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Abstract 

 
Approaching problems with global warming due to 

the use of fossil fuels, means that new system 

solutions have to be investigated. This report 

investigates the possibility to expand an existing 

photovoltaic system with a wind turbine 

generator to simplify the expansion of renewable 

energy sources. Through an extensive literature 

study and simulation in SIMULINK the result has 

been developed and tested. It shows that it is 

possible to connect a wind turbine generator to 

the same inverter as the PV-modules if no MPPT 

algorithm for PV-modules is integrated. To protect 

the inverter a dump load has to be connected. 

Because of the complexity a DC-coupled system 

brings, AC-coupling is advised when expanding PV-

modules with a WTG. The optimal wind turbine is 

considered to be a permanent magnet 

synchronous generator connected to the AC-bus 

through a full-effect inverter. The turbine should 

be chosen according to the intended location 

based on wind conditions and desired energy 

production.  

 

Key words: Hybrid-system Wind Solar AC-coupling DC-coupling 
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Sammanfattning 

 
Annalkande problem med global uppvärmning 

från användandet av fossila bränslen innebär att 

nya systemlösningar måste undersökas. Denna 

rapport undersöker möjligheten att expandera ett 

existerande solcellssystem med ett vindkraftverk 

för att underlätta expansionen av förnybara 

energikällor. Genom en extensiv litteratursökning 

och simulering i SIMULINK har ett resultat 

utvecklats och testats. Resultatet visar att det är 

möjligt att koppla vindkraftverket och solcellerna 

till en gemensam omriktare om den inte har en 

integrerad MPPT. För att skydda detta system så 

behövs en dumplast installeras. På grund av 

komplexiteten som ett DC-kopplat system medför 

rekommenderas AC-koppling vid utbyggnad av 

solcellssystemet. Det optimala vindkraftverket 

anses vara en permanentmagnetiserad 

synkrongenerator vilken är kopplat till AC-bussen 

genom en fullfrekvensomriktare. Turbinens 

parametrar bör väljas enligt platsens 

vindförhållanden och den önskade 

energiproduktionen.  
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1 Introduction 
Since the beginning of the industrial revolution fossil fuel has been the main component in producing 

energy. However, combusting it releases inevitable emission, such as CO2, which accumulates in the 

atmosphere over time. Consequently, the extended use of fossil fuel has caused CO2 levels in the 

atmosphere to rise, and is continuing in doing so. The present level of CO2 concentration is now over 

400PPM, which is the highest rating since the start of the observations (1). This causes for concern 

since CO2 has shown to have adverse effects on the environment through acidification and increasing 

temperatures. In order to mitigate the adverse effects on climate a reduction in greenhouse gases 

(GHG) is necessary (2). Therefore, nations around the world have signed the Kyoto protocol, which 

stipulates a collective reduction in CO2 emission. In addition, Europe have established climate goals 

of their own, known as Euro 20 20, that aims to reduce energy consumption, increase efficiencies 

and increase the share of renewable resources.   

Meanwhile some 80% of the world energy consumption still derives from fossil fuel (3). More so the 

demand for energy is forecasted to rise with 56% over the next few decades in unison with the 

growing population (4) (5). In addition, rumours off a near peak in oil production, together with easy 

extractable oil getting sparse, could lead to an increase in oil prices (6). Hence, nations depending on 

foreign oil, e.g. United States, might consider exploring non-conventional oil i.e. tar sand, shale oil 

and gas, which might cause further damage to the environment (7).  

For reasons stated above converting to sustainable resources is essential in order to lessen the 

effects of global warming, and reaching climate goals. Two renewable resources with low impact on 

environment are solar and wind power. Both resources use the power deriving from the sun, thus 

having an endless supply of energy. In addition, combing both resources into a hybrid system would 

not only generate more energy but also contribute to a more even power production, due to their 

interplay. In total, the use of a hybrid system can lower the operating periods for conventional power 

production from, e.g. fossil fuels, resulting in reduced emissions. In addition, connecting the hybrid 

system to the utility grid would also introduce the possibility to become a producer of energy as well 

as having the grid act as a battery, when power production is low. It also creates a more regionalized 

energy system which helps to reduce overall losses in the transmission system (8).  

Meanwhile, the development in power electronics recently has enabled the use of fast switching 

transistors, such as IGBTs and MOS-FETs. The implementation of such components has enabled 

maximum power point tracking (MPPT) equipment to be fitted into inverters, which has increased 

efficiencies. In addition, considering the recent explosion of cheap wind turbine generators produced 

in China, an upswing is expected to take place in a near future. Meanwhile, there is a lot of research 

being done within the field. There are numerous reports addressing wind power, solar power as well 

as hybrid systems. Common for the reports are the search for improvement, through different MPPT 

methods and optional coupling alternatives. These following reports are an example of what is 

previously done within the field (9) (10) (11). 

Even though there have been great progress done through research, not one of the revised reports 

addresses the problem on how to expand an existing solar power system with wind power through 

the same inverter. This report therefore aims to address the problem on how to expand an existing 
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solar power system with a wind turbine generator through theory and simulation. The idea to this 

project was introduced by Hans-Erik Eldemark, hereafter referred to as the initiator, who is 

interested to know if his solar energy system is expandable with a wind turbine generator through 

the same inverter. 

1.1 Problem definition 
Major key issue:  

 How to connect a wind turbine generator to an existing photovoltaic plant for the 

individual(s)?  

Sub inquiries:  

 Is a photovoltaic inverter compatible with wind energy generation?  

 How should a wind turbine be chosen regarding size and energy production?  

1.2 Goal 
The aim of this project is to present guidelines on how to expand an existing photo voltaic system 

with a small wind turbine generator with regards to size and electrical layout.   

1.3 Limitations 
This thesis main focus will be on on-grid hybrid power systems with a wind turbine generator and 

photovoltaic cells. The turbines considered are below 20 meters in total height and 3 meters in rotor 

diameter due to the fact that this is the maximum measurements allowed before a building permit is 

needed. Larger wind turbines will only be described in the extent that is needed for the reader to 

understand the general picture of how wind turbines work. This thesis will mainly have a technical 

approach and therefore no calculations with respect to economic viability, e.g. payback periods for 

needed components or wind turbine generators, will be done. But according to the initiators wishes, 

energy production and sellable surplus production and its revenues will be considered.  

Due to the fact that this thesis has its starting point in an already existing photovoltaic system, how 

to dimension the photovoltaic system will not be considered in this report.  

1.4 Target group 
The factual content of this report assumes that the reader has a background within technical 

engineering e.g. electro technical or mechanical and has a basic familiarity with generators and 

power electronics.  

2 Methodology 
This thesis has had its starting point in theory and collection of weather and production data from an 

existing photovoltaic system. Some of the hypothesis developed from the theory section has also 

been strengthened with simulations in SIMULINK.  

2.1 Theory 
Various databases, e.g. IEEE Explore, Compendex and Intechopen, as well as Summon has been used 

to find relevant e-books, articles and reports. Some of the theory has also been retrieved from books 

that have been used as course literature during the energy engineer programme.  
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2.2 Simulation 
Simulation of the system is done in SIMULINK which is a visual simulation software imbedded as a 

toolbox in MATLAB. SIMULINK has the possibility to simulate advance and complex dynamic systems 

and has a wide variety of toolboxes ranging from simple electronic components to hydraulic systems. 

The width of the software and its possibilities is why the software was chosen for the assignment.  

Other software were tested and revised such as HOMER, which is software that allows the user to 

dimension their own hybrid system with regards to given components. It also helps the user to 

calculate the size of the inverter needed for the system. This software was excluded from the 

assignment due to the fact that no system compatibility could be viewed, it only had given 

components, calculated yearly production as well as the fact that the programmes main focus was on 

economy. 

2.2.1 Implementation 

The initial starting point was to look at previous simulated examples at the user community named 

Mathworks, where people share examples and provide video tutorials for MATLAB and SIMULINK, for 

inspiration. A simulation showing a photovoltaic system with an MPPT was chosen as the framework 

to connect a wind turbine generator to since it is similar to the systems on the market today. 

In the simulation, an ideal switch is used which uses logical signals to know when to switch on or off. 

In reality IGBT systems should be used together with a control system developed for the specific 

system. But in theory they both have exactly the same purpose, i.e. to divert excess power to the 

dump load. The ideal switch was therefore, because of its simplicity, chosen.  

As a wind turbine generator a three phase voltage source was selected. The source is programmed to 

function similar to a wind turbine producing energy at a specific wind speed by delivering a specified 

current and voltage to the circuit. The dump load is a resistor in series with an inductance.  

2.3 Weather information 
The energy production from the wind each month is recalculated from the power production from 

two of the three wind turbines located in Kistinge. The turbines production data has been logged 

since 2002 and is therefore considered as a reliable source. From their energy production the wind 

speed at 31m height was calculated each month from 2002-2013 with the 𝐶𝑝  value of 0.2 to 

compensate for mechanical and aero dynamical losses. The average year was calculated and 2012 

was chosen as the reference year since it had the closest annual production as the calculated average 

year. Wind speeds were thereafter calculated at 18m height. 

