setting the buoyant 

force is unevenly distributed, but still remains the same. The volumes remain the same, only to switch 

locations and compensate each other. Higher up thrust is created in the containers where more air is 

present. The submerged volume of the hemisphere remains its original value, but only changes its 

location, due to the rotation of the hemisphere. The complete buoyancy calculations are included in the 

attachments.  

According to calculations, the weight in the spheres located in the kinetic cross, will after all generate 

insufficient amount of downward force to pull the cables down and result in tilt. This because of the 

apparent weigh of water under water. This would mean, that the upward force would be the determining 

movement factor. In that scenario, the cables would have to be replaced by struts.  

 

 

Figure 55 Scenario 2 with struts Figure 56 Scenario 1 with Cables 

Figure 54 Buoyant force with added weight 
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4.4.1 Buoyancy calculations of the Sun- Spotter 
 

F↓- Gravity force 

F↑- Buoyant force 

m- Mass 

V- Volume 

p- Density 

g- Acceleration 

D- Diameter  

R2- Internal Radius 

R1- External Radius 

Vi- Internal volume 

Ve- External volume 

 

 

 

 

4.4.1.1 Above water 

 

Polyester hemisphere 

Re= 67.5 cm 

Ri= 67 cm 

W=m*g 

m= p*v 

p (polyester) = 1.400 kg/m³ 

V (hemisphere) = 2/3π*r³  

V= (2/3π)*(R1³-R2³)= (2/3π)* (67.5³cm- 67³cm) = (2/3π)*(307547cm³ - 300763cm³) =  

(2/3π)*6784cm³ = 1440 cm³= 0.0014 m³ 

m= 1400 kg/m³ * 0.0014 m³= 1.96 kg 

W= 1.96kg*9.81m/s² =19.22 kg = 188 N 

Reflective surface (polyester) 

V= π/2*(h1-h2)*(R²) = π/2*(40-39.7)*67.45 = 31.78 cm³ = 0.000032 m³ 

m= 1400 kg/m³ * 0.000032 m³ = 0.0448 kg  

W= 0.0448 kg*9.81m/s² = 0.44 kg= 4.31 N 

Connection Arc 

Arc length= π*D*n°/360= π*1.35*180/360=2.12m 

R1= 20 mm = 2 cm 

R2= 17 mm = 1.7 cm  

V= π*h*(R1²-R2²) = π*212*(2²-1.7²) = 739.2 cm³= 0.00074 m³ 

m= 7800 kg/m³ * 0.00074 m³ = 5.77 kg 

W=5.7kg*9.81m/s²= 56.50 kg (steel)  

Figure 57 Sun- spotter components 
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m= 1400 kg/m³ * 0.00074 m²= 1.036 kg 

W= 1.034*9.81 = 10.143 kg (aluminum) 

Connection ring 

Re= 685 mm= 68.5 

Ri= 675 mm= 67.5 

V= π*h*(R1²-R2²) = π*0.05*(68.5²-67.5²) = 21.36 cm³ = 0.000021 m³ 

m= 7800kg/m³*0.000021m³= 0.16 kg 

W= 0.16*9.8= 1.57 kg * 2 = 3.14 (steel)  

m= 2700*0.000021 m³= 0.0567 

W= 0.0567*9.8= 0.55 kg * 2 = 1.10 kg (aluminum)  

 

Additional weight ETFE+ LED + cables= 2 kg 

 

TOTAL WEIGHT ABOVE WATER= 32.38 kg 

 

F↓= 32.38 KG*9.8N/kg= 317.64 N 

Vwater displaced = 32.38 kg /1000 kg/m³ = 0.03238 m³ 

F↑ = (p * V) * g = (0.03238 * 1000) * 9.81 N/kg = 317.64 N 

 

Submerged volume under water  

 

Volume of a hemisphere (polyester) 

V= 2/3*π*r³ = 2/3*π*67³cm³= 629917 cm³ = 0.63 m³ 

Volume of the upper part = 0.63/2 = 0.315 m³ 

TOTAL VOLUME = 0.95m³ 

 

(0.03238*100)/0.95= 3.40%  

Hsun spotter = 1675 mm 

Hsubmerged = (1675 * 3.40)/100 = 56.95 = 57 mm 

 
Under water  

Aluminum kinetic cross 

Structural weight= ca. 50 kg 

m= p*V 

V= m/p 

50kg = m * 9.81  

m= 5.09 kg 

V= 5.09/2700 = 0.000188 m³ 

 

 Figure 59 Kinetic cross without the spheres 

Figure 58 Total volume floating 
hemisphere 
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Central machine area 

V= π*r2*h = π*2002*150 = 0.017592918 m3 

F↑= (0.017592918*1000) *9.81 N/kg = 172, 58 N  

       

TOTAL FORCES KINETIC CROSS 

F↓= 50 kg = 490 N 

F↑= 18.44 + 173 N = 191.44 N 

Weight kinetic cross under water = (Weight in the air) – 

(Weight of displaced volume) = 50 – 19, 4 = 30.6 kg  

 

Polyester balls  

 

Polyester ball = Ø300 mm 

Empty ball 

Vhollow sphere= 4/3*π*(R1³-R2³) = 4/3*π*(15³cm – 

14.8³cm) = 56,44 cm³ = 0.000056 m³ 

Vsphere= 4/3*π*R³= 4/3*π*15³ = 14137 cm³= 

0.014 m³ 

m = p*V = 1400 kg/m³ * 0.000056 = 0.0784 m³ 

W = 0.0784 * 9.81 = 0.769 = 0.77 kg 

F↓= 0.77 kg = 7.6 N 

F↑= (0.014 m³ * 1000 kg/m³) * 9.81 N/kg = 

137,34 N  

 

Weight of empty ball under water = 0.77 kg – 

14 kg = 13.23 kg (object will rise to the 

surface) 

Half full ball (stationary)  

Vhemisphere= 2/3*π*(R2³) = 2/3*π*(14.8³) = 0.0068 

m³ (water)  

m= 1000*0.0068 = 6.8 kg 

W= 6.8*9.81= 66.708 N + 7.6 N= 74.30 N 

F↓= 74.30 N = 7.5 kg 

F↑= 137.34 = 14 kg 

Weight of a half full ball under water =  

7, 5 kg – 14 kg = - 6.5 kg (object will not 

sink) 

Full ball 

F↓= (66.708*2) +7.6 N = 141 N = 14.3 kg 

F↑= 137, 34 N = 14 kg 

Weight of a full ball under water = 14.3 kg – 14 
kg = 0.3 (object will not sink) 
 

Figure 60 Machine area 

Figure 61 Total forces ratio 

Figure 62 Forces on the spheres 
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4.5 Hydrostatic pressure 
Hydrostatic pressure is important for the Archimedes principle. The pressure is isotropic in fluids at rest. 
This means that the magnitude of the 
pressure is even in all directions. In a 
flowing fluid, the pressure is anisotropic 
or uneven. Depending on the flow rate, 
the difference is small for a low flow rate 
and it gets bigger as the flow rate 
increases. The Sun- spotter is engineered 
for calm waters, with a low flow rate, 
therefore for this application the formula 
for hydrostatics will be applied. [20]  
 
The hydrostatic pressure is linear with 
the depth of the water and is determined 
by the density and the gravitational 
acceleration:  
 
p = ρ * g * z  
 
p – Water pressure in Pa (N/m2)  
ρ – density of water (kg/m3) 
g – Gravitational acceleration (m/s2) 
z – Depth in meters  
 
The hydrostatic pressure is equal to the 
forces which act on the immersed 
surface. 
 
Pmax = ρ * g * z  
 
The horizontal and the vertical forces would be given by: 
 
FH = ρ * g * d * ½ * l 
FV = ρ * g * d * b * l 
 
l – length of the construction 
 
The vertical force FV is already determined, as it is equal to the Archimedes force FA, with a certain amount 
of rotation.  
The horizontal force FH acts through the centroid of the object, approximately 2/3 of the draught. With 
equal water depth on all sides, the horizontal forces will cancel each other out, also with a certain amount 
of rotation. In case of waves and water level changes, this hydrostatic behavior will differ from what is 
mentioned above.  
For the Sun- spotter, the hydrostatic pressure will have a different set up, because of its unusual 
configuration. Two parts, floating and submerged, are connected to each other and each has different 
horizontal forces acting on them.     

Figure 63 Hydrostatic pressure 
[20]  
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The horizontal pressure on the polyester hemisphere FH1 is acting on a round part of the structure which 

is 57 mm below the surface and therefore has no significant impact on the structure. 

The horizontal force FH2 acting on the fully 

submerged kinetic cross slightly more 

important. The cross is located at 1 m depth, 

connected with 4 cables to the hemisphere. 

This means that the hydrostatic forces will 

act isotropic on the cross from all directions 

and cancel each other out. It is also 

important to mention that this will only 

happen when the Sun- spotter is located in 

calm waters, with no relevant waves and 

water level changes, which is also the      

case for this first prototype. 

 

 

4.6 Elastic foundation  
Water in general can be schematized as an elastic foundation. 

A floating structure can be observed as a structure on a base 

plate, in this case the water as a continuous elastic 

foundation. The main formula for stresses on an elastic 

foundation, with deflection as a result is the following: 

σ = k * u 

σ – Stress in [N/m2] 

k – subgrade modulus [N/m3]  

u – deflection [m] 

For foundation on water, the following terms are applicable: σ 

equals the hydrostatic water pressure, the deflection u is 

equal to the depth (z), the subgrade modulus k is equal to 

ρ*g which is equal to 10000 N/m3. The k- value of 10 kN/m3 

is more than 1000 lower than the k- value of sand. This 

results in the tendency for the structure to partially sink and 

react very rapidly to tilting, vertical movement and rotation. 

This is also the additional benefit in terms of tracking. [20] 

Figure 64 Hydrostatic forces on the kinetic cross 

Figure 65 Hydrostatic forces on the structure 

Figure 66 Water as an elastic foundation 
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4.7 Tilt and rotation 
In case of eccentric vertical, horizontal load or a moment acting on a floating structure, this will result in 

an immediate rotation around its center of buoyancy. This rotation causes a certain amount of tilt of the 

whole structure.  

Furthermore, rotation will lead to depth difference between the different parts of the structure. The 

deeper sunken part of the structure will receive more water pressure and also a higher buoyant force. 

This gives a contra action moment, which will tend to bring the structure in a state of equilibrium again.  

The amount of tilt, caused by eccentric load or a moment, can be calculated. This is done by calculating 

the amount of rotation needed to reach the contra action moment needed to equal the acting moment.  

 

The formula for doing this is:  

Ms = Mrighting  

 

Ms – moment due to solicitation;  

Mrighting – righting moment caused by water pressure; 

Normally, a round object floating in the water, cannot change the shape of its displaced water when it 

tilts or rotates. Its gravity and buoyancy point stay in the same relative position. It cannot use its buoyant 

force to create a contra action moment. In case of the Sun- spotter the situation is different. The 

hemisphere is extended in the y- direction, resulting in a different rotational behavior. After exposed to a 

horizontal load, the Sun- spotter hemisphere will rotate until the point where the curvature stops. From 

that point, the surface becomes straight and displaces water. There is no possibility to create a contra 

moment, which is why it will stay tilted. [20] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 67 Movement of a regular hemisphere vs. the Sun- spotter hemisphere 
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The only way of creating that contra moment is by applying vertical load, which will displace water and 

create up thrust. This will rotate the hemisphere in a random direction until it reaches the straight part of 

the surface again.   

Attaching the steel framework on the floating hemisphere changes the rotational behavior of the 

structure. The steel framework has its own weight, which combined with the hemisphere changes the 

overall position of the gravity point. A higher gravity point will automatically cause the structure to tilt and 

rotate.  

By changing the gravity point of the kinetic cross, vertical load is applied on one side and additional up 

thrust on the other. This vertical load pulls onto the hemisphere and creates tilt and rotation. This creates 

a more manageable rotational and tilt behavior.  

 

 

 

 

  

Figure 68 Contra moment created by a vertical force 

Figure 69 Movement of the hemisphere with framework attached 
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4.8 Stability 
The stability of the Sun- spotter 

will be determined by the height 

between its center of gravity and 

its metacenter, defined as the 

metacentric height (GM). The 

Meta center is the intersection 

between the working line of the 

buoyant force and the centerline 

of the structure.  

When exposed to an eccentric 

vertical load, the buoyant force 

(B) and the gravity force (F) have 

both shifted. This results in a 

misalignment of the lines of 

action, so moments will arise.  

M = Meta center 

B = center of buoyancy 

F = FA (Archimedes force) = Fg 

(gravity force) 

The left figure shows a situation where the meta center is above the gravity point. In that case, an 

uplifting moment will be created. The structure will tend to return in its state of equilibrium or to be 

stable. 

 

Mup = F * a 

 

In the left figure, the meta center is situated below the gravity point. This will cause a heeling moment, 

which will result in the tilt of the structure.  

 

Mheel = F * b 

The Sun- spotter is not a regular floating structure, because it consists of two parts. Because one part is 

floating and one submerged, only the floating part can have a metacenter. When stable, the center of 

buoyancy of the hemisphere and the kinetic cross are aligned and from there it could be concluded that 

their working line is the same.  

When tilted, the centers of buoyancy remain at the same position and so does their working line. The 

centerline of the floating hemisphere shifts. The two lines intersect above the gravity point. From this, it 

could be concluded that an uplifting moment arises. This moment is, however, not caused by water 

displacement of the hemisphere, but water displacement and the pushing upward compression of the 

kinetic cross. 

 

 

 

Figure 70 Metacenter of a floating structure [20] 
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4.9 Wind and waves 
The characteristic of waves have two types of behavior. The more predictable behavior, situated in a 

laboratory surroundings and natural less predictable wave properties, situated in open waters.  

 

 

 

 

 

 

 

 

 

 

 

 

The figure above illustrates a sinusoidal wave, defined by a wave height H and a period T. This type of 

regular behavior is strictly under laboratorial settings. Out in the open, waves have pretty unpredictable 

behavior, which can be better illustrated by the figure below.  

Figure 72 Sinusoidal wave variables [20] 

Figure 71 The metacenter of the Sun- Spotter 
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Figure 73 Irregular wave behavior [20] 

The most important variables of waves are: 

L Wave length, the horizontal distance between two successive wave crests; 

H Wave height, the difference between the highest and the lowest point; 

a Wave amplitude, H=2a 

T Wave period, the time that passes between two consecutive wave crests; 

f Wave frequency; f=1/T 

c Wave velocity (celerity) in which a wave crests travels; 

ŋ Displacement of the water level; 

 

There are a lot of different methods of 

predicting and calculating irregular wave 

fields, where design wave heights, periods 

and lengths can be extracted. The most 

important is the linear wave theory, based 

on the sinusoidal regular waves as depicted 

in the figure.  

The wave behavior of the Sun- spotter will 

be analyzed on a more irregular type of 

behavior, giving the inability to test it in 

laboratorial settings. That is why the Sun- 

spotter wave tests will be conducted in a 

harbor- like environment, with different type 

of setting.  

The behavior of the Sun- spotter during waves will strongly 

be dependent on the type of waves that it encounters and 

the configuration of the testing are. The Sun- spotter will be 

tested in two types of testing area: an enclosed pool and a 

small harbor.  

 

 

 

 

Figure 74 Types of waves 

Figure 75 Pool testing 
setting 
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In the pool setting, stokes waves will try to be generated by 

using the Sun- spotter to displace water and create waves. It is 

a closed and compact water surface, so generating the waves 

will be relatively easy. Due to the pulling force of the kinetic 

cross and the shape of the structure, the prediction can be 

made that the structure will move mainly in the vertical 

direction, when tested in the pool.  

The second type of testing will be conducted within a harbor 

environment.  

It is a semi- closed water surface with a lot of built environment 

around. This creates a type of tunnel effect that is suitable for 

the observation of the structure under the influence of wind.  

The initial prediction is that the Sun- Spotter will be significantly 

affected by wind forces. The wind will mainly push against the 

ETFE membrane and underneath the framework.  

 

 

 

 

 

 

 

 

 

 

Figure 76 Movement prediction for the 
pool test setting 

Figure 77 Harbor testing setting 

Figure 78 Movement prediction under the influence of 
wind 
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4.10 Kinetic nature of the Sun- Spotter 
 
From a purely kinetic point of view, the structure behaves according to the four- bar linkage principle. It 
consists of four bodies, called “bars” or “links”, connected in a loop by four joints. Generally, the joints are 
configured so the links move in parallel planes, and the assembly is called a planar four-bar linkage. [14] 

 

 

 

 

 

 

 

 

 

 
 

Because of the equal length of the ‘bars’ and ‘links’ parallel movement, the structure belongs to the 
parallelogram configuration. Maintaining the parallelism is essential for the solar tracking properties of the 
structure [21].  
 
In this configuration, the cables functions as struts with tensile load. This tensile load is created by the 
weight of the submerged cross. The buoyant force of the floating part of the structure prevents the structure 
from sinking and partially enables the movement of the upper link (q). The anchor point functions as a fixed 
link and a tipping point. The cables are connected with the upper and lower link, through a sliding joint. 
These sliding joints are lying in two plane surfaces, perpendicular to each other, connected to the main 
hinge point. This makes movement in the xz and yz direction possible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The upper q and the lower link l vary in length, 1480 and 1740 mm. Links s and p have the length of 1000 
mm. This results in only horizontal parallelism, needed for the tracking application of the object. Because 
of the deviant composition of this four-bar mechanism, it cannot be classified as a regular drag- link 
connection.  

Figure 79 Different types of four-bar linkage systems, [21] 

Table 3 System analysis of the Sun- spotter 4- bar linkage 

Figure 80 Kinetic behavior of the object 
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The functionality of the 4-bar linkage with cables 

proved not to be sufficient during the test phase of 

the project. When dropped in the water, the weight in 

the spheres was not enough to create the pulling force 

needed to put the cables under tension. This results in 

the inability of the cables to function as struts under 

tension.  

As a result, it became clear that the upward force is 

more significant and the cables need to be replaced 

with struts. In that configuration the 4- bar linkage 

functions as intended.  

 

 

Figure 81: Four-bar linkage in the Sun-Spotter. 
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5 TOP FRAME & ENCLOSURE 
 

5.1 Contents 
This chapter contains the in depth analysis of the system components, beginning with frame of the floating 

hemisphere. Its primary task is to enclose the hemisphere and protect the installations and the parabolic 

mirror. This has to be done by creating a framework will complement the overall shape of the hemisphere 

and at the same time have a functional value. The frame will also have to serve as a fixation point for the 

solar panel and the enclosure. This chapter will explain the design of the top frame and the enclosure and 

give a more in depth analysis of the decisions behind the design.  
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5.2 Framework 
5.2.1 List of demands 
The upper frame of the floating part of the system has to meet the following requirements: 

 Rigid and stable to withstand different forces applied on the structure; 

 Open structure in order to let sunlight through; 

 Lightweight; 

 Corrosion resistant; 

 Recyclable;  

 Cost- efficient; 

5.2.2 Materials 
The material choice will be based on different aspects. Firstly, it has to meet list of demands. Secondly, it 

will strongly depend on the production complexity and the price. Obviously, complex and expensive 

solutions will be avoided, due to the budget and time available.  

5.2.2.1 Aluminum 

Aluminum is the first logical material choice that can be made. It fits right in the lightweight nature of the 
Sun- spotter. Low density which doesn’t influence its strength. Large linear expansion coefficient, which is 
less ideal for a temperature sensitive application as the Sun- spotter. Great advantage of aluminum is that 
is very corrosion resistant. This makes it very suitable for this application.  
Aluminum is a recyclable material, but requires a high amount of energy. This makes a less sustainable 
material choice.   
 
The production methods that are needed for this type of framework are: 

 Extrusion: 
 Bending; 
 Welding; 

 
The hollow profile needed for the framework will firstly have 
to be extruded.  Because of the round shape, it will have to 
be bended afterwards. Finally the different parts of the 
framework will have to be welded together.    
 
The weight of the framework made of aluminum would be  
The price of aluminum is at € 1, 45 for the raw material. After 
production, the price of aluminum hollow tubes rises to € 7, 
32 per m2. [22] 
 
  

Figure 82 Aluminum extrusion [22] 
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5.2.2.2 Thermoset composite (Polyester) 

Another type of material, suitable for this 
application, is composite. Two or more 
materials combined into one, creating a 
new material with superb properties. Great 
strength to weight ratio due to the great 
mechanical properties according to the 
1+1=3 philosophy of composites. 
Polyester is a possible composite that could 
be used for this application. Very durable 
and corrosion resistant. Also heat resistant 
and therefore suitable for the Sun- spotter 
design.  Big disadvantage of thermosets is 
that they cannot be recycled, due to their 
thermal and production properties. They 
cannot be remolded or reshaped.  [23]  
 
Different production methods are available for thermoset composites, of which pultrusion would be the 
most suitable for this application.  
Thermosets are in general very cost- effective, resulting in a wide spectrum of applications. Auto- industry, 
yachts, tubing and even tanks are just some of the areas of application. Thermoset composites are generally 
less expensive than metals.  

5.2.2.3 Steel 

The third material of choice for the framework is steel. A widely used material with proved reliability. Great 
strength, but significantly heavier than aluminum or composite. Expands less than aluminum under high 
temperature. Steel is not corrosion resistant, unless coated with chrome and carbon (stainless steel) or zinc 
(galvanized steel). This results in a higher price per kg. Great recyclability makes steel a very sustainable 
material. It can be remolded and reshaped multiple times.   
 
The price of steel and aluminum is continually fluctuating based on global supply and demand, fuel costs 
and the price and availability of iron and bauxite ore; however steel is generally cheaper (per kg) than 
aluminum. However, because of the additional coating needed to create stainless steel, this makes it more 
expensive than aluminum. [24] 
 

The steel production methods needed for this application 

would be: 

 Cold forming steel; 

 Coating; 

 Bending; 

 

 

 

 

  

  

Figure 83 Pultrusion process [23] 

Figure 84 Cold- forming of steel [24] 
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5.2.3 Final material choice 

 

After comparing the different materials to each other, a final choice was made. The material of choice is 
stainless steel. The production of the framework was the most important factor for making this choice. The 
company involved, Schuurmans V.O.F., is specialized in steel constructions and has all the needed machines 
for producing the framework.  
Aluminum is lighter and does not require coating, but it has lower strength and is more sensitive to high 
temperatures. The CPV technology, which is integrated in the product, develops high temperatures. This 
could result in deforming the framework.    
Composite thermosets are perhaps the cheapest solution, but due to the complex form and the need for 
outsourcing, it was not a viable option. It would result in an uncertainty within the overall production 
process.  
Last, but not least, the recyclability of the material was also an essential argument for the decision-making 
process. Steel is definitely more recyclable than aluminum or Polyurethane.  

5.2.4 Design 
A ring is placed on top of the polyester bottom part to fixate the ETFE, to fixate the curved tube and to 
attach the Spotter to the moving mechanism and anchors. The ideal material for the frame and connection 
ring is aluminum because its maintenance free, lightweight and doesn’t have to be treated before it’s 
assembled because it doesn’t rust. 

5.2.4.1 Concept analysis 

A spherical, round shape of the floating structure is a requirement that was made in beginning of the overall 
design process. Naturally, this also applies for the framework. Another very important demand is that it has 
an open structure, which can provide solar- energy harvesting. Multiple, round- shaped options were 
analyzed, before making the final decision. The type of concept is strongly influenced by the choice for the 
enclosure.  
 

 
  

Material Density 
(kg/m3) 

Durability 
(years) 

Corrosion 
Resistant 
(Y/N) 
 

Maintenance 
free (Y/N)  

Recyclable 
(Y/N) 

Cost 
(€/kg) 

Aluminum 2700 25 Y Y Y 0,85 

Polyester 910 15 Y Y N 7,1 

Stainless 
steel 

7930 20 Y Y Y 1,05 

Table 4: Final material choice. 