Monthly solar irradiation is calculated from PVGIS at the intended location near Halmstad at 

optimum conditions (12). Annual production for the photovoltaic cells was calculated at its optimal 

inclination and orientation location due to the fact that the modules have not yet been mounted 

onto the initiators building. 

2.4 Existing system 
Below follows a summary of the initiators present power production and consumption. The house is 

located approximately 15km south of Halmstad. 
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2.4.1 Present situation 

To heat the household the initiator has a pellets burner and a heat-pump. The burner is active from 

late October until late March or beginning of April. During winter season the heat-pump also 

preheats the water from the radiators before it reaches the burner. For hot tap water production the 

initiator has a total of three modules Intelliheat vacuum tubes, two in direct south position and one 

module facing west, with a total area of approximately 12𝑚2. Their joint production was 1718kWh 

delivered to a heat-storage of 500l during 2013. From late March until late October the vacuum 

tubes solely delivers heat to the heat-storage which is only used for hot water. The heat storage has 

the size to provide the household with hot water for approximately three days if there is very low or 

no production from the vacuum tubes, i.e. when it is bad weather. For redundancy the heat pump 

can be re-circuited to heat water in the heat storage to cover for the few days over the summer 

when the vacuum tubes are unable to deliver. This happens four or five days a year during peak 

season and a couple of days more in the beginning and end of summer season. Due to the pellets 

burner being inactive during summer season it can be used as a dump load for excess heat 

production that the vacuum tubes produces. A circulation pump is programmed to start when the 

heat exceeds 94℃ and stops when the temperature has reached 92℃. This pump circulates the 

water to the tank of the pellets burner. The heat storage has two immersion heaters, 3 and 6kW 

respectively, where the smaller intended to be used as a dump load for excess electricity production.    

In total 12 photovoltaic modules, each with the dimension 1x1.6 meters, with a total area of 19.2𝑚2 

has been ordered and will be delivered in late April 2014. Date for assemblage has not yet been set. 

The total power of the panels is 3060W, with a power efficiency of 15.59 %, controlled by a 3700W 

Fronius grid-tied inverter.  

The intended WTG is a permanent magnet synchronous generator with 3𝑚 blade diameter imported 

a few years ago from China. Measurements were made during 2013 in a bachelor thesis to evaluate 

and test the generator and its characteristics. Results showed that the printed parameters on the 

generator did not consist with the results of the tests. Rated power and current is 2kW and 16A 

respectively.  

3 Theory 
This paragraph is intended to give the reader knowledge of the basic theory regarding small and large 

components used in grid-tied hybrid power systems. The idea is to first give the reader an overlook 

of hybrid power systems. Thereafter the small basic components will be described to give a good 

base on how an electric solar energy system can be connected to a wind turbine generator. Followed 

by photovoltaic cells and wind turbines described in detail, how energy is produced, their structure 

and system performance.  

3.1 Hybrid power systems 
Hybrid power systems refer to a system built upon more than one renewable energy source such as 

solar, wind, hydro, fuel cells etc. A combination of on-grid solar system charging an electric vehicle 

can for example also be categorized as a hybrid system even though it only consist of solar energy.  

Most hybrid systems consist of photovoltaic cells (PV) and a wind turbine generator (WTG) as well as 

a diesel generator or batteries for backup.  
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A hybrid system can be either on- or off-grid. Off-grid systems are in need of some type of energy 

storage e.g. a battery bank to provide stable power to the load as well as to take care of surplus 

energy production. On-grid systems on the other hand have no need for batteries since the excess 

production can be delivered to the grid. At low production, in the latter case, additional power 

needed for consumption is bought from the grid. Noteworthy is the fact that an on-grid system 

without a battery bank does not function during a grid outage. The reason for this is for safety 

concerns to be sure that the utility workers can operate safely on the grid (13). Even though batteries 

are not needed for an on-grid system some choose to use it to meet the daily load fluctuation as well 

as to keep the DC delivered to the inverter constant (14).  

 

 
Figure 1 Grid connected hybrid power system 

Figure 1 above shows a grid connected hybrid power system where the photovoltaic cells share the 

same inverter as the wind turbine generator. Following components can be seen: 

1. Wind turbine generator 

2. Rectifier 

3. Dump load 

4. DC-DC converter 

5. Photovoltaic cells 

6. Inverter 

7. Power grid 
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The listed components will be explained between section 3.2 and 3.7 bellow without relative order. 

3.2 Inverters and rectifiers 
The rectifier has the purpose of converting AC to DC. They are often referred to as guided and 

unguided where the unguided rectifiers consist only of diodes and guided of thyristors or transistors. 

Due to the fact that the diodes cannot be controlled by a control signal since it has no gate, the 

rectified voltage is solely based on the voltage which is fed to the circuit. This is the reason to why 

they are referred to as unguided.  

 

Figure 2-4 shows how the half-wave rectifier operates for a single phase when the diodes are 

coupled as the classical Graetz-bridge. Due to how the diodes are situated the part of the sine wave 

originally located at the negative half-plane is rectified to the positive half plane, as can be seen in 

figure 3. If the circuit is constructed as a voltage source, i.e. in parallel with a capacitor, the output 

voltage can have the appearance as a perfect DC which is seen in figure 4. 

 

 

For full rectification for three phases a total of six diodes are needed, two on each phase as shown in 

figure 5 below. After rectification the DC will have the same appearance as shown above. 

 
Figure 5 Three phase diode bridge 

To be able to vary the output voltage, i.e. to have a guided rectifier, thyristors or transistors have to 

be used instead of the diodes. The output voltage will then be depending on what angle 𝛼 the 

thyristor is ignited. A low angle gives high output voltage and vice versa. If 𝛼 = 0° the output voltage 

will only depend on the input voltage i.e. it will have the same behaviour as if it consisted only of 

diodes. 

Figure 4 Fully rectified DC voltage Figure 3 Rectified AC Voltage Figure 2 Unrectified AC voltage 
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Figure 6 Top: AC input; Middle: Gate signal; Bottom: Rectified output 

Inverters has the opposite purpose of the rectifier, namely to convert DC to AC. Due to the fact that 

the inverter has to make a sine or square wave from DC it cannot consist only of diodes, instead 

thyristors or transistors have to be used. Typical components used in inverters are the IGBT 

(Insulated-gate bipolar transistor) and the MOSFET (metal-oxide-semiconductor field-effect 

transistor). As their names imply, they both consist of transistors in combination with gates that for 

instance controls a switch. 

 
Figure 7 Three phase bridge using IGBTs 

The gates enable both ignition and drainage of the transistors which allows the output frequency and 

amplitude to be varied in a wide interval depending on their application. Compared to the MOSFET 

the IGBT produces a smoother output signal since it has the capability of switching faster and is 

therefore the dominating component within low voltage (≤ 1000V) applications (15).  

3.3 Dump load 
A dump load is a component with low resistivity which develops heat through power. It is used in a 

system to either protect the batteries from overcharging or in a grid-tied system for protecting the 

inverter. For an off-grid system using batteries the power rating of the dump load should be 
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equivalent to the total power output of the system. In a grid tied system the general 

recommendation is to dimension the dump load to have the same size as the difference between the 

installed power and the power rating of the inverter. For example: A system consists of a WTG and 

PV-modules with a total maximum power of 6kW.The inverter has a rated power of 3.5kW; hence 

the dump load has to be at least 2.5kW to protect the system. If the dump load is directly connected 

to a specific component, e.g. photovoltaic modules or the wind turbine generator, it should be of the 

same size as the components maximum power production.  

 

The dump load can for example be used as an electric immersion heater connected to the 

households’ heat storage. The amount of energy the heat storage is able to hold can be calculated 

from the following thermodynamic equation: 

𝐸 = 𝑚 𝐶𝑝  𝑑𝑇 

Where: 

𝐸  𝑒𝑛𝑒𝑟𝑔𝑦  𝐽  

𝑚   𝑚𝑎𝑠𝑠  𝑘𝑔  

𝐶𝑃    𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [𝐽 𝑘𝑔 𝐾]  

𝑑𝑇   𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [𝐾]  

If the dump load is used as an immersion heater calculations has to be made to ensure that the tank 

has enough capacity to receive the heat produced from the load. For redundancy a breaker, 

connected to a heat sensor in the tank, has to be installed to either switch of production for the WTG 

or the PV-modules when the temperature reaches 100℃. 

3.4 AC and DC coupling 
Since each energy source generates a different power signal, i.e. DC for solar cells and AC for wind 

generation, an adaption between them has to be made. This adaption is called coupling and is 

normally done in two different ways: DC or AC. They can be used in both off-grid, on-grid as well as in 

mixed configuration such as utility backup systems.  

 

The components are the same in number with the difference that an AC-coupled system has a WTG 

inverter instead of a dump load. Noteworthy is the fact that the WTG inverter often is equipped with 

a breaking chopper, basically a DC-DC component switching harmful current and voltages into a 

resistor producing heat, to protect the inverter instead of a dump load. The difference between 

components in DC- and AC-coupled systems can be seen in the table below:  
 

Table 1 Number of components needed for DC and AC coupling 

DC-coupled AC-coupled 

PV-modules PV-modules 
WTG WTG 
Joint inverter Solar inverter 
Dump load WTG inverter 
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In AC-coupled energy systems all components are connected to the standard AC voltage of the grid 

for example 50Hz, 230/400V, at a joint point before the local load. One of the benefits with the 

system is the fact that it is infinitely expandable. Recently AC-coupled systems have become 

increasingly popular due to increased amounts of decentralised power grids, namely micro grids. 