Figure 85 Frame concept no. 1 
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The first concept for the top frame was based on the idea of half an arc, located above a transparent 
polycarbonate half- sphere, which encloses the floating structure.  
 

Concept number 2 consists of 2 full arcs which are placed perpendicular to each other. Once again above 
the arcs there is a polycarbonate half- sphere.  
 

Concept number 3 is based once again a half an arch attached on an aluminum ring. The enclosure of this 
concept consists of a flat polycarbonate plate.  
 
During the design process a decision was made to use another kind of transparent material. This decision 
was made in order to make the product more lightweight and the production process less complicated. A 
transparent membrane gives the product more flexibility and design freedom.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 86 Frame concept no. 2 

Figure 87 Frame concept no. 3 

Figure 88 Frame concept no. 4 
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Concept number 4 is a full arc underneath a transparent membrane. The main function of the arc in this 
scenario, is to tension the membrane in the vertical direction. This solution would have to include a winding 
mechanism which will tension the membrane.  
A winding mechanism requires additional holes in the floating structure, in order to wind it from the outside. 
Extra holes could result problems regarding the general waterproofing of the structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Concept 5 is different from the previous concept. It still uses the arc of the frame to tension the membrane. 
The main benefit of this concept is that the membrane can be tensioned from the outside. A central, wire 
end is adjustable in the vertical direction. This way, the enclosing membrane can be attached and then 
pulled upwards to the required height and create the amount of tension that is needed for the membrane. 
Concept number 5 is the chosen solution for further development.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 90 Exploded view framework 

Figure 89 Frame concept no. 5 
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The final framework consists of a stainless steel arc with a diameter of Ø25 mm and a radius of 750 mm. 

The arc is welded onto a stainless steel ring with a diameter of Ø1382, 5 mm. This ring connects the 

framework with the floating half- sphere.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
The connection between the framework and 
the polyester half- sphere is realized through 
a ring with a mirrored L- shaped section. This 
type of section has a more than one function. 
It is used to connect the ring to the polyester 
half- sphere, clamp the ETFE- membrane to 
the framework and protect the structure 
from sideways rainwater entry.  
 
The fixation of the framework is realized 
through a series of M8 bolt. 23 bolts for the 
fastening to the polyester half sphere and 23 
bolts for the clamping of the ETFE- 
membrane on the framework.  
 
 
 
 
 

  

Figure 91 Connection of wire end and the arc 

Figure 92  Connection of the framework with the half- sphere 
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5.2.5 Production 
The production of the framework is realized in the workshop of Schuurmans V.O.F. Bending is the first 

fabrication process that takes place. The L- shaped 30x30 mm profile is bended first and then the Ø25 mm 

arc and the lower clamping upper and lower clamping rings. Afterwards the arc and the L profile are welded 

onto each other.  

 

 

 

 

 

 

 

 

 

 

After that the opening in the arc is made and additional 

vertical piece is welded on the arc. This is the opening for the 

adjustable wire end which will enable vertical adjustment. 

Next step is to drill the holes for the M8 fixation bolts needed 

to clamp the membrane and attach the framework to the 

floating hemisphere.  

The last step is the welding of the additional 40mm plate 

around the L- profile. This plate will increase the strength of 

the framework and will give additional protection from the 

rainwater entering the structure from the side.  

 

 

 

  

Figure 93 L- shape profile and arc welded onto each other 

Figure 94 Opening for the wire end 

Figure 95 The framework mounted on the half -
sphere 

Figure 96 Fixation points for the lower clamping 
ring 
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5.3 Enclosure 
An essential part of the design is the enclosure and protection from water. The solar tracking function of 

the product creates necessity for an open structure. The framework from the previous chapter ensured that 

type of structure. The following step is to create a transparent enclosure which will protect the solar panel 

and the electrical parts from the weather influences. This sub- paragraph covers the development of the 

enclosure.  

5.3.1 List of demands  
The enclosure of the system needs to meet the following demands: 

 Transparent (>90%); 

 Durable; 

 Temperature and UV- resistant; 

 Maintenance free; 

 Recyclable;  

 Cost efficient; 

5.3.2 Shape and material  
The overall shape of the floating structure is spherical. From aesthetical point of view, a spherical shape of 
the enclosure would only be logical. From functional point of view, this is not necessarily true. The shape 
will strongly depend on the chosen material, the waterproofing and the connections with the frame.  

5.3.2.1 Tempered glass 

The first possible material that can be used is glass. It is highly transparent and suitable for this type of 
application. Because of the exposure to relatively high temperature and different weather elements, it would 
have to be tempered glass. Tempered glass is thermally and chemically processed in order to increase its 
strength. The tempering process puts the outer surfaces into compression and the inner surfaces into 
tension. Such stresses cause the glass, when broken, to crumble into small granular chunks instead of 
splintering into jagged shards as plate glass. 
 
Spherical (synclastic) shape is suitable 
for tempered glass. Different types of 
small scale products are integrated 
with tempered glass hemispheres. As 
the size increases, so does the need for 
glass panels. Bigger scale curved glass 
surfaces are fabricated in panels, 
which are connected to each other.  
[25] 
This results in a more complicated type 
of fabrication process and connections. 
The panels are connected through 
joints that create areas on the glass 
surface with a lower transparency 
levels.  
 
Another option is to have 2 anticlastic 
(double curved) glass surfaces which 
are connected in the middle. This gives 
less joints and leads to better 
transparency. At the same time it makes the production process even more complicated because of the use 
of freeform, adjustable molds.  

Figure 97 Curved glass panels [25] 

Figure 100 Adjustable mold Figure 98 Anticlastic (double 
curved) shape 

Figure 99 Spherical (synclastic) 
shape 



 

     68 

The weight of the enclosure plays an important role in the decision making process. The aim is to have a 
lightweight enclosure, which will benefit the solar tracking process and the overall movement.   
The thickness of the tempered glass enclosure for this setting would be 6 mm with a weight of 15 kg/m². 
The corresponding weights are: 
 

 Anticlastic enclosure = 2 m²* 15 kg = 30 kg; 
 Synclastic enclosure = 3 m²* 15 kg = 45 kg 

 
The transparency of tempered glass depends on its application. For this type of application, a transparency 
of 100% can be achieved.  

5.3.2.2 Polycarbonate  (PC) 

Another possible option, already reviewed in the framework chapter, 
is the use of composites. For this application it has to be a transparent 
type of composite, such as polycarbonate.   
A resilient and tough material, with great mechanical and physical 
properties. Just as most composites, it is extremely lightweight and 
has great weight/strength ratio. It is already used in the glazing 
industry. [26] 
A less advantageous fact is that regular polycarbonates are not 
suitable for long- term exposure to UV- lighting. A special coating, 
has to be applied during the fabrication process, in order to overcome 
this problem.  
The production method for curved polycarbonate elements is 
thermoforming. It creates joint- free surfaces, which is beneficial for 
solar harvesting. Polycarbonates can be sensitive for algae growth. 
This makes it less beneficial for floating application.   
 
Because of its design freedom and good properties, polycarbonate 
is suitable for a sinclastic and an anticlastic enclosure. Compared to 
glass, a 6 mm plate weighs a lot less, 7, 2 kg/m². The corresponding 
weight for an identical polycarbonate application are: 

 Anticlastic enclosure = 2 m²* 7,2 kg = 14,4 kg; 
 Synclastic enclosure = 3 m²* 7,2 kg = 21,6 kg; 

Polycarbonates can be transparent up to 92%. This is only the case 
when UV- resistant coatings are applied. When not, the transparency 
decreases the longer that the surface is exposed to direct sunlight. 
Polycarbonate is thermoplastic and can, therefore, be recycled. [27] 

 

  

Figure 101 Curved polycarbonate panels 
[26] 

Figure 102 Thermoforming [27] 
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5.3.2.3 ETFE 

A third option for the enclosure is ETFE. 
Ethylene tetrafluoroethylene (ETFE), is a 
fluorine based plastic film. It is a partially 
fluorinated copolymer of Ethylene and TFE. An 
extremely lightweight and durable material 
with great thermal, mechanical and physical 
properties. ETFE is designed to have corrosion 
resistance and strength over a wide 
temperature range. It has a superior impact 
strength, abrasion and cut through resistance. 
It can carry 400 times its own weight.  Perhaps 
one of its best properties is that it’s self- 
cleaning and recyclable. [28]  
Within the building sector it is mostly used for 
roof surfaces, because it is prone to punctures 
by sharp edges. It is also commonly used for 
lightweight, membrane structures with high 
amount of design freedom.  
With a working temperature range from -
185°C to 150°C, it is very suitable for a floating 
solar tracker application. It is very UV- 
resistant. Accelerated weathering tests were 
made, which compare 30 years of exposure 
and they produced almost no signs of film 
deterioration. ETFE transmits light excellently.  
Transparency levels up to 95% can be 
reached. In terms of weight properties, ETFE 
is also superior. It has 1/100 the weight of 
glass, which means that for this project it 
would result in the following weights: 

 Anticlastic enclosure = 2 m²* 0,1 kg = 0,2 kg; 
 Synclastic enclosure = 3 m²* 0,1 kg = 0,3 kg; 

Except its great properties and high design freedom, ETFE has also relatively straight forward connection 
types. This results in 24% to 70% less installation costs. Clamping is one of the most used connection 
techniques. Maintenance and reparations are done by applying heat welding with a patch or multiple sheets 
assembled into larger panels.   
The production process of ETFE involves the transformation of the monomer TFE in to the polymer ETFE 
using polymerization. Thereby, no solvents are used in this water based procedure. The material is then 
extruded to varying thicknesses depending on the application. It is a process which uses minimal energy. 

ETFE also has some disadvantages, like sound proofing and the need for steady air pressure, but those are 
mainly applicable for residential applications.  

 

 

 

 

 

Figure 103 ETFE clamping [28] 

Figure 104 Empire city casino, Yonkers Raceway [28] 
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5.3.3 Final material choice 
The chosen materials can be compared to each other, according to the list of demands. The summary below 

shows a summary of the most important demands and the values of each material: 

Table 5 Material summary and comparison 

From the material analysis it can be concluded that ETFE is the best option for the enclosure. Mainly the 

transparency level and the maintenance- free nature of the material are the most important factors for the 

material choice that has been made. Also the material price and the temperature resistance have big 

influence in the decision making process. 

  

Material Transparenc
y  
(%) 

Durabilit
y 
(years) 

UV- 
resistan
t (Y/N) 

Weight 
(kg/m2

) 

Maintenanc
e 
free (Y/N)  

Recyclabl
e 
(Y/N) 

Cost 
(€/m2

) 

Tempere
d 
glass 

90 25 N 15 N N 1 

PC 82 15 Y 7,2 N Y 13-18 

ETFE 94 20 Y 0,1 Y Y 10-15 



 

     71 

 

 

 
 
 
 
 
 
 
 
 
 
 

6 FLOATING HEMISPHERE 
 

6.1 Contents 
The floating hemisphere, is the actual energy- producing part of the structure. It is the housing of the 

parabolic mirror and the solar panel, which produce the energy output of the system. Its round shape 

enables the rotation and the simple movement on the water surface. In addition, it gives the Sun- spotter 

its character. The orange color and its hemispherical shape, create a cheerful site on the water. This gives 

the product also its artistic value. The following chapter describes the design process of the floating 

hemisphere.  
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6.2 List of demands 
The half sphere has to meet the following demands:  

 A floating structure;  

 Spherical shape;  

 Supple movement;  

 Maintenance free; 

 Lightweight; 

 Waterproof; 

6.3 Materials 
The material choice is based on the type of floating structure that will be chosen. Floating structures in 
general come in two types: rigid and inflatables. Both are lightweight solutions, suited for this application.  
 

6.3.1 Rigid structure 
Rigid structures are the most commonly used type of floating structures. Pontoons and boats are most 
common examples of this type of floating structures. Sturdy and tough, they are very sufficient for 
applications involving exposure to rough weather conditions. There are several materials that can be used 
for rigid floating structures, depending on the size of the project. Concrete will not be evaluated as an 
option because of its primary use for very large floating structures (VLFS) and lightweight, hollow character 
of our project.  

6.3.1.1 Aluminum 

In the past, aluminum was not the material of choice for 
marine type of structures. With the development of 
metallurgic industry and different types of aluminum 
alloys have been engineered with numerous advantages. 
Its lightweight properties result in easy installation 
requiring minimum manpower, equipment and material. 
Its structural strength allows it to withstand waves up to 
2m high. [29] 
Aluminum’s already mentioned resistance to corrosion is 
also the main reason why it can withstand decades of 
continuous marine use. As already mentioned, aluminum 
is recyclable with a high amount of energy, which makes 
it less sustainable than other materials.  
 
The custom, spherical shape of the floating half- sphere 
results in a custom mold that would have to be used 
during the casting process. A relatively straight- forward 
production process, which creates a single aluminum 
surface. [30]  
 
Lightweight is one of the essential demands that have to 
be met. The final design made of aluminum will have the 
following weight: 
 
(2700 kg/m3*0, 0014m3)*9, 81 N/kg= 37 kg 
 
 
  

Figure 105 Aluminum casting [29]  

Figure 106 Polyester kayak [30]  



 

     73 

6.3.1.2 Polyester 

A composite material such as polyester 
has a wide application area, because 
of its already mentioned great 
mechanical and physical properties. 
Glass reinforced polyester composites 
are commonly used in marine crafts 
like kayaks, canoes, fishing trawlers, 
patrol boats and naval mine hunting 
ships. Occasionally it is also used in 
offshore drilling platforms, for 
applications such as deck gates, low 
pressure pipes and tanks. [31] 
However, research have shown that polyester is less suitable for salt water applications. Sea water gets 
absorbed by the polyester and the salt attacks the glass fibers, degrading the resin matrix and the glass-
to-resin interface [?]. This is an important consideration, but not applicable on the Sun- spotter project, 
because of its fresh water future application. Maintenance free, impact resistant and cost- effective, 
polyester is a great candidate for the floating hemisphere.  
 
The production process required for this marine application of glass fiber, would be the hand lay-up process. 
A manual process in which glass fiber mats are laid on each other in a prefabricated mold after which a 
liquid resin mixture is applied as a binding agent.  
 
In this setting, the polyester hemisphere would have the following weight: 
 
(1400 kg/m3*0, 0014m3)*9, 81 N/kg= 19, 22 kg 
 
 

6.3.2 Inflatable structure 
In terms of lightweight, inflatable structures are the most suitable 
for floating structures. Consisting almost entirely out of air, they 
have an excellent size/weight ratio. Another big advantage of 
inflatables is their quick deployment and installation.  

6.3.2.1 Polyvinyl chloride (PVC) 

A commonly used material for marine inflatables, especially 
inflatable boats. It’s a synthetic plastic polymer, which becomes 
flexible after the addition of plasticizers. [32] 
Under normal circumstances, PVC is very durable material. 
Because of its molecular structure, it very resistant to oxidation and 
maintains its performance for a very long time. PVC shows great 
chemical resistance to chemicals such as alkali, acid and almost all 
inorganic chemicals. Because of the added plasticizers soft PVC even 
has better aging and weather resistance.  
As already mentioned, the weight properties are even better. In this 
case, an inflatable Sun- spotter half- sphere would have the following 
weight: 
 
(1200 kg/m3*0, 0014m3)*9, 81 N/kg= 16, 5 kg 
The most common production process for PVC inflatables is welding. 
Beach balls are one example of this production process. Pre- 
determined patterns are welded on to each other using hot air. For 
a spherical shape such as with the Sun- spotter, the process would 
be identical.  

Figure 108 Inflatable soft PVC ball [32] 

[31] Figure 107 Hand lay-up process  

Figure 109 PVC welding machine [33] 
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PVC can be recycled multiple times, but starts to gradually loose its mechanical properties after multiple 
recycling cycles. [33]   

6.3.2.2 Thermoplastic polyurethane (TPU) 

A fully thermoplastic elastomer, that is elastic and melt 
processable. TPU brings the material gap between rubbers 
and plastics. This versatility results from the unique 
structure of TPU that results in high resilience, good 
compression set, plus resistance to impacts, abrasions, 
tears, weather, and even hydrocarbons. TPU offers 
flexibility without the use of plasticizers as well as a broad 
range of hardness’s and high elasticity. Its range of physical 
properties enables TPU to be used as both a hard rubber 
and a soft engineering thermoplastic. TPU’s can be 
sterilized, welded, easily processed, colored, painted, 
printed, die-cut and slitted. They have low temperature 
flexibility and, in some grades, exhibit biocompatibility, 
hydrolytic stability, optical clarity, plus flame retardant and 
anti-static properties. [34] 
 
It is one of the materials of choice for inflatable applications. It can be produced as fully and semi- 
transparent. Just as PVC, the TPU products are often also fabricated through welding.  
In terms of weight, TPU is slightly lighter than PVC. For the Sun- spotter application, this results in the 
following weight: 
 
(1100 kg/m3*0, 0014m3)*9, 81 N/kg= 15, 1 kg 
 
TPU is thermoplastic, so it can be recycled numerous times.  
 

6.3.3 Final material choice 

In the case of the floating hemisphere, the initial material choice is made according to the initial design 
choice, which is an inflatable structure. The weight of the hemisphere and the material price are two of the 
most important factors of influence. Therefore, the PVC was the original material choice. Even though 
slightly heavier than TPU, it is easier to acquire and generally more used than TPU.  
However, during the design process, new insights have been gained that led to a significant design change 
which naturally resulted in a material change. Because of maintenance and functionality reasons, the 
decision has been made to rigidize the hemisphere and to choose polyester. This decision will be clarified 
following chapter Design.  
 
 
 
 
 

Figure 111 Material choice comparison 

Material Rigid/ 
inflatable 

Durability 
(years) 

Weight  
(kg) 

Maintenance 
free (Y/N)  

Recyclable 
(Y/N) 

Cost 
(€/kg) 

Aluminum Rigid 25 37 Y Y 0,85 

Polyester  Rigid 15 19,2 Y N 7,1 

PVC Inflatable 50 16,5 Y Y 1,10 

TPU Inflatable 40 15,1 Y Y 1,20 

Table 6: Final material choice. 

Figure 110 TPU inflatable ball [34] 
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6.4 Design   
The initial concept ideas were based on inflatable structures. All the concept models were made based on 
the idea of inflatable spheres as the floating part of the structure. The spherical form of the Sun- spotter is 
very suitable for the application of an inflatable. It would create a very lightweight and easy to set up 
system. Since this there is no compressive load on the floating structure itself, pressure load within the 
structure would be the most important load that has to be reckoned with.  

The pressure load has maintain a constant value. 
The constant pressure is important for the buoyant 
force needed to keep the whole structure stable. A 
pressure drop would result in decrease in buoyant 
force. Less buoyant force results in deflation and 
partial sinkage, due to the weight of the 
submerged part of the structure, which is made of 

metal in all cases.     
Pressure drop also deforms the overall shape of 
the object. This could result in less beneficial 

tracking movement and less output.  
 

 

 
One of the key aspects of the Sun- spotter is the integration of a 
reflective CPV technology. CPV concentrates and multiplies the sunlight 
into a focal point.  

This develops high temperatures, which forms an obstacle for the overall 
energy output and for the structures itself. Research has proved that the 
efficiency of PV is inversely proportional to its temperature. [2] A typical 
value for PV efficiency loss with temperature is 0.5% / °C [3]. Therefore, 
an airtight inflatable in combination with high inside and outside 
temperature results in disadvantageous setting for energy production.  
[35] 

The airtightness of an inflatable also gives maintenance issues. A separate, air and watertight opening 
would have to be created, which would have to be used in case of maintenance.   
 
The only way to tackle these issues, is to introduce additional installations which will keep the entire system 
operative. These installation have to cope with the pressure and the temperature separately or 
simultaneously. The only possibility is to apply separate solutions, in the form of: 

 Air- fan to maintain the pressure; 

 Cooling apparatus inside the inflatable part to keep the operating temperature optimal 

The downside of using additional electronic installations, is increase in the energy consumption of the 

whole system and maintenance costs. These findings led to reconsidering the material and structure 

choice that has initially been made.  

In order to avoid this type of unnecessary complications, the decision has been made to rigidize the 

hemisphere and eliminate internal pressure. Fabricating the hemisphere from polyester will result in a 

Figure 112 Relation between air pressure and buoyant force 

Figure 113 Air fan for inflatables [35]  
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sturdy and resilient floating device, which remains constant buoyant force and more stability. The impact 

and puncture- resistance will also improve and the overall movement will be suppler.  

Although called a hemisphere, the 

Sun- spotter floater is not a pure 

hemisphere. It is slightly extended in 

the y- direction. The extension is 

needed to prevent water from 

entering the structure at 37° tilt. 

Partially submerging that part of the 

hemisphere would also cover part of 

the parabolic mirror, resulting in 

output losses. 

 

 

 

 

 
Figure 114 Normal hemisphere  

under 37° 

Figure 115 The Sun- spotter 
hemisphere under 37° 

Figure 116 Normal hemisphere  
under 90° 

Figure 117 The Sun- spotter 
hemisphere under 90 
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The final design resulted in a customized polyester hemisphere with a height of 1000 mm and internal 

diameter of 1355 mm. The top of the hemisphere is curved under 90°. This curve is needed for the 

attachment of the upper framework to the hemisphere and at the same time for the formwork removal. 

 

 

 

 

 

 

 

 

 

 

 

For the complete set of the drawings and dimensions of the 

hemisphere we refer to the attachment. 

 

  

Figure 118 Attachment point with the 
upper framework 

Figure 119 Final impression of the polyester hemisphere 
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6.5 Production 
The production of the hemisphere was realized in collaboration 

with the Polycel Company from Panningen. During the design 

phase the drawings were reviewed and adapted couple of times 

after which the production was initiated.  

The company is specialized the production of polyester products, 

with mosque domes as their main product. All of the products that 

Polycel makes are produced by the hand lay-up method. That was 

also the case for the Sun- spotter project.  

After that the Polycel workers already prepared the mold, the first 
step was to prepare the glass fiber mats for the lay- up process. Smaller pieces were cut from a big role in 
a trapezium shape, in order to lay them as efficient as possible.   

 

 
The second step of the process was to lay the central piece and cover it with liquid resin. It is very important 
to roll it down couple of times in order to prevent air bubbles under the mat. This would result in an uneven 
surface after drying and removing it from the mold.  
 

 
 
 
 
 
 
 
 
 
 
 
 

Next step is to lay the first layer of glass fiber mats on the sides and cover them with liquid resin. After that 
the rolling down and the removing of the air bubbles can start.   
 
 
 
 
 
 

Figure 121 Cutting the glass fiber matts 

Figure 124 Finishing the first layer Figure 123 The parabolic mirror surface 

Figure 120 Polycel logo 

Figure 122 Laying the first piece 
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After laying the first layer, a short break was made. In that time the parabolic mirror surface was made 
according the same principle. Laying the mats next to each other and covering them with resin.  
 
 
 
 
Next step was to repeat the cycle once again and lay 
the second layer up. A second layer will give more 
stability and make the hemisphere more stable and 
resilient. After finishing the hand lay- up process, the 
hemisphere needs to dry before it can be removed 
from the mold.  
 
 
 
 
 
 

 
After more than a week the hemisphere was ready 
to be picked up and transported.  
 
 

  

Figure 125 After the first layer 

Figure 126 Final product 
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7 PARABOLIC MIRROR 
 

7.1 Contents 
The parabolic mirror is perhaps the single most important energy- producing element, giving the fact that 

it guides and multiplies the solar radiation towards the solar cell. It is directly responsible for the efficiency 

and the material saving of the whole system. Its enhancive properties are reason for its efficiency. At the 

same time, this enhancement creates heat generation that cause a lot of damage. This results in a design 

challenge, that will have to cope with this problem as well as with the manufacturing and the integration of 

the mirror within the structure This chapter is going to cover these design challenges and the fabrication of 

the mirror.  
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7.2 List of demands 
The mirror is one of the most important aspects of the Sun-Spotter and is needed to use the Concentrated 

Photovoltaics technology. Because there has to be a complete synergy between all the aspects demands 

have to be settled. 