 
Figure 8 Example of a AC-coupled system 

In table 2 below the advantages and disadvantages for AC-coupling are listed (16): 

Table 2 Comparison advantages and disadvantages for AC-coupling  

AC-coupling  

Advantages Disadvantages 
Inverter is not a bottle neck More expensive – one more inverter is needed 
Simplified circuit design Less efficient – due to the extra inverter 
Unlimited possibility for expansion  
No need for dump load when grid connected  

 

In a DC coupled system, all of the energy conversion systems are connected to a main DC-bus which 

is connected to the grid by a main inverter. All AC generating components will therefore need an 

AC/DC converter to be able to connect to the DC-bus (11). Due to the fact that PV-modules naturally 

produce DC the traditional way of coupling has been DC (16).   
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Figure 9 Example of a DC-coupled system 

Table 3 below summarizes the advantages and disadvantages with DC-coupling (17): 

Table 3 Comparison advantages disadvantages with DC-coupling  

DC-coupling  

Advantages Disadvantages 
Easier to control and monitor due to less 
frequency components  

Safety issues due to risk of electric arch while 
breaking DC 

Lower conversion losses due to less components Low amount of standardised components for 
household products running on DC 

DC transmission is more efficient compared to 
AC 

Difficult to expand 

Power lines can be used for communication and 
data transfer 

Inverter is a bottle neck 

Cheaper compared to AC-coupled  

 

One of the drawbacks with DC is the fact that it is much more difficult to break DC compared to AC. 

Normally an AC circuit can quite easily be broken when the sine-wave crosses from the positive half-

plane to the negative, to be precise; at the point when it passes zero. Due to the characteristics of 

the DC, specifically that it never alternates from positive to negative during a period, the DC is not as 

easily broken. The DC still want to pass through the gap that the switch has left open which can result 

in an electric arc. This results in an increased probability for fire if the circuit is short circuited or 

experiences a ground fault (18).  

3.5 Photovoltaic cells 
The chapter contains a brief explanation on how photovoltaic cells convert sunlight into electricity, as 

well as overall performance (19) (20) (21).  
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3.5.1 Basics 

The sun emits a tremendous amount of energy towards earth every second e.g. one hour of sunlight 

equates to a year worth of energy for the entire population. However, some of the energy does not 

make it to the surface. Due to the atmosphere the power density, i.e. W/m2, of the sunrays is 

reduced by about 30%; settling around 1,000 W/m2 at the equator perpendicular to the ground. 

Furthermore, the light entering earth´s atmosphere can be divided into three different types of light: 

Direct, diffuse and albedo. Direct light refers to light deriving straight from the sun. Whereas diffuse 

light refers to light that has been scattered i.e. through clouds and volatile particles. Albedo light 

denotes light that has been reflected from objects, or onto the ground, before reaching its 

destination. 

 

Figure 10 Diffuse, direct and albedo sunlight (printed with permission from Niklas Andersen) 

Moreover, since the light emitted from the sun ranges from about 0.2 (µm) to 2.0 (µm) the energy 

content will vary, according to the formula: 

𝐸 =
 ∗ 𝑐

λ
 

Where E constitutes the energy generated from the light, h is Planck’s constant, c is the speed of light 

and λ refers to the wavelength of the light. Therefore, light having a short wavelength e.g. ultra 

violet, have more energy than infrared light.  

Accordingly, the significance in assessing what type of light dominating an area is essential when 

choosing solar cell models, and estimating the annual energy yield. For instance thin film solar cells 
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converts diffuse light more efficiently than crystalline solar cells, even though crystalline solar cells 

have a higher rated efficiency than thin film cells.  

3.5.2 Crystalline silicon cells 

Since crystalline solar cells, i.e. mono and poly crystalline cells, currently dominate the terrestrial 

market other types such as thin film cells will not be revised in this report.  

Crystalline silicon cells are built up using layers of silicon doped with either phosphorus or boron. 

Adding various elements in the process of manufacturing will alter the cells properties. Adding boron 

creates a positively charged layer, which corresponds to missing electrons in the crystal lattice i.e. 

holes. Whereas phosphorus creates a negative layer i.e. having extra electrons fitted into the lattice. 

These holes and electrons are usually referred to as electron-hole-pairs. It is these that constitute the 

majority of current produced from a silicon cell. The two doped silicon layers are then fused together 

with the positive layer on top. This creates a depleted region in the interface where holes and 

electrons diffuse onto their corresponding side. Thus setting up an electric field i.e. barrier which 

prevents further flow of electrons. The barrier is referred to as a P-N-junction which has resemblance 

of a diode, i.e. conducting current easily in one direction and heavily opposing current traveling the 

opposite direction. The P-N junction is the most important component of the photovoltaic cell. Since 

it ensures that the generated current travels in one direction i.e. forcing the current through the load 

as opposed to being able to travel in any direction.   

 
 

 

Figure 11 P-N-junction, holes moving to the right and electrons to the left. 

However, in order to make the cell conduct current a crossover voltage has to be applied. For silicon 

diodes the crossover voltage is usually around 0.6 Volts. Furthermore adding a contact in the front 

and back enables for the solar cell to collect electrons crossing the barrier. 

Conversely, when light is shone onto the solar cell not all of the light is converted into current. A 

minimum energy, known as band-gap, is required in order to excite the electrons sufficiently enough 

to pass the barrier. As such diffuse and albedo light has a lower probability in producing electricity, 

since they are less energetic than direct light. Meanwhile, the light containing more energy than 

required will dissipate as heat, consequently lowering the performance due to increase in losses. 

Depleted region 

P N 

Holes Electrons 
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With the prior knowledge of how the crystalline cell are able to harness the suns energy. An 

equivalent circuit of photovoltaic cells can be represented by a diode, current generator and a 

resistor in parallel with an additional resistor in series as shown in figure 12. 

 

Figure 12 Equivalent circuit of a Photovoltaic cell 

Rsh is the shunt resistance that compensate for leaking currents in the diode, Rs is the series 

resistance that correspond e.g. resistance in contacts. Iph represents the current generated when 

exposed to sunlight. The current going through the junction is denoted Id and is calculated through 

the formula: 

Id =  Io (eqV  / kT)  −  1)      

Where Io is the reverse saturation current of the diode, q the charge of an electron, V the open 

circuit voltage, K the Boltzmann constant and T temperature. Hence, by applying Kirchhoff’s law the 

output current, I is calculated through the formula below: 

𝐼 =  𝐼𝑝 − 𝐼𝑑 

In addition the current I is almost directly proportional to the insolation which is shown in figure 13 

below, as the voltage is close to fixed for when insolation varies.  

 

V 

I 
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Figure 13 I-V characteristics of different levels of insolation 
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3.5.3 Performance 

The silicon solar cell has a theoretical efficiency of about 45 %. However typical efficiencies range 

from 11-16% depending on type, i.e. mono or poly crystalline. The low efficiency is an intricate 

matter and is linked to quantum physics and the spectral distribution of sunlight. As stated in 

previous sections the sunlight emits wavelengths ranging from ultraviolet to infrared. Consequently 

the energy required, i.e. bandgap, to make the jump may sometimes be redundant, while other 

times not. As such, excess energy will dissipate as heat which has a negative effect on the cell. If the 

cells temperature increases the performance is lower.  In order to for the cell to operate efficiently, 

the recommend bandgap for the suns energy is between 1.0-1.6eV with the silicon cell having 1.1eV.  

 

Furthermore, a single silicon cell is seldom applicable for powering any large loads due to the voltage 

level being too low. Connecting cells in series however raise the voltage meanwhile the current 

remains roughly the same, whereas in parallel coupling the relationship is reversed.  

 

 

Figure 14 Typical I-V & P-V curve of a photovoltaic cell. 

As seen in figure 14 above, the current level is somewhat constant over the majority part of voltage 

levels. Consequently, the power generated from the cells is almost entirely dependent on the 

insolation, i.e. P ≈ I. Moreover, the maximum extractable power from the cell is found through the 

formula:  

P𝑚𝑝𝑝 = 𝑉𝑚𝑝𝑝 ∗  𝐼𝑚𝑝𝑝  

Where 𝑉𝑚  and 𝐼𝑚  corresponds to the point on the curve where the power output is at its maximum, 

i.e. where the product between 𝑉𝑚  and 𝐼𝑚  are at its maximum. In addition, for every level of 
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insolation there is a corresponding MPP i.e. the values of 𝑉𝑚  and 𝐼𝑚 will change depending on 

insolation, depicted in figure 15 below.  

 

Figure 15 I-V characteristics of different levels of insolation 

However, when connecting a load to the cell, or module, the MPP is not always obtained, as can be 

seen in figure 16 for insolation levels below 1000W/m2. The reason for this is due to the load having 

an I-V-characteristic of its own. Thus, when connecting a load to the photovoltaic cell the voltage and 

current of the circuit changes. The new voltage and current for the circuit, i.e. cell and load, is 

decided upon were the I-V characteristics of the cell and load intersect, and is referred to as 

operating point.  
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Figure 16 Operating points dependant on the intersection of the load and PV cell. 