● The mirror has to be lightweight. 

● Focal point has to fit in the ETFE membrane. 

● Should be easy to attach to the outer construction.  

7.3 Materials 
As the application of CPV and CSP technologies increases, so does the material optimization of parabolic 

mirrors. Distinction has to be made between utility and domestic scale parabolic mirrors. Utility scale 

projects involve materials such as: 

 Glass;  
 Copper; 
 Fused silica; 
 Nickel; 
 Optical crown glass; 
 UV- grade fused silica; 
 Bk7 glass; 

The material of which the mirror is made is less important than the reflective coating that is used to make 

it reflective. Most commonly used coating are aluminum and its derivatives.   

The Sun- spotter project is a small- scale, prototype project, which fits better in the domestic segment. 

There are a lot of different applications of parabolic mirrors within the domestic sector. Applications such 

as parabolic cookers and home- made CPV projects. Mainly consisting of an old satellite dish and reflective 

aluminum coating.  

 

 

 

 

  

 

 

 

 

The Sun- spotter is a custom project which means that the parabolic mirror also has to be custom made. 

That is why no existing satellite dishes can be used. The depth of the mirror has a correlation with the 

diameter of the polyester hemisphere and the focal point distance. One of the demands is also that it has 

to fit within the enclosure. That is why this parabolic mirror has to be custom made and no existing satellite 

dishes can be used. The most important information is that it has to be rigid and has to have a specific 

depth.  

Figure 127 Homemade CPV reflective mirrors 
[72] 
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Because of this, the decision has been made to choose polyester as a building material and cover it with a 

reflective coating. As already chosen for the hemisphere, Polycel will also be the manufacturer of the 

parabolic mirror.   

7.3.1.1 Reflective coating  

The chosen reflective coating is a Mylar coating. It is 
a tradename, while it’s chemically defined as boPET 
(Biaxially- oriented polyethylene terephthalate). It is 
actually a polyester film made of stretched 
polyethylene terephthalate. It has numerous 
beneficial properties such as high tensile strength, 
chemical and dimensional stability, gas and aroma 
barrier properties and electrical insulation. Perhaps 
the most important property, is its high reflectivity. It 
reflects up to 99% of light, including much of the 
infrared spectrum. The most suitable solution for an 
outdoor floating application. [36] 
 
 

  Figure 128 Mylar foil [36] 
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7.4 Development  
The main task of the parabolic mirror is 

to concentrate the solar energy to a 

single point, defined as the focal point. 

The design of the mirror evolves around 

that point. The focal length is 

determined by the diameter and the 

depth of the mirror, which can be 

variable. The focal point decreases as 

the depth of the mirror increases.  

 

In the Sun- spotter setting the diameter 

is predetermined by the polyester 

hemisphere. The hemisphere has an 

inner diameter of 1355 mm, which 

means that the mirror will have the same. Analyzing different depths results in the following focal lengths: 

 

The depth of the mirror will be determined according to aesthetical and 

functional demands. One of the functional demands is that the focal 

point has to fit within the ETFE enclosure. Making a choice regarding 

the mirror depth is based on several aspects: 

 The focal point has to fit within the ETFE enclosure; 

 Temperature of the focal point; 

 Type of panel used; 

If the depth of the mirror is low, the focal height will get higher and 

raise the panel above the floating hemisphere. This will bring the panel in conflict with the ETFE 

membrane and make it nearly impossible to put it under tension.  

 

Concentrating the solar power into a focal point also creates extreme temperatures. This is the reason 

that the main domestic application of the parabolic mirror is a solar cooker. This type of temperature can 

cause great damage to almost any material that is put in the focal point. Normal CPV technologies use 

FIGURE  SEQ FIGURE \* ARABIC 2: THE POLYESTER 

BOWL IS COVERED WITH REFLECTING FOIL. 

Figure 131 Mirror depth = 200mm Figure 131 Mirror depth = 300mm Figure 131 Mirror depth = 400mm 

Figure 132 Baking an egg with the 
parabolic mirror 

Graph 5: Mirror design parameters. 
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multi- junction solar panels, which are located exactly in the focal point of the parabolic mirror. Because 

of their thermal properties, this type of solar cells have a significantly higher temperature resistance. The 

Sun- spotter project does not make use of multi- junction solar cells, because of their limited availability 

and price.  

The prototype will be made with a regular silicone solar panel, which is definitely not resistant to high 

temperatures. Due to this, the panel cannot be placed exactly in the focal point. Therefore, a larger depth 

of 400mm is chosen. This depth will ensure the fitting of the panel within the enclosure and also provide 

enough height to place the panel above the focal point. This will prevent the possible damage.  

7.5 Production 
Like the big polyester bowl the mirror is also made at 

Polycel Panningen. The mirror is made out of a 

polyester bowl that fits perfectly inside the big 

polyester bowl. The process of making this mirror is 

the same lay- up process used during the fabrication of 

the polyester hemisphere explained in the previous 

chapter. 

The next step is making the polyester dish reflective. 

Because of its double spherical nature, it is nearly 

impossible to cover the surface with large pieces of 

mylar foil, without corrugations in the material. That is 

why patterns have to made. The dish is firstly divided 

in 16 segments.  

 

 

 

 

 

 

 

 

 

  

Figure 133 The finished parabolic dish 

Figure 134 One of the 16 cutted 
segments 

Figure 135 Division in 16 segments 



 

     85 

After trying to gluing the patterns within the dish, a lot of corrugations occurred. These corrugations have 

a negative effect for the reflectivity of the mylar. The amount of segments has to increase and become 

narrower in order to decrease the amount of corrugations. 

Division in 32 segments is made. 

 

 

 

 

 

 

 

With this pattern size, the amount of corrugations has drastically decreased. Not long after that the dish 

was completely covered with reflective Mylar.  

  

Figure 136 Division in 32 segments Figure 137 Narrower segments 

Figure 138 The final product Figure 139 Gluing the segments onto the dish 
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8 KINETIC CROSS 
 

8.1 Contents 
The underwater structure that controls the movement of the floating Spotter is called the ‘kinetic cross’. 

This cross makes it possible to rotate and tilt the floating Spotter in every direction by the displacement of 

fluids and air and therefore the gravity point of both structures.  More about gravity point displacement can 

be read in the chapter: Tracking with gravity point displacement. 

Lightweight materials, a slick design and straight forward electronics summarize the characteristics of the 

kinetic cross. The corresponding aspects are researched and tested extensive to make the kinetic cross 

what it is. 

This chapter describes the research and development of the kinetic cross for the Sun-Spotter. 
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8.2 List of demands 
In order to develop the kinetic cross the demands have to be very clear, what specifications and 

requirements does the cross have to meet in order to succeed. Also the specific environmental conditions 

where the cross is installed come with specific demands. 

● Materials have to be: 

● Resistant to external forces (water, algae etc.). 

● Maintenance free. 

● Durable. 

● Lightweight. 

● Water tightness has to be guaranteed at all circumstances. 

● Cross has to be fixated to the bottom. 

8.3 Design 
The design of the kinetic cross is inspired by the way marionettes are moved. This is 
often performed with a wooden cross that is attached to the puppet underneath (see 
figure). 
 
This concept is the base for the Sun-Spotter and combines the principle of tracking 
with gravity point displacement executed by pumping fluids and exchanging air.  
 

8.3.1 Shape analysis 
The first concept was a sheave divided into 
four compartments, after researching this 
concept the conclusion was that a sheave 
would cost too much to product. It also has 
a big surface which gives a lot of resistance 
against the water, this makes the 
influence of streams in the water bigger. From 

this reference point the research continues to find the most 
optimal design for what’s ended as the kinetic cross. 
 
The design of the cross depends mostly on the shape of the 
containers. The shape isn’t only a visual aspect but every shape 
has different properties.  

 
Figure 142: Different concepts of the possible shapes. 

Using a shape that is smooth and gives a minimal resistance to water streams is ideal for this particular 
situation. Water streams would directly affect direct the tracking accuracy and therefore the generated 
energy. This means that a spherical shape for the containers gives less resistance to the water. For the 
construction the amount of material corresponds with the amount of surface and therefore the amount of 
resistance to the water streams and the costs of the structure. So a low amount of material is beneficial for 
the structure. 
 

Figure 141: A cross or a sheave as 
shape? 

Figure 140: 
Marionette principle. 
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8.3.2 Three of four containers 
The choice between using three or four containers is considered carefully. This choice is made by analyzing 
the different aspects for each option. What are the advantages/disadvantages of both options, and which 
fits the system most?  
 
Using four container over three creates a more precise tracking system that corresponds with a four LDR 
light sensor that controls the displacement of the fluids inside. Because the fluid is divided over four 
containers, each container can be dimensioned smaller compared to the three container model, it also 
creates a more controllable and stable system. So choosing for four containers is a more safe choice because 
the system is still experimental. Also the costs are not much higher because the construction has four 
identical arms/containers. 
  

Table 7: Three- / four container comparison. 

Three containers Four containers 
 Less material /costs.  More precise tracking. 

  More stable / divided weight. 
  Easier to program with LDR sensor. 
  Smaller containers needed. 

 

8.3.3 Kinetic cross design 
The final design of the kinetic cross consists of four spherical containers that are each clamped together by 
two laser cut plates. These plates are fixated together with nuts and bolt separated by spacers. At the end 
of these ‘fixating arms’ are the hinging points that are connected to the floating structure with struts.  
 
The beginning of these arms are attached to the technical compartment that is in the middle of the kinetic 
cross. This compartment has to be designed as small as possible to prevent the system from floating. It 
also has to fit the necessary electronics, this means a perfect balance has to be found. On top of the 
compartment is a watertight lid with a watertight connection for the main multi-cable. This compartment is 
then fixated with two anchors to fixate the system on the desired location.  
 
 

Figure 143: Visualization of the Kinetic Cross. 
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8.3.4 Dimensions 

 

 
 



 

     90 

8.4 Components & Development 
The kinetic cross consists out of several components that together form the underwater structure that 
creates the movement of the Sun-Spotter with gravity point displacement. The components meet the 
required demands and are designed to withstand extreme conditions. The main components of the cross 
are: 
 

 Technical compartment. 
This watertight compartment offers space for necessary electronics to make the system function. 
 

 Fluid containers and fluid- / air hoses. 
Four containers are filled half with water and half with air to make gravity point displacement 
possible. The hoses connect the fluid containers with each other. Thereby the exchange of both 
fluid and air is possible with as result the gravity point displacement principle. 
 

 Fixating arms and connection to floating structure. 
The arms fixate the fluid containers to the technical compartment in the middle of the kinetic cross. 
They also make the cross more wide to properly fit underneath the floating hemisphere. 
Struts/cables connect the kinetic cross to the floating hemisphere. It is also necessary to let the 
floating structure follow the motions of the cross. 

 
 Anchors & chains. 

Anchors and chains are needed to fixate the Sun-Spotter on the desired location. Also the system 
is prevented from rotating. 
 

 

 
Figure 144: Overview of components of the kinetic cross. 
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8.4.1 Technical compartment 
The underwater compartment is in the middle of the kinetic 
cross and offers space for the pumps and the batteries. This 
compartment comes with the challenge to make and keep it 
watertight at all times. Because there is an extremely small 
change of leakage the components that are most sensitive for 
electric interference are mostly placed in the top compartment. 

8.4.1.1 Materials 

Parts of the kinetic cross are made of both aluminum and 
stainless steel, the parts that needed welding are made of 
stainless steel because this is easier to weld. The technical 
compartment required a lot of welding to make it watertight so 
it’s made from stainless steel instead of aluminum because it’s easier to weld. The water tightness is 
guaranteed with special sealing tape on all tube connections. The lid is sealed with a special made EPDM 
ring that creates a watertight connection. 

8.4.1.2 Dimensions 

The size of the compartment is dimensioned with the 
required installations as a reference point.  It has to be as 
small as possible because the volume of air inside has to 
be minimal. When the air volume inside is too big the 
kinetic cross creates too much up thrust, this is solved by 
adding weight to the cross. But this isn’t ideal, so the 
dimensions have to be adjusted. To fit the required 
installations (pumps / batteries) inside the dimensions are 
determined at 400 x 140 mm for the inner compartment. 

8.4.1.3 Water tightness 

The water tightness has to be guaranteed at all times, 
therefore extra attention is necessary to prevent leaking. This means that every grommet has to be taped 
in with anti- leakage tape and then tightened extra. The water tightness of the compartment-lid is done 
with an EPDM ring that precisely fits on the edge. Then the lid 
is bolted with as many bolts as possible to create pressure on 
the EPDM. 

8.4.1.4 Development 

Most parts are ordered and cut by an external company, these 
parts are the bottom, top ring, lid and brackets. When these 
parts arrived the only tasks are bending the round walls of the 
compartment. Then the parts only have to be fixed together. 
 
Now everything had to be perfectly welded without any holes 
to create a perfect watertight compartment that is the base of 
the kinetic cross. 
 
 

  

Figure 145: Visualization of the compartment. 

Figure 147: The compartment welded together. 

Figure 146: Section cut with dimensions. 
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8.4.2 Fluid containers and fluid- / air hoses 
The concept of the Sun-Spotter is based on the displacement 
of fluids between four fluid containers. The first step to design 
and develop the fluid containers was calculating and 
researching what the needed dimensions, materials and shape 
for the containers is. 

The use of a spherical round forms is the most effective in an 
underwater setup according to the shape analysis. This meant 
that for the containers a spherical form is ideal, however this 
form is also challenging to develop and integrate in the design. 

8.4.2.1 Materials 

Finding a pre-fabricated solution for the containers is challenging 

because of the shape, dimension and required strength and water 

tightness of the containers. This meant at first making a ball from 

polyester at the company that fabricated the floating bowl. 

However this was hard and also expensive. Finding a prefabricated 

solution was the new goal. 

Further research led to a company that develops strong plastic 

floats in all sizes. These were perfect because floats are designed 

to be absolutely watertight and strong. 

8.4.2.2 Dimensions and volumes 

The necessary amount of fluids that is needed to make 

the Sun-Spotter tilt in four directions is estimated at 7 

liter for each container. This meant that a full container 

contains 14 liters of fluid, therefore the diameter of the 

container is calculated to be around 300 mm.  

The thickness of the ordered floats is about 3 to 5 mm’s, 

this has to be enough to withstand the expected forces 

that will occur on it. 

8.4.2.3 Development 

Because 

every 

connection of 

the kinetic cross is underwater the water tightness is very 

important. Each container has three hose connectors (fluid 

2x air 1x) that are carefully drilled and applied. To guarantee 

water tightness every connector is produced with a sealing 

ring and special sealing kit.  

 

  

Figure 148: Visualization of the fluid-containers. 

Figure 149: Plastic float. 

Figure 150: Section-cut of a fluid container. 

Figure 151: Hose connectors. 
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8.4.3 Fixating arms 
In the center of the kinetic cross is the 

technical compartment, attached to 

the four sides are the eight fixating 

arms holding the fluid containers. Each 

fixating arm consists of two aluminum 

plates that are bolted together. 

Between the plates is the spherical 

fluid container clamed in place. To 

prevent the fixating arms from 

pressing too much on the containers 

spacers are applied. 

8.4.3.1 Materials 

The fixating arms are designed as 16 similar plates that are 

cut out of aluminum. Choosing aluminum over stainless steel 

makes the arms cheaper and weigh less. Also, because the 

arms are fixated by bolting no welding is necessary. This 

creates a simple and effective construction that is easy to 

construct. And therefore more importantly is also cheaper. 

 

8.4.3.2 Dimensions 

The dimensions of the fixating arms derive from two 
other components; the floating structure and the fluid 
containers.  

The outer dimension has to be equal or bigger than 

the maximum dimension of the floating structure. 

Because the kinetic cross moves the floating structure 

and ‘hangs’ directly below it. 

Because the fixating arms are pressed on the fluid 

containers the dimension of the round hole has to be 

slightly smaller than the diameter of the containers. 

8.4.3.3 Connection to floating structure 

At the end of the fixating arms is a hinging connection 

made that offers a smooth connection between the 

kinetic cross and the floating hemisphere. 

Depending on the situation where the Sun-Spotter is installed a cable or strut is used to connect the kinetic 

cross with the upper structure. When the system is installed hanging to display the system to the public at 

the IASS cables are used. When the Sun-Spotter is placed in the water struts are necessary to make the 

system function. This is because cables can only pull, struts can both push and pull which is necessary to 

use the up thrust (air) and down thrust (water) of the system. 

 

Figure 152: The arms keep the fluid containers on place. 

Figure 154: Dimensions of the fixating arms. 

Figure 153: Fixating arms in the prototype. 
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8.4.4 Anchors & chains 
To prevent the Sun-Spotter from floating away and to keep the 

structure fixated on the desired place. Two anchors are 

attached underneath the kinetic cross. One anchor can fixate 

the structure but would make it less stable and increases the 

risk of floating away or rotating. Therefore adding a second 

anchor increases the stability and keeps the structure better in 

position.  

8.4.4.1 Movements 

A special pivoting point makes it possible to let the Sun-Spotter 

move freely in all directions while fixating the structure to the 

bottom and therefore fixating the structure on the desired 

point of the water surface. 

The movement of the structure is executed in two directions and combinations of these two directions. The 

pivoting point makes it possible to move freely in all directions (see figure). 

 

Figure 156: Tilting the kinetic cross in the X-direction with a small tilting lever. 

Movement in the X-direction is executed with a small tilt lever that is connected to both chains. Because of 

this mechanism the chains won’t move a lot while the kinetic cross can move freely in both directions. 

 

Figure 157: Tilting the kinetic cross will make the chains tilt in the same directions. 

The other direction (Y-direction) can also move freely because the chains can tilt in the same direction as 

the kinetic cross goes. This motion can be combined with the movement in the X-direction, therefore the 

Sun-Spotter can move freely while being fixated on the position. 

Figure 155: A special pivoting point fixates the 
Sun-Spotter and makes moving freely possible. 
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8.4.4.2 Materials 

Chains are often used to fixate ships or other floating 

objects, this is also the best option for the Sun-Spotter 

because of the robustness that chains have. Applying cables 

instead of chains would weigh less but makes the fixating to 

the anchor less strong and more sensible for external forces. 

Also the weight of the chains is necessary to prevent the 

kinetic cross from rising due to the up thrust that is created. 

8.4.4.3 Development 

The Sun-Spotter is displayed at 

the IASS-exposition in the first 

months, this exposition displays 

the Sun-Spotter hanging from the ceiling. This meant that two anchors are not 

necessary. To display the purpose of the Sun-Spotter to the public one anchor 

is hanging with chains underneath it.  

When the prototype is installed in the water two anchors are attached to 

prevent the system from floating away. Also the anchors prevent the system 

from rotating by the force of the wind.  

Figure 158: Drawing of the pivoting-point below 
the kinetic cross. 

Figure 159: One anchor at the IASS 
expo 2015. 
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8.5 Movement 
The kinetic cross integrates gravity point 

displacement in the form of a moving 

underwater cross that makes a floating 

structure track the sun. This cross is 

moved by pumping fluids from side to 

side with the hoses below the containers, 

this action creates down thrust (red 

arrows). This is combined with a 

corresponding exchange of air with the 

hoses on top, creating up thrust (green 

arrows). 

These actions make the kinetic cross tilt 

underwater, and are therefore tilting the 

connected floating structure. This results 

in a precise and stable floating solar tracking solution that moves in all directions.  

More about gravity point displacement can be read in the corresponding chapter. 

 

 

Figure 161: Movement of the kinetic cross and the Sun-Spotter. 

Table 8: Density of fluids. [37] 

8.5.1 Displacing fluid 
Inside each container is a certain amount of fluid which is necessary 

to move the kinetic cross. The weight of each container depends 

on the volume and the density of the fluid that is inside. If 7 liters 

of water is in a container the weight of the container is 7 kilograms 

because the density of water is 1,00 g/mL (see table). 

When the displaced fluid has a higher density the weight of the 

containers increases without enlarging the volume or size of the 

container.  

There are no usable alternatives for normal water in the case of 

the Sun-Spotter. Oil would be better for the pumps but the weight 

of the fluid would decrease instead of increase. Fluids heavier than water are thick and would therefore 

Fluid: Density (g/mL): 

Hydrogen 0,00009 

Helium 0,0002 

Air 0,0013 

Oxygen 0,0014 

Carbon dioxide 0,002 

Ethyl alcohol 0,79 

Machine oil 0,90 

Water 1,00 

Seawater 1,03 

Glycerol 1,26 

Mercury 13,55 

Figure 160: Exchanging air and fluids in the kinetic cross make the 
structures tilt. 
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break the pumps. Also other fluids as water could be bad for the environment if leakage occurs. So 

dimensioning the containers according to the amount of normal water that is necessary. 

8.5.2 Calculations 
To know how much weight can be displaced from side to side firstly volume calculations have to be made. 

The used fluid containers are 300 

mm diameter each. This means that 

the maximum volume of water in 

each ball is 14 liters. The weight of 

normal water is about 1,00 g/mL, 

therefore the maximum weight is 14 

kilograms. 

The kinetic cross is designed to 

pursue neutral buoyancy when in 

the horizontal position. Neutral buoyancy is gained when up thrust and down thrust are equally; the amount 

of air inside has to be equal to the amount of weight of the cross. Now a little extra weight can be added 

to pull the floating structure down a bit; this creates more stability and control. This can be done with 

heavier chains. 

Weight estimation 
Weight of the steelwork:   52 Kg 
Weight of the fluids:  7 x 4    28 Kg 
Weight of the anchors:  2 x 3,2  6,4 Kg 
Weight of chains:    30 Kg 
Total weight of the cross:   122,8 Kg 
 
The compartment in the center of the cross is dimensioned as small as possible to prevent too much up 

thrust of the kinetic cross. When the air inside would be too much the solution was to add extra weight 

underneath the compartment. The weight of the anchors and chains is also important to calculate. 

Compared to the floating structure is the kinetic cross a lot heavier, firstly this is needed to create enough 

force to tilt the structure in the desired angle. Also a heavier construction makes the entire system more 

stable to external forces.   

Figure 162: Weight of the fluid containers 
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8.6 Prototype 
In the prototype the kinetic cross is 

hanged directly below the polyester half 

sphere. Because the systems is based on 

gravity point displacement the system 

also functions above water. Therefore the 

system is firstly displayed hanging where 

the movement and mechanism of the 

cross is directly visible. This makes it 

possible to test and analyze the 

interaction between sensor, software and 

hardware for two months before testing 

the system in the water. 

 

 

 

 

Figure 164: The finished Kinetic Cross at the IASS-exposition Amsterdam. 

 

  

Figure 163: The cross under development with steelwork and fluid 
containers. 
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9 ELECTRONICS & INSTALLATIONS 
 

9.1 Contents 
The Sun-Spotter consists out of different electronic parts that are all connected and depend on each other. 
Without the solar panel the batteries would be empty and the pumps wouldn’t work and without the pumps 
the sun couldn’t be tracked and therefore no energy would be produced. 
 
This means that the connection between each electronic device has to be regulated perfectly; there is no 
room for mistakes. Testing and fine-tuning is the most important step in creating the Sun-Spotter and 
making it work flawlessly. 
 
The Sun-Spotter can be divided into three categories of electronics and installations: 
 
Movement: 

● Control / sensors 
● Execute / pumps 
● Integration 

 

Photovoltaics: 
● Type of panel 
● Cooling system 
● Integration 
● Others  

 

Lights: 
 Type of lights,  
 Light activation 
 Integration 

 
This chapter describes the electronics and installations that are necessary for the movement of the system, 
and the positioning of the electronics in technical compartments. The movement is divided into the control 
of the movement, the way the movement is executed and the integration of the electronics into the Sun-
Spotter. Also the electronics that are needed for the lights are described in this chapter. 
 
Information about the photovoltaics can be found in chapter 10: Photovoltaics. 
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9.2 Technical compartments 
The installations of the Sun-Spotter have to be 
placed into different compartments. This is 
depending on the requirements and the sensibilities 
of the chosen hardware. At first the idea was to 
place all installations under water into a watertight 
compartment, however this seemed difficult due to 
the needed space, accessibility and sensibility to 
moist of some hardware.  
 
Due to this findings two compartments are chosen 
considering the best position for each piece of 
hardware. The underwater compartment is in the 
middle of the kinetic cross and offers space for the 
pumps and the batteries. This compartment comes 
with the challenge to make and keep it watertight at 
all times. Because there is an extremely small 
change of leakage the components that are most 
sensitive for electric interference are mostly placed 
in the top compartment. 
 
The top compartment is right above the solar panel and underneath the membrane, this compartment is 
therefore placed in a dry setting. The most sensitive components for electrical interference like the Arduino 
Uno are placed in this compartment. 
 
Top compartment 

● Arduino Uno 

● Relay board 

● Inverter for photovoltaic panel 

● LED driver 

Underwater compartment 

● Pumps 

● Batteries 

 

  

Figure 165: Position of the compartments. 
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9.3 Electronics & Installations | Movement pumps 
9.3.1 Contents 
The movement is based on the displacement of the center of gravity. This is done by ‘moving’ fluids from 

one side to another in two directions as can be read in the chapter about the tracking mechanism. The goal 

is to choose pumps that use a minimum of energy which leads to a maximum of energy output due to the 

tracking. 

Different types of pumps and setups are analyzed before building the prototype of the Sun-Spotter. The 

choice has to meet the requirements that are demanded of the pumps and prototype. 

9.3.2 List of demands 
In order to make the concept of water displacement with small fluid pumps to track the sun successful a 

few demands have to be set-up. This is necessary to make a good choice for the right pumps and setup. 

The pumping system has to be: 

● Maintenance free 

● Pumps are installed in a sealed chamber underwater and maintenance is time expensive. 

● Pumps have to be chosen by amount of wear that occurs. 

● 12 V system 

● The voltage of the system is 12 volt. 

● Low capacity  

● The sun moves slowly, therefore not much capacity is necessary (maximum 2 L/min). 

● Low energy use  

● Less energy for the tracking means more energy for the lights (maximum 2 A). 

● Small size 

● The sealed under water compartment is small. 

● Pumps have to be approximately 150x50x50mm (LxWxH)). 

 

9.3.3 Types of pumps 
The market offers many different types of pumps, each with different properties, advantages and 
disadvantages. To make a selection for the most ideal type of pump a small selection of the most suitable 
pumps is made. 

9.3.3.1 Peristaltic pumps 

Peristaltic pumps work with a continuous flexible tube that is fitted into a rotational 

motor. When the rotor rotates a number of rollers compress the tube and pinches it 

into the rotational direction [38]. Due to this motion a fluid is pumped from one side 

to another. This process is called peristalsis. These pumps are often used in hospitals 

when exact amounts of fluids have to be pumped. This type of pumps is suitable for 

the Sun-Spotter because it can work in two-directions. The capacity of the pumps 

is low but high enough to meet the demands.  
Figure 166: Principle of a 

peristaltic pump. [59] 
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Advantages: Disadvantages: 

 Precise amounts of fluids can be pumped. 
 Two directional. 
 Fluid is in the tube separated from the mechanics. 
 Fluid cannot flow back. 
 Continuous flow. 
 Can run long times. 

 Most peristaltic pumps are low capacity (ml’s). 
 Expensive. 
 Not widely available. 
 

 

9.3.3.2 Diaphragm pumps 

Diaphragm pumps are based on a vibrating/pulsing membrane that 

creates pressure in the chamber. This chamber is sealed with two 

one-directional valves to prevent the liquid/air in the chamber from 

flowing in the wrong direction. The principle of the diaphragm 

pump is as following; when the membrane expands the chamber 

fills with air/liquid. Next the membrane moves down which 

compresses the liquid/air in the chamber with as result a 

pressurized flow. [39] 

This type of pump is widely available in all kinds of capacities, 

voltages and different powers. 

Advantages: Disadvantages: 

 Fluid cannot flow back thanks to valves. 
 Available in all capacities. 

 Can run long times. 
 Dry-running is no issue. 

 Only one directional. 
 Fluid flows pulsating. 

9.3.3.3 Gear pump 

The combinations of two gears rotating into each other creates a 

suction that pushes the fluid through the gear wheels to the other 

side of the pump. This makes it possible for the pump to work in 

two directions [40].  

This type of pumps is like the diaphragm pump available in 

many different types and is suitable for the Sun-Spotter.  

Advantages: Disadvantages: 

 Fluid cannot flow back thanks to gears. 
 Available in all capacities. 
 Two directional. 

 May require maintenance because fluid is in direct 
contact with gears. 

 Low running times (can run hot). 

 

  

Figure 167: Principle of a diaphragm pump. 
[39] 

Figure 168: Principle of a gear pump. [40] 
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9.3.4 Setups 
There are two different setups possible for the pumps. Each 
setup needs a different types of pumps and are controlled 
differently. The biggest difference between both variants is the 
amount of pumps, does the user choose two two-directional 
pumps or four one-directional pumps. This choice also depends 
on the chosen type of pump. 

9.3.4.1 Two pumps 

Applying two pumps makes it possible to use both gear pumps 
as peristaltic pumps, these types of pumps can pump in two 
directions. Using only two pumps efficiently uses the small space 
in the small underwater compartment. However two pumps have 
to withstand double running times compared to using four 
pumps which will make the pumps worn out faster. 
 

9.3.4.2 Four pumps 

When applying four pumps different types of pumps are possible 

to use. Some types of pumps can only create a flow in one 

direction (more about this in paragraph 9.3.2). Using four pumps 

make it possible to use diaphragm pumps, these pumps are 

relatively inexpensive, small and can dry un for long times. 

The disadvantage of using four pumps instead of two is the space 

that is needed. The underwater compartment is relatively small. 

However four pumps in combination with the four LDR light sensor 

make a perfect fit because every pump is corresponding with one 

LDR. Also four pumps have lower running times as two pumps. 

Diaphragm pumps have valves inside to prevent the fluid from 

flowing in the reverse direction. When a certain pump without 

valves is choses separate valves have to be installed. 

9.3.5 Development | Pumps 
The prototype is based on the four pump setup which is described in the last paragraph, this requires four 
small pumps that fit in the small underwater compartment. Because four pumps are used also four hoses 
are required between two containers to separate the two different directions of the fluids. 

9.3.5.1 Diaphragm pumps 

Four small 12 volt diaphragm pumps are used to pumps the fluids between 

the containers. This type of pump is very strong and durable because it can 

dry run for a long time and can’t overheat. 

Using this type of pump can make the system tilt relatively fast because of 

the maximum capacity of 2.6 liters per minute per pump. Of course this 

capacity isn’t necessary for tracking the sun, because the sun moves really 

slowly. This means that the pumps doesn’t have to run all the time but just 

for short periods. Only when the water is rough or with a strong wind the system has to correct itself 

continuously. 

The goal is to create a tracking system that is maintenance free and uses a minimum of energy to operate. 

These pumps are durable and very strong, maintenance is not necessary. The 2.2 A that each pump used 

Figure 169: Using two two-directional pumps. 

Figure 170: Using four one-directional 
pumps. 

Figure 171: Propump Fl2203 
diaphragm pump. 
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seems like a high energy draw but the intervals compared to the running time of each pump makes the 

energy use relatively low. More about the energy use of the pumps is described in paragraph 9.3.4.4 

Table 9: Propump Fl-2203 specifications. 

Type: Volts: L / min: Psi: Amp draw: Dimensions: 

Propump FL-2203 12 2.6 75 2.2 

 

9.3.5.2 Connecting the pumps  

Fitting all components into the small underwater 

compartment was one of the biggest challenges during 

developing the pumping system. This is because of the 

minimal height and the round shape finding the optimal 

layout was difficult. 

Because of the four-pump setup each pump is connected with 

two fluid containers. Each container is connected with two 

pumps pumping in reverse direction of each other (see 

figure).  

Placing the pumps on each other is the most optimal and only 

way for the layout of the compartment. This meant that 

sometimes hoses had to be diverted. 

When connecting the pumps the maintaining the water tightness of the system is again priority, this is done 

with extra sealings and attention while fastening. 

9.3.5.3 Pressure vs air exchange 

The first concept was without a hose for the exchange of air and was based on pumping fluids in the 
container while compressing the air inside. When doing this, the fluid containers had less holes and 
connections and therefore less chance on leaking. However the pumps have to pump harder to compress 
the air inside to create the pressure. This meant stronger and bigger pumps that use more energy. Also the 
system is based on both down thrust by exchange of water and up thrust which is created by the exchanging 
air. 
 

Figure 172: Underwater compartment layout with 
pumps and batteries. 



 

    105 

So adding a hose connection on top of each pair of containers with hoses that connects the containers two 

by two make it possible for the air to exchange between containers. This prevents the system from creating 

pressure and creates the needed up thrust in combination with the down thrust that was already available. 

 

Figure 173: Overview of pump layout with pump directions, green hose is for air. 

In the section-cut image are the two different exchanges displayed. The top hose (green) takes care of the 

air exchange. The two bottom hoses are for dividing the fluids in two directions separated (red and blue). 

9.3.5.4 Energy use 

The energy use of the four small diaphragm pumps is relatively low, the system voltage is 12 volt and the 
current of the pumps is 2,2 ampere for each pump. This results in an energy use of 26,4 watts per pump. 
 
When the system is placed in calm waters and the external forces (wind, rain etc.) are relatively low the 
pumps only have to correct the systems angle at intervals of about 5 – 10 minutes. However when the 
external forces on the Sun-Spotter are big the system gets misaligned and has to be correct at all times. In 
this situation the pumps have to be powered on simultaneously 6 hours per day averagely. 
 

Pumps         

System voltage  12 V 

Pump current:  2,2 A 

Energy use pumps:  26,4 W 

Average running time pumps:  6 h 

     

Energy consumed per day:  0,158 kWh 

Energy consumed per month (30 days): 4,752 kWh 

Energy consumed per year (250 days): 39,6 kWh 
Table 10: Energy consumption of the pumps. 

For more details see the paragraph about the solar revenue of the Sun-Spotter. 
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9.4 Electronics & Installations | Movement control 
9.4.1 Contents 
Choosing the right methods and installations for the movement of the Sun-Spotter is described in this 

chapter. The movement can be divided into two sections; the control of the movement and the way the 

movement is performed. The last paragraph described the way the movement is executed. This paragraph 

describes the control of the movement. 

There are numerous possibilities to control a solar tracker, in many existing projects the tracking is 

controlled with pre-programmed coordinates that are adjusted automatically. This requires sensors that 

know the position of the solar tracker to calculate the necessary adjustments that are needed. Also tracking 

with one or more light sensors is applied in many projects to determine the desired angle of the system. 

Sometimes the system combines both methods to gain more precision. 

Due to a strict deadline choices had to be made fast considering the control of the movement; this meant 

that the most achievable way of controlling the Spotter had to be chosen with the tools and help that was 

available at the time.  
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9.4.2 List of demands 
In order to develop a flawless movement system the corresponding demands for the different aspects have 

to be clear. When the system meets the required demands the success rate will rise. In this particular case 

the movement control has to be realizable in the short time that is available therefore the choice of 

movement control is even more important. 

The movement control system has to meet these demands: 

 Low energy use;  

o Less energy use means more energy generation. 

 Reliable 

o The control has to work +/- 8 hours per day 365 days a year. 

o Has to work in all circumstances (rain/wind/storm/dirt). 

o Reliable without maintenance. 

 Precise 

o Every misalignment effects the efficiency of the system, the control system has to be as 

precise as possible. 

 Realizable 

o The control of the system has to be realizable with the tools and help that is available in the 

short period that is available. 

9.4.3 Setups 
The ‘brain’ of the system makes it possible to track the sun, this ‘brain’ consists of the sensor and the 

computer. Every day the sun follows a certain path, this path can be traced in different ways as described 

before. In this paragraph the different possible setups that are considered for the Sun-Spotter are explained. 

Either to actually track the sun, or to manually control the Sun-Spotter and prove the concept. 

For the Sun-Spotter three different setups are considered to track the sun: 

1. Pre-defined path 

2. Light sensor 

3. Remote control  
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9.4.3.1 Pre-defined path 

Using exact coordinates of the sun-path 

during summer and winter directly with an 

Arduino board that controls the pumps. 

This system can be very complicated 

because the system has to know how it’s 

positioned in order to compare it to the 

predefined coordinates. This can be done 

with a variety of different sensors. 

Using this system seemed to be the easiest 

way to get everything working with the 

pumps preprogrammed. But the stream of 

the water combined with wind and other 

external forces make is impossible to use 

coordinates with at least one benchmark. 

Therefore a lot of calculations have to be 

made by the Arduino board to adjust the 

x and y angles in combination with 

different sensors making the system too 

complicated. 

Advantages: Disadvantages: 

 Coordinates are available and can be adjusted on 
each day. 

 Less chance of errors by external influences. 

 Many components and installations needed: 
Precise tilt, pan and positioning sensing is needed 
to determine current position. 

 

  

Figure 174: Programming the path of the sun let the pumps activate on 
pre-defined times.  
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9.4.3.2 Light sensor 

Using 4 LDR’s (Light-dependent resistors) divided with a non-

transparent cross in combination with an Arduino minicomputer 

makes it possible to control the pumps directly. When one of the resistors 

receives a lower amount of light than the others the Arduino board switches 

the corresponding pump on or off. This creates a precise tracking system 

that directly reacts on changes in the light intensity. [41] This 

technique is often used in solar tracking devices in combination with pre-

programmed coordinates and other sensors to precisely follow the sun’s 

path. 

Using this system without other sensors creates 

a responsive and precise system that can be used in all kinds of weather 

conditions. However the reliability and sensibility of the LDR sensor alone is 

questionable when putting the Sun-Spotter on the market    

Advantages: Disadvantages: 

 Direct response and precise tracking. 
 Relatively simple and effective system; only a few 

components needed. 
 System can directly prove its usefulness and 

purpose. 

 Sensitive for other bright lights. 
 Vulnerable for waste on the sensor. 
 System has no position data. 

 

 

  

Figure 176: Control the system with a light 

sensor based on four LDR's. 

FIGURE  SEQ FIGURE \* 

ARABIC 3: 4 LDR DIVIDED 

BY A 50 MM NON-
TRANSPARENT CROSS THAT 

CREATES SHADOW. 

Figure 175: Four LDR's combined 
into a light-sensor. [41] 
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9.4.3.3 Remotely controlled 

Creating an interactive ‘gadget’ to prove the possibilities and 

effectiveness of the Sun-Spotter concept. This is possible 

with a joystick positioned at the shore that can control the 

Sun-Spotter. This concept does not follow the sun but 

makes it clear that the concept could follow the sun. It 

makes it also fun for people to control the buoy with a 

joystick or a few buttons. 

The initial thought was to place the Sun-Spotter before the 

Muziekgebouw in Amsterdam during the IASS expo. 

Controlling the system with a system like this could attract 

the attention of people and therefore the attention to solar 

energy and sustainability. However the Sun-Spotter was 

hanged in the building and an excellent alternative was 

made. 

Advantages: Disadvantages: 

 Create an interactive system that makes people 
aware of solar energy and the importunateness. 

 Easy to configure, no complicated programming 
necessary. 

 

 System doesn’t prove its usefulness. 
 Gadget instead of self-operating system.  

 
 

 

  

Figure 177: Manually control the Spotter with a 
joystick or with buttons. 
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9.4.4 Development | Sun tracking sensor 
The most ideal setup for the Sun-Spotter is the four 
(diaphragm) pump variant combined with the 4 LDR-sensor. 
The combination of both these choices make it relatively easy 
to control and move the whole system. This is because each 
LDR corresponds with a pump and therefore controls that 
pump.  
 
This means that when one resistor receives less light the 
voltage changes, this switches through a relay-board and an 
Arduino the corresponding pump on till the resistor receives 
the same amount of lights as the others. Combining these 
electronic components creates a precise fully automatic system 
that starts working as soon as the sun is in the sky. 
  

9.4.4.1 Light Depended Resistors (LDR) 

To fully understand the principle the theory behind the LDR’s has to be 
clear. light dependent resistors (or LDR’s) are resistors that are 
dependent on light intensity, the resistance (Ω) value drops according 
to the increasing light intensity on the LDR.  This makes the LDR’s very 
usable for light-sensors or similar applications. The reaction time of the 
resistor is relatively slow, sometimes about 10 milliseconds before the 
resistant value changes according to the changing light intensity. 
 
The principle of the light dependent resistance is based on the photo-

electric effect: light (photons) fall on electrons, these electrons react 

on the light. When light falls on an electron it gathers energy from the 

light. When the electron gathers enough energy it can ‘jump’ from the 

valance band to the conduction band. This creates a loose electron that is no longer connected and therefore 

contributes to the electrical conduction of the resistor, lowering the resistance of the LDR [42]. 

This reaction and the changing values make it possible to use LDR’s for appliances that require light-

sensitive detector circuits or light- and dark-activated switching circuits. 

9.4.4.2 Sensor principle 

In the light sensor for the Sun-Spotter four LDR’s are used and 

combined into one sensor. Combining different LDR’s creates a 

different value for each resistor when different light-intensities 

occur. With this concept a solar tracking sensor can be developed 

with LDR’s. 

Positioning four resistors in a circle divided in quarters by a non-

transparent cross of 55 mm high creates four different ‘corners’ 

(see figure).  This dividing cross creates a different light intensity 

for each quarter when the sun changes its position. 

 

If the sun is positioned directly above the LDR’s the light intensity 

of each resistor is equal, this corresponds with a resistance value 

of +/- 150Ω. Position changing of the sun creates shadow thanks to the dividing cross and therefore 

Figure 178: The sun tracking sensor with LDR's 
is placed on top of the Sun-Spotter prototype. 

Figure 180: Concept of the sensor; four LDR's 
divided by a non-transparent cross. 

Figure 179L Light Depended Resistor 
(LDR). 
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changing resistance values. When shadow occurs the light intensity changes, therefore the resistance value 

changes. This can vary from: 1-10 MΩ (dark) to 75-300 Ω (light). 

A mini-computer sends an electric 

signal through each resistor, the 

returning electric value will be 

changing due to the changing 

resistance values thanks to the 

changing light-intensity. The changes 

in the electric values make it possible 

to track the position of the sun, and 

to correct the position of the 

sensor/Sun-Spotter by displacing the 

gravity point of the structure. 

9.4.4.3 Sensor controlling movement 

Displacing the gravity point of the kinetic cross 

changes the gravity point of the whole Sun-Spotter, 

more about this can be read in the chapter: Gravity 

Point Displacement. In summary the system 

consists out of four fluid containers (L!, L2, R1, R2) 

that can exchange fluids with each other with 

pumps. These containers are corresponding with 

the four LDR’’s as described earlier (L1, L2, R1, R2) 

(see figure).  

The relationship between the codes seen in 2D is as follows: If R1 has less light intensity as R2 the resistance 

rises to +/- 5 MΩ compared to R2:+/-150 Ω. This switches the pump belonging to container R1 on, pumping 

fluids from R1 to R2. Resulting in a tilting Sun-Spotter until the light intensity of R1 / R2 is equal again. This 

step repeats during the daytime at all times to correct the position of the sensor to the changing position 

of the sun. 

 

 

Figure 183: The 

connection between 
the changing sun 

position, LDR''s and 
containers. 

  

Figure 182: Four pumps (green) corresponds with the four LDR's. 

Figure 181: Changing resistances due to changing light-intensities. 
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9.4.4.4 Prototype sensor 

As described in the last paragraph the light sensor points in the same 
direction/angle as the floating structure and the kinetic cross underwater. 
Because the sensor has to be pointed directly at the sun without any 
obstacles that influence the light intensity the sensor is fixated right on 
top of the Sun-Spotter.  

 
The sensor is build out of strong durable materials that doesn’t fade from 
uv-radiation, and can withstand forces of nature. To build this sensor for 
the prototype a few components were needed: 
 
 Acrylic tube ⌀ 55x2 mm 
 Acrylic cover ⌀ 55 mm 

 Synthetic screw cap ⌀ 51 mm 
 Expanded polystyrene 
 4x light dependent resistors 
 Cable 
 

 

 
  

Figure 185: Section-cut of the light sensor. 

Figure 184: The sensor of the 
prototype. 
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9.4.4.5 Hardware 

The connection between the sensor and the pumps is done by a mini-
controller called an Arduino Uno in combination with an 8 port relay 
board to switch pumps on or off. Power comes from the two 7 aH 
batteries working at 12 volt. The hardware is fragile and is very 
sensitive for moist or other external forces so it’s safely locked into a 
small watertight box. This box is placed in the top compartment on the 
solar panel above the water surface, under the membrane. 
 

Arduino Uno 

Arduino is an open source 
computer platform based on the 
ATmega168-microcontroller of 
Atmel. At first the purpose of this 
microcontroller was to make 

programming easy to access for hobbyists and artists that have the 
need to make smart objects. Because the platform and the hardware are 
open-source the amount of accessories, kits and tutorials is 
enormous, everything is possible with Arduino.  
 
For the prototype of the Sun-Spotter the Arduino is programmed to 
continuously compare the changing values that the light dependent resistors (LDR) deliver and to send the 
signal to the relay-board to make the corresponding switches for the corresponding pumps. How the 
connections are made and the software is programmed is explained later. 

Relay board 
Controlled by the Arduino Uno 
microcontroller the relay boards 
only function is to switch the 
pumps on or off for a certain 
period of time. The relay only 
have to handle a small current 
and voltage not the ‘big’ voltage 
to the pumps. When the relay 
switches a click is audible. 

Wiring diagram 
Figure 189: Wiring diagram for the 
Sun-Spotter prototype. 
 

 

Figure 186: The brain of the Sun-
Spotter in a small watertight box, here 
is the Arduino and the relay installed 
and connected to everything. 

Figure 188: Relay-board. 

Figure 187: Arduino Uno 
microcontroller. 



 

    115 

Software 

In the Arduino is a software script 
programmed that makes it possible to 
track the sun with the available 
components, connecting both the light 
sensor and the pumps which control the 
movement of the whole Sun-Spotter.  
 
The software is programmed to do one 
main task: comparing the different 
values that the light dependent resistors 
measure. The result from this defines 
the next step; if the values are equal the 
sun is right in front of the Spotter and 
therefore driving the pumps can be 
skipped. If the values are unequal the 
different value(s) have to be adjusted. 
This is done by driving the pump 
corresponding to the values that are 
unequal until all values are equal again. 
This process continuously repeats, 
resulting in a sun tracking device. 

 
Figure 191: Software overview. 

The programmed script offers a few variables that can be adjusted to fine tune the tracking possibilities. 
Mainly the sensibility of the LDR’s can make the system work in different conditions with different light 
intensities. The delays for the pumps can set the time of each correction that the pumps will perform. 

 
Table 11: Different 
variables in the software. 

 
 

 

Variable: Action: 

int deadband = 10;  Differential for reset value / sensitivity of the sensor. 
int panDelay = 1000;  The amount of time the pan and tilt motor will run in ms. 
int tiltDelay = 1000;  This will vary depending on motor and drive train in ms. 

Figure 190: Screenshot of the Arduino software programming. 
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9.5 Electronics & Installations | Lights  
9.5.1 Contents 
One of the extra features of the Sun- spotter is the LED- lights integration. The intention is to create a 
functional light beam, which can be applied in a variety of situations. Ambient, safety or even event light 
are some of the purposes that can come to mind. This chapter covers the development of that part of the 
product.  