Consequently, if the operating point is not situated at the MPP the full capacity of the cell is not 

obtained. Though, attaining the MPP can be through impedance matching, i.e. matching the 

resistance of the load with the cells inner resistance. Accordingly, a measurement of how the cell is 

performing might be of interest, and can be done through the formula: 

𝐹𝐹 = (𝑉𝑚  𝐼𝑚 )/(𝑉𝑜𝑐  𝐼𝑠𝑐) 

Where FF is a unit less factor that indicates how much of the cells potential energy is being used. 

3.6 Wind turbine generators 
This chapter intends to go give the reader a theoretical background of wind turbines in general and 

the different types of techniques that are used. The theory that follows is mainly cited from sources 

(22), (23) which both cover the basics within wind energy production.   

3.6.1 Basics 

The basic principle of a wind turbine is to make electricity out of mechanic effect, which originates 

from the kinetic energy in the wind, to either be consumed directly by a load or be delivered to the 

electric grid. A wind turbine consists of a tower, an AC or DC machine and a number of blades where, 

regarding cost and efficiency, the optimum number often is considered to be three. The purpose of 

the blades is to harness the kinetic energy in the wind and transfer it to the generator. Energy in the 

wind can be calculated from the following equation:  

𝑃𝑤𝑖𝑛𝑑 =
1

2
𝜌𝐴𝑣𝑤

3  

 

𝜌   𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡𝑒 𝑤𝑖𝑛𝑑 𝑖𝑛 𝑘𝑔/𝑚3 
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𝐴   𝑠𝑤𝑒𝑝𝑡 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑚2 

𝑣𝑤    𝑤𝑖𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑚/𝑠 

Not all of the energy in the wind can be used. According to Betz law the theoretical maximum 

efficiency rate (𝐶𝑝 ) of a wind turbine is 59.3%. At this point the WTG has harnessed all of the energy 

in the wind resulting in a wind velocity of 0 m/s after the turbine. Many smaller WTGs (P<4kW) on 

the market have a 𝐶𝑝  value of 20% but a decent generator with blades that have good aerodynamics 

can have values of up to 40%. The specific value varies from turbine to turbine and can be explained 

further from the following equation: 

𝑃𝑚𝑒𝑐 = 𝐶𝑝(𝜆)𝑃𝑤𝑖𝑛𝑑  

𝜆 =
𝜔𝑅

𝑣
 

𝜆   𝑡𝑖𝑝 𝑠𝑝𝑒𝑒𝑑 𝑟𝑎𝑡𝑖𝑜   

𝜔   𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑   

𝑅   𝑟𝑎𝑑𝑖𝑢𝑠 [𝑚]  

Tip speed ratio (TSR) is a measure of the relation between the wind speed and the tip speed of the 

blades, where 𝜆 = 1 indicates that the tip speed of the blades has the same velocity as the wind. To 

maintain the optimum 𝜆 the turbine has to be able to vary its speed 𝜔 otherwise it compromises the 

maximum power output. TSR for a three bladed horizontal axis wind turbine is approximately 7.  

Due to the cubic relationship between the power and wind speed a cubic factor (𝑘) of 1.9 has to be 

added to the 𝑃𝑚𝑒𝑐  equation to calculate annual production. This factor compensates for the yearly 

variation in wind speed and is an average value calculated from the probability distribution also 

known as the Weibull distribution. Following equations can be used to predict the mean power and 

energy production: 

𝑃𝑚𝑒𝑎𝑛 =
1

2
 𝑘 𝐶𝑝  𝜌 𝐴 𝑣𝑚𝑒𝑎𝑛

3  

𝐸𝑦𝑒𝑎𝑟 = 𝑃𝑚𝑒𝑎𝑛  8,760 

For smaller WTGs (<10kW) a simplified version of the formula can be used to roughly calculate 

annual energy production in kWh (24): 

 

𝐸𝑦𝑒𝑎𝑟 = 1.6 𝑑2𝑣𝑚𝑒𝑎𝑛
3  

 

The speed and direction of the wind is depending on the topography of the terrain within a 20 km 

radius. Rough terrain with obstacles, e.g. groves, settlements, rocks etc. results in high friction hence 

it decreases the wind velocity. The opposite applies to open plains or oceans which therefore have 

high wind speeds. Slopes or small hills with low amount of vegetation accumulate the wind up to a 

specific altitude. On the other side of the slope, when the altitude decreases, the wind slows down 

again. Therefore it is better from a production approach to establish a WTG on an open plane, in the 

ocean or on top of a rounded hill. The friction also increases closer to the surface, making the wind 
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come to a standstill at ground level, i.e. the wind speed also varies with altitude. Following equation 

can be used to recalculate wind speed from one height to another:  

 

𝑣 = 𝑣0  


0
 
𝑎

 

 

𝑣0   𝑘𝑛𝑜𝑤𝑛 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑  𝑚/𝑠  

   𝑛𝑒𝑤 𝑒𝑖𝑔𝑡 [𝑚] 

0   𝑘𝑛𝑜𝑤𝑛 𝑒𝑖𝑔𝑡  𝑚  

𝑎   𝑟𝑜𝑢𝑔𝑛𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑐𝑖𝑒𝑛𝑡 

 

The roughness coefficient (𝑎) varies between 0.15 for open landscape to 0.30 for dense settlements. 

Due to all the variables inflicting on the wind speed, measurement at the required site for 

establishment is recommended to calculate annual production.  

 

3.6.2 Generators 

Two types of generators are relevant for wind generation; induction and synchronous generators. 

The induction generator is constructed without magnets and has therefore the need of being 

externally magnetized. This is achieved by adding reactive power either from a capacitor bank or the 

electric grid. The generator has the need for high number of revolutions, depending on the number 

of poles in the winding, to deliver electric current and has therefore also the need of a gearbox. An 

induction generator has to be connected to the grid through a soft starter or a transformer to 

prevent harmful current and torque transients. Compared to the synchronous generator the 

induction generator is more robust and cheaper to manufacture.  

The synchronous generators name comes from the fact that it operates at synchronous speed. It may 

consist of either permanent magnets or a copper wound rotor which is fed with DC to work as an 

electromagnet. The use of permanent magnets reduces size and emitted noise from the generator. 

When used as a generator in wind production they often contain a high number of pole pairs which 

allows a low speed in the rotor making it possible to operate without a gearbox. This leads to a lower 

cost and increased system efficiency due to reduction of moveable parts, for example the gear box. 

Unlike the induction machine the synchronous machine has no need for reactive power from the 

grid. If the synchronous generator is connected as variable speed, se explanation in section 3.6.3, 

with a frequency changer to the grid they provide better power quality at the grid interface 

compared to the induction generator that demands reactive power. This also makes the synchronous 

generator more suitable for wind production at locations where the grid has a small capacity (15). 

One of the disadvantages with the permanent magnet synchronous generator (PMSG) is the risk of 

demagnetizing the magnets through heat development. Exceeding maximum rated current is often 

the reason for the magnets to demagnetize which can be a result of lost synchronization or ground 

fault. This is a common problem for all magnetic materials since the coercive force decreases with 

increased temperature. The Curie temperature indicates at what temperature the magnetization falls 

almost to zero, the material is thereafter permanently demagnetized even though the material has 

cooled down, but long before this temperature permanent damage is done to the material. 

Neodymium Iron Boron (NdFeB) is commonly used as permanent magnet material in various motor 
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and generator applications. This compound has the Curie temperature as low as 312℃ therefore 

these generators have to be monitored to not exceed temperatures above 150℃ to prevent 

irreversible damage. ABB has the recommendation to not exceed 75℃ as operational temperature.  

A demagnetized magnet means no possibility to break or stop the machines which will result in 

mechanical failure (25) (26).  

3.6.3 Turbines 

The most common wind turbine in both large and small scale energy production is the one with 

horizontal axis. They often have three blades but some turbines for small scale production have up to 

five blades. Roughly, wind turbine generators can be divided into variable and fixed speed 

generators.  

Wind turbine generators that are directly connected to the power grid get a speed that corresponds 

to the frequency and the amount of poles in the generator. The correlation between them can be 

derived from following equation: 

𝑛 =
2 𝑓

𝑝
60 

𝑛   𝑠𝑦𝑛𝑐𝑟𝑜𝑛𝑜𝑢𝑠 𝑠𝑝𝑒𝑒𝑑 [𝑟𝑝𝑚] 

𝑓   𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡𝑒 𝑔𝑟𝑖𝑑 [𝐻𝑧]  

𝑝   𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑙𝑒𝑠 

The equation shows that a large amount of poles lowers the speed of the generator (15). Due to the 

fact that the speed is fixed the wind turbine has difficulties to adapt to the rapid changes in the wind, 

i.e. they always want to keep the same rotational speed even though the wind increases. This results 

in large mechanical stress on the turbines rotating components. The induction generator is more 

adaptable when it comes to variable wind speed compared to the synchronous due to the fact that it 

does not operate at synchronous speed. The fixed speed induction generators have during the years 

been thoroughly tested and have been developed for reliability; they are robust and simple since 

they do not have any need for integrated control systems. Due to their reliability and robustness 

squirrel caged induction generators, i.e. the rotor has aluminium or copper poles connected together 

resembling a cage, was commonly used in the wind industry the beginning of the 1990s. 
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Figure 17 WTG connected through a full effect inverter 

Recent, inverters has become more common when it comes to energy production from the wind 

even though the technique was developed in the late 1980s. To eliminate the problem with 

mechanical stress on the generators, as well as the problem to maximise the energy output, the full 

effect inverter was developed, see figure 17 above. The inverter closest to the turbine has the 

purpose to make DC out of AC as well as adjust the voltage in the stator. By controlling the voltage in 

the stator the inverter can also adapt the frequency in the stator, thus the speed of the rotor. This 

can be done in a wide interval, resulting in optimal speed and power production for the turbine.  The 

inverter closest to the grid converts the DC to AC with the same frequency as the grid. This has 

resulted in, because of the advantages listed in the sections above, a more frequent use of the 

synchronous generator within wind energy and other types of power generation. 

3.7 Power optimisation 
Following chapter describes different techniques regarding power optimisation for PV-modules and 

wind turbine generators, as well as the component usually fitted in inverters for the task of achieving 

the MPP. 

3.7.1 DC-DC 

The use of a DC-DC converter in solar and wind energy inverters is nowadays a preferred topology for 

control and enabling for MPP tracking. Though the converter is actually nothing more than a 

transformer for DC circuits i.e. it converts input voltage and current into the desired output voltage 

and current. The converter has two modes; Buck and Boost. Boost refers to the case where the 

output voltage is higher than the input i.e. stepping up the voltage level. Consequently the buck 

mode is referred to the opposite case i.e. step down. Moreover since the converter is the equivalent 

of what transformers are for AC power, the energy put into the circuit is conserved: raising the 

output voltage reduces the output current, and vice versa. However, losses are inevitable during 

operation, i.e. switching, with typical efficiencies ranging from 85-95%. The switching refers to the 
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different states of the converter, i.e. on or off. The mechanism controlling the two states is the duty 

cycle where the value of the duty cycle, D, controls the relationship of the in and out- put voltages. 

The on and off switching is usually performed through pulse width modulation (PWM). (27)  

The following formula shows that changing the duty cycle changes the output voltage. For example, if 

the duty cycle is set to 50%. The input and output voltage is the same. 

𝑉𝑜
𝑉𝑖

= −
𝐷

(1 − 𝐷)
 

For that reason, changing the duty cycle could increase energy production if the output voltage is 

chosen so that the maximum power point (MPP) is attained. In addition, the DC-DC converter also 

has the ability in raising the output voltage to sufficient levels, enough for the inverter to start 

delivering power the load. Subsequently increasing the time when energy is produced (9) (27).  

3.7.2 MPPT 

As explained previously there is a significant gain in efficiency to be achieved if the solar cell is 

operating near its MPP. MPP tracking methods can be applied for both wind and solar power. 

Though, the methods utilised for wind and solar differs slightly. The next section intends to give an 

introduction to the most common methods used for both resources, which aims to illustrate their 

differences. 

Solar Power 

The main MPP tracking methods utilised for photovoltaic cells are as follows, with no respect to 

relative order (28). 

 

1. Perturb and Observe (P&O) 

2. Incremental conductance (IC) 

3. Constant voltage and current (CV) 

 

1. 

The P&O method, also known as the trial and error method, operates through changing the terminal 

voltage of the solar array by a small step, ΔV. It then compares if the power output of the array 

increases or decreases. Depending on the outcome, the ΔV of the next perturbation cycle is either 

deducted or added. Furthermore since the step size ΔV is a fixed value. Assigning a small value for 

the step size results in slow tracking but good accuracy, and vice versa if the step size is too large. 

Moreover, the P&O method will never achieve the exact MPP since it continuously checks for a 

better power output, i.e. raises and lower the terminal voltage. Instead it will oscillate around the 

MPP. The overall performance of the P&O method is good. Though, the tracking and accuracy ability 

varies depending on step size. More so, erratic behaviour has been observed when tracking rapid 

changes, resulting in the MPP searching in the wrong direction (10) (29).  

2. 

The incremental conductance method achieves the MPP through measuring the power and voltage 

output of the photovoltaic cell. It then calculates the derivative of power with respect to voltage
𝑑𝑃

𝑑𝑉
. 

With the knowledge on how power varies as a function of voltage for a photovoltaic cell, i.e. the PV-
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curve. The maximum power point can be found when 
𝑑𝑃

𝑑𝑉
 is set to zero. Accordingly, if the derivative 

is not zero, the controller changes the duty cycle so that the equation  
𝑑𝑃

𝑑𝑉
 is fulfilled with the 

constraint of being zero. The IC method is better than the P&O in the sense that it does not oscillate 

around the MPP due to the fact that it measures the changes in current and voltage. For example, if 

the insolation is fixed the voltage and current would remain steady, resulting in the IC method 

eventually settling at the MPP (10). 

3. 

The constant voltage and current method is based on the fact that for a given insolation the ratio 

between the array´s  VMPP and VOC is close to constant.  

𝑉𝑀𝑃𝑃

𝑉𝑂𝐶
 ≈ 𝐾 

Accordingly, if the value of VOC is obtained the value of VMPP can be calculated through equation 

above. The voltage level of the array is then varied until the voltage level corresponds to the VMPP. 

Acquiring the value of VOC is done through measurements during a small period were the MPPT is 

briefly isolated from the array (10).  

 

Figure 18 Voltage and current Impp & Vmpp at the MPP 

Wind Power 

The following methods are commonly used for finding the MPP for wind energy systems (28).  

1. Tip Speed Ratio (TSR) 

2. Power signal feedback control (PSF) 

3. Hill-climb Search Control (HCS) 

1.  

The TSR method adjusts the generator speed in order to achieve the optimum tip speed ratio for the 

given wind speed, i.e. optimal λ, resulting in maximum power outage. However, it requires data from 
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the existing wind speed as well as the generator speed, either measured or estimated, in order to 

calculate the necessary information for the controller unit (30). 

2.  

In order for the PSF control to work the generators maximum power curve has to be acquired in 

advance, either through simulations or empirical testing. Through measuring the frequency and 

comparing it to the expected values, attained previously, in a lock up table the MPPT can be obtained 

(30). 

3.  

The HCS method uses an algorithm that continuously searches for the maximum power. By changing 

the load by a small increment and comparing if the change reduced or increased the power output. 

The load is thereafter adjusted accordingly (30). Though, problems in tracking rapid changes in wind 

are a known issue for wind turbines with a large inertia (31).  

However, the use of MPP tracker in smaller wind power systems is not always needed. Depending on 

how the system is built the ability, or need to adjust or load the generator, are sometimes abundant. 

For example a wind power system connected to the grid using a PMSG, fixed pitch and variable speed 

will always run on optimal TSR, i.e. operating at the MPP, due to the fact that the grid has a fixed 

frequency. Though, the MPPT equipment could still be useful. For example it can be used instead of a 

gear box.  Smaller wind power systems usually do not have gearboxes. Consequently there is no way 

for control. The implementation of control equipment for controlling smaller wind turbines is 

therefore in order of priority (9). 

- Protecting the wind turbine  

- Protecting the load 

- Maximising energy production.  

3.8 Incentives 
Today a big variety of electric companies, both grid owners and producers, provide incentives to their 

customers to become micro producers. For example Halmstad Energi och Miljö (HEM), the local grid 

owner in Halmstad, provides 0.05kr for every kWh produced (32). Falkenberg energy, which is an 

electricity company located in Falkenberg 100km south of Gothenburg, offers 1kr for every kWh 

produced and delivered to the grid (33). The same is offered by Öresundskraft which is a company 

similar to Falkenberg energy. These incentives are usually called “feed in tariff” which is one of many 

incentives for individuals to become micro producers.  

3.8.1 Tradable green certificate 

For renewable energy production Sweden has a tradable green certificate (TGC) system providing 

economic compensation for every produced MWh. The purpose is to increase the amount of 

produced renewable energy (e.g. solar, wind, peat) with 25 TWh from 2002 until 2020. Network 

companies are obliged to buy certificates corresponding to a specific quota connected to the amount 

of sold electricity. Both small and large scale producers are welcome to participate in the TGC system. 

a plant has been certified it receives the TGC for 15 years. One certificate is provided for every 

produced, measured and reported MWh. The average price since 1 April 2007 has been 

234.05kr/MWh namely 0.23kr/kWh excluding tax.  
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For small scale producers connecting to the TGC system following costs are listed: 

 2500kr for installation of electricity meters – onetime cost 

 1200kr service cost for reading the meters – onetime cost 

 1000kr for reading the meters – annual cost 

 100kr administrational fee for selling the certificates – annual cost 

 0.07kr per registered certificate 

 0.05kr per MWh to have the energy certified as renewable 

 

Dividing the set costs of 15 years and adding the recurring costs, the average annual cost for TGC is 

1200kr excluding taxes. Basing the income on the average price of 234.05kr/MWh therefore the 

breakeven point is approximately 4MWh (34) (35).  