9.5.2 List of demands 
The LED- installation of this project has the primary function to reflect its radiation through the parabolic 
mirror, in order to create a functional beam that will illuminate the surroundings of the Sun- spotter at 
night. This results in the following list of demands: 
 

 High intensity LED- lights (powerleds); 
 Single or multicolor; 

 Low energy use; 
 

9.5.3 Development 
The initial idea to create a LED powered beam originates from security reasons. The Sun- spotter will be 
floating in waters recreational sailing and perhaps commercial transport takes place. In order to prevent 
boats from colliding with the Sun- spotter, some kind of light has to be implemented.    
 
After coming to that conclusion, it was 
became evident that the LED- 
installation should have more than just a 
security purpose. It should also have 
more functional or even artistic value. 
The integrated reflective parabolic 
mirror gives the LED- installation that 
option.  
 
The mirror is used during the day to 
concentrate light onto the solar panel. 
The same way it could be used to spread 
light in the opposite direction.   
That way, the light could be used for 
more than just one purpose [43].  
 

Figure 192 Buoy with lights [43] 
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Because of the downward direction of the LED- elements, they would have to be integrated within the 

enclosed part of the structure.  The best option is to surround the solar panel with lights which will point 

downwards.  

The development of the LED system is made in conjunction with RENA Electronica from Zundert. Their 

worldwide expertise in the field of LED is essential for the further development of the system. RENA will 

produce the LED elements and the students will ensure the attachment to the Sun- spotter.  

The attachment was the next point of attention. In the preliminary design a cap was developed which will 

integrate the solar panel and the LED system. This cap has an open structure in order to ventilate the heat 

generated inside the hemisphere and the heat from the LED itself. After consulting RENA, the decision has 

been made to connect the LED system directly to the solar panel. 

 

 

 

 

 

Figure 193 First design impressions of the LED installation 

Figure 196 The location of the cap within 
the hemisphere 

Figure 196 Design proposal towards 
RENA 

Figure 196 RENA counterproposal 
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The next step in the development of 

the LED system is the choice of 

configuration. RENA produces 

different types of power LED 

systems, each with his own type of 

properties. One of the demands 

made earlier, was to have a 

system with low energy use [44].   

  

Energy efficiency of light sources is generally 

measured by lumens per watt (lm/W). This 

represents the amount of light produced for each 

watt of electricity consumed. It is called the luminous 

efficacy. In the table a comparison is made between 

white LED light source and other types of light 

sources.  

 

After communication with RENA, it is chosen to 

implement white LED light with integrated optics. 

These optics will better direct the light beam towards 

the parabolic mirror and also prevent the waste of 

light. RENA provides the choice of two system 

configurations: 

Even though more powerful LED’s deserve priority, 

the decision has been made to use the Medium powerLED’s of 350 mA. This decision is based on the fact 

that the pump system as well as the LED system have to be supported by two gel batteries. Because of the 

uncertainty of the energy output that the system will provide and charge the batteries, it was less of a safe 

option to choose the High powerLED’s.   

Finally, RENA provided us with 4 LED boards, each with 3 LED lights and 2 drivers to convert the right 

amount of electricity for the system to function.  

Table 12 System configurations 

  High powerLED Medium 
powerLED 

Electricity per LED (mA) 700 350 

Output per LED (lumens) 180 100 

Electric power per LED 
(watt) 

2,1 1 

Total power (watt) 25,2 12 

Light color white white 

Table 13 Luminous efficacy of light sources [44] 
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9.6 Installation 
Upon the arrival of the LED system, the installation is initiated. The attachment to the solar panel is designed 
on site or improvised. The LED boards will be connected with the solar panel with 4 aluminum strips. Each 
strip has 2 openings for the screws which will connect the board with the panel.  

  
 
 
 

 

 

The panel with the LED’s has to be attached to the cap. This has to be done mechanically. The solar panel 

is too complex to be drilled through. That is why 2 aluminum strips are added and clamped underneath the 

frame of the panel itself. In each strip 2 openings with a diameter of 5 mm are made. In each opening 2 

stainless steel threads are screwed, which will later be connected with the cap.     

The threads are pulled through the cap openings and 

then fastened with aluminum strips from the upper 

opposite side. This way, the panel and the LED 

system is fastened to the cap without the possibility 

of dislocating and falling in the floating hemisphere.  

 

       

Figure 198 The LED boards attached to 
the panel Figure 197 LED boards upon arrival 

Figure 199 Fastening the panel to the cap 
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10 PHOTOVOLTAICS 
 

10.1 Contents 
The Sun-Spotter is a floating solar tracker that can generate electricity out of sunlight by reflecting and 

concentrating the incoming sunlight with a parabolic mirror that is glued inside the polyester ball. This 

technique generates a lot more energy while saving precious space and solar cell area.  

This chapter is about the different types of solar cells, the properties and the interaction between the cells 

and the mirror and the corresponding concentrated photovoltaics technology. 

  



 

    121 

10.2 Concentrated Photovoltaics (CPV) 
The concentrated photovoltaics technology (CPV) has only recently entered the 
solar energy market and gives promising results. The principle of CPV is the use 
of cost-efficient optics to reduce the size of cost-expensive components like high-
efficiency solar cells. 

Because the technology is fairly new the development is going fast. 
Manufacturers of CPV system report to reach efficiencies of around 36% and this 
percentage is still rising. [45] 

10.2.1 Classes 
CPV can be categorized into two different classes; high-concentration and low-

concentration. Both classes with different properties and gains. Most CPV systems 

that are currently developed use the high-concentration (HCPV) combined with 

dual-axis tracking. This concentrates the sunlight by a factor between 300 x to 1000 x on a small area of 

high efficient triple-junction solar cells. 

CPV class: Concentrator ratio: Tracking system: Cell type: 

High concentration PV 
(HCPV) 

300-1000 Dual-axis Multi-junction cells 

Low concentration PV 
(LCPV) 

< 300 Single-axis / Dual-axis Other 

Table 14: Different classes of CPV concentrations. 

10.2.2 Locations 
Concentrating sunlight is most efficient when using direct sunlight. This makes the CPV technology most 

applicable in regions where the Direct Normal Irradiance (DNI) is above 2000 kWh/(m²a) [46] . This 

amounts of DNI occurs mainly around the equator, this can be seen in the world view below. That the DNI 

in Netherlands is much lower as around the equator doesn’t directly mean that CPV technologies are 

inefficient to use. 

 

Figure 201: Direct normal irradiance world overview by Meteonorm.com. 

  

Figure 200: Reflective 
system from CPV modules 

[47] 
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10.2.3 Types 
The different classes of CPV depend both on the way the sunlight is 

concentrated and the tracking system. Tracking can be done both 

single- and dual-axis, this mainly makes a difference in misalignment. 

Dual axis is more precise and develops less misalignment as single-

axis tracking. Concentrating the sun can be done in different ways, 

the two main techniques for CPV are based on concentrating with 

mirrors, or concentrating with lenses. While concentrating the sun 

CPV techniques also multiply the suns. The amount that the sun 

multiplies strongly depends on the way the technique is executed, 

dimensions and properties of the technique.  

Lens Tracking the (Fresnel) lens directing at the sun multiplies the sunlight by huge amounts 
(HCPV). The high-efficiency triple-junction solar cells are positioned right in the focal 
point. 
 

Mirror Concentrating sunlight with a parabolic mirror directly to the focal point, sometimes 
the light is reflected twice with a double mirror. This type of CPV can be both low 
concentration as high concentration CPV.  
 

Combination Concentrating sunlight in the right angle on a parabolic mirror to reflect it on the focal 
point where the high efficiency solar cell is placed. 
This is what Suncycle does. 

Table 15: Different types of CPV techniques. 

  

Figure 202: Suncycle combines both mirror 
and lens for concentrated photovoltaics. 
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10.2.3.1 Benefits & efficiency increase 

In theory the efficiency of CPV systems is a lot 

higher, of course this depends on many variables. 

Because this system is unique and not yet tested 

we can only estimate the increase of efficiency by 

looking at “similar” projects. 

Tests from IST  

The high-efficiency of CPV is researched and 

published by the Instituto Superior Técnico in 

2011. In this test three different photovoltaic 

systems are running and monitored for a year to 

make a solid comparison. In the test a (already 

outdated) CPV-setup with tracking is used.  

From the test can be concluded that the results of CPV 

are very competitive with the results from PV tracking, but yet are a bit lower in terms of efficiency and 

production. The overall efficiency of CPV is higher when there is a lot of direct irradiation, also the electrical 

power per square meter is higher on mid-day situations. However in monthly averages the PV-tracker leads 

in production values. This is because the efficiency of fixed PV and tracking PV is higher in the months 

where less radiation is available.  

However the used technology for the CPV tracker was already a bit outdated in 2011, this means that with 

the huge steps that technology makes each day the CPV technology nowadays could give much better 

results. The Sun-Spotter is capable to reach over this results with the right materials end equipment. 

   

Graph 7: Montly production in KWh/KWp of the systems used in the test. [47]  

Graph 8: The electrical power output as measured on the 15th of June. [47] 

10.2.4 CPV technology in the Sun-Spotter 
When developing a floating solar tracker research to the state of the art made it clear that other projects 

mainly use ‘normal’ PV technologies. Because the goal for the Sun-Spotter was to create a unique floating 

solar tracker that combines and uses the latest technologies.  

This project is based on the CPV technology with a spherical mirror concentrating the sunlight directly in 

the focal point. The (bowl) shape of the Sun-Spotter combines the shape of the mirror and the shape of 

the floating structure to a unique concept that seamlessly interact together. 

 

FIGURE  SEQ FIGURE \* ARABIC 7: EFFICIENCY 

COMPARISON/TEST OF DIFFERENT SOLAR TECHNOLOGIES  

CITATION FJS11 \L 1033 (CALAIA, 2011). 

Graph 6: Monthly efficiency for each system in a test done by 
Instituto Superior Técnico. [47] 
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10.3 Solar cells 
10.3.1 Types 
Using a mirror to reflect and concentrate the sunlight onto a few solar cells is a different situation than the 

way solar panels are normally used. Concentrated Photovoltaics technology requires cells that have a higher 

efficiency and can handle the extra light better. 

To decide what cells are the most optimal research on the different types of cells is necessary. [48] 

 

Thin film 

Amorphous Silicon, Can be deposited on glass substrate or flexible 

plastic. Also present as Cadmium-Telluride version. Not designed for 

concentrated light.  

Efficiency: 6-8% 

 

Polycrystalline Silicon 

Standard in industry, used in PV-modules for years. Not designed for 

concentrated light.  

Efficiency: 14-15% 

 

Monocrystalline Silicon 

Standard in industry, used in PV-modules for years. Higher efficiency 

than polycrystalline cells. Not designed for concentrated light. 

Efficiency: 16-17% 

 

IGBC Silicon 

Integrated Back Contact cells. Due to less shadowing effect of the 

busbars, higher efficiency than monocrystalline cells.  

Efficiency: 20-22% 

 

LGBC Silicon 

Laser Grooved Buried Contact cells. Due to less shadowing effect of the 

busbars, higher efficiency than monocrystalline cells. Are specifically 

designed for moderately concentrated light.  

Efficiency: 17-19% 

 

GaAs triple junction 

Gallium Arsenide cells, specifically designed for high concentration 

ratios. Due to triple junction very high efficiency possible.  

Efficiency: 28-38% 

 

  



 

    125 

10.3.2 Calculations 
Table 16: Photovoltaic cells comparison. 

The prototype is equipped with a ‘simple’ mono crystalline solar panel, this type of panel is not efficient for 

concentrated 

appliances and 

gives therefore low 

values in the 

calculations. Cells 

that are suitable in 

concentrated 

applications are 

multi-junction cells, 

these cells are very small and therefore increases the concentration ratio of the system. Multi-junction cells 

also operate at very high efficiencies (40% +/-). 

10.3.3 Development 
The goal of this graduation project is the development of a fully 

functional prototype of the Sun-Spotter. This meant that 

besides electronics for the movement, also electronics for 

producing solar energy are needed. This is a challenge because 

the system is based on the latest CPV technology. 

For the photovoltaics several parts are needed to make it 

function properly:  

 Photovoltaic panel 

 Inverter 

 Batteries 

10.3.3.1 Monocrystalline panel 

Creating a solar tracker with high-efficient solar cells wasn’t possible in the short time that was available. 

However with a simple monocrystalline panel the batteries still charge and the system works. The biggest 

disadvantage is the low wattage and efficiency that doesn’t deliver the needed power to control the LED’s, 

pumps and computer for a long time. But long enough to prove the concept. 

Weight: 1,00 kg. 
Size: 310x280mm 
Type: monokristallijn. 
Max. power (Pmax): 10 W 
Max. electricity: 17,60 V 
Max. current (Imax): 0,62 A 
Efficiency: ± 18 % 

 

Categories Technology η (%) VOC (V) ISC (A) W/m² t (µm) 

Crystalline 
silicon cells 

Monocrystalline 24.7 0.5 0.8 63 100 

 Polysilicon 20.3 0.615 8.35 211 200 

Thin film solar 
cells 

Amorphous 
silicon 

11.1 0.63 0.089 33 1 

 CdTe 16.5 0.86 0.029 – 5 

 CIGS 19.5 – – – 1 

Multi-junction 
cells 

MJ 40.7 2.6 1.81 476 140 

Figure 204: Small 10 W solar panel integrated in the 
construction of the Sun-Spotter. 

Figure 203: Test setup of the monocrystalline 
panel. 
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10.3.3.2 Inverter 12V 5 A 

Connecting batteries directly to a solar panel would destroy the batteries because the output of a solar 
panel is fluctuating and can get higher than 12v. The inverter controls and converts the unstable 18v output 
voltage of the panel to a stable 12 v to charge the batteries. It also manages the charge times and prevents 
the batteries from overcharging. 
 

Electrical parameters  LS0512  
Nominal System Voltage  12VDC  
Rated Battery Current  5A  
Max. Battery Voltage  16V  
Charge Circuit Voltage Drop  ≤0.26V  
Discharge Circuit Voltage Drop  ≤0.15V  
Self-consumption  ≤6mA  
Overall dimension  97 x 66x 25mm  
Terminal  2.5mm2  
Net weight  0.05kg  
Working temperature  -35℃ to +55℃  
 

 

10.3.3.3 Batteries 2x 7 Ah = 14 Ah 

The capacity of the batteries is adapted on the maximum power that the solar panel generates on sunny 
days.  The batteries are placed underwater in the airtight compartment. This means they have to be sealed 
to prevent from leaking fluids of gasses. 
 
Convert to watt hours: X (Battery size in AH) x Y (Battery Voltage) = Z (Power available in watt hours) :
 14 x 12 = 168 Wh 
 

Dimensions:    151 /x 65 x 93.5 mm (LxWxH) 
Weight:    2.32 kg 
Nominal Voltage:  12V 
Number of cell:   6 
Design Life:    5 years  
Nominal Capacity:   77oF(25oC) 
    20 hour rate (0.35A, 10.5V)  7Ah 
    10 hour rate (0.68A, 10.5V)  6.8Ah 
    5 hour rate (1.13A, 10.5V)  5.65Ah 
    1 hour rate (4.56A, 9.6V)  4.56Ah 
Fully Charged battery 77oF(25oC) 28mOhms   

Figure 206: 12 V sealed lead acid battery. 

 

 
 

  

Figure 205: Inverter 
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10.4 Cooling & ventilation 
Because the sunlight is concentrated on the solar cell the 

temperature can rise to extreme proportions. Maintaining the 

temperature of the solar cells is one of the biggest challenges 

of concentrated photovoltaics. 

10.4.1 Efficiency loss 
Solar panels are tested at a temperature of 25ºC, the 

temperature coefficient (pMax) illustrates the change in 

efficiency as the 

temperature of the panel goes up or down in degrees. It is 

common for solar panels that for every degree that the panel 

rises the efficiency drops with -0,5% [49]. The loss of 

efficiency directly influences the maximum power output, this 

output also drops with -0,5%. For instance when the 

temperature can rise to 45ºC the efficiency of the solar panel lowers with -10%. Cooling the panel can 

reduce this efficiency loss. 

Cell type: Pmax: 

Mono- Crystalline cells -0,45% to -0,50% 

Amourphous thin film cells -0,20% to -0,25% 

Hybrid cells -0,32% 
Table 17: Pmax values of different cell types. 

10.4.2 Cooling effect of water 
Because the Sun-Spotter is placed on water surfaces the general temperature is already lower than in 

normal land conditions. This means that the cells are already cooled a bit by the environment. The cooling 

effect of water can increase the generation efficiency with 11% [10]. This is researched and tested by 

comparing two systems on both land PV and floating PV. 

 

Graph 9: Daily generation capacity of 100 kW and 500 kW systems, floating and land based [10]. 

 

  

Figure 207: The temperature in the focal point 
can reach extreme temperatures, it's even 

possible to bake an egg on it. 

FIGURE  SEQ FIGURE \* ARABIC 8: THE 

TEMPERATURE AT THE FOCAL POINT RISES SO 

FAST THAT YOU CAN BAKE AN EGG. 
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10.4.3 Types of cooling systems 
Cooling the cell is necessary to prevent the cell from melting and to maintain a high efficiency. There are 

two options for cooling the solar cells, passive cooling and active cooling. Passive cooling makes cooling 

possible without the use energy. This means that cooling is done by forces of nature like wind or water 

streams. Active cooling uses energy to create wind, or water flows. In the previous paragraph is the passive 

cooling effect of the water described. 

When using air cooling the surface of the panel can be enlarged, this enlarges the area where air flows and 

therefore the cooling capacity of the air. Enlarging the panel surface can be done by adding conducting 

fins. 

So there are three active systems for cooling: 

 

 

Air cooling without fins 

Only the surface of the cell is used as cooling. Cooling through radiation 

and convection is taken into account. 

 

Air cooling with fins 

The cooling surface is increased by adding fins. Cooling through radiation 

and convection is taken into account. 

 

Water cooling 

A small water pump can transport water from cells to the water surface 

to cool the closed loop of water. 

10.4.4 Development 
The prototype is finished with an ETFE membrane that makes the Sun-Spotter watertight and gives the 

whole a nice touch. However creating a closed space above the mirror develops a lot of heat that can’t cool 

down or ventilate. This is something that was underestimated during the development of the Sun-Spotter, 

measures had to be taken to prevent everything from melting and to keep the efficiency of the solar panel 

as high as possible. 

As cooling method for the prototype is chosen to start with passive cooling. This is done with natural 

ventilation. This meant creating openings for the wind but not for the water. Because heat rises the first 

step is opening the top of the membrane. The second step is creating openings below the top to stimulate 

wind flowing through. 
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10.4.4.1 Side ventilation 

To make it 

possible to gain 

a continuous 

wind flow openings are invisibly made in the side of the Sun-Spotter. 

This is done by placing small spacers under the stainless steel profile 

which is fixated on the polyester ball (see figure). The openings let 

cooled air from the water surface flow in the side of the Spotter. 

Because the openings are small and the structure is tilted the water 

can barely get inside the structure.  

10.4.4.2 Top ventilation 

Opening the top of the membrane is very important because the 

hottest point is right under it. Creating a gap in the top of the 

membrane makes it possible for the heat to escape the closed space 

and therefore cooling down the space.  

To create top ventilation gaps 

in the fixing bracket for the 

ETFE-membrane are made 

(see figure). Adding raised 

edges to the gaps stimulate 

wind flows. To prevent rain 

from leaking under the membrane a cover is added on top of the 

fixing bracket. 

 

10.4.4.3 Cooling the panel 

Increasing temperature under the ETFE-membrane directly affects 

the efficiency of the solar panel. It is common for solar panels that 

for every degree that the panel rises the efficiency drops with -0,5% [49]. This makes cooling the panel 

important. 

Adding aluminum conducting fins on the back of the solar panel increase 

the area of the solar panel and will therefore increase the cooling capacity 

of the solar panel when cold air flows through. This method is often used 

in computer technology to increase the cooling efficiency of processors. 

If passive cooling in combination with cooling from the water surface 

doesn’t deliver the cooling capacity that is needed to keep the efficiency 

of the panel at a maximum, an active cooling system has to be added. A 

small low-energy water pump can achieve this by pumping cold water 

from the water surface past the back of the solar panel. 

  

Figure 210: 3D visualization of the ETFE-
membrane and the ventilation gaps. 

Figure 211: A heat-sink increases 
the cooling efficiency of a computer 
processor. 

Figure 209: Air can flow from the side 
of the Spotter trough the top fixing 

bracket. 

 

Figure 208: Adding spacers to the border of the top frame 
creates slots that make wind flows possible. 
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10.5 Revenue calculations 
Calculating the revenue that the Sun-Spotter delivers is important because the market is full of competitive 

systems. When the systems yield is equally or higher as others the Sun-Spotter has proven itself successful, 

of course this depends on different aspects. Which is mainly the efficiency of the concentrated photovoltaics 

system in combination with dual axis tracking on the water surface. 

Concentrated photovoltaics consists out of different components, these components work together as a 

system that generates solar energy by concentrating and multiplying the sunlight many times. The main 

components are the parabolic mirror and the solar receiver. These components determine whether the 

system delivers enough energy to compete with competing systems. 

10.5.1 Solar irradiance and sun hours 
The solar irradiance (or solar insolation) is 

the power per square meter produced by 

the sun in the form of electromagnetic 

radiation. This value is depending on the 

distance to the sun and the clearance of the 

sky and is therefore different on each place 

on the earth. 

Applying photovoltaics at places that have 

a higher solar irradiance can produce more 

energy because the watts on the system 

are higher. This is also the case when solar 

radiation is concentrated with lenses or with 

mirrors like the Sun-Spotter does. 

 

Table 18: Monthly average solar irradiation in Amsterdam [50] and Abu Dhabi [51]. 

Table 19: Average sun hours. 

As displayed in the table the difference in yearly average solar irradiation is not 

big when comparing Amsterdam to Abu Dhabi. The difference in average sun-

hours  is more beneficial when deciding where solar energy is more attractive. Averagely the sun shines for 

6 hours per day in Amsterdam [52]. In Abu Dhabi the sun shines for almost 10 hours per day [53], therefore 

the sun irradiates 4 hours per day more on the solar system which generates a lot more energy. 

 

 

  

Average sun hours: 

Amsterdam +/- 6 

Abu Dhabi: +/- 10 

Graph 10: Maximum monthly insolation comparison 
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10.5.2 Parabolic mirror calculations 

10.5.2.1 Dish 

Using the formula to calculate the surface area of a 
parabolic dish, the aperture area of the parabolic mirror 
is: 

𝐴 = 𝜋
𝐷²

4
 

14420,11 𝑐𝑚² = 𝜋
135,5²

4
 

Table 20: Properties of the parabolic mirror. 

 

10.5.2.2 Reflective surface 

The parabolic bowl can be made reflective 
by adding a reflective layer on top of it. 
There are many different materials possible 
to create a reflective parabolic mirror (see 
table). For the Sun-Spotter a reflective 
Mylar foil is chosen, this material has a 
reflectivity of about 80 %.  
This constant is used in the calculation for 
the amount of reflected sunlight that is 

concentrated on the receiver, this amount has to be multiplied with 0,8. 
The direct influence of the reflectivity on the incoming power from the solar 
irradiance in the Netherlands is showed in the graph. The graph compares 
the irradiance that is reflected in W/m² for two different reflective surfaces 
of 82% and 94%. 

Table 21: Different highly reflective materials. 

Concluded from this can be that a higher reflectivity decreases the loss in power, improving the mirror with 
a more reflective mirror increases the efficiency of the system directly. 
 

 
Table 22: Solar irradiation mirror comparison. 

Parameters: Measurements/units: 

Diameter of parabola 
(D) 

1355 mm 

Surface of parabola 
(A) 

14420,11 cm² 

Depth of parabola (H) 384 mm 

Focal distance  286,88 mm 

Solar irradiance 
(Netherlands) 

800 W/m² 

Solar irradiance on 
mirror (𝐼𝐴) 

1153,6 W 

Material: Reflectivity 
(%): 

3M VM2000 
Radiant 
Mirror Film 

98% 

Silvered 
polymer 

92% 

3M silver flux 90% 

Acrylic mirror 85% 

Mylar foil 75-85% 

Graph 12: Mirror reflectivity comparison. 
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10.5.2.3 Concentration 

There are two ways to determine the amount of concentration that occurs. It can be calculated as an optical 
or an geometrical ratio.  
 

Optical ratio 

The optical concentration ratio is described as the ratio of the solar flux where 𝐼𝐴 is insolation/solar irradiance 

on the dish aperture (800 W/m2 in The Netherlands). 𝐼𝑅 is the insolation on the receiver:  

 

𝐶𝑅𝑂 =
𝐼𝑅

𝐼𝐴
 

 
𝐼𝐴 = 0,08 W/cm² x 14420,11 cm² =   1153,6 W (mirror) 

𝐼𝑅 = 0,82 (reflectivity Mylar) x 1153,6 = 922,88 W (receiver) 

 

𝐶𝑅𝑂 =
922,88

1153,6
= 𝟎, 𝟖 =  𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 

 

Geometrical ratio 

The geometrical ratio is described as the ratio of the area of the aperture (𝐴𝑎) and the area of the receiver 

(𝐴𝑟): 

𝐶𝑅 =
𝐴𝑎

𝐴𝑟
 

As calculated before the area of the parabolic mirror (𝐴𝑎) is 14420,11 cm², the estimated area of the 

receiver (𝐴𝑟) is ideally (estimated): 4,5 x 4,5 cm = 20 cm² . 

 

𝐶𝑅 =
14420.11

20
= 𝟓𝟕𝟏 = geometrical concentration ratio 

 
Choosing a small area of high efficiency multi-junction cells instead of a big panel gives a high concentration 
ratio and therefore a high performance. 
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10.5.3 Membrane calculations 
The enclosure of the Sun-Spotter is provided 

by an ETFE membrane, this membrane 

provides a watertight enclosure that cleans 

itself and therefore maintaining a high 

transparency. However for the revenue of 

the system this membrane reduces the 

incoming irradiance on the mirror and 

therefore on the solar receiver. 

ETFE can be transparent for +/- 92%, this 

directly reduces the solar irradiance for -8%. 

This also reduces the power output of the 

system with a similar amount. This is 

displayed in the graph. 

 

10.5.4 Performance ratio parameter 
Because losses occur in every component of the photovoltaic system a performance ratio coefficient has to 

be determined in order to calculate realistic values. This coefficient depends on many aspects and is 

arranged carefully. The range of the losses are estimated in between 50 and 90%, for the default value 

which is an estimated avarage is 75% chosen. [54] 

 Inverter losses (4% to 15 %)  

 Temperature losses (5% to 18%)  

 DC cables losses (1 to 3 %)  

 AC cables losses (1 to 3 %)  

 Shadings 0 % to 80% !!! (specific to each site)  

 Losses weak radiation 3% to 7%  

 Losses due to dust, snow... (2%)  

 Other Losses (?) 

The performance ratio of the system can be improved to increase the yield of the system. Because the 

value is estimated to include many variables the direct cause of a lower yield isn’t directly visible from this 

value and has to be researched by analyzing and testing the possible variables. 

 

  

Graph 13: Comparison; Irradiance reduces by adding ETFE 
membrane. 
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10.5.5 Sun-Spotter energy use 
The Sun-spotter is fitted with four small diaphragm pumps that use a low 

amount of power of 26,4 watts and have low running times of one second 

each interval. In the worst case scenario when its windy and the pumps 

have to correct the system six hours per day the energy consumption of 

the system would be only 10% of the generated power of the improved 

model.  

Besides pumps the Sun-Spotter is also fitted with an Arduino minicomputer 

that has to be powered on at all times, this computer only uses 2,3 watts 

which is negligible. 

Sun-Spotter energy use 
        

Pumps          Arduino         

System voltage  12 V  System voltage  12 V 

Pump current:  2,2 A  Energy use Arduino:  2,3 W 

Energy use pumps:  26,4 W  Arduino power time  8 h 
Average running time 
pumps:  6 h       

           
Energy consumed per 
day:  0,158 kWh  Energy consumed per day: 

0,018
4 

kW
h 

Energy consumed per month (30 
days): 4,752 kWh  

Energy consumed per month (30 
days): 0,552 

kW
h 

Energy consumed per year (365 days): 57,82 kWh  
Energy consumed per year (365 
days): 6,716 

kW
h 

           

           

Total energy use: Energy consumed per day: 0,1768 kWh     

  
Energy consumed per month (30 
days): 5,304 kWh     

  
Energy consumed per year (250 
days): 44,2 kWh     

 

The Sun-Spotter can generates more than 615 kWh at a yearly base, the system itself uses about 44 kWh 

in the worst case scenario calculated with 250 sunny days. This means that only 7% is the generated energy 

is lost due to the system’s energy use. This value can be reduced by choosing pumps that use less energy.  

Figure 212: Small diaphragm 
pumps are used. 
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10.5.6 Sun-Spotter yearly revenue calculation 
Because the unavailability of multi junction cells the revenue of the Sun-Spotter has to be estimated by 

calculating different situations. The main goal is to develop a system that is cost effective to purchase, 

operate and with a high power output. A system with these properties is very interesting to put on the 

market because of the low pay-back time period. 

The revenue of the system is calculated with different conditions. Different types of panels/cells, different 

locations and different setups of the system. Each calculation has a different result, these results can be 

evaluated to decide which is best. These results can be used for developing an improved model.  

The revenue of the Sun-Spotter is calculated for three different models. Each model has different properties 

and parts which influence the revenue: 

 Prototype 1.0 (the produced prototype) 

 Prototype 2.0 (improved prototype) 

 Sun-Spotter 3.0 (improved Sun-Spotter) 

10.5.6.1 Prototype 1.0 

This is the calculation with the built prototype as model. This means with 
the ‘cheap’ 15 watt monocrystalline panel, therefore the revenue of the 
system is low. 
 
 

Sun-Spotter prototype 1.0 (Monocrystalline)   

      

MIRROR      

Solar irradiance (Netherlands) 0,08 W/cm²    

Mirror surface 14420 cm²    

ETFE transparency 0,92 %    

Reflection 0,8 %    

Irradiance in focal point   849,0496 W    

      

Monocrystalline panel 310x280 mm     

Amount 1     

Efficiency 18 %    

Performance ratio 75 %    

Generated power   114,6217 W 44,1 A 

      

REVENUE      

1 hour sun 0,115 kWh    

6 hours sun / day 0,688 kWh/day    

 20,63 kWh/month (30 days) 

 171,9 kWh/year    

Costs 1 kWh is € 0,23   0,158178 € / day  

  39,54449 € / year   

 
  

Properties: 

 15W Monocrystalline 
panel. 

 Efficiency 18% 
 ETFE 92%. 
 Mirror 80%. 
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10.5.6.2 Prototype 2.0 (improved) 

This model is based on the prototype but adjusted/improved to generate 
more solar energy. This means replacing the monocrystalline panel for 20 
cm² of multi-junction solar cells. Therefore the revenue of the system 
rises drastically. 
 

Sun-Spotter prototype 2.0 (Multi-junction)   

      

MIRROR      

Solar irradiance (Netherlands) 0,08 W/cm²    

Mirror surface 14420 cm²    

ETFE transparency 0,92 %    

Reflection 0,8 %    

Irradiance in focal point   849,0496 W    

      

MJ III V SOLAR CELLS      

Amount 20     

Efficiency 37 %    

Performance ratio 75 %    

Generated power   235,6113 W 90,6 A 

      

REVENUE      

1 hour sun 0,236 kWh    

6 hours sun / day 1,414 kWh/day    

 42,41 kWh/month (30 days) 

 353,4 kWh/year    

Costs 1 kWh is € 0,23   0,325144 € / day  

  81,28589 € / year   
  

Properties: 

 Multi junction cells 20 x 
 Efficiency 37% 
 ETFE 92%. 
 Mirror 80%. 
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10.5.6.3 Sun-Spotter 3.0 

This model improves the prototype on different aspects. Like in the 2.0 

model the multi-junction cells are applied but with cooling to keep the 

efficiency as high as possible. Also the ETFE is gone to minimize the loss, 

and the mirror reflectivity is improved. 

These improvements are relatively small and the investment on these is 
also small. Furthermore the increase in revenue is relatively big because it almost doubles compared to the 
other models. 
 

Sun-Spotter 3.0 (Improved)        

      

MIRROR      

Solar irradiance (Netherlands) 0,08 W/cm²    

Mirror surface 14420 cm²    

Reflection 0,95 %    

Irradiance in focal point   1095,92 W    

      

MJ III V SOLAR CELLS      

Amount 20     

Efficiency 44 %    

Performance ratio 85 %    

Generated power   409,8741 W 157,6439 A 

      

REVENU      

1 hour sun 0,409874 kWh    

6 hours sun / day 2,459244 kWh/day    

 73,77733 kWh/month (30 days)  

 614,8111 kWh/year    

Costs 1 kWh is € 0,23   0,565626 € / day  

  141,4066 € / year   

 
 
 

Properties: 

 Multi junction cells 20 x 
 Efficiency 44% 
 Mirror 95%. 
 Cooling. 
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10.5.7 Comparison maximum monthly irradiance and output  
The three models each have different properties, parts and 

therefore efficiencies. This means that every model has a 

different revenue value. 

Comparing and analyzing these values gives a clear vision 

on the effect of each improvement that is done for each 

model. 

A few things can be concluded from these results: 

 Every small improvement in photovoltaics directly leads 

to more energy production. 

 Multi-junction cells are necessary for efficiency. 

 Scale of Sun-Spotter is small, larger model increases 

energy production. 

 Revenue is relatively low in the Netherlands. 

 

Prototype 

 Mylar mirror (80% reflectivity). 
 15W Monocrystalline panel. 
 LDR light sensor. 
 ETFE membrane. 
 

Prototype 2.0 

 Improved multi-junction solar cells 20 cm². 
 

Sun-Spotter 3.0 - Improved model 

 Improved multi-junction solar cells 20 cm². 
 Cooling system. 
 Improved mirror (>92% reflectivity). 
 No ETFE. 

 
 

 

Graph 15: Monthly revenue comparison of three different models. 
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10.5.8 Comparison maximum daily irradiance and output in Netherlands 
Obviously the summers are 

the most sunny in the 

Netherlands, but it is also 

important to know the 

difference between the 

months. 

In the graph is clearly 

visible that the maximum 

daily irradiance is a lot 

higher in the month May, 

this irradiance is an 

average of 649 W/m² 

compared to an average of 

390 W/m² in October. 

Which is almost half of October. 

 

Table 23: Maximum daily irradiance and output in May and October in the Netherlands. [50] 

In this calculation is are the months May and October compared to see the difference in produced kWh’s. 

This is necessary to see if the system is also self-operating during less sunny months. Also when the Sun-

Spotter is used as a spotlight in the evenings the amount of power that is stored in the daytime has to be 

high enough. 

  

Graph 17: Comparison kWh produced May/October. 

 

 

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 avg

May W/m² 1 329 582 721 800 846 873 887 889 879 857 818 752 639 423 88 649 W/m²/day

October W/m² 0 0 0 227 535 687 759 792 796 774 717 598 353 0 0 0 390 W/m²/day

Energy generated,May kWh 5E-04 0,169 0,298 0,369 0,41 0,433 0,447 0,454 0,455 0,45 0,439 0,419 0,385 0,327 0,217 0,045 5,320 kWh/day

Energy generated, October kWh 0 0 0 0,116 0,274 0,352 0,389 0,406 0,408 0,397 0,367 0,306 0,181 0 0 0 3,196 kWh/day
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Graph 16: Comparison maximum daily sun radiance May / October (Netherlands). 
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10.5.9 Sun-Spotter in Abu Dhabi 
As described before the location is very 

important for generating solar energy. In for 

example Abu Dhabi the solar irradiance is 

higher averagely compared to the 

Netherlands. However the most important 

difference it the amount of sun hours which 

is at an average of 10 hours in Abu Dhabi 

[53] compared to 6 hours in Amsterdam 

[52].  

The amount of clouds in the Netherlands is 

also very high and reduced the efficiency of 

a concentrated photovoltaics system 

enormously. This is because the combination 

of CPV and diffuse light is not ideal.  

 
 jan feb mar apr may jun jul aug sep oct nov dec year avg 

Amsterdam W/m²* 650 783 847 887 889 876 867 855 841 796 687 597 798 

Abu Dhabi W/m²* 930 940 870 750 850 770 580 700 850 900 890 930 830 

 
Table 24: Solar irradiance in Amsterdam and Abu Dhabi comparison. 

Placing the Sun-Spotter 3.0 model with the multi junction cells and cooling in Abu Dhabi gives an calculated 

revenue of 1531 kWh, the same model in the Netherlands generates about 676 kWh. This is an difference 

of 57%! 

Sun-Spotter, Amsterdam 

kWh/hour 0,33 0,4 0,43 0,45 0,46 0,45 0,44 0,44 0,43 0,41 0,35 0,31 
0,409 

  

** 6 hours / day kWh/day** 2 2,41 2,6 2,73 2,73 2,69 2,67 2,63 2,59 2,45 2,11 1,84 2,453   

*** 23 sunny days / month kWh/month*** 46 55,4 59,9 62,7 62,9 61,9 61,3 60,5 59,5 56,3 48,6 42,2 56,415 676,9839 kWh 

                 

Sun-Spotter, Abu Dhabi kWh/hour 0,48 0,48 0,45 0,38 0,44 0,39 0,3 0,36 0,44 0,46 0,46 0,48 0,425   

** 10 hours / day kWh/day** 4,76 4,82 4,46 3,84 4,35 3,95 2,97 3,59 4,35 4,61 4,56 4,76 4,252   

*** 30 days / month kWh/month*** 143 144 134 115 131 118 89,1 108 131 138 137 143 127,573 1530,88 kWh 

 

Table 25: Sun-Spotter revenue calculations comparison. 

 

 

 

 

  

Graph 18: Sun-Spotter in Abu Dhabi / Amsterdam comparison. 
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10.5.10 Comparison with other systems 
The initial goal of this graduation project was to start using the 

water for solar systems due to land scarcity in the Netherlands. 

This idea was not new, however tracking on the water with an 

innovative system like the Sun-Spotter does is unique. Using 

concentrated photovoltaic technology with multi-junction cells 

and a parabolic mirror in the Sun-Spotter decreases the cell area 

and therefore the size of the system and the costs. 

The solar market is competitive and therefore the comparison 

with fixed panels and other solar trackers has to be made. In 

what aspects does the Sun-Spotter offer benefits compared to 

existing systems. In this comparison three scenarios are 

calculated: 

1. Fixed panel   (JA Solar 265Wp monocrystalline) 

2. Solar tracker  (JA Solar 265Wp monocrystalline) 

3. Sun-Spotter 

Table 26: Comparing the Sun-Spotter to fixed panels and solar trackers (The Netherlands). 

 

Power 
(Wp) 

Dimensions 
(mm) 

Area 
(m²): 

Revenu year 
(kWh) 

Match Sun-
Spotter (m²): Factor:  

Fixed panel 265 1650x991 1,6 255,8 3,9 2,7 x 
Solar tracker 265 1650x991 1,6 316,5 3,2 2,2 x 
Sun-Spotter 410 1350 ⌀ 1,4 615,0 1,4 1 x 

 

When installing an equal area of panels compared to the 

size of the Sun-Spotter the yearly output is half the output 

of the Sun-Spotter. This is calculated in The Netherlands. 

The output of the ‘standard’ solar panel is 265 Wp, the 

output of the Sun-Spotter is estimated to be around 410 Wp. 

A fixed panel needs 3,9 m² and a solar tracker needs 3,2 

m² to have equal output as the Sun-Spotter, therefore can 

be said that the needed area is reduced 2,2 to 2,7 times. 

Reducing this has succeeded by using the concentrated 

photovoltaics technology combined with solar tracking. 

Table 27: Monthly outputs compared with same system areas. 
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Graph 19: The Sun-Spotter uses half the 
space of conventional panels. 

Graph 20: Output comparison when using same 
area for each system. 
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11 PROTOTYPE, COSTS & TESTING 
 

11.1 Contents 
The goal of this graduation project is to develop an innovative floating solar tracker on paper but also as a 

working prototype. This prototype is then displayed at the IASS-expo in Amsterdam for two months to show 

the results of this graduation project. After this the system is tested in the water at the Neptunus harbor in 

‘s-Hertogenbosch. 

The prototype of the Sun-Spotter works with gravity point displacement; the displacement of weights/fluids. 

This is executed by four small diaphragm pumps that divide fluid over the kinetic cross, therefore tilting the 

floating structure above. Controlling this movement with a light sensor creates an precise floating solar 

tracker that generates energy during the daytime. 

In the previous chapters the main components and the concept of the Sun-Spotter are described extensive. 

Also the development of each part is described. This chapter summarizes the process of building a prototype 

of the Sun-Spotter.  
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11.2 Sponsoring 
Making a prototype like this couldn’t be done without the help of some companies. Especially the advanced 
electronics need necessary knowledge to develop. Finding the right partners was challenging and very hard 
at first. But when the first design of the Sun-Spotter was made the concept did sound promising for some 
companies that collaborated and put effort in the project. Some components are made entirely by 
companies, others are made by us with help from the collaborating company.  
 
Firstly the Technical University Eindhoven provided a starting budget to build the 
prototype for the graduation project. 
 

The first component that is made is the polyester bowl, this bowl 
is made by us together with employees of Polycel BV Panningen. Also the polyester bowl 
for the mirror is made here. As soon as these main components were finished the progress 
of building the prototype was going really fast. 
 

The steelwork is made with close collaboration Schuurmans VOF 
(Cromvoirt), here was also the workplace that Schuurmans 
provided. This is where the prototype was assembled and where 
the biggest work is done, from small parts to the biggest parts. All steel elements that are used in the 
prototype are made here, from the kinetic cross to the steel arc on top of the Sun-Spotter.  
 

As described before, developing the electronics is the most challenging part because 
the lack of knowledge and the enormous amount of different solutions that are 
applicable for this project. Luckily a collaboration with SVO Techniek (Waalwijk) made 
it possible to install all electrical components and to control them with a light sensor. 
 

Advanced high density LED’s with small optics are supplied by Rena electronics (Zundert). These LED-
elements and the LED drivers add a spherical light to the Sun-Spotter. 
 

The ETFE membrane is made by Carpro (Eynatten), this is 
the finishing touch that completes the prototype. At first the 

membrane wasn’t needed because the Sun-Spotter was displayed at the IASS 
exposition in Amsterdam, hanging from the ceiling. 
 
We thank all these companies a lot for making it possible to create a working prototype of the Sun-Spotter! 
Without their input and collaboration it was impossible to realize this research and project. 
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11.3 Components of prototype 
The prototype consists out of different components that can be divided into different categories. The main 
distinction in components can be made by dividing the components into technical components and structural 
components. These components are described  in detail in the corresponding chapters. 
 

11.3.1 Structural components 
These components form the base of the Sun-Spotter prototype and mainly consists of the floating structure 
and the underwater kinetic cross. These components are connected with steel cables. 
 

1. Floating structure / polyester hemisphere 

a. Top frame 

b. Enclosure  

c. Parabolic mirror 

2. Kinetic cross 

a. Technical compartment 

b. Fluid containers 

 

11.3.2 Technical components 
These components are necessary to make the prototype function properly. Therefore the prototype can 
track the sun on water and also use the energy of the sun to charge the batteries and shine the lights. 
 

1. Movement 

o 4x diaphragm pumps 2.6 lpm 

o Light sensor with 4 LDR’s 

o Arduino Uno 

o Relay board 8 inputs 

2. Photovoltaics 

o Monocrystalline solar panel 15W 280x300mm 

o Charge controller 

o 2x batteries 7 Ah 

3. Lights 

o LED driver 

o 4x LED unit 
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11.4 Production 
The production of the prototype is described in the previous chapters, developing every component was a 
combination of research and trial and error due to the short time period. Developing the prototype is done 
in different phases, the floating structure itself, the underwater structure and the electronics. Firstly the 
floating structure had to be developed; the floating polyester hemisphere. Having this part made it possible 
to do tests and design the other elements corresponding to results from the tests.  
 
From this point the other components are designed and produced. More about each component can be 
read in the corresponding chapter. 
 

Figure 213: Different components of the Sun-Spotter. 

Floating structure Kinetic cross Electronics
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Computer

Software

Pumps
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11.5 Assembly 
Placing the prototype on the water is done in once as a whole system, making it fairly easy to install a Sun-

Spotter. The system is completely assembled on the shore with the polyester hemisphere and kinetic cross 

attached to each other and with connected electronics. Ready to track the sun. 

The Sun-Spotter is transported in two parts; the hemisphere and the kinetic cross. These parts can be 

assembled and connected to each other easily while hanging from a crane.  

Figure 214: Transportation of the Sun-Spotter to the Muziekgebouw Amsterdam. 
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When the system is assembled the Sun-Spotter is hoisted from the shore to the designated location in the 

water. The only thing to do next is attaching the two anchors to prevent the system from floating from the 

designated location or rotating by the wind, the anchors fixate the structure to the bottom. The depth of 

the water has to be measured first to adjust the chains.  

 

Figure 215: Positioning the Sun-Spotter on the water surface. 

Positioning the Sun-Spotter is easy, the anchors are attached to floating buoys that can be position above 

the desired location for the anchors. When the anchors and the Sun-Spotter are on the right location the 

anchors can be dropped to the bottom. That’s it, now the system can start tracking the sun.  

11.6 IASS expo at Muziekgebouw 
Primarily the goal was to let the prototype float in front of the Muziekgebouw Amsterdam during the IASS 

expo and the SAIL event, this would take about two months. This would be ideal to show the capabilities 

of the Sun-Spotter and to properly test it for two months straight. After proposing the idea to the 

organization if SAIL and the port warden it got declined because of safety issues.  

The other option is to hang the Sun-Spotter with a steel cable from the ceiling. The structure will still 

function because the displacement of weight inside the kinetic cross still occurs. Luckily the exposition made 

an exception to hang the Sun-Spotter between the rest of the exposition about lightweight structures. This 

meant that the Sun-Spotter is displayed right in the middle of the Muziekgebouw during July and August 

2015. 

 

Figure 216: The floating Sun-Spotter in front of the Muziekgebouw, Amsterdam. 
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11.7 Costs analysis 
One of the key aspects of product development is costs. The perfect balance between production costs, 

operating costs and revenue has to be analyzed. When costs are too high the product has already failed. 

For the prototype the costs are clear and documented, for the final products the costs have to be estimated 

and analyzed. Other models are also analyzed to see what differences little changes can make in the final 

price. It is also necessary to research different improvements and the corresponding costs. 

For the cost analysis are four different scenarios calculated; four different systems with different properties:  

1. Prototype 1.0 

2. Prototype 2.0 (with multi-junction cells) 

3. Sun-Spotter 3.0 (improved model) 

4. Budget model  

 

The main variables in the costs analysis are: 

1. Solar cell types. 

2. Mirror materials. 

3. Enclosure. 

4. Cooling. 

5. Construction. 
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11.7.1 Cost analysis prototype 1.0 
Developing the prototype is done with the best materials and 

components that are available within the budget. Collaborating 

with companies made it possible to use more advanced 

materials and methods to build the prototype, it also enlarges 

the possibilities with the established budget. 

The prototype costs about €2500, the final product can change 

on different aspects. Therefore the final price will be different 

from the prototype costs. To estimate the final costs the current 

costs have to be analyzed to seek the possible improvements 

and/or changes to cut down or rise the final costs. 