4 Result 
The result is split in two parts; the first part is linked to the initiators system, explaining the system 

from his given parameters. From this applied case guidelines will be developed for a more general 

case which is thereafter presented.  

4.1 Simulation 
 

 
Figure 19 Simulation model in SIMULINK with a joint DC-bus and dump load 

The above is a capture from the simulation in SIMULINK. The system shows a grid-tied hybrid power 

system consisting of a WTG, dump load, PV-module, MPPT controller, inverter, local load and utility 
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grid. The dump load is managed through an ideal switch which is controlled by a relay with hysteresis 

control. The hysteresis prevents the switch from continuously switching on and off at rated value. 

The MPPT decides the optimal switching duty cycle for the IGBT1 by measuring the voltage and the 

current in the PV modules. 

 

The MPPT used in the simulation is a so called incremental-conductance described in section 3.7.2. 

The MPPTs purpose is to find the optimal duty cycle for IGBT1 which happens when dP/dV=0. If this 

quota diverts from zero, the system corrects the error, the transients of the correction is eliminated 

by an integrator. This technique is used in the solar inverters on the market today and is considered 

to be one of the best since it is quick and adaptable to the swift variations in irradiation.  

 

The system presented in the simulation above is a general case, and is not configured according to 

the initiators system. Due to the fact that MPPT for wind and solar differs, the MPPT in the 

simulation is only connected to the PV-modules. The rated power of the inverter is 3kW which has 

been set according to the number of photo voltaic cells. Here the PV-modules have been 

programmed as 6 in series and 2 in parallel.   

 

 
Figure 20 Simulation with and without dump load connected 

Figure 20 shows the presented system with and without a dump load connected and with varying 

irradiation. This simulation shows the importance of connecting a dump load to protect the system. If 

the dump load is not connected the power exceeds the rated power of 3kW. The oscillations seen in 

the case with dump load are a result from the switch switching the dump load on and off. 

4.2 Applied case 
This section will present a system solution for the initiators system regarding the given parameters 

described under section 2.4 existing system.  

4.2.1 Inverter  

The existing inverter, which has a power rating of 3.7kW, has a total of three input ports which all 

share the same MPPT intended for solar energy production.  
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Figure 21 Power curves for a wind turbine (36) 

The figure above shows the characteristics for a small random wind turbine generator, namely it is 

not modified to be of similar power as the initiators wind turbine, and the power is plotted against 

revolutions per minute (RPM). The RPM has a linear relationship with the voltage, i.e. increased RPM 

therefore results in an increased voltage.  

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500

P
o

w
e

r 
(W

at
ts

)

Turbine Speed (RPM)

Wind Turbine Power Curves
for Various Windspeeds

1.0 m/s

2.0 m/s

3.0 m/s

4.0 m/s

5.0 m/s

6.0 m/s

7.0 m/s

8.0 m/s

9.0 m/s

10.0 m/s

11.0 m/s



28 
 

 

Figure 22 Power curves of a photovoltaic cell 

Figure 22 shows the Power Voltage characteristics for an average PV-module. Compared to figure 21 

it can be seen that the P-V characteristics of a WTG is not similar to the one of the average PV-

modules. The PV-modules have more of a linear behaviour compared to the exponential for the 

WTG. Due to the fact that the Power- Voltage curves differ between solar and wind production there 

is a large probability that the intended inverter will not work in unison with wind energy production 

due to the fact that the MPPT is integrated in the inverter for all three ports.  

4.2.2 Dump load 

If the system is joined by a DC-bus it must have a dump load compensating for the surplus energy 

production which exceeds the power rating of the inverter. Due to the fact that the inverter is 

dimensioned for the PV-modules and not for a hybrid power system, the power produced from the 

WTG is considered as the power which can be harmful for the inverter. The easiest approach to 

connect a dump load is therefore to connect it in combination with the WTG. To protect the system 

for those days when both PV-modules and WTG produces their maximum, the recommendation is to 

have a dump load of the same size as the power rating as the WTG. Therefore should the dump load 

in this system be at least 2kW. 

The investigated dump load for this system is an electric immersion heater whom the initiator 

already possesses. This immersion heater is connected to the large hot water storage of 500liters and 

it has the power rating of 3kW. The load itself is too large to directly connect to the WTG, because of 

its size it will be similar to a short circuit hence it will stop the WTG entirely. To function, a soft 

starter can be used in combination with the immersion heater to control the load of the WTG.  
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Even though taking advantage of heat instead of wasting it into the air is preferable, using an electric 

immersion heater as a dump load has its limitations. The most important issue which has to be 

considered is the fact that the heat storage can be full, which at atmospheric pressure is 100℃. This 

can occur if there are many hours with surplus production and low hot water consumption. 

For this applied case there are two heat storages, the primary tank with a capacity of 500liters and a 

secondary smaller 250liter tank connected to a pellets burner. The larger heat storage of 500liter is 

able to hold approximately 20kWh calculating from lowest temperature, which is 60℃ to prevent 

Legionella disease. Heat will be stored in the larger tank until a pump, which diverts excess heat to 

the 250liter tank, which starts at 94℃ and stops when the temperature has reached 92℃. This 

pumping system between the tanks is used to not overload the heat storage for those days with high 

production from the vacuum tubes. 

The 250liter storage is in the summer only used as a dump load for the surplus heat production from 

the vacuum tubes. Due to the fact that this tank only is used as a dump load it is assumed that the 

temperature at starting point is the same as the ambient temperature, i.e. 20℃. Due to the fact that 

the water in this tank is never directly used during peak season Legionella disease is not considered 

to be an issue. This tank can therefore store 23kWh before it reaches maximum capacity.  

According to given information, the 500liter tank can cover hot water usage for three days at full 

capacity without any extra production from the vacuum tubes or heat pump. Daily usage of hot 

water is therefore calculated to be approximately 7kWh for the entire household.  

In this applied case not only the capacity of the heat storages has to be considered since the initiator 

has vacuum tubes which connected to the 500liter tank produces hot water. There is therefore an 

increased probability for the immersion heater to be unsuitable as a dump load for this system. The 

production from the vacuum tubes has been compared to the household’s hot water usage in 

diagram 1 below:  
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Diagram 1 Annual production from the vacuum tubes compared to hot water usage 

As can be derived from the above chart, the months which can be problematic to use the existing 

heat storage as a dump load are April through July when the vacuum tubes have surplus production. 

The 500liter tank can hold approximately 10 days continuous production from the vacuum tubes and 

the 250liter tank can hold an addition of 12 days calculated at the surplus during July.  

According to SMHI the number of days with rainfall during summer season 2012 was (37): 

Table 4 Number of days with rainfall during 2012  

Month Number of days with rainfall: 
April 14 

May 11 

June 16 

July 19 

August 14 

 

Since the above table only specifies the number of days with rainfall, additional days with only 

overcast or partial rainy days can occur as well. But according to this the probability to fill both tanks 

with production from the vacuum tubes is considered as very low.  

The immersion heater will at full production produce 2kW. This occurs, provided that it is directly 

connected to the WTG, when wind speeds are very high. No specific Weibull distribution has been 

measured at the intended site therefore the distribution is assumed to be as in following chart (23): 
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Diagram 2 Average Weibull distribution 

Highest probability for the wind speed, as can be seen, is around 10-12 m/s and very low probability 

for the wind to reach above 18 m/s. Since the WTG will automatically produce the most around the 

highest wind speeds, which are therefore the critical speeds, the probability of the WTG producing its 

maximum at the same time as the PV-modules is therefore considered to be very low. The existing 

immersion heater is therefore deemed as suitable as a dump load. For redundancy a breaker should 

be used to short circuit the WTG when the secondary pellets tank reaches a temperature of 100℃. 

There is also a possibility to use the intended dump load, because to its size, to break the WTG if 

needed. It can be done to protect the WTG from harmful wind speeds exceeding the cut out wind, 

maintenance or mechanical fault. For example a relay can be programmed to switch the generator 

directly to the dump load at a specific wind speed. In combination with the switch an anti-shock 

inductor has to be used to prevent any risks of creating an electrical arch. The schematics can for 

example be seen in figure 23 below (9). 
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Figure 23 Electrical circuit of a using the dump load as an electrical brake  
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4.2.3 Energy production 

One of the desired features of adding a WTG to an existing solar energy system is the increased 

energy production that comes along with it. The possible power production at the intended location 

has been evaluated according to annual and monthly average wind speed and is summarised in 

diagram 3 below. The combined energy production of the PV-modules and the WTG, as well as their 

separate, is put in comparison to the actual need of energy. Regarding the electricity consumption 

this case differs from the “normal” consumption of approximately 5500kWh due to the fact that a 

heat pump, running on electricity, helps to heat the household during the winter.  

 
Diagram 3 Estimated PV production and electricity consumption 

Normal is to have the PV-modules dimensioned to meet the energy demand during the summer 

months. This applied case is not an exception which can be seen from the table above where 

consumption meets production during June and July. 