11.7.1.1 Cost calculation 

  

Part: Sub-part: Amount: Costs / piece: Total:

SPOTTER

Bottom Polyester bowl 1 500 € 500 €

Polyester mirror 1 100 € 100 €

Mirror foil 1 24 € 24 €

Bolts / glue / others 1 50 € 50 €

Top Steelwork frame 1 200 € 200 €

Steelwork panel (lasered) 1 68,41 € 68,41 €

ETFE foil 1 200 € 200 €

1142,41 €

KINETIC CROSS

Aluminium / steel parts (lasered) 1 539,03 € 539,03 €

Float balls 4 40,7 € 162,8 €

Hoses 1 50 € 50 €

Steel cables & connectors 4 25 € 100 €

Bolts / others 1 25 € 25 €

Chains 2 10 € 20 €

Anchoring 2 15 € 30 €

EPDM 1 57,6 € 57,6 €

984,43 €

ELECTRONICS

Movement Pumps 4 64,31 € 257,24 €

Arduino 1 20 € 20 €

Relayboard 1 13,35 € 13,35 €

LDR sensor 1 10 € 10 €

Cables / connectors / others 1 25 € 25 €

325,59 €

Photovoltaics Monocrystalline 1 25 € 25 €

Invertor 1 25 € 25 €

Batteries 2 30 € 60 €

110 €

Lights LED-units 4 10 € 40 €

LED-driver 1 25 € 25 €

65 €

TOTAL COSTS: 2627,43 €

Cost analysis prototype 1.0
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11.7.1.2 Possible improvements 

The prototype is made with the best available parts, however improvements are always possible. If a Sun-
Spotter 2.0 is being developed the evaluation of the first prototype can improve the second prototype a lot. 
Therefore testing and evaluating is the purpose of developing a prototype. This means different 
improvements have to be evaluated on different aspects. Active tracking  
 

 

Multi junction solar cells 
Using multiple small high efficiency solar cells will increase the generated energy 
and therefore efficiency of the CPV technology integrated in the Sun-Spotter. 
 
The costs of Mj cells are approximately: €8 / cm²  [55] 
 

Estimated costs: 4,5x4,5 cm = 20 cm² x €8 = €160  
 

 

Extra sensors 
The LDR light sensor is the only sensor that the system can depend on. Adding 
extra sensors can help to improve the preciseness, reliability and effectiveness of 
the system. 
 

- Triple axis accelerometer (tilting) 
- GPS receiver/ digital compass (positioning) 

 
Estimated costs: €60 (without programming) 

 

 

Cooling system 
Cooling the solar cells improves the efficiency, this is what the prototype doesn’t 
have. Adding water cooling with a small pump and temperature sensor is a small 
and easy extension of the Sun-Spotter and will directly affect the amount of 
generated energy. 
 
 

Estimated costs: €200 
 

11.7.1.3 Possible design changes 

Save money and lower the production costs can be done with changes in the design. Using different 

materials and/or shapes can change the costs a lot. In the prototype the design is anticipated to be as cost 

efficient as possible, however after evaluation some design choices can be tweaked. 

 Simplifying the kinetic cross 
The containers are ball-shaped in the prototype, using different shapes could simplify the cross and 
therefore simplify the needed construction materials. This could reduce the costs of the kinetic cross. 
 

 Replace/remove ETFE membrane 
Removing the membrane reduces the costs, water tightness has to be realized in a different way. 
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11.7.2 Cost analysis Prototype 2.0 
This model is equipped with the multi-junction cells that were 

unavailable at the time of the prototype production. This 

improvement uses the sun’s concentration more efficiently 

and makes the system therefore much more effective and 

promising. 

 Multi-junction cells 20 cm² 

 

 

 

 

  

Part: Sub-part: Amount: Costs / piece: Total:

SPOTTER

Bottom Polyester bowl 1 500 € 500 €

Polyester mirror 1 100 € 100 €

Mirror foil 1 24 € 24 €

Bolts / glue / others 1 50 € 50 €

Top Steelwork frame 1 200 € 200 €

Steelwork panel (lasered) 1 68,41 € 68,41 €

ETFE foil 1 200 € 200 €

1142,41 €

KINETIC CROSS

Aluminium / steel parts (lasered) 1 539,03 € 539,03 €

Float balls 4 40,7 € 162,8 €

Hoses 1 50 € 50 €

Steel cables & connectors 4 25 € 100 €

Bolts / others 1 25 € 25 €

Chains 2 10 € 20 €

Anchoring 2 15 € 30 €

EPDM 1 57,6 € 57,6 €

984,43 €

ELECTRONICS

Movement Pumps 4 64,31 € 257,24 €

Arduino 1 20 € 20 €

Relayboard 1 13,35 € 13,35 €

LDR sensor 1 10 € 10 €

Cables / connectors / others 1 25 € 25 €

325,59 €

Photovoltaics Multijunction (8€/cm²/cel) 20 8 € 160 €

Invertor 1 25 € 25 €

Batteries 2 30 € 60 €

245 €

Lights LED-units 4 10 € 40 €

LED-driver 1 25 € 25 €

65 €

TOTAL COSTS: 2762,43 €

Cost analysis prototype 2.0 (with MJ cells)
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11.7.3 Cost analysis Sun-Spotter 3.0 (improved model) 
This model is an improved concept of the adjusted 2.0 prototype that only 

has multi junction cells as an addition. Equipping the Sun-Spotter with a 

more reflective mirror hugely increases the reflection of the mirror which 

directly increases the power output of the system. Adding a cooling system 

to keep the efficiency at a high level completes the improvements. This 

investment makes the Sun-Spotter and concentrated photovoltaic much 

more efficient and promising. 

 Multi-junction cells 20 cm² 

 Cooling system 

 Improved mirror >90% reflection 

  

Part: Sub-part: Amount: Costs / piece: Total:

SPOTTER

Bottom Polyester bowl 1 500 € 500 €

Polyester mirror 1 100 € 100 €

Mirror 1 150 € 150 €

Bolts / glue / others 1 50 € 50 €

Top Steelwork frame 1 150 € 150 €

Steelwork panel (lasered) 1 68,41 € 68,41 €

1018,41 €

KINETIC CROSS

Aluminium / steel parts (lasered) 1 539,03 € 539,03 €

Float balls 4 40,7 € 162,8 €

Hoses 1 50 € 50 €

Steel cables & connectors 4 25 € 100 €

Bolts / others 1 25 € 25 €

Chains 2 10 € 20 €

Anchoring 2 15 € 30 €

EPDM 1 57,6 € 57,6 €

984,43 €

ELECTRONICS

Movement Pumps 4 64,31 € 257,24 €

Arduino 1 20 € 20 €

Relayboard 1 13,35 € 13,35 €

LDR sensor 1 10 € 10 €

Positioning sensors 2 30 € 60 €

Cables / connectors / others 1 25 € 25 €

385,59 €

Photovoltaics Multijunction (8€/cm²/cel) 20 8 € 160 €

Invertor 1 25 € 25 €

Cooling system 1 100 € 100 €

Batteries 2 30 € 60 €

345 €

Lights LED-units 4 10 € 40 €

LED-driver 1 25 € 25 €

65 €

TOTAL COSTS: 2798,43 €

Cost analysis improved 3.0 
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11.7.4 Cost analysis budget model 
Besides an improved model the options for a cheaper model also 

have to be analyzed. This model saves money on the design of the 

kinetic cross and ETFE-membrane, but also uses a ‘simple’ 

monocrystalline panel that comes with a low efficiency. 

 Monocrystalline panel. 
 Cost reductions: 

o Cheaper kinetic cross. 
o No ETFE. 
o No multi junction cells. 
o No LED’s. 
o No cooling. 

 

Part: Sub-part: Amount: Costs / piece: Total:

SPOTTER

Bottom Polyester bowl 1 500 € 500 €

Polyester mirror 1 100 € 100 €

Mirror foil 1 24 € 24 €

Bolts / glue / others 1 50 € 50 €

Top Steelwork frame 1 100 € 100 €

Steelwork panel (lasered) 1 40 € 40 €

ETFE foil 0 0 € 0 €

814 €

KINETIC CROSS

Aluminium / steel parts (lasered) 1 400 € 400 €

Float balls 4 10 € 40 €

Hoses 1 40 € 40 €

Steel cables & connectors 4 25 € 100 €

Bolts / others 1 25 € 25 €

Chains 2 10 € 20 €

Anchoring 2 15 € 30 €

EPDM 1 40 € 40 €

695 €

ELECTRONICS

Movement Pumps 2 50 € 100 €

Arduino 1 20 € 20 €

Relayboard 1 13,35 € 13,35 €

LDR sensor 1 10 € 10 €

Cables / connectors / others 1 25 € 25 €

168,35 €

Photovoltaics Monocrystalline 1 25 € 25 €

Invertor 1 25 € 25 €

Batteries 2 30 € 60 €

110 €

Lights LED-units 0 10 € 0 €

LED-driver 0 25 € 0 €

0 €

TOTAL COSTS: 1787,35 €

Cost analysis budget model 0.5
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11.7.5 Comparison 
The reference point/costs for the costs analysis is 

the prototype that is developed. For this model 

the costs are determined. The other models are 

based on this cost model and are mainly adding 

improvements that increase the efficiency of the 

Sun-Spotter. 

Breaking down the costs for each model shows 

that the biggest improvements and therefore 

costs are the photovoltaics of the system. This is 

mainly because the prototype lacks multi-junction 

cells. 

 

 

Graph 22: Cost percentage breakdown of four different cost models. 

 

1.0 Prototype     

Top structure 1142,41 € 43,5 % 

Bottom structure 984,43 € 37,5 % 

Photovoltaics 110 € 4,2 % 

Mechanics  325,59 € 12,4 % 

Others 65 € 2,5 % 

Total 2627,43 € 100,0 % 

 

2.0 Prototype     

Top structure 1142,4 € 41,4 % 

Bottom structure 984,43 € 35,6 % 

Photovoltaics 245 € 8,9 % 

Mechanics  325,59 € 11,8 % 

Others 65 € 2,4 % 

Total 
2762,4

3 € 100,0 % 

3.0 Improved 
model     

Top structure 1018,41 € 35,1 % 

Bottom structure 984,43 € 34,0 % 

Photovoltaics 445 € 15,4 % 

Mechanics  385,59 € 13,3 % 

Others 65 € 2,2 % 

Total 2898 € 100,0 % 
 

 

0.5 Budget 
model     

Top structure 814 € 45,5 % 

Bottom structure 695 € 38,9 % 

Photovoltaics 110 € 6,2 % 

Mechanics  168,35 € 9,4 % 

Others 0 € 0,0 % 

Total 
1787,3

5 € 100,0 % 
Table 28: Costs  of four different models. 
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11.7.6 Payback time 
One of the key aspects for solar panels is the payback time. 

This aspect determines whether a system is a success or a 

failure. The optimal situation is when the payback time is 

only a few years, this is also the goal of any solar system. 

When the payback time is exceeded the system starts to 

make profit. 

The payback time is determined with the total costs of the 

system divided by the yearly revenue of the system, minus 

the operating and maintenance costs.  

In the particular case of the Sun-Spotter the payback time 

is depending on different variables. The most important 

factors are the used photovoltaics in the model and the 

location of the system. These factors determine the 

revenue of the system and therefore influence the payback 

time.  

   

Costs 
(€) 

Revenue 
(kWh) 

Revenue* 
(€) Payback time (years) 

Prototype (monocrystalline) 2627 172 40 66  

Prototype 2.0 (multijunction) 2762 353 81 34  

Prototype 3.0 (improved) 2898 615 141 20  

Prototype 3.0 (Dubai) 2898 1531 352 8  

* 1 kWh = €0,23       

 

As shown in the table and graph the payback times for a single prototype of the Sun-Spotter are high, only 

when localized in Dubai the time of a single unit is acceptable. Further research on upscaling the system is 

necessary to determine whether the Sun-Spotter as a solar grid could be more profitable, this is described 

in the chapter evaluation. 

  

Graph 23: Comparison of the payback times of the 
different models. 
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11.8 Testing components and prototype 
Testing the prototype is part of developing a new floating solar tracking system. Every component has to 

be tested carefully in order to succeed in the complete system. Testing is done with computer simulations 

on many occasions, however with systems that have many complexities like this system it is hard and time-

consuming to do this. Sometimes it is even impossible to do, or the results are unreliable. This is one of the 

reasons to build a fully working prototype. 

Developing a prototype gives the benefit to fully test the system in a real environment. This makes the 

results directly visible and makes direct feedback possible. This trial and error approach is the base for the 

development of the Sun-Spotter. The prototype and components are tested on different aspects and in 

different settings: 

1. Polyester hemisphere: balance and tilting forces 

2. Attachment points positioning 

3. Suspended test 1: Kinetic cross 

4. Suspended test 2: Whole system 

5. Floating test 1: Balancing the hemisphere with top frame 

6. Floating test 2: Angles and weights 

7. Floating test 3: Waves 

8. Floating test 4: Complete system 

9. Floating test 5: Complete system final test 

 

11.8.1 Polyester hemisphere balance and tilting forces 
The polyester floating structure forms the base for the Sun-Spotter. This hemisphere is the reference-point 
for the other components, therefore the needed forces to tilt the structure have to be measured. Also the 
maximum angle and the corresponding force have to be measured. These results can be used to calculate 
the needed fluid displacement in the kinetic cross to tilt. 

11.8.1.1 Set-up 

For the test only the floating hemisphere is needed and a scale to measure the pressure that is engaged 
on the edge of the hemisphere. Because the weight of the hemisphere is divided equally the structure floats 
balanced and has no intention to tilt. Besides the pressure to tilt the maximum angle of the hemisphere has 
also to be measured. 
 

  
 

Figure 217: Tilting the floating hemisphere, measuring angle and forces. 
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11.8.1.2 Testing 

Instead of pushing on the edge to make the floating hemisphere tilt pressure is now engaged on the top 
surface of a scale. This results in a direct measurement of the engaged pressure in kilograms. This pressure 
has a direct connection with the tilting angle of the structure. 
 

 
Figure 218: Measuring the tilting pressure and angle of the floating hemisphere. 

11.8.1.3 Results 

The needed pressure to tilt the floating hemisphere to a maximum angle of about 55° is only 4,5 kilograms. 
This value is extremely low due to the spherical shape of the bottom of the hemisphere, this makes the 
structure roll smoothly through the water. 
 
This test is the first example of the effectiveness of moving spherical shapes in the water surface and is the 
reference point for the rest of the research of the Sun-Spotter. 

Table 29: Weight / angle connection. 

  

Figure 219: Test results. 

 
 
 
  

Angle (°) Pressure 
(Kg) 

0 0 

13,75 1,125 

27,5 2,25 

41,25 3,375 

55 4,5 
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11.8.2 Attachment points positioning 
The exact position of the steel eyes that connect the underwater structure to the floating structure are 

defined while testing the different positions that are possible. Choosing the right positions is important 

because it makes the movement easier and therefore with less energy use. More about this can be read in 

the chapter about the gravity point displacement. 

11.8.2.1 Setups 

The initial idea was to attach the steel cables to the edge of the floating hemisphere with small extensions 

to prevent the cables from clashing against the sides of the polyester. Attaching the cables on a lower 

position has also to be tested in order to see the difference, advantages or disadvantages of each position. 

This resulted in two testing setups: 

 Cables attached to the edge of the floating structure. 

 Cables attached below the edge on the sides. 

 

Figure 220: Different testing setups for the attachment positions of the cables. 

11.8.2.2 Testing 

Testing the different setups is done by attaching the cables on the desired positions. Firstly the cables are 

attached to the edge of the structure with the kinetic cross hanging below the floating structure. Secondly 

the cables are attached with strong duct tape to the round to flat transition area of the floating structure, 

also with the kinetic cross attached to it. 

   

Figure 221: Two different testing setups for the positioning of the attachment points. 
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11.8.2.3 Results 

The results of the test are very clear. Attaching the 

cables above the mass point of the floating structure 

results directly to unbalance and makes the 

hemisphere turn over and catch water. The straight 

top part of the hemisphere enlarges this effect 

enormously. 

Positioning the attachment point close to the center 

of the hemisphere and therefore the mass point of 

the hemisphere makes the system directly more 

balanced and controllable. 

11.8.3 Suspended test 1: Kinetic cross 
Testing the cross apart from the whole system to fully 

focus on the interaction between the LDR light sensor, the software and the pumps. Fine tuning every 

component is also part of this test to make everything work smoothly. 

Also a first test to test the water tightness of all hose connections. 

11.8.3.1 Setup 

The kinetic cross is hanged balanced in the 

air with a strap. The light sensor is placed on 

top of the cross and is connected to the 

corresponding pumps. 

Now every fluid container is filled with 

approximately 5 liters of water matching 5 

kilograms. 

11.8.3.2 Testing 

Powering on the software and sensor to see 

what the cross will do and how the water is 

pumped from side to side. 

Also the speed, sensitivity and interaction are tested to see how the sensor and cross react when the cross 

is rotated manually. 

11.8.3.3 Results 

The sensor, pumps and cross directly start to aim at the window with the highest sun intensity. When the 

cross is turned in another darker direction the system responds directly and pumps the X and Y direction 

simultaneously for 1000 milliseconds. The cross is tilting smoothly and the maximum angle is high enough. 

Now ready for the test with the polyester hemisphere. 

 

  

Figure 223: Testing the kinetic cross with the sensor for the first time. 

Figure 222: Positioning the attachment points close to the 
mass point of the hemisphere makes the structure 

balanced. 
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11.8.4 Suspended test 2: Whole system 
Now that the kinetic cross combined with the light sensor has proven itself the next step is to test the 

complete system. This is not directly done in the water because the system is hanged at the IASS exposition 

and not floating. Therefore the system has also have to work when suspended. 

11.8.4.1 Setup 

The complete system is hanged below a man lift to copy the situation 

in the Muziekgebouw. The polyester hemisphere is adjusted with an 

steel cross inside to hang with an attachment eye in the mass point 

of the structure, the straps are 

attached to this point. This 

prevents the system from 

falling over and keep a smooth 

movement possible. 

Below the steel cross is thread 

end attached, this makes it 

possible to add contra weights 

to keep the structure balanced 

and prevent falling over. This 

is needed in a suspended 

setting but is not needed when 

on the water surface. 

 

11.8.4.2 Testing 

Testing the combination of the kinetic cross, the upper structure and the 

sensor in a suspended condition to see if the gravity point displacement 

in the cross directly results in a tilting structure. Also the influence of the 

weight of the top frame and installations and the contra weights have 

to be analyzed to decide which amount is best.  

11.8.4.3 Results 

The first test run elapsed smoothly, the sensor on top of the system 

directly controls the kinetic cross and therefore the whole system tilts in 

the direction of the sun. The top weights (installations and top frame) 

did not affect the tilting capabilities of both the kinetic cross and the 

polyester structure.  

The second run is with less contra weights, this made the tilting a lot 

smoother and increased the maximum tilting angle of the system 

because the kinetic cross didn’t have to lift the extra contra weights. 

Now the final run is executed without contra weights but with extra fluid 

inside the containers. This increased the stability, preciseness and 

maximum angle of the system. 

  

Figure 225: The Sun-Spotter is adjusted 
to hang with a steel cross inside with 
attachment eye and contra weights. 

Figure 224: The attachment eye is in the 
middle of the parabolic mirror. 

Figure 226: Testing the complete 
system . 
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11.8.5 Floating test 1: Balancing the hemisphere with top frame 
Adding counter weights can be calculated but to ensure a correct amount it is also tested. 

11.8.5.1 Setup 

As concluded in the last test the 

use of counter weights is 

necessary to prevent the system 

from falling over. Therefore a 

threaded stave is added on the 

bottom of the floating 

hemisphere.  

In the test different amounts of 

weight are attached until the 

hemisphere is in balance on the 

water surface. Also the position 

of these weights is variated to 

decide the optimal position. 

11.8.5.2 Results 

Adding 8 kilograms of weight directly made the system stable and tilting back in the neutral position without 

adding force. This amount made it very hard to push the edge into the water so the Sun-Spotter would 

never catch water. 

After putting the complete system together the threaded end seemed to long and was shortened. This 

meant that the weights had to be positioned higher which made more weights necessary to bear the length 

difference. Now 14 kilograms was added. How much the floating hemispheres tilts when adding certain 

amounts of weight is tested in the next test setup. 

  

Figure 227: Different amounts of counter weights are added to achieve a balanced    
floating hemisphere. 
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11.8.6 Floating test 2: Angles and weights 
The connection between the weights on the attachment points and the angle of the floating hemisphere is 
very important. The maximum angle and the necessary weight to tilt to that angle has to be tested in order 
to make the system work. This is tested by hanging weight onto the attachment eyes. 

11.8.6.1 Setup 

In one of the first test is the connection 

between weights and angles of the floating 

hemisphere already tested, however this was 

on the edge of the hemisphere. Now the four 

attachment eyes are installed which connect 

the floating structure to the kinetic cross. 

Testing the connection between weight and 

angle on these eyes is important to know how 

much the 

kinetic cross 

has to pull 

the system 

down in order 

to perceive a certain angle. 

11.8.6.2 Testing 

Attaching weights to one of the attachment eyes in pars of two kilograms, 

and measuring the angle of the floating hemisphere is what is done (see 

figure). 

11.8.6.3 Results 

The results of the test are displayed in the table. The ‘perfect’ angle is at 

36 degrees, an amount of 5 kilograms was needed to achieve this angle. 

 

  

Weight Angle 

2 13,7 

4 26,9 

6 40,9 

8 52,6 

5 35,4 

Table 30: Connection between 
weight and angle. 

Figure 230: Test overview. 

Figure 228: Testing with weights. 

Figure 229: The floating hemisphere with four attachment eyes. 
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11.8.7 Floating test 3: Waves 
Because the precision of a solar tracker is priority number one this has to be tested in simulated 

circumstances. Therefore waves are made to test if the system keeps the desired angle when waves make 

the system move. 

11.8.7.1 Setup 

For this test only two components are needed: The Sun-Spotter and a water tank which is deep enough 

and big enough to prevent clashing against the sides.  If the test succeeds the system will not react on the 

waves by rotating or tilting, it has to float like a float going up and down with the waves. 

11.8.7.2 Testing 

The system is put in a water tank/swimming pool and is pushed downwards to create big waves, now letting 

the Sun-Spotter float freely and watch the result. 

 

Figure 231: Testing the Sun-Spotter in wavy conditions. 

11.8.7.3 Results 

As expected the Sun-Spotter floats up and down with minimal tilt and angle changes. This meant that the 

preciseness of the system is maintained. The system reacts as a fishing rod float and will only go up and 

down. 

11.8.7.4 Evaluation 

The waves in this test are fairly low and weak in comparison with the waves on oceans, further testing with 

bigger waves is necessary to see if the system would also function in rough waters. But it is expected that 

the behavior of the (bigger) waves is the same. 
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11.8.8 Floating test 4: Complete system 
The system proved itself working in suspended conditions. However to fully prove the system it should also 

be tested in the conditions of the final product. This means testing the Sun-Spotter prototype in the water. 

11.8.8.1 Setup 

The setup is the same as in suspended 

conditions but instead of installing the 

system hanging it will be put on the water 

surface; as a floating structure. This is done 

by hoisting the complete system directly 

onto the water surface. 

The setup can be adjusted in a few ways: 

 Weight below the kinetic cross can be 

changed. 

 Anchor can be attached/detached. 

 Crane can prevent the structure from 

tilting too far. 

 

Because the system needs more than 1,5 

meter space under the water surface the 

system is transported to a deep testing 

location with a crane on site. 

11.8.8.2 Testing 

In the first phase of testing the complete system in the water the balancing of the floating hemisphere is 

tested. Because the hemisphere is top-heavy the interaction between the kinetic cross, the water and the 

floating hemisphere has to be analyzed and adjusted if necessary. 

Besides the floating structure the balance of the kinetic cross is also tested. This means that the up thrust 

has to be lower as the down thrust so the cross will sink and pull the floating structure stable. 

11.8.8.3 Results 

The Sun-Spotter is tested three times: At first the kinetic cross is 

tested individually. The result was that the cross kept floating, 

attaching weights (+/- 30 kg) to the bottom of the cross created 

more down thrust and therefore the cross sunk.  