 

Diagram 4 Wind and solar production contra consumption 
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During six months, September through February, the WTG produces more than the PV-modules. As 

can be seen in diagram 4, the energy production from wind and solar complements each other very 

well since the production from the PV-modules exceeds the production from the WTG half of the 

year. The WTG alone is not sufficient to solely provide for the consumption any month, which is a 

direct result of the average wind speed, but the PV-modules cover the consumption completely 

during June-July.  

 

 

 

Diagram 5 Wind and solar production combined contra annual electricity usage 

When the WTG is connected to the system the total coverage is better and the consumption is 

supplied from the production completely during five months. This is a sufficient increase compared 

to the two months that was covered from the PV-modules. With PV-modules and WTG combined the 

need for electricity can be completely covered for five months compared to two and zero months for 

PV-modules and WTG respectively. A small number of approximately 2822kWh a year has to be 

bought from the electric power company to cover for the months with low energy production.  

4.2.4 Optimisation 

It is difficult to relate the energy production directly to the power rating of the turbine. In diagram 6 

below the average power production from the WTG can be seen divided over one year: 
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Diagram 6 Average power output from the wind turbine generator 

The mean power production from the turbine was during the year 212W. Often the mean value is 

said to be one fourth of the power rating, although this is more a rule of the thumb than a stated fact 

it works in most cases calculating the power rating of the generator. According to this the proper size 

of the generator is approximately 848W. This also means that the intended WTG is about two times 

too large compared to the recommended value.  

4.2.5 Earnings 

The table below shows how much energy can be sold after necessary amount has been consumed.

 

Diagram 7 Possible sales during one year 

As can be derived from the table, the only possibility to make a profit is during May-September since 

these are the only months with surplus production. The annual revenues will according to the sales 

price of 1.05kr/kWh be 804.37kr. To this one TGC can be sold with direct profit resulting in a yearly 

income of 1038.42kr. The current price for electricity is approximately 1kr/kWh which means that a 

total of roughly 6000kr can be saved annually.  
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4.2.6 Proposed layout 

Various parameters have to be considered when choosing the proper electrical layout. For example 

all powering equipment, e.g. DC-DC and inverters, lowers the total efficiency of the system. For every 

extra component the need for maintenance increases as well as the complexity. This applies 

especially for systems with a dump load which is normally not a recommended component if 

simplicity is desired.  

 

The proposed layout for the initiators system according to the analysis from the given parameters 

presented in section 4.2 above is therefore an AC-coupled system. The reasons are listed below: 

 Inverter cannot be used due to the fact that it has a MPPT for PV-modules 

 The inverter will become a bottle neck limiting maximum energy usage and possible sales 

 Problematic to break DC with a risk of creating an electric arch hence increased risk of fire 

 No need for extra hot water due to existing vacuum tubes 

With an AC-coupled system, there is no need for a dump load and the inverter will not be the weak 

link in the system. For optimum power extraction the WTG should be connected through a full-effect 

inverter to a joint AC-bus before the point of consumption.  

 

 

Figure 24 Proposed layout for the applied case 

4.3 General case 
This paragraph will evaluate the aspects regarding how to connect a WTG to an existing PV-system 

from a more general approach compared to the previous section. As well as the applied case this 

case has the starting point in investigating the possibilities to connect the PV-modules and a WTG at 

a joint DC-bus before the common inverter.   
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4.3.1 Inverter 

The inverter is, together with the PV-modules, a component which is common for every grid-tied 

solar energy system. Its power rating is depending on the maximum production from the PV-modules 

and is therefore an ever-changing value specific for every system. Normally most solar cell inverters 

have a combined DC-DC-converter and inverter, i.e. the MPPT system is integrated in the same box 

as converts DC to AC. In order to connect an extra power source to these, the equipment has to be 

modified electrically or has to be modified with new software. If the system only has one MPPT for all 

input-ports applying new software to the MPPT will result in limited power extraction from the PV-

modules and should therefore only be done if the inverter has more than one MPPT. Based on the 

applied case the search for the optimal inverter resulted in following guidelines which are listed in 

numerical order: 

1. Inverter is WTG ready, i.e. it has one or more spare ports only intended for a WTG. 

2. Inverter is completely blank, i.e. it has no tracking systems integrated.   

3. Inverter has separate MPPT for different connection ports and where the MPPT software is 

reprogrammable or removable.  

It is also plausible to connect a WTG to an existing inverter that has a large power capacity, i.e. its 

capacity exceeds the total power rating of both the WTG and PV-modules, and if the MPPT is not 

integrated. This type of system has no need for a dump load.  

4.3.2 Dump load 

The dump load is only necessary if the system is connected through the same inverter. If it is, the 

same approach can be as described in the applied case under section 4.2.2, or the heat can be 

released directly in to the air. If the dump load is an electric immersion heater, it is important to 

calculate whether the intended heat storage can utilize all of the produced heat and what the need 

for hot water is. If there is need for hot water the dump load is preferably used as an electric 

immersion heater but it can also be connected to an electric pump if it is desired. It should be 

connected directly to the WTG and be at least the same size as its maximum power rating to be able 

to protect the inverter in a worst case scenario. The dump load should also preferably be connected 

through a soft starter or a similar device for the WTG to not experience it as a short circuit.   

4.3.3 Production 

The general suggestion is to dimension the system to cover for the usage of electricity even though a 

good contract can be signed with an electric company. The contracts often cover a specific time 

period thereafter the electric company can decide not to extend the contract. Therefore there is a 

possible future scenario where the extra production is delivered to the grid without compensation 

for the owner.   

In locations with low wind speeds a MPPT can be considered for the WTG since it has the ability to 

increase the voltage that the WTG produces. It will result in the inverter conducting sooner hence 

more power will be produced and delivered to the grid.  

A permanent-magnet synchronous generator should be chosen as the WTG. It is preferable that it is 

connected through an inverter which allows for variable speed control i.e. a full-effect inverter. A 

temperature guard is advised to keep the temperature in the permanent-magnets under control to 

prevent them from demagnetizing. PMSG also have lower maintenance and fewer moving parts 
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compared to the induction generator. Therefore it is preferred more often before other options in 

smaller WTG systems i.e. domestic use. 

To decide what turbine to invest in, two different approaches can be done. The first can be 

calculated based knowing the desired energy production each year. The second approach can be 

done knowing the power rating on the generator and thereafter calculate how much energy is 

plausible for the WTG to produce during one year. Two examples for these approaches follow in 

order below. Both approaches have their starting point in;  

𝐶𝑝  Value is 0.2 to cover for wind variations as well as mechanical and aero dynamical losses.  

𝑘 is equal to 1.9 according to the Weibull distribution. 

Example 1: 

Extra energy production of 5000kWh is desired each year and the intended location has the annual 

average wind speed of 7m/s. To know how much energy the turbine can produce the swept area of 

the blades have to be calculated.  This can be calculated from the following equations: 

𝐸𝑦𝑒𝑎𝑟 = 𝑃𝑚𝑒𝑎𝑛  8,760 

𝑃𝑚𝑒𝑎𝑛 =
1

2
 𝑘 𝐶𝑝  𝜌 𝐴 𝑣𝑚𝑒𝑎𝑛

3  

𝑃𝑚𝑒𝑎𝑛 =
5,000,000

8,760
= 570𝑊 

570 ∗ 2

1.9 ∗ 0.2 ∗ 1.24 ∗ 73
= 7𝑚2 

𝐴 =
𝜋𝑑2

4
→ 𝑑 =  

7 ∗ 4

𝜋
≈ 3𝑚 

The WTG should have a diameter of 3m to be able to deliver the desired amount of energy over one 

year. According to the following equations the power rating of the generator can also be calculated: 

𝐸𝑦𝑒𝑎𝑟 = 1.6 ∗ 𝑑2 ∗ 𝑣𝑚𝑒𝑎𝑛
3  

𝐸𝑦𝑒𝑎𝑟 = 𝑃𝑚𝑒𝑎𝑛  8,760 

𝑃𝑚𝑒𝑎𝑛 =
1

4
 𝑃𝑟𝑎𝑡𝑒𝑑  

The general suggestion is therefore to use a generator with the size of 2.25kW and 3m in diameter to 

produce the desired 5,000kWh.  

Example 2:  

The invested generator has the power rating of 1,500W and is intended to be used at a location with 

the average wind speed of 7m/s.  
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Following the similar approach as in example 1 the average production according to the equations is 

375W. The annual production can therefore be 3,285kWh if the turbine has the diameter of 2.5m. If 

the diameter is less than this value the energy production will also decrease.  

What can be derived from the examples above is that the two parameters most important for wind 

energy production is the average wind speed and the diameter of the turbine. If the Weibull 

distribution shows high probability for low wind speeds at the location a small generator should be 

chosen. Since a generator has highest efficiency at rated power it is a good reason not to over 

dimension the generator. A larger generator also means larger weight resulting in increased 

investment for the fundament and tower. Due to the fact that the power production is depending on 

the swept area and the wind speed, applying a large generator for a location with low wind speed 

will not produce more energy. The power rating on the turbine should therefore be chosen according 

to the intended location. The connection between rotor diameter, wind speeds and power rating of 

the turbine has been listed in table 5 to table 7 below. From the tables a wind turbine suitable for the 

intended location can be chosen. For example, if the average wind speed is 6 m/s a turbine with the 

power rating of 1420W, 3m diameter can be chosen if the desired energy is approximately 3100kWh. 