Now the complete system was hoisted on the water surface. The 

floating structure directly tilted too far and water poured inside. 

With help of the crane the Sun-Spotter is pulled up an prevented 

from sinking to the bottom of the water. This is due to the heavy 

top of the hemisphere and the anchor pulling onto the system. 

Attaching a bigger weight (+/- 70 kg) to the bottom of the kinetic 

cross and removing the anchor resulted in a more stable system 

but it still occurred that the system tilted too far with water pouring 

inside. Back to the workplace. 

Figure 232: Hoisting the Sun-Spotter in the water in at the Neptunus 
harbor in ‘s-Hertogenbosch. 

Figure 233: The Sun-Spotter floating and 
prevented from tilting by the attached 
crane. 
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11.8.8.4 Evaluation 

Balancing the Sun-Spotter didn’t succeed, the floating 

hemisphere has too much weight on the top of it this has to 

be reduced or counter weights have to be added. This is 

done by adding a treaded steel stave on the bottom of the 

hemisphere (see figure), this makes it possible to add 

weights according to tests. 

Besides the problems with the balancing of the  system the 

system also did not tilt properly. This is because the system 

uses cables that can only pull the floating hemisphere and 

cannot push the uplifting side of the kinetic cross. Adding 

steel staves instead of cables makes the system more stable and increases the reach of the system. 

 

11.8.9 Floating test 5: Complete system final test 
After the last test with the complete system at the Neptunus harbor in ‘s-Hertogenbosch a few tweaks to 
the systems are done in order to make it more stable and working.  
 

11.8.9.1 Setup 

The setup of this test is the same as in the last complete system 

test. It is again hoisted as a complete structure onto the water and 

afterwards pushed to the desired location and fixated with chains 

and anchor. The setup is adjusted in a few ways compared to the 

last test: 

 Weight below the kinetic cross is heavier (chains +/- 30 kg). 

 Struts instead of cables to use the downward (water) and `

 upward (air) forces to control the structure. 

 Anchor to two sides to prevent rotating. 

 Counter weight to prevent the system from tilting too far. 

These adjustment are the solutions to the problems that were 

discovered in the last full system test, so now the system hopefully 

works like a charm. 

 

11.8.9.2 Testing 

In this test the complete system is tested in a final test that either proves the system functioning or proves 
the system failing. The main aspects that are not yet tested and/or proved to be working are: 

 Stability of the system. 

 Gravity point displacement with four-bar linkage 

 Light sensor in water conditions 

 Different weather conditions 

 

These aspects are tested directly after the system is installed for a period of maximal a few days. 

 

Figure 234: Adding counter weights to the bottom 
of the floating hemisphere. 

Figure 235: Hoisting the system in the 
water at Neptunus in ‘s-Hertogenbosch to 
test it again as a complete system. 
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11.8.9.3 Results 

The final system test is a success, the Sun-Spotter works in different 
conditions and circumstances! Also the principle of gravity point 
displacement by displacing fluids in combination with four bar linkage 
works perfectly. The LDR light sensor directly controls the pumps 
when there is a slight difference in the needed X and Y coordinate by 
pumping fluids. This makes the Sun-Spotter continuously correct 
itself to keep aiming at the sun. 
 

Pros of the system: 

 When the system is placed in the water the division of the 
fluids in the containers is directly visible because the Spotter 
is angled. 

 The system is now stable thanks to the counterweight. 
 Anchoring the Sun-Spotter to two point makes the system 

less rotating and more stable. 
 Using struts instead of cables makes the system more 

controllable and function more properly. 

 The LDR light sensor works even when its cloudy. 
 The system directly corrects wind forces. 
 

Cons of the system: 

 The system is very sensible for wind. 
 The light sensor is adjusted a bit too responsive. 

 

Video capture of the Sun-Spotter in action 

 

Figure 237: Video snapshots of the Sun-Spotter in action correcting until it aims at the sun. 

 

  

Figure 236: The floating hemisphere 

directly follow the angle of the kinetic 
cross. 
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11.8.9.4 Evaluation 

The Sun-Spotter succeeded in the final test, everything is working properly and the system is stable and 

functional. The small improvements directly solved the small problems that occurred in the last test.  

Because it is still a prototype the system doesn’t generate energy, only the movement and the sensor 

combined with the minicomputer are proved. Testing the system with multi junction ells would be the next 

step.  

 
Figure 238: Sun-Spotter working prototype! 
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12 EVALUATION 
 

12.1 Contents 
This chapter summarizes the concept of the Sun-Spotter with all the accompanying aspects, concluding and 

evaluating the complete Sun-Spotter. Where did the idea of the Sun-Spotter come from and how well did 

the idea get developed. These components form the base of the end colloquium that is given at the 17th 

September 2015.  

Looking back at the initial goal, motivation and research setup and comparing it with the complete process 

of this graduation project. From this conclusions can be made which give a clear image of the success rate 

of the Sun-Spotter. 

It is also the moment to evaluate the project thoroughly by looking back at the whole process. The 

motivation, designing, engineering, testing and realizing the Sun-Spotter. From this a personal experience 

of the project can be given and recommendations for further research on the subject of floating solar 

tracker.  
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12.2 Conclusions 
The initial goal to develop a lightweight solar tracking structure turned into something even more ambitious. 

Putting solar tracking on water with a floating solar tracker. To make it even more ambitious, putting a 

working prototype in front of the Muziekgebouw in Amsterdam during the IASS expo a few months after 

the start of the project. This ambitious goal led to a process where the development consisted out of 

continuously engineering and solution finding while building the prototype. 

The development of a floating solar tracker like the Sun-Spotter can be divided into a few subjects. For 

these subjects different conclusions can be  made according to the process, designing and engineering of 

these subjects for the Sun-Spotter. 

12.2.1 Prototype conclusion 
Product development occasionally consists out of an extensive literature study that eventually leads to a 

working prototype. For the Sun-Spotter this research was done simultaneously to the engineering and 

development of a working prototype. This approach made it possible to a working prototype within the time 

available. Building a working prototype in such a short period could not be done without the collaborations 

that we did with some companies, without them the realization of the Sun-Spotter couldn’t be done. 

As described in this end report the different components of the Sun-Spotter are all well considered, this 

means that all different options available are analyzed. This led to a prototype  which is built out of two 

components that are connected to each other; the floating hemisphere and the kinetic cross. The movement 

of the tracker is executed by a system that combines both gravity point displacement and four bar linkage. 

The movement of the system is controlled by a LDR light sensor in combination with four small diaphragm 

pumps. 

The prototype is tested on different aspects (wind, waves, rain, sun etc.) to see if it works in different 

circumstances. At first the system needed some necessary tweaks to smoothen the movement but at the 

end the system has proven itself to be working extremely well. The interaction between the sensor, the 

kinetic cross and the floating hemisphere works like a charm both in water and in air. 

 

Figure 239: The finishing touch on the prototype are the high-density LED’s. 

The design of the prototype is also made to meet high standards and is made at a professional level. Every 

part is made with eye for detail and to fit perfectly within the final design, even the kinetic cross is designed 

with great looks. Viewing the prototype at the end of the project with the high-density LED’s in combination 

with the parabolic mirror and ETFE-membrane is truly the finishing touch for the Sun-Spotter!   
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Because the short time period not all components of the prototype are working. The photovoltaics could 
not be realized in the period because the needed cells are not available on short terms. So the batteries 
can’t be charged with the equipped monocrystalline panel. Therefore the photovoltaics need improvement 
in the future development of the Sun-Spotter. 
 

12.2.2 Movement & gravity point displacement conclusion 
Developing a system that is based on gravity point displacement is challenging because it is a fairly new 

area when combining it with a floating solar tracker. Pumping fluids from container to container in the 

kinetic cross while exchanging air through hoses on top of the containers is the basis of the concept. This 

creates down thrust in the filled containers and up thrust in the empty containers and displaces therefore 

the gravity point of the kinetic cross. This action is controlled by a light sensor on top of the floating Spotter. 

Because the floating structure is directly connected to this kinetic cross the movement is likewise, this is 

the theory of the gravity point displacement which is described further in the paper. 

 

Figure 240: The Sun-Spotter as hanging solar tracker at the IASS-expo 2015 in Amsterdam. 

The combination of the underwater kinetic cross and the floating hemisphere is tested in different 

circumstances to see if the displacement in the kinetic cross results in movement of the hemisphere which 

when controlled is used to track the sun. At first the prototype is tested in hanging conditions with cables, 

the system immediately works because in this setup only gravity occurs. This means that the cables only 

have to handle pulling forces. Also the hemisphere is in balance. Eventually the prototype is tested in the 

water, this is a total different situation. The polyester hemisphere was unbalanced so a corresponding 

counter weight is added. Also the cables couldn’t handle the pushing forces created by the up thrust of the 

exchanging air inside the containers. Adding struts solved this problem. Now the Sun-Spotter works really 

good and tracks the sun constantly. 

External forces like wind influence the structure by rotating it. The sensor corrects this a little bit but not 

enough to prevent the system from getting misaligned, this costs extra power. Adding a fin on the bottom 

of the system solves this. 

At the end it can be concluded that the Sun-Spotter directly follows the path of the sun with a light sensor 

on top of the system. The movement of the system works excellent by displacing fluids and air in the kinetic 

cross. 



 

    170 

12.2.3 Solar revenue & costs conclusion 
The Sun-Spotter is designed to make use of advanced 

technologies like concentrated photovoltaics. This 

technology is relatively new and undiscovered yet, which 

makes it ideal for an innovative solar tracking structure like 

the Sun-Spotter. Concentrated photovoltaics however 

require certain components to make use of this solar power 

generating technique. A parabolic mirror, multi-junction 

solar cells and cooling are a necessity. 

The prototype is fitted with a ‘simple’ monocrystalline solar 

panel while multi-junction panels are necessary to make 

proper use of concentrated photovoltaics technology. 

Therefore the prototype of the Sun-Spotter can only 

generate up to 172 

kWh per year. 

However in theory the improved prototype (fitted with multi-junction 

and cooling) can generate up to 615 kWh per year in the Netherlands 

(see graph).  

Of course are the 

Netherlands not ideal for 

solar trackers because of 

the yearly average low sun 

hours. For instance the 

Sun-Spotter would 

generate a lot more energy 

in countries like Dubai (see graph). 

The costs of the prototype are around €2600 without labor hours, 

the revenue of the prototype is estimated at 172 kWh per year. 

The payback time of this model is therefore relatively long. 

Therefore the improved 3.0 model (which costs about: € 2900) 

and has a yearly revenue of 615 kWh would have a much smaller 

payback time of about 8 years.  

Table 31: Payback times. 

    Cost (€) Revenue (kWh) Revenue (€) Payb. time (years) 
 Prototype (monocrystalline) 2627 172 40 66  

 Prototype 2.0 (multijunction) 2762 353 81 34  
 Prototype 3.0 (improved) 2898 615 141 20  

 Prototype 3.0 (Dubai) 2898 1531 352 8  
 

* 1 kWh = €0,23       

Graph 24: Yearly revenue comparison of the Sun-
Spotter. 

Graph 25: Sun-Spotter 3.0 kWh 
comparison of different cities  

Graph 26: Cost comparison. 
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Compared to other systems the Sun-Spotter (3.0) generates 

more power with a (solar cell) smaller surface. This is the result 

from the concentrated photovoltaics technique combined with 

the efficient solar tracking on water and therefore the power of 

the Sun-Spotter concept.  

However from the output numbers can be concluded that the 

investment is too high compared to the output of a Sun-Spotter 

at this scale. So further development of the Sun-Spotter has to 

be found in increasing the power of the system. This can be done 

in different ways; by upscaling it or by connecting multiple 

Spotters to create one big energy generating field. Optimizing this is the next step in further developing the 

Sun-Spotter. 

More about upscaling the Sun-Spotter prototype can be found in the paragraph recommendations. 

12.3 Recommendations 
Further development is needed to prove the combination of concentrated photovoltaics within the Sun-
Spotter project. Therefore further research and development is needed to realize a fully functional Sun-
Spotter product that is marketable.  
 

12.3.1 Multi junction cells & cooling 
The prototype is equipped with a ‘simple’ monocrystalline panel to display the function of the system. 
However to fully benefit from the power that the concentrated photovoltaics technique generates special 
multi-junction solar cells are necessary. These cells improve the generated energy of the Sun-Spotter a lot. 
Buying these cells was not possible in small amounts, but might be possible in the future. 
 
Because of the concentrated technique the heat in the focal point rises to extreme proportions, at this point 
are also the energy generating multi0junction cells positioned. The combination of heat and solar cells cause 
an enormous loss of efficiency, therefore active cooling is needed to keep the efficiency of the system at a 
high level The energy cost of the cooling will be way less as the extra energy that is generated due to the 
high efficiency. 
 

12.3.2 Upscaling  
The prototype is focused on developing one single Sun-Spotter 

that completely functions to track the sun as an individual floating 

system. Upscaling the system increases the revenue of the system 

and decreases the costs of the units. Therefore the payback time 

lowers which makes the system more marketable and 

commercially feasible. 

  

Graph 27: Output / surface comparison of 
different systems. 

Figure 241: Upscaling can be done by 
doubling the size of one Sun-Spotter. 
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Upscaling the Sun-Spotter concept can be done in two different ways: 

 Enlarging one single Spotter 
Increasing the size of a single Spotter multiplies the mirror area by four and therefore the power in 
the focal point. 

 Creating a grid of Sun-Spotters 
Connecting Sun-Spotters to one main Sun-Spotter that controls the whole gird, therefore only one 
kinetic cross is necessary which reduces the costs. 

 
Scaling one Spotter up two times as big makes the heat in the focal point multiply by four, this creates an 
enormous amount of energy. However cooling this to keep the efficiency of the cells high and to prevent 
the system from melting may cost too much energy or will be impossible. 
 
Therefore creating a Sun-Spotter grid has a brighter future, this is descripted in the next chapter: Future 
visions. 

12.4 Evaluation 
This graduation project is the final part for the master program of Building Technology within the faculty of 

Architecture, Building and Planning at Eindhoven University of Technology. The initial goal was to develop 

a lightweight solar tracking structure in the form of a roof. This subject derived from the earlier work of P. 

Koelewijn and L.S. Klerk who developed the Kinegrity concept, which was the start of this graduation 

project. Further research and conceptual analyses led to the subject of floating solar trackers and therefore 

the development of the Sun-Spotter. 

The development of the Sun-Spotter prototype started in May and consists of theoretical research and 

engineering. This work is done simultaneously because of the shirt period that was available to develop the 

prototype. Because in the months July and August the prototype is displayed at the IASS-expo in the 

Muziekgebouw Amsterdam. In September the final test of the prototype succeed. 

Thanks to the enthusiastic collaboration with different companies the prototype is built in this short period. 

This prototype is a great start for further development of the Sun-Spotter. The structure and mechanics are 

finished but the photovoltaics need improvements from third parties. The aspiration for the Sun-Spotter is 

to finish the prototype and to prove the concepts of gravity point displacement combined with concentrated 

photovoltaics to be functioning to companies. 

During this graduation project the combination of practical, theoretical and computational research gave a 

very overall insight of the problems that occurred. Therefore the possible solutions were easier to analyze.  
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13 FUTURE VISIONS – GRID  
 

13.1 Contents 
Of course the prototype is only one single Sun-Spotter, the revenue of the system is therefore too low to 
make it marketable. But what happens when the Sun-Spotter is  up scaled to a grid of minimal 9 units? 
Connecting all units to one kinetic cross that controls all units in once, therefore increasing the revenue of 
the system with factor nine. Now we’re talking energy! 
 
The future vision is the Sun-Spotter is clear and positive, more Sun-Spotters results in a price drop which 
increases the payback time of the system. Therefore the Sun-Spotter gets more marketable and attractive 
for the commercial market. Besides a fully functional energy generating solar tracker the Sun-Spotter is 
also a piece of art that promotes green energy. Both during daytime and night! 
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13.2 Sun-Spotter GRID 
Creating a fully functional grid of Sun-Spotters with one main 

Sun-Spotter in the middle that controls and steers all other 

Sun-Spotters. This main Spotter is attached to a kinetic cross 

and works the same as the developed prototype. This 

prototype was built to show and prove the principle of gravity point displacement in a floating device, 

therefore the next step is to look further and see possibilities for future development of the Sun-Spotter. 

Connecting multiple Sun-Spotter units and creating a Sun-Spotter grid generates more power while the 

relative system costs decrease. This improves the payback time of the system and make it attractive for 

the commercial market. 

More about the calculated costs and revenue can be read in the next corresponding paragraphs. 

 
Figure 242: Sun-Spotter GRID during the nighttime impression. 

13.3 Costs calculation 
The cost calculation for the grid is done more extensively and has therefore added labor hours. Because 
this calculation is done for more as one single unit the costs for producing are lower. This is because 
material costs lower and the speed to build a single unit increases. 
 
The costs for the prototype are estimated at €2627, this are only the material costs the labor hours are 
sponsored by different companies. With added labor hours the costs for the prototype would probably be 
around €3700. 
 
The costs for the total grid system are €27.669, this is including labor costs for all components. Labor hours 
are a bit more as a quarter of the total price of the grid system. Compared to the prototype a single unit 
would cost about €3100, this is a fraction lower because the Sun-Spotter is produced multiple times for the 
grid system. 
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Cost analysis Sun-Spotter GRID 

 

         

Part: Description: Length: Amount: Paint area Weight: Price: Price: Per: 

1 drawings and organisation  8 0 0 360 45 pc 

2 purchase polyester bowl  9 0 0 4500 500 pc 

3 purchase mirror bowl  9 0 0 900 100 pc 

4 production bowl and mirror bowl  32 0 0 1440 45 pc 

5 removing bowls and painting  8 0 0 360 45 pc 

6 paint and polish  1 0 0 145 145 pc 

7 transportingcosts bowls  5 0 0 275 55 pc 

8 mirror foil  9 0 0 216 24 pc 

9 cutting mirror foil   1 0 0 250 250 pc 

10 glueing mirror foil  8 0 0 360 45 pc 

11 glue  9 0 0 88,2 9,8 pc 

12 panel 4500x150x2 (rvs 304) 4500 9 12,2 97,2 437,4 4,5 kg 

13 tube weld. 31.8x2.6 rvs 304 2500 9 2,3 42,1 200 8 mtr 

14 purch laserwork raincap etc  9 0 0 615,6 68,4 pc 

15 panel 80x80x3 rvs laser 80 72 0,9 11,1 88,8 8 kg 

16 round 12rvs 304 150 36 0,2 4,9 24,5 5 kg 

17 producing panels rvs balls  24 0 0 1080 45 pc 

18 flatsteel 25x3 rvs 304 4500 9 2,3 24,3 213,354 8,78 kg 

19 costs rollers others  1 0 0 450 450 pc 

20 purchase etfe foil  9 0 0 1404 156 pc 

21 purchase rvs laserwork kinetic cross  1 0 0 539,03 539,03 pc 

22 compose kinetic cross rvs  8 0 0 360 45 pc 

23 float balls  4 0 0 161 40,25 pc 

24 rvs struts rnd 20x2 mm  1500 4 0 0 68,4 17,1 pc 

25 making struts  2 0 0 90 45 pc 

26 epdm sealings tachnical compartm.  1 0 0 57,5 57,5 pc 

27 strut connenctions d-closings  1 0 0 155 155 pc 

28 pumps 12v  4 0 0 257,24 64,31 pc 

29 construct kinetic cross  8 0 0 360 45 pc 

30 arduino minicomputer  1 0 0 20 20 pc 

31 relayboard  1 0 0 13,75 13,75 pc 

32 LDR sensor  1 0 0 10 10 pc 

33 cable connectors etc  1 0 0 55 55 pc 

34 assembly electro  8 0 0 360 45 pc 

35 multi junction  9 0 0 1440 160 pc 

36 cooling system  9 0 0 1800 200 pc 

37 invertor  1 0 0 25 25 pc 

38 batteries  18 0 0 2052 114 pc 

39 LED units  36 0 0 540 15 pc 

40 LED driver  9 0 0 225 25 pc 

41 assembly leds and photovoltaics  24 0 0 1080 45 pc 

42 tube weld. 38x2,6 rvs 304 800 9 0,9 16,3 96 12 mtr 

43 link  9 0 0 307,8 34,2 pc 

44 panel 450x250x2 rvs 304 450 4 0,9 7,2 36 5 kg 

45 threaded end M16x400  9 0 0 75,6 8,4 pc 

46 counter weights  9 0 0 216 24 pc 

47 making counterw. and fins  14 0 0 630 45 pc 

48 tube ndl. 21.3x2rvs 304 2400 24 3,9 54,7 503,24 9,2 mtr 

49 hingelink rvs nylon  24 0 0 297,6 12,4 pc 

50 making struttsystem  16 0 0 720 45 pc 

51 chain and anchor  1 0 0 95 95 pc 

52 bolts rvs  1 0 0 255 255 pc 
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53 transport to location  8 0 0 440 55 pc 

54 hinging to location  16 0 0 720 45 pc 

55 travel costs  1 0 0 200 200 pc 

         

 TOTAL COSTS FOR 9 SUN-SPOTTER GRID SYSTEM:     € 27.669,01 ex btw   

 COSTS FOR 1 SUN-SPOTTER         € 3.074,33 ex btw   

 

13.4 Revenue of grid 
Estimating the revenue of the Sun-Spotter Grid system is easy 
because it is based on the improved prototype with multi-
junction cells and cooling. In the grid 9 units of the Sun-Spotter 
are connected, this means that the revenue of the Sun-Spotter 
prototype 3.0 has to be multiplied with 9 (see graph). 
 
A single improved Sun-Spotter can produce 566 kWh per year, 
the grid system can produce 5090 kWh per year. This amount 
is worth about €1171 (€0,23 / kWh), which makes the grid 
much more feasible for the commercial market. These numbers 
are calculated for the Netherlands. In for instance Dubai the 
system would generate an incredible 13778 kWh! 
 
With a revenue like this the payback time for the system is 
estimated at 24 years. In more sunny countries like Dubai this 
is estimated at 8,7 years. 
 
Of course further development and improving can dramatically 
improve the revenue, costs and therefore payback time.  
 

Table 32: Sun-Spotter GRID revenue calculation. 

 
  

Sun-Spotter GRID

MIRROR

Solar irradiance (Netherlands)0,08 W/cm²

Mirror surface 14420 cm²

ETFE 0,92 %

Reflection 0,95 %

Irradiance in focal point 1008,246 W

MJ III V SOLAR CELLS

Amount 20

Efficiency 44 %

Performance ratio 85 %

Generated power 377,0842 W 145,0324 A

REVENU 1 SUN-SPOTTER REVENU SUN-SPOTTER GRID

1 hour sun 0,38 kWh 1 hour sun 3,39 kWh

6 hours sun / day 2,26 kWh/day 6 hours sun / day20,36 kWh/day

67,88 kWh/month (30 days) 610,88 kWh/month (30 days)

565,63 kWh/year 5090,64 kWh/year

SINGLE SUN-SPOTTER: 0,520376 € / day GRID 9 SUN-SPOTTERS: 4,683385 € / day

130,094 € / year 1170,846 € / year

Graph 28: Sun-Spotter GRID revenue 
comparison to single unit in Netherlands.  
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APPENDIX A: 3D MODELING 
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APPENDIX B: DRAWINGS 

 
Draw. Nr. Item: 

001 
002 
003 
004 
005 
006 
007 
008 

Spotter – Section cut 1 
Spotter – Section cut 2 
Spotter – Top view 
Kinetic cross – Side view / section cut 
Kinetic cross – Top view 
Sun-Spotter – Side view 
Detailling 
Laserwork 
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APPENDIX C: SUN-SPOTTER.NL 
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APPENDIX D: IASS PAPER 
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APPENDIX E: GRADUATION PLAN 
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