Table 5 Power and energy production according to average wind speed for a turbine with a diameter of 3m 

Wind turbine with a diameter of 3m 

Wind speed [m/s] 3 4 5 6 7 8 9 10 11 12 

Energy [kWh] 389 922 1,800 3,110 4,939 7,373 10,498 14,400 19,166 24,883 

Power [W] 178 421 822 1,420 2,255 3,367 4,793 6,575 8,752 11,362 
 

Table 6 Power and energy production according to average wind speed for a turbine with a diameter of 2m 

Wind turbine with a diameter of 2m 

Wind speed [m/s] 3 4 5 6 7 8 9 10 11 12 

Energy [kWh] 173 410 800 1,382 2,195 3,277 4,666 6,400 8,518 11,059 

Power [W] 79 187 365 631 1,002 1,496 2,130 2,922 3,890 5,050 
 

Table 7 Power and energy production according to average wind speed for a turbine with a diameter of 1m 

Wind turbine with a diameter of 1m 

Wind speed [m/s] 3 4 5 6 7 8 9 10 11 12 

Energy [kWh] 43 102 200 346 549 819 1,166 1,600 2,130 2,765 

Power [W] 20 47 91 158 251 374 533 731 972 1,262 
 

As can be seen from the tables above, there is a very low production for low wind speeds. Therefore 

if the average wind speed is below 4m/s the location is not suitable for wind generation.  

4.3.4 Proposed layout 

As described in section 4.2.2 it is shown that is low probability for the WTG and the PV-modules to 

have maximum production at the same time. This is with high probability to be likely for most 
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locations. Therefore an inverter meeting the criteria listed in section 4.3.1 can be used as a joint 

inverter. Even though the inverter can be used, the entire system will be depending on only one 

inverter to function. If the main inverter breaks no production will be produced from either the PV-

modules or the WTG. In addition to this there is an increased complexity because of the control 

system needed for the dump load. Therefore the proposed layout for the system is AC-coupling 

where the WTG and PV-modules is joined together at an AC-bus before point of usage.   

 

Figure 25 Proposed layout for the general case 

5 Discussion 
The result of this thesis shows that it is possible to connect a WTG to an existing photovoltaic system 

with both AC- and DC-coupling. Since the complexity increases due to the dump load which a DC-

coupling would mean, an AC-coupled system is advised. It is plausible that this alternative is not the 

most optimal from an economical view. It is also possible that the increased complexity a dump load 

would imply could be economically defendable. The reason the economical aspect was not 

considered was the fact that there are numerous inverters, dump loads and WTGs on the market. 

And since every case is not like the other, e.g. desired energy production and size of system parts, a 

generalisation regarding cost was shown hard to be achieved.  

There are uncertainties in the calculations regarding the energy production since both the wind 

speed and the irradiation which reaches the PV-modules is varying from year to year. The energy 

production from the PV-modules is also calculated at optimal scenario whilst the wind energy 

production is calculated according from the normal year. The calculations are therefore to be seen 

more as a guideline than an exact value.  

The simulation model chosen in SIMULINK was from the start designed as a PV-system with MPPT 

which a voltage source, resembling a wind turbine generator, was added to. This was shown in some 

simulations to give big oscillations disrupting the tracking system causing harmonics in the system. 

The simulation was therefore not used in the extent intended in this thesis. Even though there is a 

big deviation in figure 21, in the curve showing the power when the dump load is connected, the 



40 
 

result that a dump load is necessary is still considered to be a viable result. This deviation is probably 

due to harmonics as well. 

Today very few components are developed to run directly on DC, instead they are connected through 

an AC-DC inverter. Examples of such components are LED-lights, laptops, televisions, mobile chargers 

etc. If more components were directly DC-compatible they could be connected directly to the DC-

bus. Hence it would be possible to lower the size of the dump load as well as get improved system 

efficiency by avoiding converters. There are many today researching the benefits of a DC-coupled 

system where the PV-modules and the WTG share the same inverter and the prospects seem rather 

positive. Then why is it not applicable in this thesis? The problem is that the system intended in this 

thesis revised is an already existing system where the parameters for the solar inverter have already 

been set. This makes it problematic to expand directly at the DC-bus. The new systems with DC-

coupling are already dimensioned for the purpose as well as the inverter being programmed 

optimally according to the power sources. More research has to be made to find the optimal system 

scenario in unison with electrical products getting standardised for DC usage. If there is an increased 

interest in electric vehicles it is a great possibility for the DC-coupling to become the future way to 

couple.  

Many of the revised articles and reports covered various ways to optimise energy production and 

system performance but neither addressed the issue on how to electrically modify an existing 

photovoltaic system with a WTG. Various companies within the industry were contacted to hear their 

point of view in expanding an existing PV system. Many of them had little knowledge what would 

happen and they advised therefore not to use it. Various resellers also recommended their special 

grid-tied wind inverter with an MPPT instead or an inverter that was already WTG and PV ready. For 

solar inverters integrated with MPPT systems it is rather clear, due to tests and research, that extra 

energy production can be extracted. For the wind MPPT the scenario is the exact opposite; no hard 

facts could be found on how much extra energy a wind turbine with MPPT actually produces. The 

resellers were very secretive regarding this production data and only said that the extra production 

would make up for the extra investment for the more advance inverter. Problematic is that no time 

period, i.e. if it was regarding a month, year or life length, was specified. The literature study on how 

the MPPT work and on how wind turbines work resulted in the conclusion that an MPPT can be used 

to boost the voltage at low wind speed hence it should also extract more energy. Problematic is that 

this component is very sensitive and is often the weak link in the system. Therefore no valid reason 

to use wind MPPT in a small scale grid-tied system has been found. 

One conclusion made during the process of this thesis was that a wind turbine generator often is 

chosen based on its power rating instead of the intended location. This is the wrong approach since it 

has no specific correlation between the power and energy production. It was shown to be a way for 

the retailers to sell larger generators to their customers to make a larger profit. The same regards the 

𝐶𝑝  value where a very high ratio is presented on the retailer’s web site. Values up against 0.49 are 

presented which is an extremely high value which is very close to the theoretical maximum value of 

0.59. Experience says that larger wind turbines often have a better 𝐶𝑝  value compared to the smaller 

due to better aero dynamical construction of the blades and pitch control. The 𝐶𝑝  of the larger 

turbines differ but it seldom reaches above 0.35 which would imply that the smaller wind turbines 

should have a significantly lower value. 
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Not everyone have the possibility to take part in the system solution presented in this thesis. In 

Sweden regulations say that a wind turbine generator shall not be installed on a building and it has to 

be mounted at a place where, if it falls, it will not fall on anyone’s property except the owner’s. The 

solution in this thesis is also dependent on a stable energy supply, since the inverter does not 

operate off-grid, hence limiting it to countries that already have a well-developed energy system with 

a stable power grid. It can also be discussed, since the PMSG consist of rare-earth minerals and the 

PV-modules have a low amount of silver, if it is moral to become dependent products consisting of 

finite elements. Neodymium and silver is often manufactured in Peru, Bolivia and China which are 

countries not so well known for their working conditions. Therefore some sort of fair-trade certificate 

should apply to these minerals and metals to ensure sustainable development in these countries. To 

ensure a sustainable future, regulations for recycling both PV-modules and wind turbines should also 

be developed.  

The hope with this thesis is to encourage further expansion of renewable energy sources for 

individuals in the energy system. This is an important task since the world wide prospect is to 

become independent from fossil energy supply. If the local energy production from renewable 

energy sources were to increase it would result in a reinforcement of the electric grid in the region as 

well as reduction of transmission losses since energy would both be produced and used locally. Local 

pollution can also be lowered and in a wider perspective, since the electric power-grid is connected 

throughout many countries with a common trade system, it can also help to reduce the pollution 

globally. It is also the prospect for this thesis to spread knowledge to individuals how the system 

parts work and how to choose a proper wind turbine generator the best way possible. 

6 Conclusion and summary 
It is possible to connect the WTG to both the AC and the DC side of a PV-system. The main MPPT 

methods used for solar inverters i.e. perturb and observe, is considered not suitable for wind energy 

production. Therefore to connect a WTG to the DC side, the existing inverter follow at least one of 

the following criteria: 

 Has a separate port only intended for WTG  

 Has no MPPT programmed 

 Has MPPT connected separately, close to the modules and not in the inverter 

 Has different MPPT for the separate ports AND is reprogrammable  

The result shows that it is plausible to connect a WTG to the same inverter as the PV-modules if no 

MPPT algorithm is integrated. To protect the inverter a dump load has to be connected to the WTG. 

Because of the complexity a DC-coupled system brings, AC-coupling is advised when expanding PV-

modules with a WTG. If the AC-coupling is chosen, there is no need for a dump load, but a separate 

inverter is needed for the WTG instead. 

A PMSG should be used as generator together with a full-effect inverter to maximize the energy 

output. The turbine should be chosen for the intended location, i.e. the wind conditions, and 

according to the desired energy production.  
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